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Osteoporosis, a major worldwide public health issue, is
characterized by a progressive loss of bone mineral density,
disruption of bone microarchitecture, and an increased risk
of fractures. Osteoporosis-related fracture causes disability,
mortality, and significant financial burden. With the aging
of the world population and thus the increasing prevalence,
osteoporosis is attracting more and more attention from
patients, researchers, clinicians, and government agencies.
In recent years, there have been significant advances in our
knowledge in bone cell biology, bone metabolism, genetics
and pathogenesis of osteoporosis, evaluation of fracture risk
of osteoporotic patients, and management of osteoporosis.
Our current special issue presents a series of original research
and review papers on recent advances in the pathophysiology
and clinic aspects of osteoporosis.
Several studies investigated the relationship between
bone turnover biomarkers and bone mineral density (BMD).
After examining 2799 individuals aged 20–79 years in Shanghai city of China, W.-W. Hu et al. established normal reference
ranges for bone turnover markers (P1NP, OC, and 𝛽-CTX).
They found that these bone turnover markers correlated
with BMD. Wu et al. investigated the relationship between
the BMD decrease rate and serum levels of OPG, TGF-𝛽1,
and TGF-𝛽2 in 465 healthy Chinese women aged 35–80
years, which showed that TGF-𝛽1 is a positive determinant of

bone decrease rate. A. Trombetti and colleagues determined
the relationship between amenorrhea, IGF-1, and BMD in
patients who suffered from anorexia nervosa. Their results
suggested that spine BMD is related to hypogonadism,
whereas IGF-I predicts proximal femur BMD. Xu et al. found
that serum 𝛽-catenin level is decreased in postmenopausal
osteoporotic women compared with postmenopausal nonosteoporotic women. Meanwhile, 𝛽-catenin is negatively
correlated with the expression ratio of RANKL/OPG in the
bone.
BMD is the gold standard in osteoporosis diagnosis,
and dual X-ray absorptiometry (DXA) is the most widely
used tool for BMD measurement. Other methods include
quantitative ultrasound, quantitative computed tomography
(QCT), peripheral DXA, and other radiographic techniques.
N. Li and colleagues compared the osteoporosis detection
rates using DXA and QCT. They suggested that QCT may
be more sensitive for detecting osteoporosis and may prevent
overestimation of BMD by DXA caused by spinal degeneration, aortic calcification, or other sclerotic lesions.
FRAX is a very popular computer-based algorithm that
estimates fracture probability. However, there is no information about the prevalence of fracture risk factors in
postmenopausal women who are receiving antiosteoporosis
treatment. N. Yurgin et al. demonstrated that multiple risk
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factors (age >70 years; history of fracture since age 50;
minimum reported hip or spine T-score ≤ −2.5 at diagnosis;
body mass index <18.5 kg/m2 ; rheumatoid arthritis; parental
history of hip fracture; current cigarette smoking; and oral
glucocorticoid use in the 6 months prior to study entry)
are associated with a greater incidence of on-study fractures
even through the women who have received antiosteoporosis
therapies. Their results confirmed that the women with
multiple risk factors still remain at an elevated fracture risk
even after initiating therapy.
BMD is affected by several factors. In this special issue,
some researchers reviewed the relationship between the effect
of preterm birth and BMD as well as the impact of age-related
changes in trabecular and cortical bone microstructure. To
investigate whether foot binding, a historical social custom
in China, had effect on BMD, Y. Pan and colleagues demonstrated that foot binding in Southwest China had no influence
on lumbar vertebra and femoral neck BMD compared with
the unbound control group.
Some drugs used to treat other diseases may have effect
on bone metabolism. Y.-J. Wang et al. found that a low dose of
testosterone undecanoate (20 mg/d) which is used in elderly
male with low serum testosterone could effectively increase
lumbar spine and femoral neck BMD. Meanwhile, growthhormone replacement therapy used in growth hormone
deficient adults might have beneficial influence on BMD.
H. Wu et al. reviewed the relationship among antipsychotic
medication, hyperprolactinaemia, and osteoporosis.
Previously, obesity was thought to have a protective effect
on BMD. However, recent studies have suggested an obesity
paradox of lower BMD in obese subjects. L. Wang et al.
examined the effects of visceral adipose tissue (VAT) and
subcutaneous adipose (SAT) tissue on vertebral trabecular
bone density using quantitative computed tomography in
320 Chinese women. Their finding suggested that the VAT
volume is negatively correlated with BMD in Chinese women
aged <55 years old, whilst the SAT volume is not correlated
with BMD. Meanwhile, the studies of S.-S. Wu and colleagues
demonstrated that omentin, a novel adipokine secreted by
visceral adipose tissue, can induce osteoblast proliferation
via the PI3K/Akt signaling pathway. Y. Liu et al. reviewed
the recent progress in adipokine and bone metabolism.
While these studies have provided some clues to explain the
relationship between adipose tissue and bone metabolism,
further studies are needed to gain a greater appreciation of the
mechanisms underlying the effects of obesity on BMD and
fracture risk.
Several other basic studies were reported. L. Liu and
colleagues reported that puerarin, an isoflavone contained in
traditional Chinese herb, could inhibit osteoblast apoptosis
through activating estrogen receptor/ERK signal pathway
and decreasing Bax/Bcl-2 expression ratio. I. N. Soelaiman et
al. revealed that palm tocotrienol, a potent antioxidant, could
improve bone histomorphology parameters in overiectomy
rats but had no effect on bone biomarkers. Wu et al. successfully established OPG transgenic mouse through microinjection of an OPG vector into fertilized zygotes. They also
found that the cancellous and cortical bone volumes and 3D

International Journal of Endocrinology
microarchitecture in OPG transgenic mice are significantly
improved.
There are still other several interesting articles in this
special issue regarding calcium, silico, sex hormone, vitamin
D, and bone metabolism as well as bone health.
The story of osteoporosis is still going on, and our
understanding of this disease is advancing. We hope our
special issue could bring some latest progress in this filed to
the readers.
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Percutaneous vertebroplasty (PVP) is widely used in the treatment of painful osteoporotic vertebral compression fractures with
the injection of PMMA cement, and the controversy for PMMA damage to the osteoporotic bone tissue and to affect the fractures
repairing never stops. 72 old female rabbits, each age 3.0∼3.5 y, rabbits were assigned randomly to two groups of thirty-six each;
PMMA cement were injected into vertebral body in rabbits via mimic PVP, sacrificed at 1 h, 24 h, 3 d, 7 d, 4 w, and 12 w. The
expression VEGF and collagen type I, the tissue response, and repair reaction in the interface between PMMA and bone tissue were
observed dynamically with RT-PCR and western blot technique; the osteocalcin expression were studied by immunohistochemistry.
Compared with the control group, the expression of collagen I increased at 1 hour and was higher from 24 h to 3 d. From 4 weeks
to 12 weeks after injection of PMMA. The expression of VEGF decreased at 1 hour and 24 hours, significantly increased at 3 days,
decreased once again at 7 days, then increased significantly at 4–12 weeks. The osteocalcin expression continued to increase during
4 to 12 week. PMMA would not cause local bone permanent necrosis, and interface injury repairing cycle could be prolonged in a
vertebroplasty.

1. Introduction
Percutaneous vertebroplasty (PVP), a persistent developing
procedure, is nowadays widely used in the treatment of
painful osteoporotic vertebral compression fractures with
the injection of polymethylmethacrylate (PMMA) cement,
which is accepted most in clinical surgery contributing for
its effect of immediate pain relief, biomechanical function
reconstruction, and low price, whereas PMMA was also
denounced of goodish bone compatibility and combination [1–4]. Nevertheless, research is still being conducted
to develop better injectable bone augmentation materials
and biodegradable or bioactive bone “pastes” [5, 6]. Most
researchers believe that pain relief is achieved through
mechanical support and stability provided by the bone

cement. The semisolid mixture of PMMA, an acrylic cement
from monomer polymerization reaction, and exothermal
reaction contributes to the cytoxicity and mutation toxicity in
periapical tissue [7, 8]. Meanwhile, since vertebroplasty was
first used in the treatment of painful osteoporotic vertebral
compression fractures, the controversy for PMMA damage
to the osteoporotic bone tissue and to effect the fractures
repairing never stops [9, 10]; the postoperative biological
influence and variation of the involved vertebrae has been
less reported so far. The investigation was incorporated
in an animal study that was performed to observe the
biological changes on PMMA and bone interface after rabbit
vertebroplasty in the sight of morphology and molecular
biology. Evaluated contents consist of expression of vascular
endothelial growth factor (VEGF) and collagen type I of bone
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interface tissue by RT-PCR and Western Blot, the osteocalcin
expression was studied by immunohistochemistry.

2. Material and Methods
2.1. Animal Randomization. Seventy-two old New Zealand
female rabbits (provided by KunMing Medical College,
China), each aged from 3.0 to 3.5 years, weighed between 3
and 4.2 kg, were used in this study. All the rabbits were demonstrated as osteoporosis by DXA (Lunar, USA). Preoperative
frontal and lateral position X-ray film demonstrates that
all these rabbits had normal lumbar vertebrae sequences
and bone architectures. Rabbits were assigned randomly
to two groups of thirty-six each. All groups were treated
with the same surgical procedures and evaluations but were
sacrificed at different postoperative times at 1 h, 24 h, 3 d,
7 d, 4 w, and 12 w. All animals received general anesthesia
using 4% of pentobarbital sodium (30 mg/kg) followed by
helix veinintravenous injection. Considering elimination of
biological variance caused by different level of vertebrae,
injection (powder and liquid mixed at 20 g : 5 mL) of modified PMMA (Tianjin Synthetic Material Research Institute,
China) applied to randomly selected lumbar vertebrae in the
experimental group. The control group received operation
alone, without PMMA injection.
2.2. Animal Model Preparation and Material Implantation.
A skin incision was made in the median of the back at the
level of vertebral L7 (top of hip); the subcutaneous tissue and
masseter muscle were divided to expose the anterior half of
L4 , L5 , and L6 . Referred to clinical PVP surgical procedures
[3, 4], an epidural needle is advanced into the vertebral body
via a transpedicular or parapedicular approach with injection
depth 4 ∼ 6 mm. The pasty PMMA is slowly injected into
the corresponding vertebral body at dosage of 0.5 ∼ 0.6 mL
through an epidural needle connecting to a 1 mL volume
syringe. The injection and extraction were performed insynchronism. All above procedures applied to 2 vertebrae (L2 ,
L4 ) of each rabbit. Postoperatively, intramuscular injection
of 1 million units penicillin per day was done until the
7th day, and all the rabbits were fed and monitored by the
experimental animal center of our university. Rabbits were
without death both before and after operation.
2.3. X-Ray Inspection. Each group of animals, respectively,
took lateral X-ray film to inspect the presence, and morphologic change of PMMA before the animals was sacrificed at
their predetermined time.
2.4. Sample Preparation. Each group of animals was sacrificed at their predetermined time; the vertebraes (L2 , L4 )
were dissected and removed out the PMMA and cut into
blocks containing the interface between bone cement and
bone tissue, part of them for total tissues RNA extraction and
the others for histology.
2.5. RT-PCR. Total RNA extraction of tissues [11, 12] TRIzol
method (Invitrogen Company) was used to extract RNA out
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for agarose gel electrophoresis, detecting the completeness
of RNA. RNA was subpackaged in store at −70∘ C (RT-PCR
equipment, Bio-Rad).
Primer sequences are used in the experiment as follows:
VEGF-L 5 -GAC ATC TTC CAG GAG TAC CC-3
157 bp
VEGF-R 5 -TGA GGT TTG ATC CGC ATG AT-3
actin-L TGG CTC TAA CAG TCC GCC TAG 295 bp.
2.6. Western Blot. Total protein extraction was manipulated
on ice and preserved at −70∘ C following the instruction
of BCA-100 protein quantitation kit (Shanghai Biocolor
BioScience & Technology Company).
The first antibody for 18 h was incubated under 4∘ C after
diluted to 1 : 100 (VEGF) and 1 : 1000 (collagen), subsequently
went through TBST rinshing for 4 × 10 min. The second
antibody was put under ambient temperature for 1 h and
TBST rinshing for 4 × 15 min. The PVDF film which was
prior incubated in ECL reagent for 5 min was placed into the
chromogenic film cassette. Finally in dark room carried out
the exposure and developing with X-ray film according to an
optimal fixing time.
2.7. Immunohistochemistry. The immunohistochemical procedure has been described previously reports [13], the avitinbiotin-complex method was used with ABC Peroxidase
Staining Kit. The sections were incubated with rabbit antirabbit osteocalcin polyclonal antibodies; the negative controls
were the four different grafted maxillary sinuses, where
normal mouse IgG was used instead of primary antibodies
for staining.
2.8. The Result Analysis. RT-PCR result computation: firstly,
sample Ct-intraparameter Ct = ΔCt, to compute ΔΔCt we
set a sample ΔCt (the control group as usual) as reference.
Computing method was ΔCt (sample) − ΔCt (reference).
Outcome illustrated the mathematics relation between samples was 2 − (−ΔΔCt)th power.
Protein relative amount computation: place the X-ray film
into gel Image Processing System (Tanon) to detect intensity
and area of the target band. Relative amount = intensity ×
area.
2.9. Statistical Treatment. The data were represented in the
form of mean ± standard deviation (X ± S) and analyzed
utilizing the one-way ANOVA. The means of sample from
both groups were compared using 𝑡-test. All statistical analyses were done by SPSS 13.0.

3. Results
3.1. General Observation after Spliting the Samples. Bone
trabecula was full of PMMA cement that is tightly connecting
to bone tissues and well distributed. PMMA was covered
with considerable soft tissues and a few new born bone
tissues in 12 w. In the control, soft tissues coverage and bone
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(a)
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(b)

Figure 1: (a) Normal bone trabecula of vertebral in control, HE ×50. (b) Bone trabecula apparently reduced with inflammatory cells
infiltration after PMMA injected 24 h, HE ×50.

(a)

(b)

Figure 2: (a) Inflammatory cells infiltration after PMMA injected 3 d, HE ×50. (b) Inflammatory reaction lightened after PMMA injected
7 d, HE ×50.

defect about 0.5 cm were visible. The bone defect whose
volume kept invariableness was filled with hematoma and
some granulation tissues but without new osteogenesis.
3.2. X-Ray Investigation. All injected cement did not appear
of any defluxion, crack, or loosening. The boundary between
PMMA and bone became indistinct with new osteogenesis in
subgroup 12 w.
3.3. Histomorphological Observation. Compared with that of
control, the samples were tightly combined with PMMA
cement. The interface between bone tissues and PMMA
was infiltrated with inflammatory cells and fibrous tissues.
Inflammatory cell infiltration was obvious in 24 h, developed
to a peak in 3 d, alleviated comparatively in 7 d. Chondrocytes
were found growing in cluster and differentiating to woven
bone at the interface without conspicuous inflammatory
cells in 4 w; massive lamellar bone formed and occasional
haematopoietic bone marrow could be observed without any
inflammation in 12 w (Figures 1, 2, and 3).
3.4. VEGF RT-PCR Amplification and Protein Expression.
VEGF was amplified to the target band of 157 bp molecular
weight, taking actin as intraparameter. It confirmed the target

band on coincidence to the gene fragment in the literature
according to intraparameter.
3.5. VEGF RT-PCR Amplification Result. The VEGF mRNA
expression was lower (𝑃 < 0.05) than that of control at 1 h
and 24 h, whereas the expression was highly increased at 3 d.
It was decreased and lower than the control again (𝑃 < 0.05)
in 7 d. Then, it experienced a persistent augment from 4 w to
12 w; the difference was significant compared to the 7 d and
control (𝑃 < 0.001) (Figure 4(a)).
3.6. Detection Result of VEGF Protein. VEGF protein expression was increased a little at 1 h and 24 h. It was increased a
lot in 3 d while decreased in 7 d. After that the expression was
transparently elevated and higher than that of control (𝑃 <
0.05) (Figure 4(b)).
3.7. Collagen Type I RT-PCR Amplification and Protein Expression. Collagen type I mRNA expression was increased from
1 h. A persistent high level formed from postoperative 24 h
to 3 d. Despite of being slightly descended in 7 d, it kept
a comparative high expression from 4 w to 12 w which
was remarkably higher than that of control (𝑃 < 0.01)
(Figure 5(a)). High protein expression of Collagen type I was
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(a)

(b)

Figure 3: (a) Large quantity of chondrocytes growing in cluster after PMMA injected 4 w, HE ×100. (b) Chondrocytes in cluster without
conspicuous inflammation after PMMA injected 4 w, HE ×100.
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200000
Relative value

Result of VEGF RT-PCR amplification

CT value

4
3
2

150000
100000
50000

1
0

0
1h

24 h

3d

7d

4w

1h

12 w

24 h

3d

7d

4w

12 w

Time

Time
Control group
Experimental group

Control group
Experimental group
(a)

(b)

Figure 4: (a) VEGF mRNA expression was lower in 1 h and 24 h (𝑃 < 0.05), whereas the expression was highly increased in 3 d but decreased
in 7 d. Then, it experienced a persistent augment from 4 w to 12 w (𝑃 < 0.001). (b) VEGF protein expression was increased in 1 h, 24 h, and
3 d; also it was decreased in 7 d. After that the expression was transparently elevated and higher than that of control (𝑃 < 0.05).
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Figure 5: (a) Collagen type I mRNA expression was increased in 1 h. A persistent high level was formed in postoperative 24 h to 3 d. Despite
being slightly descended in 7 d, it kept a comparative high expression from 4 w to 12 w which was remarkably higher than that of control
(𝑃 < 0.01). (b) A high protein expression of Collagen type I was detected in 3 d, 7 d, and 4 w. The expression of 12 w descended considerably
compared to 4 w with significant difference (𝑃 < 0.01).
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Figure 6: (a) OC expression slightly increased in PMMA-bone interface in 1 week, 20 × 10SP + HE. (b) OC expression in PMMA-bone
interface in 4 weeks, when chondrocytes were found to be growing in cluster and differentiating to woven bone, 20 × 10SP + HE.

detected in 3 d, 7 d, and 4 w. The expression was descended at
12 w considerably compared to 4 w (𝑃 < 0.01) (Figure 5(b)).
3.8. Immunohistochemistry. Compared with normal bone
tissue, after 1 h, 24 h, and 3 d, the OC expression had no
significant increase in both groups (𝑃 < 0.05). At 7 days,
the OC expression of control group increased slightly, the
PMMA group had no significant change (𝑃 > 0.05). At
4 weeks, the OC expression increased in both groups, but
the control group was more significant than the PMMA group
(𝑃 > 0.05). The OC expression continued to increase during
4 to 12 weeks in experimental group. It is slightly decreased
in the control group (𝑃 > 0.05) (Figures 6(a) and 6(b)).

4. Discussion
Several inherent advantages to PMMA include familiarity for
orthopedic surgeons, ease of handling, good biomechanical
strength and stiffness, and cost effectiveness [7–9, 14]. Several
disadvantages, include no biologic potential to remodel
or integrate into the surrounding bone, no direct bone
apposition, excessive inherent stiffness, high polymerization
temperature, and potential monomer toxicity [2, 3, 7, 10].
Although good clinical results have been reported in several
series of both vertebroplasty and kyphoplasty procedures [15–
21], it is still unclear whether some component of the pain
relief is secondary to the mechanical stabilization, chemical
toxicity, or thermal necrosis of surrounding tissues and nerve
ends; in addition, the other surgery-related factors would
affect the inflammatory progress. The concern regarding
thermal bone necrosis is still theoretical, as to date, there
has been no obvious evidence to support this [17, 22, 23].
In a baboon vertebral augmentation study, there were a few
necrotic segment of bone present in both the vertebroplasty
and kyphoplasty vertebrae. It was not, however, clear that the
necrosis was caused by a PMMA polymerization process [22].
Lieberman et al. identified particles consistent with
cement and/or barium sulfate in vascular spaces in human
vertebrae obtained from surgical excision and autopsy cases

[24, 25]. Our investigation of the histology and interfacial between cement and bone, PMMA induced somewhat
inflammatory reaction, which subsided after 1 week postoperatively, totally disappeared at 4 weeks post-PVP. In
which showed some component of the chemical toxicity, or
thermal necrosis of interface tissues, the concern regarding
thermal bone necrosis is still temporarily damage. Early
research demonstrated that toxicity effect of PMMA induced
osteoblast necrosis through peroxidation caused by hydroxy
radical release. Free radical of PMMA monomer induces
macrophages to release arachidonic acid in the interface of
bone and cement [5–7]. Further, local tissues produce more
lactate dehydrogenase resulting in granuloma like inflammation that aggravates tissue injury. Lately through improving
compounding, PMMA has been proved high safety as the
toxicity effect decreases [2]. In our investigation, we found
that even though PMMA cement injected to stabilize or
fix pathological fractures after vertebral augmentation, the
painful osteoporotic compression fractures vertebral continued a healing and repairing processes [26].
The result of our research on VEGF illustrated in the
1 h and 24 h was lower than the corresponding of control
(𝑃 < 0.05), whereas the expression of 3 d was highly
increased; it was lower decreased at 7 d (𝑃 < 0.05). Then, it
experienced a persistent augment from 4 w to 12 w. Descent
of 24 h might ascribe to the exothermic reaction of PMMA
solidification and oxidizing reaction of free radical monomer.
The above two factors inhibit cytoactivity of osteoclast,
contributing to lower VEGF expression [15, 27]. The first peak
at 3 d results from an intensive inflammatory reaction which
does favor to VEGF expression through inflammatory cells
like macrophage and fibroblast; VEGF expression weakened
along with extinction of inflammatory at 7 d. Accompanied
with oxygen free radical reduction, repair of exothermic
reaction injury, recovery of cellular microenvironment, and
normalization of osteoblastic cytoactive, another high level
of VEGF expression appeared. After osseous tissue repair is
completed in 12 w, the VEGF expression was released mainly
by osteoblasts [27, 28].
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Meanwhile, in our studies, collagen type I at 1 h was
multiple amplified, and a persistent high level formed from
postoperative 24 h to 3 d. PMMA has the effect of promoting
collagen information. Viateau et al. [29] discovered in an
ovine study of padding bone defect that the membrane
of PMMA concentrated BMP, bone stem cells, and other
promotive osteoplastic components with vasiformation and
collagen type I expression. Twa et al. [18] reported PMMA
material implanted in vivo could activate keratocyte and
collagen formation. Fibroblast is able to express collagen type
I mRNA [30, 31]. The descendent at 7 d was probably caused
by regression of inflammation. The high expression from
7 d to 12 w illustrated chondrocytes had been transforming
to osteoblasts. HE staining revealed lamellar bone had been
constructed 4 w postoperatively. Collagen type I is mainly
produced by osteocytes, in our research it was expressed at
a high level 12 w postoperatively which was distinct from
conventional time (considerably decreased 8 w postoperatively). As same as VEGF and collagen type I, the OC showed
high expression at the time point and delayed compared
with control group. HE staining showed complete ossification
accomplished at that time. However, the result of protein
expression was similar to the literature.
In the process of fracture healing, collagen type I is
the characteristic marker representing bone formation and
molding. Its peak expression occurred between 3 w and 5 w
after fracture which is the state from intracellular ossification
of chondrocyte to bone information, being related to vasiformation. From the result of our study, PMMA cement does
harm to bone trabecula at a certain degree in PVP. The major
influence on osteoporotic fracture repair is time delay. Repair
mechanism coincides with normal fracture healing, whereas
the time is delayed for 4 weeks around. It is thus clear that, the
PMMA injected in PVP influenced the function of local bone
tissue and cell, but it did not induce irreversible damage.
In conclusion, interface injury caused by PVP injection of
domestic advanced PMMA bone cement could be repaired
and mineralized undergoing a process similar to normal
fracture healing. However, the expression of VEGF, collagen
type I, and OC delayed about 4 weeks. Bone cement would
not cause local bone permanently necrosis; interface injury
repairing cycle could be prolonged in a vertebroplasty.
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In 1891, Von Recklinghausen first established the association between the development of osteoporosis in the presence of overt
hyperthyroidism. Subsequent reports have demonstrated that BMD loss is common in frank hyperthyroidism, and, to a lesser
extent, in subclinical presentations. With the introduction of antithyroid medication in the 1940s to control biochemical
hyperthyroidism, the accompanying bone disease became less clinically apparent as hyperthyroidism was more successfully treated
medically. Consequently, the impact of the above normal thyroid hormones in the pathogenesis of osteoporosis may be presently
underrecognized due to the widespread effective treatments. This review aims to present the current knowledge of the consequences
of hyperthyroidism on bone metabolism. The vast number of recent papers touching on this topic highlights the recognized impact
of this common medical condition on bone health. Our focus in this review was to search for answers to the following questions.
What is the mechanisms of action of thyroid hormones on bone metabolism? What are the clinical consequences of hyperthyroidism
on BMD and fracture risk? What differences are there between men and women with thyroid disease and how does menopause
change the clinical outcomes? Lastly, we report how different treatments for hyperthyroidism benefit thyroid hormone-induced
osteoporosis.

1. Introduction
The World Health Organization (WHO) defines osteoporosis
as bone mineral density (BMD) 2.5 or more standard deviations below that of a young adult (T score) at any site. Characteristics of osteoporosis include increased risk of fragility
fractures, a deterioration of bone architecture, and in addition
to low bone mass. The distinction of secondary osteoporosis
is applied to low BMD as a result of factors beyond postmenopausal and senile osteoporosis. The myriad of secondary causes includes glucocorticoid therapy, connective
tissue disorders, malabsorption syndromes, diabetes mellitus,
and hyperthyroidism [1]. This review will focus on the molecular and clinical consequences of hyperthyroidism on bone
metabolism through a series of focused questions.

Key Points regarding the Impact of Hyperthyroidism on Bone
Health
(1) In hyperthyroidism, bone turnover is accelerated twofold, with a net loss of bone.
(2) Receptors for thyroid hormones and TSH are present
in bone. These hormones may act directly on both
osteoclasts and osteoblasts.
(3) The severity of hyperthyroidism correlates with the
decrease in BMD and the increase in fracture risk.
(4) Hyperthyroidism affects cortical bone to a greater
extent than trabecular bone and is best measured by
BMD at the distal forearm.
(5) Women over 65 years old with a TSH <0.1 have the
greatest fracture risk.
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(6) Normalizing thyroid function alone is able to effect
some reversal of bone loss.
(7) Antithyroid therapy combined with Vitamin D and
bisphosphonates is most effective at normalizing bone
density. There is no role for calcitonin.
(8) Subclinical hyperthyroidism is surprisingly prevalent,
estimated to be present in up to 24% of those over age
60 who receive thyroxine replacement.
(9) Subclinical hyperthyroidism contributes to an estimated additional 1% bone loss per year in these individuals.

2. Normal and Pathological
Mechanism of Thyroid Hormone
Action on Bone Metabolism
Question 1. How do the elevated thyroid hormone levels in
thyrotoxicosis result in accelerated bone loss?
2.1. Normal Molecular Action of Thyroid Hormones on Bone
Metabolism. As a result of pituitary TSH stimulation, the
thyroid gland secretes two thyroid hormones, T4 (3,5,3 ,5 -Ltetraiodothyronine) along with a small amount of T3 (3,5,3 L-triiodothyronine), which is significantly more biologically
active than T4. Additionally, T3 is peripherally created by
the enzymatic conversion of T4 into T3 by the deiodinase
enzymes D1 and D2. A third deiodinase enzyme, D3, converts
T3 and T4 into inactive hormone metabolites reverse T4
(rT2) and rT3 [2]. Intracellular levels of T3 are determined
by the relative action of the three deiodinases [3].
T3 action is mediated by its nuclear T3 hormone receptors
(TRs). Two receptor isoforms, TR𝛼 and TR𝛽, exist [4, 5]
and their subtypes TR𝛼1, TR𝛼2, and TR𝛽1 mediate T3
action though their wide distribution in tissues. There is
extensive expression of thyroid hormone receptors within
bone, indicating that thyroid hormones can influence this
tissue type. Expression of TR𝛼 and TR𝛽 has been identified in
chondrocytes, osteoblasts, and osteoblastoma and osteoclastoma cell lines [4, 6]. TR𝛼1 expression in bone is about 10fold higher than TR𝛽1 [7], and studies of genetically modified
mice have implicated TR𝛼1 as the primary mediator of T3
action on bone [7–10]. The engineered absence of all TR𝛼1
receptors in a mutant mouse model (TR𝛼 (0/0), display developmentally delayed ossification, growth retardation, and
impaired bone mineralization despite being euthyroid, highlighting the requirement for thyroid hormone in normal
bone metabolism. In contrast, TR𝛽 mutant mice TR𝛽 (−/−)
exhibit normal skeletal development in young mice. There
was a persistent elevation of T3 and T4 levels in these TR𝛽
(−/−) mice related to disruption of normal negative hormonal
feedback at the hypothalamus and pituitary through TR𝛽.
The excessive stimulation of TR𝛼1 in these adult mice from
the elevated T3 and T4 levels resulted in accelerated bone
remodeling leading to adult osteoporosis [7–11]. Clinically,
this is similar to the observations in humans that prolonged
hyperthyroidism results in accelerated bone loss.

Classically, the deleterious effects on BMD in hyperthyroidism have been attributed to high levels of the circulating
thyroid hormones T4 and T3. However, more recent publications have also implicated low TSH levels alone in the
development of reduced skeletal integrity. This is clinically
relevant, as subclinical hyperthyroidism is defined by normal
T3 and T4 levels with an isolated suppression of TSH and
has been correlated with changes to human bone density
over time [12–14]. The TSH receptor (TSHR) is predominantly expressed in cells of thyroid follicles; however, TSHR
expression has also been demonstrated in a variety of tissue
including osteoblasts and osteoclasts [15, 16], as well as
kidney, brain, heart, testis, lymphocytes, and adipose tissue
[17]. The presence of TSHR in osteoclasts and osteoblasts has
led investigators to determine what direct effects TSH may
exert on bone metabolism. Abe et al. [15] carried out experiments with mice carrying deletions for both (homozygous) or
one (heterozygous) alleles of the TSHR. Homozygous TSHR
deletion mice had low levels of T3 and T4 with high TSH,
low BMD, and required exogenous thyroid administration
for normal growth. Interestingly, the loss of BMD was not
reversed with thyroid hormone supplementation, indicating
that TSH acting through its hormone receptor is necessary
for alterations in bone metabolism. Heterozygous mice had
normal levels of T3, T4, and TSH; however, they also exhibited a significant reduction of BMD. Both groups of mice
had osteoporosis due to high bone turnover, leading them to
postulate that TSH action via its receptor acts as a negative
regulator of bone turnover [15, 18]. Other studies have
suggested that the action of TSH may also indirectly affect
bone integrity through increasing deiodinase D2 activity in
osteoblasts which results in local T3 elevations (by conversion
of T4 to T3) as a consequence [19]. It remains unclear whether
it is the action of excessive thyroid hormones, the lack of TSH,
or a combination of both that is responsible for bone loss in
the hyperthyroid state.
2.2. The Significance of Thyroid Hormone Excess on Rates of
Bone Remodeling. The continuous process of bone remodeling through balanced resorption and deposition is essential to maintain the integrity and strength of the human
skeleton [20]. During remodeling, osteoclasts degrade and
resorb the old bony matrix, while new bone is deposited by
osteoblasts. The normal bone remodeling cycle lasts 150–200
days (approximately <7 months), and any disturbances in this
equilibrium lead to excessive/disordered bone formation or
uncompensated bone loss. In the hyperthyroid state, the cycle
occurs in roughly half of the normal time (3-4 months), and
this accelerated rate of bone turnover creates an increased
number of osteoclast resorption sites and increases the ratio
of resorption to bone formation ultimately causing osteoporosis from cumulative new bone loss [21–23]. Using iliac
crest biopsy specimens from hyperthyroid patients (𝑛 =
15) and age and sex-matched controls to reconstruct bone
remodeling curves, it was determined that there was a 9.6%
loss of mineralized bone with each cycle in the hyperthyroid
group [24]. Conversely, hypothyroidism prolongs the remodeling process, resulting in reduced bone turnover and a 17%
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increase in mineralized bone as a consequence of a 700-day
cycle [25].
2.3. The Significance of Thyroid Hormone Excess on Mineral Metabolism. The accelerated bone remodeling cycle in
hyperthyroid states results in increased bone resorption and
a subsequent increased release of calcium into systemic
circulation [26, 27]. High levels of calcium, specifically in
the ionized form, are present in up to 8% of patients with
hyperthyroidism [26, 28]. High levels of serum calcium
inhibit parathyroid hormone (PTH) secretion and create a
negative calcium balance through prolonged urinary and
fecal losses. Decreased PTH secretion causes hypercalciuria
as a protective mechanism against hypercalcemia [28]. With
low PTH, Vitamin D is not converted into its active form,
leading to low gastrointestinal calcium and phosphorous
absorption and resultant fecal calcium losses [29–31].
In addition to the release of calcium from bone into
serum, levels of bone turnover markers are also elevated.
Serum concentrations of alkaline phosphate, osteocalcin, osteoprotegerin, and FGF-23 correlate directly with the severity
of biochemical hyperthyroidism [32–37]. Interestingly, bone
turnover markers remain high for months after treatment
due to the persistent increase in osteoblast activity, despite
normalization of thyroid hormone levels in the serum [32–
37].
In contrast, the urinary bone turnover marker, collagenderived pyridinium cross-links, rapidly normalizes with correction of thyroid hormone serum levels. In the presence of
elevated free T3 (fT3), collagen-derived pyridinium crosslinks are elevated in urine; however, they rapidly return to
normal shortly after initiation of therapy [38, 39].

3. Clinical Consequences of Hyperthyroidism
on Bone Mineral Density and Fracture Risk
Question 2. Does the severity and duration of thyrotoxicosis
correlate with the rate, extent and location of bone loss?
3.1. The Impact of Thyrotoxicosis on Bone Density (BMD).
Osteoporosis is a uniform feature of untreated and sustained
thyrotoxicosis. Numerous reports have described a consistent
decrease in BMD and increase in fracture risk in untreated
overt hyperthyroidism [40]. This effect on BMD is evident
in both pre- and postmenopausal women [41]. Hyperthyroidism differentially influences trabecular and cortical bone
metabolism, with the latter more predominantly affected
[42]. An early study demonstrated up to 40% increase in
osteoclast resorption in cortical bone, compared to 2.7%
reduction in trabecular bone volume [43]. Recently, a crosssectional, population-based study of euthyroid and hyperthyroid women over 40 years of age evaluated the correlation
between serum TSH levels and BMD of the distal and ultradistal forearm [44]. This is the site most profoundly affected
by parathyroid hormone dysregulation [45]. The study, which
reported a statistically higher risk of osteoporosis at the
radius in hyperthyroidism, found a stronger association
between low TSH and low BMD in distal (cortical) bone in
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comparison to the ultradistal (trabecular) bone of the radius,
complementing previous publications recommending distal
forearm BMD measurements as appropriate for studying
thyroid effects on bone [42, 44]. Other areas of the skeleton
that have demonstrated significant BMD decreases associated
with hyperthyroidism include the lumbar spine, total hip and
femoral neck. A 2010 cross-sectional study evaluating BMD
in premenopausal women, as analyzed by DXA, revealed
significantly lower BMD in hyperthyroid women compared
to controls at the lumbar spine (0.928 versus 0.991), the total
hip (0.838 versus 0.917), and the femoral neck (0.774 versus
0.832) [46]. In contrast to the distal radius, the decrease
of BMD in the lumbar spine, total hip, or femoral neck
does not appear to be associated with the duration of overt
hyperthyroidism [46, 47].
The severity of hyperthyroidism appears to influence the
degree of bone loss and increase the probability of osteoporosis when looking at the relative degree of TSH suppression, rather than looking at free T4 and free T3 levels.
The aforementioned cross-sectional study by Svare et al.
[44] reported a statistically significant decrease in BMD in
hyperthyroid women with TSH <0.50 mU/L (reference range:
0.50–1.49 mU/L), with the highest association seen with
TSH <0.10 mU/L. No statistically significant difference was
observed in the BMD of hyperthyroid patients versus controls
with TSH above 0.50 mU/L [44]. A 2007 analysis using data
from the U.S. National Health and Nutrition Examination
Survey (NHANES) evaluated the BMD in postmenopausal
women and reported an odds ratio (OR) of 3.4 relating
osteoporosis to TSH levels <1.8 mU/L, compared to an OR
of 2.2 for TSH levels ≥1.8–4.5 mU/L [48]. The report also
found that as TSH levels increased over the reference range
(TSH 0.39–4.6 mU/L), a statistically significant increase was
observed in BMD [48].
3.2. The Impact of Thyrotoxicosis on Fracture Risk. Thyrotoxicosis is an established risk factor for fracture later in life
[49–51]. A prospective cohort study followed women over 65
years old for 4 years to evaluate fracture incidence and risk
(𝑛 = 686) [52]. A TSH level of <0.1 mU/L resulted in a 4.5fold risk of vertebral fracture and a 3.6-fold increase of hip
fracture [52]. The fracture risk was much less pronounced
with relatively higher TSH levels of 0.1–0.5 mU/L (normal
range: 0.5–5.5 mU/L). The same report also found that a
history of hyperthyroidism (regardless of duration or degree),
after adjustment for TSH concentration and BMD, remains
an independent risk factor for hip fracture [52]. Support for
these finding was reported in a more recent cross-sectional
study (𝑛 = 6722), which estimated a 31% higher fracture
risk (forearm, hip, and vertebral) in patients with TSH
<0.10 mU/L compared to TSH 1.0–1.49 mU/L [44].

4. Reversibility of Hyperthyroidism-Induced
Bone Loss with Therapy
4.1. Targeted Antithyroid Therapy and Clinical Fracture Risk
Outcomes. The choice of initial antithyroid therapy used to
correct the hyperthyroidism may be clinically important,
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as highlighted by studies looking at subsequent fracture
risk. In a historical follow-up study of 617 patients with
toxic goiter, patients treated with radioactive iodine alone,
rather than being cotreated with antithyroid medications,
had an increased fracture risk at the spine and forearm in
comparison to age- and gender-matched control [53]. This
increase in fracture risk from controls was not observed in
patients who were also cotreated with methimazole [53]. It
was hypothesized by these authors that patients treated with
combination therapy may have had more severe initial
presentation of hyperthyroidism which resulted in earlier
diagnosis and management, with subsequently less time for
bone loss to occur [53]. It will be of great importance for
future clinical management decisions to repeat this study in
a larger controlled prospective manner to determine if duel
initial therapy does in fact provide improved long-term protection from fractures.
Question 3. Is the bone loss or osteoporosis due to hyperthyroidism reversible by normalizing thyroid function?
The initiation of antithyroid therapy and successful
achievement of an euthyroid state can reverse the extent of
osteoporosis induced by overt hyperthyroidism [40, 54–58].
Numerous studies have evaluated BMD after the successful
treatment of hyperthyroidism and reported a significant,
though incomplete, recovery of bone density with effective
antithyroid treatment within the first years after initiation of
therapy [54, 56, 59–66]. Despite significant increases in BMD
at the lumbar spine, femoral neck, and distal radius after 9–12
months of antithyroid therapy, bone density remained 5–16%
lower than controls at 18–24 months of followup [50, 67].
At least three reports suggest after several years of euthyroidism, thyrotoxicosis-induced osteoporosis can be restored
to normal [55, 56, 68]. BMD has been observed to return to a
normal level, or that compared to healthy controls, after 3 to
6 years of euthyroid state after successful antithyroid therapy
[40, 55, 65, 69].
4.2. Medical Treatment Options for
Secondary Osteoporosis due to Hyperthyroidism
4.2.1. Combination of Bisphosphonate and Antithyroid Therapy. Studies carried out with rodents have established that
bisphosphonate therapy ameliorates the excessive bone loss
caused by hyperthyroidism due to excessive T4 hormone
supplementation [70]. Research in humans has evaluated
the BMD and fracture risk outcomes using antithyroid drug
monotherapy compared to the combination of bisphosphonates and antithyroid treatments. Lupoli et al. [71] examined
the addition of alendronate to methimazole therapy in 40
pre- and postmenopausal hyperthyroid women and agematched controls with no history of thyroid disease. BMD
and osteocalcin levels were evaluated at baseline and 6 and 12
months after initiation of either methimazole (MMI) or MMI
and alendronate combination therapy. At its conclusion, the
study revealed a statistically significant clinical and molecular
benefit in the combination therapy arm: a significant increase
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in BMD and decrease in the bone turnover marker osteocalcin. In addition this was independent of estrogen levels as
both pre- and postmenopausal women exhibited significant
increases in BMD and decreases in osteocalcin levels from
basal values after 12 months of treatment [71]. Fittipaldi et al.
[72] examined the effect of combination therapy in elderly
male subjects with hyperthyroidism and osteoporosis. The
results were similar to the effect seen in women; a detectable
mean increase in BMD at the lumbar spine and femoral
neck was significantly higher in patients treated with the
combination of MMI and alendronate (6.2% and 2.1%, resp.)
than in those treated with MMI alone (2.0% and 1.4%, resp.)
[72]. Recently, another bisphosphonate, risedronate, were
evaluated for its combination therapy effects on BMD and
bone resorption markers in males with Graves’ disease (𝑛 =
27, mean age = 43.7). Comparable with previous investigations, the increase in BMD at the lumbar spine, femoral neck,
and distal radius was significantly higher after 12 months of
combination treatment [73].
4.2.2. Vitamin D. Therapy of hyperthyroidism-induced osteoporosis includes adequate Vitamin D supplementation and
bisphosphonate therapy, in addition to antithyroid treatment.
The continuous bone resorption and high serum calcium
levels seen in sustained hyperthyroidism result in decreased
levels of active Vitamin D, suggesting a therapeutic role for
oral Vitamin D supplementation. A 2010 study examined the
relationship between Vitamin D levels and BMD in patients
with newly diagnosed hyperthyroidism [74]. The report
revealed significantly lower mean Z-scores (age-matched
controls) and overall BMD values in vitamin D deficient
patients (<25 nmol/L) compared to hyperthyroid patients
with sufficient vitamin D levels (>25 nmol/L) [74], supporting
the inclusion of Vitamin D supplementation where deficiencies are detected.
4.2.3. Calcitonin. As a result of its potent inhibition of osteoclast activity, calcitonin administration has also been investigated as a potential adjunct to therapy of hyperthyroidisminduced osteoporosis when used in combination with
antithyroid medications. No additional benefit was seen in
BMD or bone resorption markers at any dose of intranasal
calcitonin although the BMD was significantly increased in
all patients treated with antithyroid therapy and intranasal
calcitonin at varying doses for 9 months [54]. The conclusion
was that no additional benefit beyond reaching the euthyroid
state was conferred by the addition of calcitonin [54].

5. Clinical Bone Disease in
Subclinical Hyperthyroidism
Question 4. What impact does menopause or gender have on
clinical outcomes of bone turnover in subclinical hyperthyroidism?
Subclinical hyperthyroidism is a biochemical definition,
with suppressed or undetectable TSH levels and normal
concentrations of T3 and T4. Subclinical hyperthyroidism
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incidence increases with age, especially in women, and is
present in an estimated 1.5% of women over the age of 60
[75]. Serum TSH levels may spontaneously return to normal,
as can be seen in patients with subclinical hyperthyroidism
caused by Graves’ disease or may progress to overt hyperthyroidism, more commonly in patients with autonomous
thyroid nodules or multinodular goiters [75]. Exogenous
hyperthyroidism is considered to exist due to iatrogenic overreplacement with thyroid hormone supplementation, such
as during long-term management of differentiated thyroid
carcinoma patients.
5.1. The Significance of Endogenous Subclinical Hyperthyroidism on BMD. Evaluation of the association between the
presence of subclinical hyperthyroidism and the risk of development of osteoporosis has produced conflicting results from
many small studies; therefore, BMD and fracture risk in this
population are better examined by a subdivision dependent
on estrogen levels found in pre- and postmenopausal women.
5.1.1. Postmenopausal Women, BMD, and Subclinical Hyperthyroidism. Subclinical hyperthyroidism has consistently
been correlated with an increased risk of reduced BMD [12,
13, 50, 76–78]. Foldes et al. [14] conducted a cross-sectional
study (𝑛 = 37) measuring BMD in pre- and postmenopausal
women with endogenous subclinical hyperthyroidism. It was
observed that the BMD was not significantly affected in premenopausal patients, in direct contrast to postmenopausal
women who had significantly decreased BMD at the femoral
neck and radius, sites of predominantly cortical bone.
5.1.2. Premenopausal Women, BMD, and Subclinical Hyperthyroidism. Multiple studies of premenopausal women with
subclinical hyperthyroidism, either in comparison to normal controls or postmenopausal subjects, have consistently
found normal or near-normal BMD levels. It is unclear if
such studies have been able to remove the bias of age, as
postmenopausal women may just have had longer durations
of low TSH [13, 14, 76, 78–84]. Two small studies have
reported statistically significant reduction in BMD in the
femoral neck, but not in the lumbar spine, of premenopausal
women, in comparison to significant reduction at both sites
in postmenopausal patients [84, 85]. Similarly, the majority
of studies have revealed normal serum markers of bone
turnover, with the exception of the aforementioned studies,
which noted significant increase in bone resorption markers
in both pre- and postmenopausal women [14, 80, 82, 86, 87].
5.1.3. Males, BMD, and Subclinical Hyperthyroidism. Nearly
half of the cases of osteoporosis in men are found to have
an underlying secondary cause. The effects on BMD in male
patients with endogenous subclinical hyperthyroidism have
not been widely studied or reported. A recent retrospective
analysis of hip fracture risk in patients with subclinical
thyroid dysfunction revealed a hazard ratio (HR) of 4.91 in
men with endogenous subclinical hyperthyroidism in comparison to a HR of 2.42 in postmenopausal females of the
same category [88]. The reason for the increased fracture
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risk in males is unexpected, and further statistical analysis of
androgens, TSH, T4, and T3 levels may help clarify the risks
involved.
5.2. The Importance of Endogenous Subclinical Hyperthyroidism on Increased Fracture Risk. Subclinical hyperthyroidism has also been implicated with an increased incidence
of fracture at any site. A retrospective study (𝑛 = 2004) examined fracture risk patients with subclinical hyperthyroidism,
defined as a TSH below the reference range (≤0.4 mU/L)
and a normal total T4 and T3, to age- and gender-matched
controls [89]. The results revealed a hazard ratio of 1.25
for osteoporotic fracture. This association was lost, however,
when patients were included who converted into either overt
hyperthyroidism or the euthyroid state during the follow-up
period (median: 5.6 years) [89].

6. Reversibility of Subclinical
Hyperthyroidism-Induced Bone Loss
with Therapy
Question 5. How well does low bone density recover through
correction of subclinical hyperthyroidism alone?
There is an established link between subclinical hypothyroidism and BMD decreases in postmenopausal women,
leading investigators to test the efficacy of antithyroid therapy
on bone density recovery in these patients. Studies in this
subset of patients with subclinical hyperthyroidism have
revealed a strong association with improvement in BMD
within as little as 6 months of reaching euthyroidism [64, 90–
92]. A prospective study by Mudde et al. [76] followed postmenopausal women with subclinical hyperthyroidism for a
2-year period following treatment with MMI and compared
them to untreated controls. Although significant changes
in bone turnover serum markers were not seen in either
group, the mean BMD in women treated with MMI was
significantly higher than in those in the untreated group
[76]. Faber et al. [93] conducted a prospective study examining the effects of radioiodine therapy on the BMD of
postmenopausal women with subclinical hyperthyroidism
secondary to nodular goiter. The spine BMD in the treated
patients increased by 1.9% at 1-year followup and remained
increased by 1.5% after 2 years. BMD at the hip was also
increased by 2.3% after 1 year of treatment and remained 1.7%
increased after 2 years. These results were significant when
compared to the untreated controls, in whom BMD decreased
by about 2% per year at the hip and the spine [93]. A recent
prospective study of seventeen women over the age of 65
with subclinical hyperthyroidism due to nodular goiter and
treated with radioiodine showed a similar effect on BMD after
achievement of euthyroidism [94]. After 1 year of treatment
with radioiodine, average BMD had increased by 1.9% at the
femoral neck and by 1.6% at the lumbar spine in the twelve
patients who achieved euthyroidism. Conversely, in the four
patients who continued to have subclinical hyperthyroidism
despite one year of therapy, the average BMD had decreased
by 2% at the femoral neck and by 1.8% at the lumber spine at
followup [94].
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As mentioned previously, subclinical hyperthyroidism in
premenopausal women is typically associated with a normal
BMD and no alteration in serum bone turnover markers.
Therefore, the usefulness of treatment of this group has
been put into question. Nonetheless, a small prospective
randomized trial evaluated BMD in premenopausal women
after 6 months of antithyroid therapy and concluded that
no difference in BMD between treated patients and controls
was found [95]. This is an important finding for clinical
management, as no measureable clinical benefit to bone
health through active treatment was detected.

7. Iatrogenic Subclinical Hyperthyroidism and
Negative Outcomes to Bone Density
Question 6. How common is subclinical hyperthyroidism in
the general population and what clinical consequences does
this have on their bone health?
7.1. Prevalence of Iatrogenic Subclinical Hyperthyroidism. The
prevalence of exogenous subclinical hyperthyroidism is much
more common than the endogenous form, due to the
widespread use of thyroid hormone supplementation and its
inclusion in many herbal and weight loss formulations [75].
An estimated 3% of women over the age of 60 are taking
exogenous T4 (thyroxine) for medically indicated purposes,
either for TSH suppression or as replacement of iatrogenic
or endogenous hypothyroidism [96]. Full replacement doses
of levothyroxine are crudely approximated at <1.6 𝜇g/kg,
and suppressive doses result in a decreased TSH serum
level [97]. In a community-based study of 1210 adults over
60 years old, Parle et al. [96] evaluated the prevalence of
thyroid dysfunction. It was found that 24% of these patients
were overreplaced with thyroid hormone, having measurably
low TSH levels. Congruent with this report, a recent review
of subclinical thyroid disease by Cooper and Biondi [75]
estimated low TSH levels in 20–40% of patients treated
with thyroid hormone. These studies highlight the surprising
prevalence of community subclinical hyperthyroidism.
7.2. The Impact of Exogenous Subclinical Hyperthyroidism on
Bone Mineral Density. Euthyroid patients who are treated
with oral T4 and sustain serum TSH levels within the normal
reference range have not been found to have changes in their
BMD regardless of menstrual status [6, 98]. Because of wide
variations in outcomes between pre- and postmenopausal
women, the extent of bone loss associated with exogenous
thyroid therapy is best examined individually within these
groups of women.
7.2.1. Postmenopausal Women. As with endogenous subclinical hyperthyroidism, postmenopausal women taking excess
exogenous thyroid hormone have been found to be at risk
for hyperthyroid-induced skeletal effects [99]. Significant
reductions of BMD in postmenopausal women treated with
thyroxine are a universal finding [34, 61, 83, 100–104]. A
meta-analysis by Faber and Galloe [90] reported a significant
reduction of BMD by 9% after 10 years of thyroxine treatment in postmenopausal women compared to controls. This
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value implies that subclinical hyperthyroidism induced by
thyroxine administration confers an additional annual bone
loss of nearly 1% in postmenopausal women who already
have an estimated 1–2.5% annual bone loss. Uzzan et al. [105]
demonstrated similar loss values in their meta-analysis, with
BMD losses of 7% of the spine, 5% of the femoral neck, 9%
of the trochanter and Ward’s triangle, and 7% of the distal
radius. These values may correspond to a 12–44% lifetime risk
of hip fracture conferred from bone loss of 6–10% over a 10year period [106]. Clearly, these studies highlight the need for
clinical vigilance in optimizing replacement levels to reduce
adverse effects on bone metabolism.
7.2.2. Premenopausal Women. The main reason for minimal
bone loss in premenopausal women is thought to be due
to preserved estrogen production; therefore, the impact of
thyroxine overreplacement on bone mass should exhibit a
lesser impact than postmenopausal women [97]. Consistent
with this notion, suppressive doses of thyroxine have not
been implicated in significant reductions of BMD in premenopausal women in large population analyses and review
[6, 90, 99, 105, 107, 108]. A meta-analysis revealed that BMD
in premenopausal women treated with thyroxine for 8.5 years
(90% with TSH below the reference range) had a mean
reduction in BMD of 2.7%, a value corresponding to 0.3%
annual bone loss throughout the duration of treatment, a
number found to be nonsignificant by the investigators in
comparison to controls [90].
7.2.3. Males. Few studies have included male patients evaluating the effects of exogenous thyroid hormones on BMD.
Meta analyses and literature reviews have concluded that no
significant effect on BMD has been observed in men receiving
suppressive thyroxine therapy [6, 99, 107].
7.3. Fracture Risk in Subclinical Hyperthyroidism due to Exogenous Overreplacement. There is an increased risk of bone
fracture in individuals who are overreplaced with exogenous
thyroid hormone. Fracture risk is related to the degree of TSH
suppression (TSH < 0.1 mU/L versus TSH 0.1–0.5 mU/L) and
patient factors, such as age [52]. For women with TSH values
in the normal range, T4 replacement does not confer a risk for
fracture [52]. A recent observational cohort study examined
fracture risk in patients >18 years old (mean age: 60.3 females,
61.8 males) on long-term T4 therapy with a median followup of 4.5 years (𝑛 = 17,684) [109]. No increase in fracture
risk was found in patients with low TSH concentrations
(0.04–0.4 mU/L) compared to normal range TSH levels (0.4–
4.0 mU/L); however, they reported a two-fold increase in
fracture risk in patients who had undetectable TSH levels
(≤0.03 mU/L) [109]. Fracture risk is further increased in
postmenopausal women with suppressed or undetectable
TSH levels (<0.1 mU/L) due to T4 replacement with as much
as a four-fold increase in vertebral and hip fractures after 4
years of followup compared to controls with normal TSH
values (>0.5 mU/L) [52]. Therefore, the greatest risk lies
with those with the lowest TSH values and those who are
postmenopausal.
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Question 7. Can bone loss due to exogenous thyroid hormone
overreplacement be reversed?
7.3.1. Efficacy of Correction of Thyroid Replacement Dosing
on Bone Recovery. Appropriate thyroxine supplementation
in euthyroid individuals who maintain TSH levels within
the reference range has not been implicated in BMD reduction [6]. It has been suggested that titration of suppressive
thyroxine therapy is imperative in protecting the negative
skeletal effects of subclinical hyperthyroidism [97]. In a small
clinical trial, Appetecchia [110] examined the effects on BMD
and thyroxine suppression therapy in 200 pre- and postmenopausal women with nodular goiter. The result revealed
that thyroxine therapy titrated to doses that normalized TSH
levels (0.27–4.20 mU/mL) did not have any deleterious effects
on BMD regardless of menopause status [110]. First-line
management clearly indicates that thyroxine dosing should
be monitored and adjusted to prevent ongoing bone loss.
7.3.2. Calcium Supplementation. A prospective study by Kung
and Yeung [83] evaluated the role of calcium supplementation
in 46 postmenopausal women treated with suppressive doses
of thyroxine. The women were divided into groups of either
1000 mg calcium daily or placebo and followed for 2 years.
At 6-month intervals and at the conclusion of the study,
BMD was determined for the study participants. The results
revealed that the patients supplemented with calcium had
stable BMD, whereas patients in the placebo cohort had
significant bone loss of 5% at the lumbar spine, 6.7% at the
hip, 4.7% at the trochanter, and 8.8% at Ward’s triangle, and
BMD was significantly lower than the supplemented group
[83]. The researchers concluded that suppressive thyroxine
therapy should be supplemented with calcium to prevent
BMD loss in treated patients [83].
7.3.3. Adjunct Estrogen Replacement Therapy in Postmenopausal Women. Effects of exogenous subclinical hyperthyroidism on bone are minimal in premenopausal women
presumably due to the positive effects of estrogen on skeletal
health. A cross-sectional study by Schneider et al. [97]
evaluated the impact of concomitant estrogen therapy in 991
postmenopausal women taking levothyroxine in replacement
or suppressive doses. Women treated with estrogen and thyroid hormone has significantly higher BMD than those taking
thyroid hormones alone. BMD in the estrogen replacement
group was 12.9% higher at the midshaft radius, 8.1% higher
at the hip, 7.8% higher at the lumbar spine, and 17.7% higher
at the ultradistal radius [97]. With adjustments for age, BMI,
smoking, and concurrent use of corticosteroids and thiazide,
the BMD in women taking both levothyroxine and estrogen
was comparable to that of women solely taking estrogen,
without use of thyroid hormone [97]. The positive effects
of estrogen are presumed to oppose the negative calcium
balance seen in the hyperthyroid state, by increased absorption and decreased excretion of calcium [111]. However, the
direct effect of estrogen on osteoblasts and the increase in
calcitonin following estrogen administration are also thought
to play a role. Although estrogen is clearly effective in modulating bone metabolism and was routinely prescribed prior
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to the Women’s Health Initiative, it is a controversial supplement. Given the efficacy of alternative, nonhormonal
therapies (below) estrogen is not recommended solely for the
prevention or treatment of osteoporosis [112].
7.3.4. Bisphosphonates. Bisphosphonates are indicated for the
treatment of osteoporosis induced by overt hyperthyroidism.
In a randomized trial, Rosen et al. [81] evaluated the efficacy
of bisphosphonates in patients taking suppressive doses of
thyroxine who fit the biochemical criteria for subclinical
hyperthyroidism (normal freeT4 in 97% of cases). Men
and postmenopausal women were randomized to either
taking thyroxine and placebo, or thyroxine with addition
of 30 mg of intravenous pamidronate every 3 months and
were followed for 2 years. The bisphosphonate-treated group
showed significant increases in BMD at the spine (4.3%), total
hip (1.4%), and trochanter (3.0%) compared to patients solely
receiving thyroid hormone [81].
7.3.5. Calcitonin. Similar to the conclusions discussed previously in overt hyperthyroidism, the use of intranasal
calcitonin has not been found to benefit BMD in patients
treated with exogenous subclinical hyperthyroidism. Kung
and Yeung [83] found no additional benefit of intranasal
calcitonin on BMD in postmenopausal women supplemented
with 1000 mg of calcium daily.

8. Conclusions and Key Points
Regulation of skeletal development and maintenance of
skeletal integrity is regulated in part by a normal balance
of thyroid hormones. Rodent studies have implicated both
thyroid hormones and pituitary TSH in regulation of bone
remodeling, although it remains unclear if T3, TSH, or
the combination of both are responsible for the increased
turnover and subsequent osteoporosis observed in the hyperthyroid state. Overt hyperthyroidism leads to osteoporosis
and increased fracture risk in patients regardless of their age
or gender. Prevention of fractures attributed to low BMD
in hyperthyroid patients begins with antithyroid therapy, as
reversibility of hyperthyroid-induced osteoporosis is evident
a few years after achievement of an euthyroid state. Supplementation with Vitamin D and bisphosphonates may further
increase BMD in these patients. The fine control of bone
integrity by thyroid hormones is exhibited by the detrimental consequences on BMD and increased fracture risk by
subclinical hyperthyroidism in postmenopausal women and
men, and in postmenopausal women treated with suppressive
doses of thyroid hormone. Postmenopausal women and
men with endogenous subclinical hyperthyroidism should be
considered for bone density measurement and subsequent
antithyroid therapy. Postmenopausal women on thyroid supplementation in suppressive doses should have bone density
testing, with appropriate titration of suppressive therapy, and
supplementation with calcium and bisphosphonates.
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The aim of this study is to understand the influences of the social custom of foot binding on female osteoporosis by means of
comparing and analyzing the lumbar vertebrae and hip bone mass differences between the foot-binding aged women and unbound
women of the same age at Qujing District of Yunnan Province. Of the examined people, 81.37% suffer from osteoporosis on the basis
of lumbar vertebra (L1–L4) and femoral neck BMD, of which 82.14% for the foot-binding group and 80.44% for the unbound group.
There is no statistical difference for the osteoporosis morbidity of the two groups. Compare the BMD value for various vertebrae,
femoral neck, and rehabilitation of the two groups and find the BMD value for the other parts have no statistical difference except
the BMD value of L1 centrum, which shows that foot binding does not significantly influence the overall bone mineral density of
foot-binding women.

1. Introduction

2. Data and Method

Foot binding is a special custom from the ancient times to
modern times; mainly for women of Han nationality, they use
cotton and silk to swathe the feet of girls to make the front
end sharp and restrict the free growth of both feet. With the
gradual growth and development of feet, the arches of foot are
extruded high and eventually form the special foot shape of
“three-inch bound feet.”
Foot binding violates the normal development of limbs
but is also an important education, morality, behavior, beautifying, and life standard for Han women for thousands
of years. With the changes and progress of times, modern
civilization has thoroughly abandoned the deformity custom
which binds women, the remaining foot-binding women in
our society are gradually disappear with time going by, and
the foot binding is going to meet its death, which has spread
throughout China for thousands of years. To avoid the unique
Chinese traditional custom disappearing with time passing
by and to reserve more relevant social data of foot-binding
behavior, we made a survey on the foot-binding women of
Yunnan Region from the medical view.

2.1. Exclusion Standard. Take inquiry for the selected footbinding aged women and unbound women at Sanchahe
Town, Luliang County, Qujing City, and Yunnan Province, to
exclude diseases that may influence bone metabolism, such
as liver and kidney disease, diabetes mellitus, thyroid and
parathyroid disease, metabolic bone disease, ovariectomization, and subtotal gastrectomy; to exclude these with the
medical history that they have been proved to have vertebral fracture and femoral fracture by X-ray examination
in recent 3 months; to exclude these taking the drugs that
may affect bone metabolism in recent 3 months, such as
selective estrogen regulator, calcitonin, compound steroid
hormones, bisphosphonate, thyroxine, parathyrin, or other
antiosteoporosis drugs.
2.2. General Data. Totally 308 qualified testers are selected,
who are all local countryside people of Han nationality. Of
them, there are 204 foot-binding women, aged between 65
and 88, and averagely 76 and 104 unbound women, aged
between 64 and 87, averagely 73. Select 102 healthy testers
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Figure 1: Comparison between the foot-binding deformity and normal foot.

Figure 2: Comparison of pelma print scanning picture between the foot-binding deformity and normal foot.

from the above 308 testers for bone mass and bone density
measurement, of which 56 are from the foot-binding group,
aged between 67–85, and averagely 74.8; 46 are from the
unbound group, aged between 66 and 85, and averagely
72.5.
2.3. Test Method. Measure the height, weight, waistline, and
hipline of all testers and then, use body mass index and waisthip ratio (WHR) for evaluation and comparative analysis.
Bone mass and bone density measurement adopts GE-LunarProdigy DXA for the lumber vertebra (L1–L4) and hip
examination.

3. Result
3.1. Foot-Binding Shape Comparison. By appearance-shape
comparison between the foot-binding deformity and normal
foot, the photo comparison of both feet of the testers is shown
in Figure 1, and pelma print scanning picture comparison is
shown in Figure 2.
From Figures 1 and 2, we can see that the appearanceshape characteristics of the foot-binding deformity are as
follows: (1) foot is of triangle shape, with small front part
which is similar to the top end of an awl, and large heel which
is similar to a circular; (2) the 2nd–5th toes bend inwards at
the pelma, the forefoot extrudes and draws close to the heel,
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Table 1: General health indicators of normal foot group (𝑛 = 104) and foot-binding group (𝑛 = 204).
Age (Years)
Height (cm)
Weight (kg)
BMI
Waistline (cm)
Hipline (cm)
Left vision
Right vision
Age of menopause (years)
Gravidity
Parity
Lactation month time
Footbinding age (years)

Normal foot group (𝑥 ± 𝑠)
72.95 ± 4.50
149.32 ± 6.12
49.03 ± 8.55
21.95 ± 3.36
72.81 ± 7.92
85.55 ± 6.46
0.75 ± 1.14
0.74 ± 1.16
47.49 ± 4.52
6.77 ± 2.22
6.21 ± 2.13
127.80 ± 58.35

Foot-binding group (𝑥 ± 𝑠)
75.99 ± 4.58
148.36 ± 6.03
45.73 ± 7.33
20.79 ± 3.19
72.37 ± 7.68
84.46 ± 5.60
0.55 ± 0.94
0.55 ± 0.96
48.05 ± 3.72
7.64 ± 2.86
7.02 ± 2.63
125.57 ± 61.07
8.39 ± 3.16

𝑡
−5.482
1.302
3.485
2.928
0.465
1.512
1.605
1.465
1.160
2.689
2.724
−0.304

𝑃
0.001
0.194
0.001
0.004
0.642
0.131
0.110
0.144
0.247
0.008
0.007
0.762

Table 2: Bodily form contrast of normal foot group (𝑛 = 104) and foot-binding group (𝑛 = 204).
BMI
Normal foot group (%)
Foot-binding group (%)
𝜒2
𝑃

Slants thin
15 (14.7)
56 (27.5)

Normal
61 (58.7)
112 (54.9)

Overweight
25 (24.5)
30 (14.7)
8.605
0.035

there is a horizontal hollowing at the middle of the pelma,
and the 5th toe is usually pressed in the hollowing; (3) arch
of foot is extruded to rise, acrotarsium bulges upwards, and
the forefoot has obvious plantar flexion; (4) after binding, the
whole foot is obviously smaller than normal foot.
3.2. General Health Condition Analysis. Divide the testers
into the foot-binding group and unbound group and adopt
the statistical method of group 𝑇 examination to compare
the differences in health index of the groups, such as height,
weight, weight index, waistline, hipline, binocular vision, age
of menopause, pregnancy and parity times, and breast-feed
time. For results, please refer to Table 1.
From Table 1, we can see that there is statistical difference
in the weight, weight index, and pregnancy and parity times
between the two groups (𝑃 < 0.05). The weight and weight
index of the foot-binding group are lower than the unbound
group, and the average pregnancy and parity times are higher
than the unbound group.
Process the obtained height, weight, waistline, and hipline
data from measurement and adopt weight index (BMI) and
waist-hip ratio (WHR) for comparative analysis. BMI =
weight (kg)/height (m)2 ; WHR = waistline (cm)/hipline (cm).
Divide the testers into 4 groups according to BMI value
as follows: thin: BMI < 18.5; normal: 18.5 ≤ BMI < 24;
overweight: 24 ≤ BMI < 28; obesity: BMI ≥ 28; take WHR =
0.8 as the boundary to divide the testers into two groups,
that is, noncentral obesity and central obesity, and adopt Chisquare test to compare the body shape differences between
the foot-binding group and unbound group, and the result

Fat
3 (2.9)
6 (2.9)

WHR
Noncentral obesity
Central obesity
54 (51.9)
50 (48.1)
96 (47.1)
108 (52.9)
0.472
0.492

Table 3: Comparison of BMI and WHR of normal foot group (𝑛 =
104) and foot-binding group (𝑛 = 204).
BMI
WHR

Foot-binding group
20.79 ± 3.19
0.856 ± 0.055

Normal foot group
21.95 ± 3.36
0.850 ± 0.052

𝑇
−2.928
0.859

𝑃
0.004
0.391

is shown in Table 2. Adopt the statistical method of group
𝑇 examination to compare the BMI and WHR differences of
the foot-binding group and unbound group, and the result is
shown in Table 3. Adopt the grouping method according to
ages to compare BMI and WHR differences of each age group.
The age groups include the following: group below 70, group
of 71–75, group of 76–80, and group above 81. After grouping
according to ages, the comparison result of BMI and WHR
of the foot-binding group and unbound group is shown in
Table 4.
For the above data, we can see, in general, the footbinding group is thinner than the unbound group, weight
index is more ideal, but WHR has no statistical difference
(Tables 2 and 3). After grouping according to ages, the comparison result of BMI and WHR of the foot-binding group
and unbound group has no statistical difference, which shows
that, foot binding does not influence the height, weight,
waistline, or hipline of foot-binding women (Table 4).
3.3. Osteoporosis Morbidity Comparison. Take the lumber
vertebra (L1–L4) or femoral neck BMD-𝑇 value as standard
(take whichever is the lower of the both) for DXA examination testers, if 𝑇 value is ≥−1.0, the bone mass is normal; if
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Table 4: Body comparison according to age groups between normal foot group (𝑛 = 104) and foot-binding group (𝑛 = 204).

Grouping
Group below 70
Group of 71–75
Group of 76–80
Group above 81

BMI
Foot-binding group Normal foot group
21.64 ± 3.71
22.06 ± 2.92
21.75 ± 2.95
22.40 ± 3.62
20.47 ± 3.14
20.81 ± 2.97
21.16 ± 3.48
22.66 ± 5.01

𝑇

𝑃

−0.465
−1.691
−0.454
−0.858

0.644
0.092
0.651
0.396

Table 5: Osteoporosis diagnosis rate between normal foot group
(𝑛 = 46) and foot-binding group (𝑛 = 56).
Normal foot group
Foot-binding group
Whole
𝜒2
𝑃

Normal
2.17%
3.57%
2.94%

Osteopenia
17.39%
14.29%
15.69%

Osteoporosis
80.44%
82.14%
81.37%
0.049
0.826

𝑇 value is between −1 ∼ −2.5, it is osteopenia; if 𝑇 value is
≤−2.5 or more, it is osteoporosis. The statistical result for the
osteoporosis morbidity between the foot-binding group and
the unbound group is shown in Table 7. The overall osteoporosis morbidity for all testers is 81.37%, of which 82.14% for
the foot-binding group and 80.44% for the unbound group.
Adopt Chi-square test to compare the osteoporosis morbidity
between the two groups, and there is no statistical difference
in the result (Table 5), which shows, the foot binding does not
influence the osteoporosis morbidity for local aged women,
but the aged women, especially rural women, have a high
osteoporosis morbidity (Table 5).
3.4. DXA Result Analysis. Carry out DXA examination for
L1, L2, L3, L4, L1–L4, femoral neck, and rehabilitation of
102 health testers and adopt the statistical method of group
𝑇 examination to compare the difference between the two
groups on BMC of each lumber interbody, BA, and BMD
value of each lumber interbody, femoral neck, and rehabilitation (Table 6).
We can see that (1) for lumbar vertebra, the two groups
have no statistical difference for L2 and L3 bone size but have
statistical differences on BMD value of L1 vertebral body, and
the other values have no statistical difference; (2) the whole
lumbar vertebra (L1–L4) and femoral neck, rehabilitation
BMD value, and 𝑇 value have no statistical difference, which
shows that the foot binding does not influence the overall
BMD of the lumbar vertebra and hip of the foot-binding
people, and the two groups have equivalent risks of lumbar
vertebra and hip fracture.
Meanwhile, no matter for the foot-binding group or the
unbound group, their bone mineral density is significantly
lower than femoral neck, which shows that, for aged women,
the risk of lumber vertebra fracture is higher than that of
femoral neck (Table 7).
As the morbidity of osteoporosis has clear relevance with
age [1, 2], so age grouping is adopted for further comparison.

WHR
Foot-binding group Normal foot group
0.842 ± 0.065
0.847 ± 0.052
0.844 ± 0.052
0.857 ± 0.052
0.843 ± 0.050
0.835 ± 0.050
0.878 ± 0.055
0.879 ± 0.060

𝑇

𝑃

−0.325
−1.335
1.328
−0.009

0.747
0.184
0.185
0.993

The age groups include the following: group below 70, group
of 71–75, group of 76–80, and group above 81, with statistical
method of independent sample 𝑡 examination. The result is
shown in Table 8.
From the results in Table 8, we can see, after grouping
according to ages, the two groups have no statistical difference
for lumbar vertebra 𝑇 value and hip 𝑇 value comparison,
which shows that there is little difference in the BMD of
the lumber vertebra and hip of testers of both groups, foot
binding does not obviously influence the BMD of the lumber
vertebra and hip of foot-binding people, and the two groups
have equivalent risks of lumbar vertebra and hip fracture.

4. Discussion
4.1. Appearance-Shape Observation for Foot-Binding Deformity. By visual observation for photo of both feet and pelma
print canning of the testers to compare and analyze the
appearance shape of the foot-binding deformity and normal
foot, we can find the appearance-shape characteristics of footbinding deformity as follows: (1) foot is of triangle shape, with
small front part which is similar to the top end of an awl,
and large heel which is similar to a circular; (2) the 2nd–5th
toes bend inwards at the pelma, the forefoot extrudes and
draws close to the heel, there is a horizontal hollowing at the
middle of the pelma, and the 5th toe is usually pressed in the
hollowing; (3) arch of foot is extruded to rise, acrotarsium
bulges upwards, and the forefoot has obvious plantar flexion;
(4) after binding, the whole foot is obviously smaller than
normal foot.
4.2. DXA Examination Result for Lumber Vertebra and Hip. It
is theoretically predicted that, because of foot binding, with
action difficulty and the limited scope of activities, they rarely
take part in social activities and housework; thus, the bone
mass of the lumbar vertebra and hip of foot-binding women
should be obviously lower than that of unbound women.
According to the actual examination result, after grouping
according to ages, there is no statistical difference for lumbar
vertebra 𝑇 value and hip 𝑇 value of both groups, which
shows that there is little difference in the BMD of the lumber
vertebra and hip of testers of both groups, foot binding does
not obviously influence the BMD of the lumber vertebra
and hip of foot-binding people, and the two groups have
equivalent risks of lumbar vertebra and hip fracture. It may be
because the testers are all from rural areas; after foot binding,
no matter what physiological differences they have, there is
no obvious difference between labor opportunity and labor
intensity of them. Especially for testers, at the youth age when
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Table 6: Lumbar spine and hip DXA data analysis between normal foot group (𝑛 = 46) and foot-binding group (𝑛 = 56).
BMC g
L1
L2
L3
L4
L1–L4
BA cm2
L1
L2
L3
L4
L1–L4
BMD g/cm2
L1
L2
L3
L4
L1–L4
Femoral neck
Rehabilitation
𝑇 value (L1–L4)
𝑇 value (femoral neck)

Normal foot group

Foot-binding group

𝑇

𝑃

6.870 ± 1.492
7.717 ± 1.875
9.247 ± 2.251
10.833 ± 2.469
34.668 ± 7.307

6.463 ± 1.576
7.685 ± 1.763
9.567 ± 2.255
10.951 ± 2.426
34.401 ± 7.306

−1.320
−0.088
0.708
0.24
−0.182

0.19
0.93
0.48
0.811
0.856

9.768 ± 1.211
10.757 ± 1.446
12.049 ± 1.616
13.521 ± 1.999
46.095 ± 4.940

10.170 ± 1.217
11.329 ± 1.588
12.712 ± 1.532
13.809 ± 1.894
47.735 ± 5.472

1.653
1.87
2.109
0.742
1.563

0.101
0.064
0.037
0.46
0.121

0.702 ± 0.119
0.713 ± 0.126
0.764 ± 0.134
0.805 ± 0.156
0.750 ± 0.126
0.664 ± 0.092
0.737 ± 0.118
−3.02 ± 1.01
−1.615 ± 0.96

0.631 ± 0.113
0.676 ± 0.114
0.749 ± 0.135
0.792 ± 0.137
0.718 ± 0.117
0.647 ± 0.085
0.709 ± 0.095
−3.257 ± 0.96
−1.870 ± 0.79

−0.306
−1.548
−0.546
−0.445
−1.317
−0.939
−1.348
−1.206
−1.472

0.003
0.125
0.586
0.658
0.191
0.35
0.181
0.231
0.144

Table 7: The lumbar spine and femoral neck bone mineral density
(normal foot group 𝑛 = 46; foot-binding group 𝑛 = 56).
𝑇 value
(L1–L4)
Normal foot group −3.02 ± 1.01
Foot-binding group −3.257 ± 0.96

𝑇 value
(femoral neck)
−1.615 ± 0.96
−1.870 ± 0.79

𝑇

𝑃

6.839 0.000
8.349 0.000

the bone mass accumulates, they all need to take part in labor
of the same intensity to make life, thus, making the influence
of foot binding on body bone mass to the minimum. The
result demonstrates again from another aspect that exercise
and sports play an important role in accumulating peak bone
mass and delaying bone mass declination [3–5].
Besides, L1 centrum BMD value of the foot-binding group
is significantly lower than the normal people; maybe we can
deduct that foot binding has little influence on the lower part
of axial skeleton of human body because foot binding changes
the way women walk. Foot-binding people walk with both
heels down to the ground; the driving force is all on the
muscle of the thigh and depends on the activity of knee joint.
In this case, the muscle of hip and thigh is more developed,
therefore, the lower part of lumbar vertebra always drives
exercise, and BMD declination is not obvious. Whether foot
binding influences BMD of the medium and upper part bone
of the axial skeleton can be further confirmed by thoracic
vertebra DXA examination.
4.3. Measuring Result of Weight Index and WHR. Current
researches have proved that height and weight are important

factors to influence BMD of human body [6]. WHR is the
ratio between waistline and hipline, and also the index to
predict obesity at early stage [7]. Theoretically, after foot
binding, people shall always suffer from continuous pain, and
their diet and sleep are both disturbed, causing great influence
on their body growth and development. Therefore, the weight
index of the foot-binding group is lower than the unbound
group, and the testers of the foot-binding group are generally
light weight group (BMI < 18.5).
Secondly, the 2nd–5th toes of the pelma of foot-binding
people twine at the pelma, and the forefoot only has the halluces to carry the load, which changes the structure of 3 points
of normal foot which carry the load. Besides, the foot arch on
the pelma to buffer the force disappears, while walking, their
heel falls down to the ground, and the strength of the thigh
is used to take a step; eventually, thigh muscle is developed,
calf muscle shrinks, and the stress is applied to the knee joint
and hip joint until hip joint changes. As a result, after many
years’ foot-binding life, the hip line of the foot-binding people
should be larger than that of the unbound people, and the
WHR of the foot-binding people should be smaller than that
of the unbound people. But the details for how the skeleton
of hip joint is changed still need further comparison and
analysis after double hip plain film examination.
From the measurement result, we can see that the testers
from the foot-binding group are generally thinner than the
testers from the unbound group, and their weight index is
more ideal. But after grouping according to ages, there is
no statistical difference in weight index and WHR of both
groups, which shows that foot binding does not obviously

6

International Journal of Endocrinology

Table 8: Comparison of 𝑇 values of the lumbar spine and hip 𝑇 values in the different age groups between normal foot group and foot-binding
group.
Grouping
Group below 70
Group of 71–75
Group of 76–80
Group above 81

Lumbar 𝑇 value
Foot-binding group Normal foot group
−2.94 ± 0.57
−2.96 ± 1.16
−3.29 ± 1.07
−3.21 ± 1.00
−3.35 ± 1.01
−2.69 ± 0.84
−3.15 ± 0.61
−2.75 ± 0.21

𝑇

𝑃

0.029
−0.291
−1.540
−0.852

0.977
0.773
0.137
0.442

influence the height, weight, waistline, and hipline of the footbinding people. No matter they are from the foot-binding
group or the unbound group, their weight index and WHR
are basically within the ideal scope.

5. Conclusion
Although foot binding influences the walking posture and
even life of the foot-binding people by means of changing foot
shape, it has little influence on the bone mass of the whole
body of the foot-binding people, except partial bones. The
aged women of the rural area of Qujing District of Yunnan
Province suffer from a high osteoporosis morbidity, and their
risk for lumbar vertebra fracture is higher than the femoral
neck.

References
[1] W. Yuan, “Affect of body fat on DXA bone density measurement
results and diagnosis of osteoporosis,” International Journal of
Pathology and Clinical Medicine, vol. 29, no. 3, pp. 272–276,
2009.
[2] X. Yueyong, S. Gang, and H. Boxun, “Quantitative CT measurement of the value of the normal human vertebrae aging changes
of bone mineral density predict senile osteoporotic fractures,”
Chinese Journal of Gerontology, vol. 15, no. 4, pp. 201–204, 1995.
[3] K. Kerschan, Y. Alacamlioglu, and J. Kollmitzer, “Functional
impact of unvarying exercise program in women after menopause,” American Journal of Physical Medicine & Rehabilitation,
vol. 77, no. 4, pp. 326–332, 1998.
[4] L. Welsh and O. M. Rutherford, “Hip bone mineral density is
improved by high-impact aerobic exercise in postmenopausal
women and men over 50 years,” European Journal of Applied
Physiology and Occupational Physiology, vol. 74, no. 6, pp. 511–
517, 1996.
[5] B. A. Michel, D. A. Bloch, and J. F. Fries, “Weight-bearing exercise, overexercise, and lumbar bone density over age 50 years,”
Archives of Internal Medicine, vol. 149, no. 10, pp. 2325–2329,
1989.
[6] Z. Gang, “Influencing factors of the human body bone mineral
density,” Foreign Medical Sciences, vol. 31, no. 3, pp. 184–187,
2004.
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Puerarin, the main isoflavone glycoside extracted from Radix Puerariae, is an isoflavone traditional Chinese herb. Previous studies
have demonstrated that puerarin could regulate osteoblast proliferation and differentiation to promote bone formation. However,
the effect of puerarin on the process of human osteoblasts (hOBs) apoptosis is still unclear. In this study, we detected the function
of puerarin on serum-free-induced cell apoptosis using ELISA and TUNEL arrays and then found that the mortality of hOBs was
significantly decreased after exposure to 10−10 –10−6 M puerarin and reached the maximal antiapoptotic effect at the concentration
of 10−8 M. In addition, compared with the control group, puerarin notably increased the Bcl-2 protein levels while it decreased the
Bax protein levels in the hOBs in a dose-dependent way. 10−7 M puerarin decreased the Bax/Bcl-2 ratio with a maximal decrease to
0.08. Moreover, puerarin activated ERK signaling pathways in hOBs, and the antiapoptotic effect induced by puerarin was abolished
by incubation of ERK inhibitor PD98059. Similarly, the estrogen receptor antagonist ICI182780 also suppressed the inhibitory effect
of puerarin on hOBs apoptosis. In conclusion, puerarin could prevent hOBs apoptosis via ERK signaling pathway, which might be
effective in providing protection against bone loss and bone remolding associated with osteoporosis.

1. Introduction
Osteoblasts, mononuclear specialized cells derived from mesenchymal precursor cells, are responsible for bone formation,
deposition, and mineralization [1, 2], playing an essential role
in the maintenance of the stability of bone microarchitecture.
Osteoblast apoptosis, induced by various pathological and
physiological factors (e.g., estrogen loss, glucocorticoids,
weightlessness, and aging), breeds a series of bone disorders.
Osteoporosis is the most prevalent bone disorder affecting the
elders, which is characterized by an imbalance between bone
formation and bone resorption [3–5]. Several studies have
showed that apoptosis might be the third most common cause
of osteoporosis, and 60–80% of osteoblasts were estimated to
originally assembled at the resorption pit die by apoptosis [6].
Therefore, apoptosis is generally served as the pivotal target
for prevention and/or ameliorate osteoporosis.

Puerarin, 7-hydroxy-3-(4-hydroxyphenyl)-1-benzopyran-4-one 8-𝛽-D-glucopyranoside (C12 H20 C9 ), is one of the
major isoflavonoid compounds extracted from the root of
a wild leguminous creeper [7, 8]. It possesses estrogen-like
structure and moderates estrogenic activity. As a famous
phytoestrogen, current studies have established that puerarin
provides a strong protection against osteoporosis through
facilitating osteoblast proliferation and differentiation [9, 10].
Although it acts as an important regulatory factor for cell
death, the role of puerarin on osteoblast apoptosis and its
underlying mechanism of action are still unclear. As we
know osteoblasts apoptosis is an extremely complicated
event; a series of proteins and signaling pathways (e.g., Bcl-2
family proteins, ERK, MAPK, APJ/PI3-K/Akt, JAK2, and
Fas) are reported to be involved in this process in vitro and in
vivo [11–15]. In present study, we aim to detect the impact of
puerarin on the serum-deprivation-induced hOBs apoptosis
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along with observing the expression of Bcl-2 and Bax protein
using western blotting and the cell signal pathway involved.

2. Materials and Methods
2.1. Reagents. Puerarin and 17𝛽-estradiol were purchased
from Sigma, Inc. (USA). 𝛽-actin, anti-Bcl-2, Bax, ERK, pERK antibodies, anti-mouse, and -rabbit IgG peroxidase conjugate antibodies were purchased from Santa Cruz Biotechnology Inc. (Waltham, MA, USA). ICI 182780 and PD98059
were purchased from Calbiochem Corp. (San Diego, CA,
USA).
2.2. Cell Cultures. hOBs were obtained from traffic accident
victims suffering surgery, and this procedure was approved
by the local research ethics committee as previously mentioned [16]. Cells isolated from femur were cultured in aMEM medium (Gibico-BRL. Corp., NY, USA) containing
15% fetal bovine serum, 100 U/mL penicillin, and 100 𝜇g/mL
streptomycin at 37∘ C in a 5% CO2 atmosphere. Cells were
identified as osteoblasts by the expression of ALP, collagen
type I and osteocalcin, and formation of mineralized nodules
as lately described [12].
To determine the effect of puerarin on apoptosis of hOBs,
the cells were seeded for 24 h followed by culturing for
24 h in serum-free medium, then treated with 0, 10−9 M,
10−8 M, 10−7 M puerarin, or 17 𝛽-estradiol (E2, 10 𝜇M) for
48 h. To analyze the effect of ERK or estrogen receptor (ER)
inhibition on hOB apoptosis, hOBs were pretreated with
10 𝜇M ERK inhibitor PD98059 or ER antagonist ICI 182780
for 3 h anterior to incubation with 10−8 M puerarin for 48 h.
2.3. Western Blot Analysis. Immunoblotting was carried out
as before [17]. Total protein was extracted with RIPA lysis
buffer (Beyotime, China), then protein concentration determined by a Bradford assay, and equal amounts of protein
were loaded onto SDS-PAGE and then transferred to PVDF
membranes (Invitrogen, Carlsbad, CA, USA). Thereafter,
the membranes were blocked with 5% nonfat milk in PBS
for 1 h at room temperature and then incubated with antiBcl-2, anti-Bax (1 : 500), or anti-𝛽-actin (1 : 1000) antibodies
overnight at 4∘ C. Resultant protein bands after incubation
with a proper secondary antibody were visualized by chemiluminescence. The absorbance values of target proteins were
analyzed through Gel-Pro 4.0 gel image analysis software. The
absorbance ratio of each protein to internal reference was
represented as the relative amount of target proteins [18].
2.4. Measurement of ERK Activation. hOBs were treated with
10−8 M puerarin for 0–45 min. The cell layers were washed
twice with cold PBS and then lysed with a buffer consisting
of 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton X-100,
10 mM NaH2 PO4 , 10% glycerol, 2 mM Na3 VO4 , 10 mM NaF,
1 mM ABSF, 10 𝜇g/mL leupeptin, and 10 𝜇g/mL aprotinin.
Western blot analysis was carried out as previously described
[19, 20]. Equal amount of proteins were transferred onto
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PVDF membranes, then incubated with anti-ERK or anti-pERK monoclonal antibodies (1 : 500). The ECL detection kit
was used for detection.
2.5. Measurement of Cell Apoptosis
2.5.1. Cell Death ELISA Detection. Cell death ELISA detection was performed for detecting the apoptosis levels as
previously described [21]. Cell death detection ELISA kit
(Roche Diagnostics GmbH, Roche Molecular Biochemicals,
Mannheim, Germany) was used for detection, according to
the kit protocol. Briefly, cells were plated at a density of 10,000
cells/well in 24-well plates for 1 day followed by culture in
serum-free medium for 48 h in the absence or presence of
0–10−6 M puerarin or 10 𝜇M E2. Cells were rinsed with PBS
and incubated with 0.5 mL of lysis buffer at 4∘ C for 30 min,
then centrifuged for 10 min at 15,000 rpm. Aliquots of the
supernatant were tested for the rate of apoptosis through the
cell death detection kit.
2.5.2. TUNEL Assay. Terminal deoxynucleotidyl transferasemediated deoxyribonucleotide triphosphate nick endlabeling (TUNEL) was generally used to assess cell death.
hOBs were washed with PBS after cultured in serumdeprivation medium for 48 h in the absence or presence of
10−8 M puerarin and then fixed with 4% paraformaldehyde
for 30 min at room temperature. Thereafter, the cells
were incubated with the TUNEL reaction mixture(Roche
Molecular Biochemicals, Indianapolis, IN) for 60 min at
37∘ C followed by labeling with fluorescein isothio cyanate
(FITC)-conjugated anti-fluorescein anti-goat antibody
(Fab fragment) for an additional 30 min. The nuclei were
counterstained with 4,6-diamidino-2-phenylindole (DAPI).
Finally, TUNEL-positive cells were photographed on an
Olympus microscope.
2.6. Statistical Analysis. The data are presented as mean ±
standard deviation (SD). Statistical analyses of the data were
performed through one-way analysis of variance (ANOVA)
and the LSD post hoc test for multiple comparisons. 𝑃 <
0.05 was considered the statistical significant difference. All
experiments were repeated at least three times.

3. Results
3.1. Puerarin Protects the hOBs from Serum-Free-Induced
Apoptosis. Our study used ELISA assays to assess hOBs
apoptosis cultured in serum-depravation medium for 48 h
in the presence of 0–10−6 M puerarin or 10 𝜇M E2. Results
showed that after exposure to puerarin the apoptotic cells at
10−10 M (2.23 ± 0.14 ELISA absorbance units), 10−9 M (1.89 ±
0.16 ELISA absorbance units), 10−8 M (1.54 ± 0.13 ELISA
absorbance units), 10−7 M (1.62 ± 0.15 ELISA absorbance
units), and 10−6 M (1.58 ± 0.12 ELISA absorbance units)
puerarin were less than those of the negative control group
(2.51 ± 0.11 ELISA absorbance units, all 𝑃 < 0.05), while
they were higher than the positive group exposed to 10 𝜇M
E2 (1.30 ± 0.12 ELISA absorbance units, 𝑃 < 0.05). Puerarin
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Figure 1: Puerarin protected the hOBs from serum-free-induced
apoptosis. Cells were treated with 0–10−6 M puerarin, and cells
exposed to 10 𝜇M E2 served as the positive control. Apoptosis were
measured by ELISA according to the kit specification. The bars
represent the mean ± SD (𝑛 = 6), ∗ 𝑃 < 0.05, as compared with
the control cells.

reached the maximal antiapoptotic effect at the concentration
of 10−8 M (Figure 1). The results of TUNEL assay also
indicated that 10−8 M puerarin significantly decreases hOBs
apoptosis caused by serum deprivation compared to the
control (𝑃 < 0.05, Figure 2).
3.2. Effects of Puerarin on the Expression of Bcl-2 and Bax
in hOBs. Bcl-2 and Bax are the essential members of Bcl-2
family which involved in the process of apoptosis. Western
blot analysis was used to detect the expression of Bcl-2 and
Bax in hOBs incubated with 0, 10−9 M, 10−8 M, and 10−7 M
puerarin. As a result, we found that puerarin increased the
levels of Bcl-2 protein, while it decreased the expression of
Bax in hOBs in a dose-dependent manner (all 𝑃 < 0.05,
Figure 3). The Bax/Bcl-2 ratio was set to 1 in the control group,
and 10−7 M puerarin could downregulate the Bax/Bcl-2 ratio
with a maximal decrease to 0.08 (all 𝑃 < 0.05, Figure 3).
3.3. Puerarin Activated ERK Signaling Pathway in hOBs.
ERK signaling cascades is a classic pathway involved in the
regulation of cell death. According to our results, 10−8 M
was the optimum concentration for puerarin to produce the
best antiapoptotic protection. Therefore, we used western
blotting to confirm the effects of 10−8 M puerarin on ERK
phosphorylation and found that the levels of phosphorylated
ERK was upregulated after 5 min incubation with puerarin
compared with the control group (𝑃 < 0.05). Additionally,
this effects was time-dependent with the peak activation of
ERK at 45 min of incubation (𝑃 < 0.05, Figure 4).
3.4. ERK Signaling Pathway and Estrogen Receptors Mediated
the Antiapoptotic Effects of Puerarin in hOBs. After detecting
that puerarin could activate ERK signaling pathway in hOBs,
we further verified whether the puerarin-mediated activation
of ERK participates in apoptosis. We examined apoptosis

TUNEL

DAPI

MERGE

Figure 2: Effect of puerarin on apoptosis of hOBs measured by
TUNEL assay. Cells were exposed to 10−8 M puerarin for 48 h,
while the control group was incubated with serum-free medium
for 48 h. Apoptotic nuclei were detected by TdT-mediated dUTP
nick end-labeling (TUNEL). Arrows show apoptotic cells. Original
magnification ×100.

after incubation with 10−8 M puerarin and/or PD98059 by
ELISA, then detected that the protection effect of puerarin
on hOBs was blocked by PD98059, which had little effects
on apoptosis alone (𝑃 < 0.05, Figure 5). Moreover, puerarin
was proved to have estrogen-like structure and moderate
estrogenic activity, and we found here that ICI 182780 did not
affect the process of apoptosis but significantly suppressed the
antiapoptotic effect of puerarin on hOBs (𝑃 < 0.05, Figure 5).

4. Discussion
Osteoblast apoptosis is generally regarded as a key component of bone turnover, repair, and regeneration [22].
It is reported that approximately 50–70% of osteoblasts
undergo apoptosis during bone regeneration [23]. Puerarin,
an isoflavone traditional Chinese herb, is reported to significantly facilitate the survival rate of osteoblasts, and the
puerarin-treated rats also displayed a higher rate of bone
formation in the osteoblast implants than the control, suggesting that puerarin might regulate osteoblast proliferation
and differentiation to promote bone formation in osteoblast
implants [24, 25]. In present research, we demonstrated that
puerarin alleviates apoptosis of hOBs induced by serum
deprivation through activating ERK signaling pathway.
Cell apoptosis is an essential process in maintaining the
homeostasis under normal conditions [26]. Members of the
Bcl-2 family, including Bcl-2 and Bax, are the main regulators
of apoptosis which promote (Bax) or inhibit (Bcl-2) apoptosis
[27]. Each of them regulates apoptosis independently [28].
Furthermore, Bcl-2 protein forms heterodimer complexes
with Bax proteins, leading to the release of cytochrome C
from the mitochondria and induction of cell apoptosis [29].
Previous reporters have proved that puerarin acts on a variety
of apoptosis through regulating the expression of Bcl-2 family
proteins in vitro, including vascular endothelial cells, vascular
smooth muscle cells, and human neurons [30–32]. Here we
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Figure 5: ERK signaling pathway and estrogen receptor mediated
the antiapoptotic effects of puerarin in hOBs. Cells were incubated
with PD98059 (10 𝜇M) and/or ICI 182780 (10 𝜇M) for 3 h prior to
treatment with 10−8 M puerarin for 48 h. The bars represented the
mean ± SD (𝑛 = 6). ∗ 𝑃 < 0.05, as compared with the puerarintreated cells; ∗∗ 𝑃 < 0.05, as compared with the serum-free treated
cells.
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Figure 3: Effects of puerarin on the expression of Bcl-2 and Bax in
hOBs. Cells were treated with 0, 10−9 M, 10−8 M, and 10−7 M puerarin
for 48 h before collecting proteins. Cell lysates were subjected to
western blot analysis and incubated with anti-Bax, anti-Bcl-2, or
anti-𝛽-actin monoclonal antibodies. Gel-Pro 4.0 gel image analysis
software was used to analyze the absorbance values of Bcl-2 and Bax.
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Figure 4: Effects of puerarin on ERK signaling pathways in hOBs.
Anti-ERK and anti-p-ERK monoclonal antibodies were used to
perform in western blotting. Cells were exposed to 10−8 M puerarin
for 0–45 min. The levels of ERK and p-ERK were measured by
densitometry of autoradiographs.

discovered that puerarin protects hOBs from serum-freeinduced apoptosis by upregulating the expression of Bcl-2
and downregulating the expression of Bax and then significantly decreasing the Bax/Bcl-2 ratio in a dose-dependent
manner, suggesting that the Bcl-2 family participates in
the regulation of the prevention hOBs from apoptosis by
puerarin.
To gain further insight into the mechanisms by which
puerarin suppresses hOBs apoptosis, we examined ERK
signaling pathways. Extracellular signal-regulated kinase

(ERK1/2), located at both the cytoplasm and the nucleus
of cells, is a multifunctional serine/threonine kinases which
induce various of substrates phosphorylation localized in all
cellular compartments [33, 34]. It is believed that ERK is
involved mainly in the activation of nuclear transcription
factors that control cell proliferation, differentiation and
apoptosis [35]. Currently, osteoblasts apoptosis induced by
serum deprivation was proved to be suppressed significantly
through activating the ERK signaling pathway [12, 36].
Present study we investigated the effect of puerarin on ERK
and found that puerarin activated ERK phosphorylation and
inhibited hOBs apoptosis. This protection was eliminated
through pretreatment with PD98059, indicating that ERK
signaling pathway was the key link in the antiapoptotic effects
of puerarin on hOBs.
Additionally, it is well known that ERs are the major
targets for estrogen acting on osteoblasts apoptosis [37]. As a
phytoestrogen, puerarin was reported to be closely connected
with ERs. In the study of Tiyasatkulkovit et al. [38], ER
antagonist ICI182780 substantially inhibited the facilitation of
puerarin on osteoblast differentiation. These present findings
corroborated that ICI182780 blocked the effects of puerarin
on hOBs apoptosis just as was expected, supporting the
conclusion that puerarin suppressed hOBs apoptosis in an
ER-dependent manner.

5. Conclusion
The present study has confirmed the potential benefit of puerarin on hOBs apoptosis in vitro, which is mediated by ERK
signaling pathway. It is well known that hOBs apoptosis plays
an essential role in the process of osteoporosis. Consequently,
we conclude here that puerarin might ameliorate bone loss
and promote bone remolding after subjecting to osteoporosis.
Further studies are needed to affirm the effect of puerarin on
osteoporosis in vivo.
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The relationship between adipose and bone tissues is still being debated. The purpose of our study was to evaluate whether the
distribution and volume of abdomen adipose tissue are correlated to trabecular bone mineral density in the lumbar spine. In this
cross-sectional study, 320 Chinese women, being divided into two groups according to age ≥55 years and <55 years, were evaluated
with quantitative computed tomography (QCT) of the spine to simultaneously evaluate the average trabecular BMD of L2–L4, VAT,
and SAT. Possible covariates of height, weight, age, and comorbidities were considered. In the <55-year-old sample, multiple linear
regression analyses indicated that VAT volume was negatively correlated to trabecular BMD (𝑃 value = 0.0003) and SAT volume
had no correlation to trabecular BMD. In contrast, there was no significant correlation between VAT or SAT and BMD in the ≥55year-old sample. Our results indicate that high VAT volume is associated with low BMD in Chinese women aged <55 years and
SAT has no relation with BMD.

1. Introduction
Low bone mineral density (BMD) has long been established
as an important risk factor for hip fracture or lumbar fracture
[1]. It follows that knowledge of the other factors, such as
obesity, smoking, alcohol intake, drugs intake, and longterm bed rest, influencing BMD is crucial for preventing and
treating osteoporotic disease. Among these factors, obesity
was previously thought to have a positive influence on the
maintenance of BMD [2–5]. However, recent studies have
documented an obesity paradox of lower bone density in
obese than normal weight subjects with particular conditions
[6, 7]. A number of studies reported the potential physiological mechanisms that may lead to obesity paradoxes [8–10],
but the topic is far from being definitively settled.
Little is known regarding the distribution of adipose
tissue in terms of visceral (VAT) and subcutaneous (SAT)
compartments on bone fragility. Although there is evidence
that amount of visceral adipose tissue (VAT) plays a deleterious role in many other diseases [11], there is little information

on how VAT and SAT affect bone mineral density [12–14].
Therefore, further studies are needed to explore the possible
effects of VAT and SAT on BMD.
To our knowledge, there have been no previous studies
on the possible independent effects of VAT and SAT on BMD
in Chinese women. The purpose of our study was to investigate whether the distribution of abdomen adipose tissues
influences trabecular BMD of the lumbar spine. We chose
to use cross-sectional images using quantitative computed
tomography to simultaneously estimate the volumes of VAT
and SAT as well as vertebral trabecular bone density.

2. Materials and Methods
2.1. Subjects. Subjects included 320 Chinese women aged
19–86 years having QCT examinations from February 2010
through October 2012. Some subjects had their first QCT
examination at our hospital for an assessment of their bone
mineral density. The others were recruited from a pool of
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outpatients for abdomen or Lumbar spine CT scan. The
QCT dataset could be achieved with calibration phantom
scanned beneath the body simultaneously, without additional
radiation and relocation of the patients. These patients
completed written informed consent forms before any measurement. The menopausal status could not be confirmed in
all subjects, as some of them could not be able to accurately
determine when they begin to be menopausal or did not
remember accurate age of menopause. An epidemiological
survey including 15083 subjects indicates that the mean age at
spontaneous menopause was 50.6 ± 3.7 years old in Chinese
women [15]. Prior pointed out that the term “perimenopause”
could be used to characterize women between the ages 45
and 55, given the lack of clarity about the onset of the
perimenopause [16]. So the subjects were divided into two
groups according to ages ≥55 and <55. Most of the subjects
aged ≥55 may be postmenopausal to further overcome
perimenopausal effect. Participants who had used or were
using drugs that have an influence on bone metabolism
were excluded. The exclusion criteria also included diabetes,
thyroid and parathyroid disease, and liver or renal disease.
The study was approved by the Ethics Committee of the
Beijing Jishuitan Hospital, 4th Clinical College of Peking
University.
2.2. Anthropometry. Height and weight were measured to the
nearest 0.1 cm and 0.1 kg respectively when the subjects wore
the underwear. All values were recorded as the mean of two
repeated measures. BMI was calculated as the weight (kg)
divided by the square of the height (meters).
2.3. QCT Measurements of BMD. All subjects underwent
cross-sectional CT scan of the abdomen from the level of
the second to the fourth lumbar vertebral body (L2–L4) with
the same CT scanner (Aquilion, 16 Toshiba, Tokyo, Japan).
Scan parameters were 120 kV, 100 mAs, 1 mm slice thickness,
and 40 cm field of view (FOV). Trabecular bone mineral
density (BMD) measurement of L2–L4 was performed using
a software package: QCT PRO 4.2.3 (Mindways, Austin, TX,
USA). Subjects were positioned supine on the CT table with
the same Mindways CT calibration phantom placed under
the subjects to cover levels L2 to L4. Images were transferred
to the QCT PRO PC (2007 Mindways Software, Version 4.2.3;
Mindways, Austin, TX) by the image transfer utility set up on
the CT scanner. A region of interest within trabecular bone of
each of three vertebral bodies was placed semiautomatically
for the BMD measurement, so as to avoid cortical bone and
posterior veins. The average trabecular BMD of L2–L4 was
calculated. The precision for this technique is less than 1.5%
[17, 18].
2.4. QCT Measurements of Adipose Tissue. We measured
adipose tissue in L4 level slice. This slice typically intersects
the umbilicus and is consistent with other CT protocols
for VAT measures. The umbilicus cross-section was chosen
because it has the maximum ratio of fat to total tissue area and
the visceral fat area at the umbilical region has been found to
be strongly correlated with visceral fat volume (𝑟 = 0.921 in
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males and 0.931 in females) [19, 20]. On the same CT images,
measurements of total adipose area (TAA) and visceral adipose area (VAA) were semi-automatically completed by the
commercial software package: “Tissue Composition Module”
Beta 1.0 (Mindways, Austin, TX, USA). For the purposes of
this study, SAT was defined as the area of adipose tissues
between the skin and the rectus muscles of the abdomen,
the external oblique muscles, the broadest muscle of the
back, and the erector muscles of the spine at the level of
L4. VAT was defined as all intra-abdominal adipose tissue
area within the abdominal cavity of rectus, external oblique,
lumbar quadrate, and psoas muscles. All the measurements
were carried out by a single trained in the QCT techniques.
2.5. Statistical Analysis. Statview 9.0.1 (SAS Institute Inc.,
Cary, NC) was used for the statistical analysis. Results are
presented as mean ± SD. All variables were checked for
outliers and normality using Shapiro-wilk tests. Because all
continuous variables were nonnormally distributed, associations among the independent variables were explored
using nonparametric Spearman rank correlation coefficients.
Multiple linear regression was used to assess the relationships
between abdominal adiposity and trabecular BMD. Statistical
significance was accepted at 𝑃 < 0.05.

3. Results
The descriptive statistics for the samples are shown in Table 1.
The age of young and elder sample ranged from 19 to 54 years
and from 55 to 86 years, with a mean and SD of 41.51 ±
10.60 years and 66.1 ± 7.34 years, respectively. In the group
aged <55 years, nonparametric Spearman rank correlation
coefficient analysis showed average trabecular BMD to be
negatively correlated with age and BMI, whereas there was no
association between average trabecular BMD and weight (𝑃 =
0.26) (Table 2). There was an inverse correlation between
average trabecular BMD and VAT (𝑟 = −0.52, 𝑃 < 0.0001)
(Figure 1), which remained significant after adjustment for
age and BMI using multiple liner regression analysis (𝑃 =
0.01) (Table 4). TAT was found to be not correlated with
trabecular BMD using regression analysis (Tables 2 and 4).
Whereas spearman correlation between SAT and average
trabecular BMD was negative (Figure 2), multiple regression
analysis showed that SAT, after accounting for age and BMI,
had no correlation with BMD (𝑃 = 0.88). In contrast to the
significant correlation found in the group aged <55 years,
there was no significant association between any adiposity
and average trabecular BMD in the group aged ≥55 years (all
𝑃 > 0.05) (Tables 3 and 5).

4. Discussion
Our results indicate that VAT may be deleterious to BMD
but that SAT appears not to be correlated with BMD in
the young Chinese women. There also appears to be no
correlation between abdominal adipose tissue and trabecular
BMD in the elder Chinese women. More fat accumulation is
a known risk factor for cardiovascular disease, hypertension,
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Table 1: Descriptive characteristics of the subjects.

r = −0.52

P <0.0001

200
Average BMD (mg/cm3 )

Mean ± SD (range)
Age < 55 (𝑛 = 89) Age ≥ 55 (𝑛 = 231)
41.51 ± 10.60
66.10 ± 7.45
Age (years)
(19.00–54.00)
(55.00–86.00)
162.01 ± 6.83
160.88 ± 7.30
Height (cm)
(150.00–180.00)
(140.00–190.00)
61.60 ± 11.48
66.26 ± 12.46
Weight (kg)
(40.00–100.00)
(40.00–110.00)
66.92 ± 31.63
Average BMD (mg/cm3 ) 130.86 ± 35.56
(45.19–211.95)
(4.95–218.34)
23.45
±
4.00
25.54 ± 4.18
2
BMI (kg/m )
(16.60–33.20)
(16.02–40.90)
280.81 ± 115.10
357.88 ± 107.05
TAT (cm2 )
(79.85–641.84)
(67.85–623.44)
106.33
±
51.63
159.24
± 54.79
2
VAT (cm )
(22.61–289.31)
(37.69–326.27)
174.48 ± 74.83
198.64 ± 70.31
SAT (cm2 )
(51.70–467.14)
(23.60−384.82)
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Figure 1: Correlation between average bone mineral density
(mg/cm3 ) and visceral adipose tissue in group aged <55. “𝑟” is the
Spearman correlation coefficient.

BMD: bone mineral density, BMI: body mass, TAT: total adipose tissue, VAT:
visceral adipose tissue, and SAT: subcutaneous adipose tissue.

BMI

TAT

VAT

SAT

Average BMD −0.68
BMI
TAT
VAT
SAT

0.38
0.53
0.69
0.35

−0.22
−0.39
−0.52
−0.23

0.67
0.59
0.59

0.89
0.93

0.67

All other correlations are significant; 𝑃 < 0.05.

Table 3: Correlations (r) between adiposity, age, BMI, and BMD in
group aged ≥55 years.
Age
Average BMD −0.55
BMI
−0.12a
TAT
0.05b
VAT
0.18
SAT
−0.07c

Average BMD BMI TAT VAT SAT
0.13d
0.02e
−0.02f
0.05g

0.56
0.43
0.51

0.82
0.87

0.46

All other correlations are significant; 𝑃 < 0.05.
a
𝑃 = 0.06.
b
𝑃 = 0.49.
c
𝑃 = 0.27.
d
𝑃 = 0.06.
e
𝑃 = 0.76.
f
𝑃 = 0.74.
g
𝑃 = 0.43.

and diabetes; however, the role of abdominal adiposity on
BMD is still being debated. Recent studies suggest the adipose
tissue is detrimental to the maintenance of BMD [21–23]
and a number of physiological mechanism studies have
confirmed this hypothesis [8–10, 24, 25]. Though abdominal

Average BMD (mg/cm3 )

Average
BMD

r = −0.227
P = 0.0324

200

Table 2: Correlations (r) between adiposity, age, BMI, and BMD in
group aged <55 years.
Age

300

Visceral adipose (cm2 )

150

100

50
0

100
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300

400

500

Subcutaneous adipose (cm2 )

Figure 2: Correlation between average bone mineral density
(mg/cm3 ) and subcutaneous adipose tissue in group aged <55. “𝑟”
is the Spearman correlation coefficient.

Table 4: Multiple linear regression including TAT, VAT, and SAT
as independent predictors of BMD in group aged <55, adjusting for
BMI and age.

Average BMD

TAT
𝛽
𝑃
−0.04
0.32

VAT
𝛽
𝑃
−0.22
0.01

SAT
𝛽
𝑃
0.0079
0.87

Table 5: Multiple linear regression including TAT, VAT, and SAT
as independent predictors of BMD in group aged ≥55, adjusting for
BMI and age.
TAT
Average BMD

𝛽
0.02

𝑃
0.35

VAT
𝛽
𝑃
0.05
0.16

SAT
𝛽
𝑃
0.008
0.79
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adiposity may have a direct effect on skeletal loading and
may have a positive effect on BMD [26], the relation between
adipose tissue and bone is complicated. Both osteoblasts and
adipocytes originate from a common progenitor and bone
marrow skeletal stem cells MSC [8], and their differentiation
is regulated through the PPAR-𝛾 (peroxisome proliferators
activated receptor-gamma) pathway. Activation of PPAR-𝛾
drives the differentiation of MSC towards adipocytes over
osteoblasts [9]. Furthermore, the neuropeptide Y (NPY) system acts to regulate both bone and fat tissue in a coordinated
manner, and this remains a strong candidate for mediating
interactions between these two tissues [10]. Secretion from
adipocytes may have both negative and positive effects on
bone [9].
Visceral and subcutaneous adipose tissues express different adipokines. Visceral fat induces an increased risk of
cardiovascular and metabolic complications, whereas subcutaneous fat exerts some still undefined protective actions
[27]. Our data confirms the hypothesis that the different
distributions of abdominal adipose tissue may have different
influences on trabecular BMD. A recent study suggests that
visceral fat is detrimental to femur structure and strength,
whereas subcutaneous fat is beneficial to bone [28]. This
suggests the same relationship between VAT and bone that we
found in our study. However, it would appear that SAT may
have a different relationship with bone compared to our study,
although our study involved measurement of the trabecular
BMD of lumbar spine and not the femur. It may be that the
subcutaneous adipose tissue exerts mechanical stress on bone
and therefore acts positively on femur structure and strength.
Other studies confirmed the negative relationship
between VAT and bone [21–23]. Nevertheless, the results
of SAT and bone in observational studies are somewhat
controversial. Both negative [23, 29] and positive [28, 30]
associations between SAT and bone mass have been reported.
In our study, the average trabecular BMD is negatively
associated with SAT in the group aged <55, whereas no
relation was found in regression analysis adjusting for BMI
and age (𝑃 = 0.88). This suggests that the relation between
adiposity and BMD may be confounded by BMI and age.
We used QCT to assess the BMD of vertebral body.
Most previous studies have assessed bone parameters by
DXA. Area bone mineral density is dependent on skeletal
size, so it will correlate with any other variable (such as
lean mass) which is also dependent on skeletal size. DXA
measures area bone density (g/cm2 ) so is also influenced by
bone size, as well as the mineral density of the bone being
assessed [31]. This limitation leads inevitably to a relationship
between body mass and bone mass or areal density. It is
therefore important to produce a measurement of bone
mineral density that takes account of this problem. This can
be done by using QCT, which directly assesses volumetric
bone density [26]. Furthermore, fat layering introduces error
and decreases the reproducibility of DXA spine and hip BMD
measurements in human volunteers. Although overlying fat
also affects QCT BMD measurements, the error is smaller
and more uniform than with DXA BMD [32]. QCT measures trabecular BMD and true volumetric bone density,
irrespective of bone size. So the measurements of QCT may
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demonstrate a more accurate relationship between adiposity
and BMD.
Although the subject populations where divided on an
age-related basis, our results indicate that the relationship
between adiposity and bone may be different when separating
pre- and postmenopausal women. The menopausal transition
is associated with substantial bone loss but a gain in fat mass.
Numerous cross-sectional studies show an onset of bone
loss at the average age of menopause and lack of consistent;
normal ovulation is associated with accelerated bone loss [16].
The negative relation between VAT and BMD in the group
aged <55 is consistent with previous studies. Katzmarzyk et
al. have recently suggested that VAT was negatively associated
with BMD in the younger age group (𝛽 = −0.054; 𝑃 = 0.0001)
but not in the older age group (𝛽 = −0.002; 𝑃 = 0.86) [23].
The reason for this discrepancy between the two aged groups
is not clear. Further studies are needed to investigate possible
underlying mechanisms.
Our study has several limitations. Firstly, the study is
cross-sectional. Secondly, it is not population based and some
participants visited the hospital for BMD measurements.
Because it is likely that they had lower BMD, associations
might have been underestimated. Finally, data on alcohol
intake, lifestyle habits, and menopausal age were not available.

5. Conclusion
Our results indicate that high VAT volume is associated
with low BMD in Chinese women of age <55 and SAT has
no relation with BMD, and there also appears to be no
correlation between abdominal adipose tissue and trabecular
BMD in the elder Chinese women. For the young Chinese
women, obesity, especially visceral adipose accumulation,
may not only be a risk factor for many diseases but also be
detrimental to bone mineral density.
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Physicians are aware of the benefits of calcium and vitamin D supplementation. However, additional nutritional components may
also be important for bone health. There is a growing body of the scientific literature which recognizes that silicon plays an essential
role in bone formation and maintenance. Silicon improves bone matrix quality and facilitates bone mineralization. Increased intake
of bioavailable silicon has been associated with increased bone mineral density. Silicon supplementation in animals and humans
has been shown to increase bone mineral density and improve bone strength. Dietary sources of bioavailable silicon include whole
grains, cereals, beer, and some vegetables such as green beans. Silicon in the form of silica, or silicon dioxide (SiO2 ), is a common
food additive but has limited intestinal absorption. More attention to this important mineral by the academic community may lead
to improved nutrition, dietary supplements, and better understanding of the role of silicon in the management of postmenopausal
osteoporosis.

1. Introduction
Nutrition, exercise, and lifestyle are recognized as important
factors in the management of osteoporosis [1, 2]. Dietary
supplementation with calcium and vitamin D decreases the
risk of fractures and improves the effectiveness of pharmacological management [1, 3–5]. In addition to calcium and
vitamin D, a wide range of nutritional supplements have
been recommended to improve low bone density, but the
evidence of benefit is limited [6, 7]. The absence of evidence
may mean that more study is required, or it may mean that
supplementation is unnecessary.
Many essential nutrients behave synergistically, for example, vitamin D and vitamin K in the production and activation
of osteocalcin. Vitamin D stimulates the production of osteocalcin, while vitamin K carboxylates osteocalcin for improved
bone toughness [8, 9]. Thus, there may be several micronutrients that should be supplemented in addition to calcium
and vitamin D as part of the management of osteoporosis.
The US National Institutes of Health have documented that
more than half of the adults in the USA are insufficient in
dietary intake of magnesium, vitamin K, vitamin C, and other
nutrients that are essential for bone health [10–12]. One

mineral that warrants attention is silicon because of the
growing body of the scientific literature that recognizes
silicon’s importance for bone health [13, 14].
Silicon is an essential mineral for bone formation [15, 16].
In 1970, Edith M. Carlisle, Ph.D., published a brief paper in
Science titled “Silicon: a possible factor in bone calcification”
[17]. She performed quantitative electron probe analysis of
silicon content in young mice and rats. Carlisle concluded
that silicon is important as an initiator of mineralization
because silicon is highly concentrated in immature osteoid
but declines as calcium content rises in mature bone. Another
study by Carlisle reported that silicon supplementation accelerates the rate of bone mineralization [18]. She continued her
research with several additional studies including a publication in 1981 titled “Silicon: a requirement in bone formation
independent of vitamin D1 ” [15]. In this study, bones of silicon-deficient chicks contained less collagen than the bones
of silicon-supplemented chicks regardless of vitamin D levels.
Carlisle concluded that silicon had an effect on collagen to
make the bone matrix more calcifiable. The essential nature
of silicon for skeletal development was also confirmed by
Schwarz and Milne in 1972 and by Nielsen and Sandstead in
1974 [16, 19]. No other researchers reported the role of silicon
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in bone health until 1993, when Hott et.al. published a study
of the effects of silicon supplementation on bone density in
ovariectomized rats [20]. They reported that silicon reduced
bone resorption and increased bone formation in the animal
model of postmenopausal osteoporosis.
Since 2002, there has been increased research regarding
the role of silicon in a variety of tissues including bone [13,
14, 21, 22]. The purpose of this report is to review the role
of silicon as an essential element for bone formation and
maintenance. A secondary purpose is to call attention to this
nutritional component so that more research may be directed
towards the study of silicon for the management of osteoporosis. It is possible that silicon supplementation should
be considered in addition to supplementation with other
vitamins and minerals for the management of patients with
low bone density.

2. Silicon Chemistry
Silicon is a chemical element, which has the symbol Si and
an atomic weight of 28. It is classified as a semiconductor
with electrical properties that are intermediate between metal
and nonmetal elements. Crystalline silicon has piezoresistive
properties that are utilized in micropressure transducers and
computer electronics. Silicon rarely occurs as a pure free
element in nature. It forms strong bonds with oxygen and
generally exists as silica or silicate compounds. Silica is the
general term for inorganic compounds containing silicon and
oxygen. The silicon dioxide (SiO2 ) form is a major component of sand, granite, quartz, and other types of rocks,
clays, and gems in the Earth’s crust [22]. Thus, silicon is the
second most abundant element in the Earth’s crust. Silicon
dioxide is poorly soluble in water and has many industrial applications including abrasives, electronics, and construction. Industrial food preparation uses silica powder to
decrease foaming, reduce caking of powders, or clarify liquids. Another compound form of silicon is Silicone. Silicones
are polymeric compounds with a silicon-oxygen-silicon (SiO-Si) backbone. These polymers can be linked together to
form rubber-like materials that are used for many purposes
including plumbing, dental applications, medical implants,
tubing, lubrication, and insulation. Neither silicon dioxide
nor silicone rubber compounds are useful dietary sources
because they have poor water solubility and poor biological
availability [22, 23]. In contrast, water-soluble forms of silicon
are more biologically available. Silicon in geological formations, especially in volcanic areas, may gradually dissolve to
produce soluble forms of silicon in artesian waters [22, 24, 25].
Monomethylsilanetriol (MMST), or CH3 -Si-(OH)3 , is a commercially available liquid form of silicon that has biological
availability and is used as a liquid nutritional supplement
[26].
Water-soluble forms of silicon are absorbed in the intestinal tract, with excess amounts eliminated by the kidneys
within 4–8 hours following ingestion [14]. Thus, it is unlikely
for silicon to accumulate in excessive amounts in healthy
individuals. Oral toxicity from elemental or organic silicon
has not been identified in animals or humans even when rats
and mice have been fed up to 1000 times the normal dietary
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intake [26]. Patients on dialysis may accumulate silicon
because renal failure prevents the excretion of silicon. Serum
silicon levels up to ten times normal have been reported in
patients with renal failure, but no adverse effects have been
associated with these levels [27, 28]. There have been rare
cases of silica renal stones in patients who were also consuming large quantities of magnesium in the form of magnesium
trisilicate antacids [22, 29]. Thus, adverse effects from oral
silicon have not been observed in healthy individuals.

3. Silicon’s Role in Bone Formation
Silicon is bound to glycosaminoglycans and has an important
role in the formation of cross-links between collagen and
proteoglycans [15, 30, 31]. Silicon is present in all body tissues,
but the tissues with the highest concentrations of silicon
are bone and other connective tissue including skin, hair,
arteries, and nails [14]. In vitro studies have demonstrated
that silicon stimulates type 1 collagen synthesis and osteoblast
differentiation [32]. Studies in rats have demonstrated that
silicon at physiological levels improves calcium incorporation
in bone when compared to rats that are deficient in silicon
[20, 33, 34]. Thus, silicon is an essential element for bone
formation [15, 16].
The exact sequence of mineralization is unknown, but
Carlisle concluded that silicon probably acts by making the
bone matrix more calcifiable [15]. Silicon concentrations in
osteoid are 25 times greater than in surrounding areas and
the silicon content gradually declines as calcification occurs
[17]. Silicon is a known semiconductor of electrical charges.
Silicon crystals are used in microscopic pressure transducers
because they have a piezoresistive effect when subjected to
stress [35]. It is also known that the collagen matrix of
immature bone has piezoelectric properties that generate
electrical potentials when subjected to strain. Bone mineralization occurs in the electronegative areas that are generated
by compression [36]. It is possible that silicon plays a role in
the electrochemical process of mineralization, but the precise
biological role of silicon remains unknown.
Studies of dietary silicon supplementation in growing
animals have reported improved bone quality by direct
measurements of bone strength and density for quail, broiler
chickens, and rainbow trout [37–39]. A randomized blind
study of racing quarter horses compared a control group to
three different levels of dietary silicon supplementation [40].
The supplemented horses began their diets at six months
of age and continued for 18 months including a six-month
training and racing period. Race times, lameness, fractures,
and serum silicon levels were recorded during the period of
study. At the completion of the study, it was determined that
the horses with medium and high levels of silicon supplementation had significantly faster race times and greater training
distances before the first breakdown. The horses with the
highest level of silicon supplementation also had increased
bone mineral density in the third metacarpal [40].
Direct measurements of bone mass and strength in
numerous animal models have demonstrated the beneficial
effects of silicon supplementation to increase bone mineral density and to reduce bone fragility [20, 33, 37–43].
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The ovariectomized rat is a standard model for postmenopausal bone loss [44]. Five reports have been published
using this model to study the effects of dietary silicon on bone
metabolism [20, 41–43, 45]. Hott et al. compared physiological levels to low levels of dietary silicon in ovariectomized
rats [20]. The mineral apposition and bone formation rate was
30% greater in the group with physiological silicon intake.
The silicon-supplemented group also had less bone resorption. An experimental study by Calomme et al. demonstrated
increased femoral bone density when physiological levels of
silicon supplementation were added to the standard diet [45].
Additional research in postmenopausal animal models used
high levels of supplemental dietary silicon (20 mg/kg/day)
[41–43]. These high levels of silicon stimulated bone formation, increased bone mineral density, and decreased calcium
excretion in the urine. This effect of increased bone formation
has even been noted in calcium-deficient rat models although
calcium supplementation combined with silicon supplementation produced greater bone mineral density [43].
Although silicon supplementation is associated with
increased bone mineral density, the exact mechanism for
this action has not been identified. Serum measurements of
bone turnover have been inconsistent, while markers of bone
matrix formation are consistently increased. This may indicate that silicon improves mineralization without affecting
the rate of bone formation or bone loss. There may also be an
effect on collagen that improves bone strength independent
of mineral density [46]. In contrast to studies reporting
improved bone strength, two experimental studies in rats
have reported small reductions in bone strength when excessively high and prolonged levels of dietary silicon were added
to the diet [43, 47]. This may represent an antagonistic effect
of excessive silicon that decreases intestinal absorption of
calcium and magnesium when very high amounts of silicon
are provided in the diet [47].
Silicon also has biological activity for bone formation
when incorporated into calcium phosphate bioceramics [48–
50]. These bioceramic materials are used as bone graft substitutes to augment or replace autogenous bone grafts for
orthopedic surgical procedures. Calcium phosphate ceramics
without silicon substitution are considered osteoconductive
because they provide a scaffold for resorption and replacement by bone through osteoclastic resorption and osteoblastic deposition of new bone [36]. Substitution of less than
1% of the phosphate groups (PO4 ) with silicate ions (SiO4 )
enhances the biological activity of the material [48, 50]
and creates osteoinductive properties. Coathup et al. compared implantation of calcium phosphate to implantation
of silicate-substituted calcium phosphate into the paraspinal
muscles of sheep [48]. The silicate-substituted calcium phosphate demonstrated osteoinductive properties and significantly increased the amount of bone that formed compared to the calcium phosphate implants. The osteoinductive
properties of silicate-substituted calcium phosphate ceramics
have been reported by other researchers [50]. The exact
mechanism of this enhanced bone formation is uncertain [49,
51]. One explanation is that silicon in the ceramic generates a
more electronegative surface that promotes bone formation.
Another explanation is that elemental silicon is released
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during resorption of the ceramic material and directly stimulates the differentiation and proliferation of osteoblasts.
Regardless of the mechanism of action, there is an increasing
confirmation that silicon plays a role in bone formation.

4. Osteoporosis and Silicon Intake
Average daily dietary intake of silicon is 20–50 mg for
European and North American populations [14]. Daily intake
of silicon is higher in China and India (140–200 mg/day)
where grains, fruits, and vegetables form a larger part of the
diet [52, 53]. China and India also have the lowest prevalence
of hip fractures compared to all other regions of the world
[54].
Diets containing more than 40 mg/day of silicon have
been positively associated with increased femoral bone mineral density compared to dietary intake of less than 14 mg/day
[55]. A study of postmenopausal Scottish women determined
that average daily intake of silicon was 18.6 mg/day which was
lower than a standard British diet that contains approximately
30 mg/day [56, 57]. Dietary intake of silicon declines with
age by approximately 0.1 mg/year [58]. In a North American
epidemiological study, none of the postmenopausal women
achieved 40 mg/day of dietary silicon intake [55].
Two epidemiological studies have reported the relationship between dietary silicon intake and osteoporosis
[55, 59]. Increased silicon intake correlated with increased
bone mineral density for men, premenopausal women, and
postmenopausal women on hormone replacement therapy
(HRT). Silicon intake and bone mineral density did not correlate for post-menopausal women who were not on HRT [55].
Macdonald et al. noted that estrogen status may be important for silicon metabolism and suggested that silicon and
estrogen may interact synergistically [21]. However, this does
not explain the increased bone mineral density in men with
increased silicon intake, and the amount of dietary silicon
intake by postmenopausal women was generally low. None
of the postmenopausal groups achieved more than 40 mg/day
of dietary silicon intake which is the amount associated with
increased bone mineral density in men and premenopausal
women. It is known that estrogen increases the intestinal
absorption of calcium [60] so, it is possible that estrogen
also influences the intestinal absorption of silicon. Thus, there
may be a role for silicon supplementation to increase silicon
absorption in post-menopausal women who are not on HRT,
but more research is needed to determine the link between
estrogen and silicon.
Silicon supplementation has had limited study as a method to increase bone mineral density in women with postmenopausal osteoporosis [61, 62]. Intramuscular injections of
silicon as monomethyl trisilanol at a dose of 50 mg twice a
week for four months were administered to postmenopausal
women with osteoporosis. This treatment was compared to
etidronate, fluoride, magnesium, and controls [61]. Patients
in all groups received 1000 mg of calcium and 500 IU of
Vitamin D daily. A significant improvement in femoral bone
density was noted in the silicon group compared to the other
groups. Vertebral bone density improved more with administration of magnesium and etidronate than with silicon.

4
This is consistent with a study of silicon supplementation in
ovariectomized rats that demonstrated a significant increase
in femoral bone mineral density and only marginal increases
in lumbar bone density [45].
Another study of silicon supplementation in women with
osteoporosis evaluated change in trabecular bone volume
measured by iliac crest biopsy following a period of treatment [62]. Three groups consisted of controls, parenteral
administration of 16.5 mg/wk of silicon for four months,
or oral supplementation with 27.5 mg/wk for three months.
Participants consumed their normal diets, but supplemental
calcium or vitamin D was not added. The two groups with
supplemental silicon had significant increases in trabecular
bone volume compared to the control group [62].
A more recent study was conducted in osteopenic women
using 3, 6, or 12 mg of silicon supplementation compared to
controls [46]. All four groups received calcium and vitamin
D supplementation but no other forms of treatment. After
one year, the control group had a decrease in femoral
bone density, while the groups with silicon supplementation
maintained bone density. However, the difference was not
statistically significant. It should be noted that average dietary
silicon intake ranges from 20–50 mg per day in the United
States; so, the levels of silicon supplementation in this study
was low, even for the 12 mg/day group.
Serum markers of bone turnover instead of direct measurements of bone mineral density have also been studied
following silicon supplementation [46, 63]. These studies
have been inconclusive. One was a short-term study of 12
weeks that did not show any measurable changes [63]. The
other study reported a significant positive change in the
markers for type I collagen formation (PINP) but no change
in other markers of bone turnover [46].
Based on these reports in postmenopausal women and in
experimental models of postmenopausal osteoporosis, there
is evidence that moderate silicon supplementation has a
beneficial effect on bone mineralization and bone density,
that is, independent of other factors.

5. Dietary Sources of Silicon
Principle sources of dietary silicon are whole grains, fruits,
beverages, and vegetables in that order [14, 22, 56, 64]
(Table 1). Unrefined cereals and grains have high silicon
content, especially oats and oat bran. Rice hulls and husks are
rich sources of silicon. Beer has high silicon content due to
the processing of barley and hops. Meats, dairy products, and
refined flours have little silicon content. Drinking water can
be a source of silicon depending on the source and method
of processing [14, 24]. Hard water typically has higher silicon
levels than soft water. Initial purification of drinking water by
flocculation decreases silicon content in tap water [22, 64].
The relationship between bone density and consumption
of beer, wine, and liquor was evaluated by Tucker et al.
[65]. They found that moderate consumption of alcohol was
associated with increased bone mineral density in men and
postmenopausal women when the source of alcohol was beer
or wine but not when the source was liquor. This suggests that
components other than alcohol may influence bone density.
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Table 1: Common dietary sources of silicon [58, 64].
Dietary source
Portion size
mg/portion
Beer
12 oz
8.25 mg
Red wine
4 oz
1.70 mg
Raisins
100 gm
8.25 mg
Green beans
250 gm
6.10 mg
High-bran cereal
100 gm
10.17 mg
Whole grain bread
200 gm
4.50 mg
Mineral water
0.5 L
0–40 mg depending on brand
Brown rice with husks 100 gm
2.07 mg

Another study demonstrated that nonalcoholic beer acutely
reduced markers of bone resorption [66]. However, the same
study demonstrated that moderate intake of ethanol alone
also decreased markers of bone resorption. Although Tucker
and Sripanyakorn et al. suggested that the silicon in beer had
a moderate effect on bone formation independent of ethanol,
the short-term effects of silicon ingestion on markers of bone
resorption could not be demonstrated [65, 66].
The bioavailability of silicon for intestinal absorption
depends on the solubility of the silicon compound [22, 58].
Silicon levels are high in bananas but the silicon is highly
polymerized and poorly absorbed [24]. Absorption of silicon
is best from whole grains and grain products (breakfast
cereals, breads, rice, and pasta). The silicon uptake from green
beans and dried fruits is intermediate [58]. Orthosilicic acid
is soluble and absorbable form of silica, that is, present in
beer, some beverages, and some drinking water. High levels
of orthosilicic acid are found in natural sources of water from
volcanic areas [58].
Silicon is also available in some nutritional supplements
with varying amounts of bioavailability [24]. Poor absorption
is noted for antacids containing silicon such as magnesium
trisilicate. Supplemental monomethyl silanetriol (MMST)
is an absorbable form of silicon while choline-stabilized
orthosilicic acid is intermediate. In general, the smaller
molecules, or monomeric forms, are better absorbed than the
larger, highly polymerized, or oligomeric forms [24].
In the absence of evidence of oral toxicity in animals
or humans, safe upper levels for humans have been recommended with a maximum range of 700–1,750 mg/day [22,
26]. Thus, it is unlikely that modest nutritional supplementation would cause adverse effects in humans with normal renal
function.

6. Summary
Optimum therapy for postmenopausal osteoporosis includes
a balanced approach of prevention, exercise, nutrition, early
diagnosis, and appropriate treatment. While there are numerous factors that contribute to bone health and to therapy for
postmenopausal osteoporosis, silicon is also a mineral that
is increasingly recognized as an essential nutrient for bone
formation and maintenance. More attention to this important
nutrient by the medical community may lead to improved
dietary supplements and better understanding of the role of
silicon in management of postmenopausal osteoporosis.
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Individuals with glucocorticoid-induced osteoporosis experience vertebral fractures at an increased rate and at higher vertebral
areal bone mineral density (aBMD) than individuals with primary osteoporosis. Standard posteroanterior- (PA-) projection dual
energy X-ray absorptiometry (DXA) lacks the diagnostic sensitivity required for reliable estimation of vertebral fracture risk in
individuals. Assessment of subregional vertebral aBMD using lateral-projection DXA may improve the predictive value of DXA
parameters for fracture. One hundred and four individuals were recruited and grouped for this study: primary osteoporosis with
no history of vertebral fracture (𝑛 = 43), glucocorticoid-induced bone loss (𝑛 = 13), and healthy controls (𝑛 = 48). Standard
PA-projection and supine-lateral scans were performed, and lateral scans were analysed according to an established protocol to
measure aBMD within 6 subregions. Main effects for subregion and group were assessed and observed, by ANCOVA. Ratios were
calculated between subregions and compared between groups, to overcome the potentially confounding influence of variability in
subregional geometry. Significantly lower values were observed in the glucocorticoid group for the ratios of (i) anterior subregion:
whole vertebral body and (ii) posterior: whole vertebral body when compared to the primary osteoporosis and control groups
(𝑃 < 0.05). Lower anterior subregional aBMD in individuals on glucocorticoid therapy may help to explain the increased vertebral
fracture risk in this patient group.

1. Introduction
Glucocorticoid therapy is widely used for the management
of inflammatory and allergic conditions. While being effective in ameliorating these conditions, glucocorticoids can
adversely affect bone quality and bone strength [1], thereby
leading to an increased propensity to fracture. Secondary
bone fragility or osteoporosis due to glucocorticoid therapy,
termed glucocorticoid-induced osteoporosis (GIO), is a clinically important phenomenon. This is primarily because of
reduced skeletal integrity predisposing to fragility fracture,
but also because patients with GIO experience vertebral
fractures at a rate which exceeds individuals with primary
osteoporosis, despite a comparable areal BMD (aBMD) [2–7].

Identifying possible mechanisms underlying this observation
is therefore important.
The effects of glucocorticoids are mediated by the cytosolic glucocorticoid receptor [8] (cGCR), which is expressed on
a variety of skeletal and extraskeletal cells [9]. The adverse
effects of glucocorticoids on bone are complex and are both
direct and indirect. Important direct effects include an early
transient increase in osteoclastic bone resorption, a reduction
in osteoblast differentiation and function, and an increase in
osteocyte apoptosis [10]. There may also be indirect effects
leading to increased fracture risk including glucocorticoidinduced myopathy [11].
This may explain the rapid early phase of bone loss upon
commencement of therapy. Glucocorticoids similarly affect
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bone loss due to their proapoptotic effects on osteoblasts and
osteocytes [8, 12, 13]. Defects in the osteocyte network within
bone negatively affect bone mineralisation and microarchitecture and may explain the exaggerated trabecular bone loss
[3, 7, 14].
Vertebral fractures are the most common type of
osteoporosis-related fracture [15–17] and often present without obvious acute symptoms [18], leading to lack of recognition and treatment. Vertebral fractures frequently occur
spontaneously or from minor trauma [18] and are associated
with morbidity including decreased physical function (e.g.,
balance and muscle function), loss of height, compromised
pulmonary capacity, increased thoracic kyphosis, and acute
and chronic back pain [6, 15, 17–21]. These sequelae become
more significant with increasing numbers of vertebral fractures. Vertebral fractures strongly predict the risk of future
fracture [22–25], in particular subsequent vertebral and, to a
lesser extent, appendicular fractures.
Possible explanations for the increased vertebral fracture
risk among individuals with GIO compared to those with
primary osteoporosis may lie in the pathophysiology of bone
loss with underlying systemic inflammatory disease in these
individuals, in particular rheumatoid arthritis, which has
been found to be associated with increased fracture risk
[26, 27], the pharmacokinetics of glucocorticoids, or perhaps
poor measurement specificity of bone parameters like aBMD
in these individuals.
Posteroanterior- (PA-) projection dual energy X-ray
absorptiometry (DXA) is the most commonly used modality
for the measurement of aBMD at the hip and lumbar spine
[28]. A strong relationship exists between aBMD and bone
mineral content (BMC) derived from PA-projection DXA
scans [29] and these variables are used ubiquitously to diagnose and monitor skeletal integrity. However, they cannot be
used to reliably predict an individual’s vertebral fracture risk,
particularly in the context of glucocorticoid-induced bone
loss [30–32]. Lateral-projection DXA has better specificity
and sensitivity when detecting vertebral osteoporosis and
age-related bone loss and is better able to detect vertebral
fractures than PA-projection scanning [30, 32–35]. These
attributes of lateral-projection scanning are most likely
related to the ability to isolate the vertebral body from the
cortical bone-rich posterior elements of the vertebra, thus
limiting the analysis to the metabolically-active trabecular
bone of interest.
Lateral-projection scans also enable measurement of
BMC and aBMD in intravertebral subregions. Variation in
aBMD between intravertebral subregions could explain why
one individual may sustain a vertebral fracture whilst another
may not, due to subregional variation in bone compressive
strength; in essence, a chain is only as strong as its weakest
link. Ex vivo research undertaken by Wegrzyn et al. [36]
supported this hypothesis and suggested that trabecular
microarchitecture and its associated regional heterogeneity
contribute to vertebral fracture risk prediction. Older studies
utilising histomorphometry, QCT, and DXA techniques have
consistently shown relatively lower bone volume and trabecular thickness in both central and anterior vertebral subregions
[36–40]. These ex vivo studies suggest that there could be a
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difference in intravertebral aBMD between individuals with
and without vertebral fracture and potentially in those with
glucocorticoid-induced bone loss.
A technique to measure in vivo vertebral subregional
aBMD has been developed by our research team with a
matched supine-lateral DXA scanning technique using a
Hologic QDR4500A densitometer [41]. Subsequent studies
have further validated the subregional methodology, establishing high short-term in vivo precision [41], moderate to
high intrarater and interrater precision [41], and concurrent
validity when compared with pQCT and micro-CT [42].
Validation findings were later replicated using a much larger
sample size [43], demonstrating that lateral DXA is valid
when measuring heterogeneity in aBMD between intravertebral subregions. Lateral DXA measurement of aBMD has also
been shown to be a better predictor of vertebral failure load
at both the whole vertebral body [44] and within subregions
[45], compared with standard PA DXA.
BMC derived from DXA is directly influenced by bone
size; thus, comparing BMC between large and small stature
people becomes problematic. While normalising BMC to
projection area, creating aBMD (g/cm2 ), corrects somewhat
for variability in bone size, aBMD is still influenced by bone
size as it cannot account for bone depth and thus cannot
measure true (volumetric) bone density, which remains
independent of bone size. Consequently, comparing subregional aBMD (srBMD) between individuals is not valid, due
to inevitable heterogeneity in subregional bone geometry
among individuals. To minimise the potentially confounding
effect of variable subregional bone geometry on srBMD
differences, ratios of srBMD may be compared between individuals. Deriving a ratio index of srBMD from an individual
and comparing it to the same ratio in other individuals
eliminate the potentially confounding effect of differences
in subregional geometry between individuals. Therefore, the
aim of this study was to compare srBMD ratios between individuals with primary and secondary osteoporosis as a means
to explain a possible mechanism underlying the increased
rate of vertebral fractures observed in GIO populations.

2. Materials and Methods
2.1. Design. A cross-sectional cohort study was undertaken in
a tertiary hospital-based bone densitometry unit (BDU).
2.2. Participants. A convenience sample of 104 individuals
was recruited sequentially for this study to form three
participant groups. These were (i) individuals diagnosed
with primary osteoporosis who had no history of vertebral
fracture (𝑛 = 43), (ii) individuals diagnosed with glucocorticoid-induced osteoporosis (GIO) or glucocorticoid-induced
osteopenia who had no history of vertebral fracture (𝑛 = 13),
and (iii) healthy controls (𝑛 = 48). Participants in the GIO
and primary osteoporosis groups were referred to the BDU
for clinical scanning purposes, while control participants
were recruited from the community through advertisements
in local media. The study protocol was approved by the
Human Research Ethics Committee of Melbourne Health
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(2009.085). All participants provided written, informed consent to participate.
General inclusion criteria were that all participants were
required to be aged ≥50 years old; female participants had to
have been at least 5-year postmenopausal, defined as 5 years
or more, since their last menstrual period; and all individuals were required to be independent with ambulation and
activities of daily living. General exclusion criteria included
a history of spinal surgery, any vertebral fracture classified
as Grade 1 or higher according to the Genant criteria [46], a
body mass index (BMI) greater than 33 or less than 18 kg/m2 ,
any formally diagnosed musculoskeletal conditions in the
spine that may affect the accuracy of a spinal DXA scan, and
the current use of bone-active therapies. To be included in
the glucocorticoid group, participants needed to have had a
history of glucocorticoid use of ≥5 mg/day of prednisolone
continuously for at least 6 months within the last 3 years along
with the diagnosis of either osteoporosis or osteopenia, based
on WHO criteria, using DXA-derived T-scores (T-score ≤
−1.5) from either the total hip, total spine, or L3 vertebral
body. Individuals in the primary osteoporosis group were
required to have a diagnosis of osteoporosis based on WHO
criteria (T-score ≤ −2.5) at the total hip, total spine, or L3
vertebral body from the PA-projection DXA scan. Individuals
in the control group were required to have normal BMD
based on WHO criteria (T-score > −1.0) at all of these sites.
Eligibility to participate was determined from a telephone
interview and a review of DXA data from formal clinical
scans (GIO and primary osteoporosis groups) or voluntary
research scans (control group).
2.3. Protocol. Each participant attended the BDU where
demographic and clinical data were collected via questionnaire and height (cm) and mass (kg) measured to ensure
their BMI fell within the required range of 18–33 kg/m2 . After
DXA scanning, a 10-year risk of sustaining a hip or major
osteoporotic fracture was calculated using the FRAX tool
using Australian reference data [47].
2.4. Bone Densitometry
2.4.1. DXA Scanning. All participants were scanned on a
Hologic QDR4500A fan beam densitometer (Bedford, MA,
USA), using Hologic software version 9.10D. To monitor the
reproducibility of the machine’s results, a quality control spine
phantom with known BMC was scanned daily prior to any
patient scans. Over the data collection period, the mean
coefficient of variation (%CV) was 0.35%, indicating excellent
temporal stability of the machine.
All participants underwent standard PA-projection scanning of the hip and spine, following standard Hologic
protocols to derive aBMD, BMC, T-scores, and Z-scores at
the right hip and spine, either for clinical (GIO and primary
osteoporosis groups) or research (control group) purposes.
These standard scans were used to determine group eligibility according to WHO classification criteria. In order to
exclude the presence of vertebral fracture, Instant Vertebral
Assessment (IVA) scans were acquired to assess vertebral
morphometry between T5 and L4 (Hologic software 9.10D).
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IVA has been reported to have high specificity (>90%),
high sensitivity (70–86%), negative predictive values (93.6–
99.4%), and good reliability between raters [16, 17, 25, 48, 49].
A matched supine-lateral scan of the lumbar spine was then
acquired using the array scanning mode and this scan set was
used for measurement of srBMD.
2.4.2. DXA Analysis. Standard PA DXA scans of the hip
and spine were analysed according to the manufacturer’s
instructions [50]. A combination of qualitative and quantitative methods was used to identify and diagnose vertebral
fracture(s) on the basis of images gained from IVA scanning.
Vertebral fractures were defined as grade 2 deformity or
higher according to the semiquantitative method described
by Genant et al. [46]; a method with excellent reproducibility
[51, 52]. This was achieved by visual inspection of vertebral
morphometry, from the IVA scan, and a measured reduction
in anterior, middle, or posterior vertebral height of at least 25–
40% or a 20–40% reduction in vertebral area, as calculated by
Hologic software 9.10D. Adjustment factors calculated from
normal vertebral height ratios, established by Diacinti et al.
[53] for T5-L4, were included in the calculation of height
ratios, serving as reference data to limit overestimation of
fracture incidence. The reliability of IVA scans to diagnose
vertebral fractures has been established previously by Chapurlat et al. [49].
Lumbar spine images acquired from the lateral DXA
scans were used to calculate aBMD in seven regions of interest
(ROIs) at the L3 vertebral body (Figure 1), consistent with
established protocols for which reliability and validity have
been established [38, 41–45, 54]. L3 was used as the target
vertebra as it is less affected by overlapping ribs than L2 [55].
Prior to the subregional ROI analysis, the global ROI window
used during the Hologic analysis was set with a maximum
height of 151 pixels and width of 141 pixels to ensure consistent
software-defined analysis parameters between images. ROI
1 was defined as the entire vertebral body area and hence
was demarcated by the four borders of the L3 vertebral
body (superior and inferior endplates and anterior/posterior
edges of the centrum). ROI 1 was therefore comparable to
the vertebral area used to calculate aBMD in the standard
Hologic analysis of lateral scan data. ROIs 2–7 consisted of
six intravertebral subregions, of which the size and shape
were selected manually. ROIs 2–4 were sagittally orientated,
equally dividing ROI 1, by width, into thirds. ROIs 5–7 were
oriented transversely, again dividing the total area of ROI
1 into equal thirds, by height. A consistent pixel width and
height for sagittal and transverse subregions were employed
to maintain the uniformity of dimensions. After the size
and shape of the subregions were defined, individual aBMD
measurements were calculated for each ROI.
2.5. Data Analysis. Descriptive and clinical characteristics
were compared between the three groups using a oneway ANOVA. Differences in srBMD between groups were
examined with two 3 × 4 ANCOVAs with one repeated
measure. For each model, “group” was set as the betweensubject factor (𝑘 = 3) and ROI as the within-subject repeated
measure (𝑘 = 4) a priori, while L3 vertebral body area (ROI 1
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Region 1: whole area (integrated
cortical and trabecular bone) of the
vertebral body, defined by the four
corners of the vertebral body in the
sagittal plane

1

Subregion 2: posterior third of ROI 1
2

3

4

Subregion 3: middle third of ROI 1
Subregion 4: anterior third of ROI 1

5

Subregion 5: superior third of ROI 1

6

Subregion 6: central third of ROI 1

7

Subregion 7: interior third of ROI 1

also observed between the groups for mass, BMI, FRAX
score, T-scores for the spine and hip, and L3 vertebral body
area (ROI 1). The GIO group had significantly higher mass
(mean difference (MD) = 13.77 kg, 95% CI = 4.96–22.58),
BMI (MD = 3.00 kg/m2 , 95% CI = 0.48–5.53), T-scores at
the PA total spine (MD = 0.99 SD, 95% CI = 0.16–1.82) and
the total hip (MD = 0.69 SD, 95% CI = 0.06–1.32), and a
significantly larger L3 vertebral body area (MD = 2.27 cm2 ,
95% CI = 0.46–4.07) compared to the primary osteoporosis
group. When compared to controls, the primary osteoporosis
group was observed to have significantly lower mass (MD =
10.06 kg, 95% CI = 4.33–15.91), lower BMI (MD = 2.65, 95%
CI = 0.97–4.33) and lower T-scores at the PA total spine
(MD = 2.66, 95% CI = 2.11–3.21), lateral spine (MD = 1.40,
95% CI = 0.73–2.06), and total hip (MD = 1.86, 95% CI =
1.44–2.28). The GIO group also had significantly lower Tscores at the PA total spine (MD = 1.67, 95% CI = 0.85–2.48)
and significantly higher FRAX hip scores (MD = 1.67, 95%
CI = 0.42–2.43) compared to controls. Both the GIO and
primary osteoporosis groups had significantly higher FRAX
major osteoporotic fracture scores than controls (MD = 3.42,
95% CI = 0.89–5.95 and MD = 1.96, 95% CI = 0.13–2.80, resp.).
3.2. Differences in Mean Areal srBMD between Groups

3. Results

3.2.1. Sagittal Subregions. A main effect for subregion was
observed (𝐹 = 4.29, 𝑃 < 0.01), with mean adjusted
aBMD in all subregions being significantly different from
each other (𝑃 < 0.0001). All analyses were adjusted for ROI
1 area, to account for differences in vertebral size between
groups. One exception was observed for the whole vertebral
body (ROI 1) mean adjusted aBMD versus middle subregional (ROI 3) mean adjusted aBMD (𝑃 = 1.00). The lowest
adjusted mean (±SD) aBMD was observed in the anterior
subregion (0.411 ± 0.126 g/cm2 ) (ROI 4) and the highest
in the posterior subregion (0.583 ± 0.137 g/cm2 ) (ROI 2),
and importantly, these adjusted mean srBMD values varied
significantly from the adjusted mean srBMD of the whole
vertebral body (Figure 2). A main effect for group (𝐹 = 15.75,
𝑃 < 0.0001) was observed, reflecting lower adjusted mean
srBMD in both the GIO and primary osteoporosis groups
compared to controls (MD = 0.14 g/cm2 , 95% CI = 0.05–0.24
and MD = 0.12 g/cm2 , 95% CI = 0.05–0.18, resp.) (Figure 2).
No significant difference was observed between the GIO and
primary osteoporosis groups.
No significant group × subregion interaction main effect
was observed (𝐹 = 1.44, 𝑃 = 0.169); however, adjusted
mean (±SD) aBMD in the anterior subregion (ROI 4) was
lower in the GIO group (0.355 ± 0.148 g/cm2 ) compared to
the primary osteoporosis group (0.416 ± 0.079 g/cm2 , MD =
0.06 g/cm2 , 95% CI = 0.031–0.09) (𝑃 = 0.017), a result not
observed at any other subregion. This finding represented an
effect size (Cohen’s 𝑑) of 𝑑 = 0.51.

3.1. Descriptive Measures. While there was no difference in
age and height between the groups, there was a significantly
greater proportion of males in the GIO group compared
to the other groups (Table 1). Significant differences were

3.2.2. Transverse Subregions. A main effect for subregion was
observed (𝐹 = 2.80, 𝑃 = 0.04), with mean adjusted aBMD
in all subregions being significantly different from each other
(𝑃 < 0.0001), with the exception of the whole vertebral

Figure 1: DXA-derived vertebral subregions defined using Hologic
software. ROI 1 (whole) was defined by the four corners of the
vertebra. ROIs 2–4 (posterior, middle, and anterior) formed equal
thirds in the area of ROI 1, oriented sagittally. ROIs 5–7 (superior,
central, and inferior) formed equal thirds in area of ROI 1, oriented
transversely. Reprinted from Briggs et al. [42] with permission from
Elsevier Copyright Clearance Center.

area), derived from the lateral-projection scan, was used as
a covariate to account for observed variability in bone size
between the groups. To ensure that no overlapping subregions
were compared post hoc, ANCOVA 1 included whole vertebral area (ROI 1) and the three subregions orientated sagittally
(ROIs 2–4), whilst ANCOVA 2 included ROI 1 and the three
subregions orientated transversely (ROIs 5–7).
To minimise the potentially confounding influence of
subregional geometry on subregional BMD values between
groups, ratios of srBMD were compared between groups with
a one-way ANOVA. Twelve ratios were derived: six comparing subregional values (ROIs 2–7) to the whole vertebral
area (ROI 1) and six comparing non-overlapping subregions,
consistent with an earlier analysis [54].
The critical alpha level of significance was set at 0.05 (2tailed) and Bonferroni corrections were made for multiple
post hoc comparisons in all statistical models. Statistical analysis was undertaken using SPSS version 19.1 for Windows.
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Table 1: Descriptive measures for each group and pooled data, expressed as the mean (SD) for age, height, mass, and BMI and as the mean
(95% CI) for FRAX data, 𝑇-scores, and L3 area.
Descriptive measure
𝑁 (% female)
Age (years)
Height (cm)
Mass (kg)
BMI (kg/m2 )
FRAX major osteoporotic (%)
FRAX hip (%)
𝑇-score PA spine (L1–4)
𝑇-score total hip
L3 area (ROI 1) (cm2 )

Group
GIO
13 (30.8)
63.7 (7.8)
169.1 (8.7)
75.6 (16.1)a
26.2 (3.7)a
6.0 (3.3 to 8.7)c
2.1 (0.8 to 3.4)c
−1.6 (−2.4 to −0.9)a,c
−1.3 (−1.9 to −0.8)a,c
11.1 (10.1 to 12.0)a

Primary osteoporosis
43 (95.3)
61.1 (5.0)
163.1 (7.6)
61.8 (10.0)b,c
23.2 (3.0)b,c
4.5 (3.7 to 5.4)c
1.1 (0.8 to 1.4)
−2.6 (−2.9 to −2.4)b,c
−2.0 (−2.2 to −1.8)b,c
8.8 (8.1 to 9.5)b

Pooled

Control
48 (83.3)
61.5 (5.6)
166.8 (6.5)
71.9 (8.8)
25.8 (2.8)
2.6 (2.0 to 3.2)
0.4 (0.1 to 0.7)
0.0 (−0.2 to 0.3)
−0.2 (−0.4 to 0.1)
9.9 (9.1 to 10.0)

104 (81.7)
62.1 (6.1)
166.3 (7.6)
69.8 (11.6)
25.1 (3.2)
4.4 (3.0 to 5.8)
1.2 (0.6 to 1.8)
−1.4 (−1.8 to −1.0)
−1.8 (−1.5 to −0.8)
9.9 (9.1 to 10.5)

a

Significant difference compared to the primary osteoporosis group (𝑃 < 0.01); b significant difference compared to the GIO group (𝑃 < 0.01); c significant
difference compared to control group (𝑃 < 0.01).

∗

Middle
(ROI 3)

Inferior
(ROI 7)

#

∗

∗

^

∗

Posterior
(ROI 2)

∗
∗

Whole area
(ROI 1)

∗

0

0.2

0.6

∗

Central
(ROI 6)

∗

Superior
(ROI 5)

0.8

Mean aBMD (g/cm2 )
Control
GIO
Primary osteoporosis

Figure 2: ANOVA 1, mean areal BMD for sagittal regions of interest
between groups, adjusted for ROI 1 area. Error bars are SEM. ∗ Significantly different to controls (𝑃 < 0.0001). # Significantly different
compared to all other ROIs. ∧ Significantly different to ROIs 2 and 4.

body (ROI 1) adjusted mean aBMD versus superior subregional (ROI 5) adjusted mean aBMD (𝑃 = 1.00). The
lowest adjusted aBMD was observed in the central subregion
(0.451 ± 0.133 g/cm2 ) (ROI 6) and the highest in the inferior
subregion (0.559 ± 0.122 g/cm2 ) (ROI 7), and importantly,
these adjusted mean srBMD varied significantly from the
adjusted mean srBMD of the whole vertebral body (Figure 3).
A significant main effect for group (𝐹 = 15.96, 𝑃 < 0.0001)
was observed, with lower adjusted mean srBMD in both the
primary osteoporosis and GIO groups compared to controls
(MD = 0.108 g/cm2 , 95% CI = 0.05–0.17 and MD = 0.14 g/cm2 ,

#

∗

∗

0

0.2

#

∗

∗
∗

Whole area
(ROI 1)

^

∗

0.4

#

Regions of interest

Regions of interest

Anterior
(ROI 4)

∗

0.4
0.6
Mean aBMD (g/cm2 )

^

^

0.8

Control
GIO
Primary osteoporosis

Figure 3: ANOVA 2, mean areal BMD for transverse regions of
interest between groups, adjusted for ROI 1 area. Error bars are SEM.
∗
Significantly different to controls (𝑃 < 0.0001). # Significantly different compared to all other ROIs. ∧ Significantly different to ROIs 6
and 7.

95% CI = 0.06–0.23, resp.) (Figure 3). No significant group ×
subregion interaction was observed (𝑃 = 0.88).
3.3. Ratios of srBMD. Table 2 displays srBMD ratio comparisons between groups. Comparing subregions to the whole
vertebral area, the GIO group demonstrated a significantly
higher ratio for ROI 2 : ROI 1 (1.27) when compared with
the primary osteoporosis (1.13; MD = 0.13, 95% CI = 0.04–
0.23) and control groups (1.16; MD = 0.12, 95% CI = 0.01–
0.20) (𝑃 < 0.05) and a significantly lower ratio for ROI
4 : ROI 1 (0.72) when compared to the primary osteoporosis

6

International Journal of Endocrinology
Table 2: Mean (95% CI) ratio values of srBMD for all groups.

Ratio for subregions
Posterior : whole (2 : 1)
Middle : whole (3 : 1)
Anterior : whole (4 : 1)
Superior : whole (5 : 1)
Central : whole (6 : 1)
Inferior : whole (7 : 1)
Middle : posterior (3 : 2)
Anterior : posterior (4 : 2)
Anterior : middle (4 : 3)
Central : superior (6 : 5)
Superior : inferior (5 : 7)
Central : inferior (6 : 7)
a

Primary osteoporosis
1.13 (1.09–1.17)
1.01 (0.99–1.03)
0.84 (0.81–0.88)
0.95 (0.93–0.98)
0.90 (0.87–0.92)
1.14 (1.12–1.18)
0.90 (0.86–0.95)
0.76 (0.70–0.82)
0.84 (0.80–0.88)
0.95 (0.91–1.00)
0.85 (0.80–0.90)
0.80 (0.76–0.84)

GIO
1.27 (1.15–1.38)a
1.01 (0.92–1.10)
0.72 (0.58–0.86)a
1.01 (0.94–1.10)
0.85 (0.78–0.92)
1.13 (1.02–1.24)
0.81 (0.71–0.91)
0.59 (0.45–0.74)a
0.75 (0.56–0.93)
0.85 (0.75–0.95)
0.93 (0.77–1.09)
0.78 (0.65–0.91)

Control
1.16 (1.12–1.19)
1.00 (0.98–1.01)
0.83 (0.80–0.86)
1.00 (0.96–1.04)
0.92 (0.89–0.95)
1.08 (1.05–1.11)
0.87 (0.84–0.90)
0.73 (0.69–0.77)
0.84 (0.80–0.88)
0.94 (0.89–0.99)
0.95 (0.88–1.01)
0.86 (0.81–0.92)

Significant difference compared to both primary osteoporosis and control groups (𝑃 < 0.05).

(0.84; MD = 0.13, 95% CI = 0.02–0.23) and control (0.83;
MD = 0.12, 95% CI = 0.01–0.22) groups (𝑃 < 0.05). Comparing between subregions, the GIO group demonstrated a
significantly lower ratio for ROI 4 : ROI 2 (0.59), compared
to the primary osteoporosis (0.76; MD = 0.17, 95% CI = 0.03–
0.31) and control (0.73; MD = 0.14, 95% CI = 0.00–0.27)
groups (𝑃 < 0.05). No significant differences in srBMD
ratios were observed between the primary osteoporosis and
control groups for any ratio.

4. Discussion
4.1. Main Finding. Primarily, this study has shown that DXA
can identify differences in srBMD within a vertebra, as
displayed by the significant main effect for subregion (𝑃 <
0.05), consistent with earlier data [38, 42, 43]. Secondly, it was
found that the GIO group demonstrated significantly lower
results for the anterior subregion : whole vertebra ratio (ROI
4 : ROI 1) and the anterior subregion : posterior subregion
ratio (ROI 4 : ROI 2) when compared to both the primary
osteoporosis and control groups. These data may help explain
why vertebral fractures occur at relatively higher PA aBMD
values than what is seen in typical primary osteoporosis, since
the intravertebral distribution of bone appears to be abnormal in glucocorticoid-treated patients but not in patients with
primary osteoporosis. The findings indicate that the anterior
subregion may be of particular interest in a GIO population
for assessing individuals’ risk of vertebral fracture and that
the ratio technique may prove useful in a clinical setting as a
means of determining bone distribution without needing to
adjust for vertebral size.
4.2. Sagittal Subregional Intravertebral aBMD Profile (ROIs 2–
4). Main effects for both subregion and group were observed,
demonstrating that this study, along with the earlier pilot
work [56], has been able to show differences in subregional
aBMD in vivo. The lowest mean srBMD was observed in the
anterior subregion (ROI 4), a result consistent with previous
ex vivo histomorphometry, QCT, and DXA studies [36–40,
42, 43] and the highest was in the posterior subregion (ROI 2).

This distribution pattern is probably explained by a combination of a higher cortical bone component in the posterior
subregion compared to the anterior subregion and a result of
changes in vertebral loading profiles, in particular intervertebral disc degeneration and changes in lumbar spine posture [21, 57]. When disc degeneration occurs, force loading
increases on the neural arch, hence decreasing loading on the
anterior region and causing regional demineralisation [57–
59]. Although no significant group × subregion interaction
effect was observed, we detected significantly lower srBMD in
the anterior subregion (ROI 4) for the GIO group compared
to the primary osteoporosis group. Despite a significant
finding with a medium effect size, this result should be
considered in the context of a relatively small sample size and
disproportionate sex distribution. Nonetheless, this result
occurred despite the larger proportion of male patients in the
GIO group which intuitively would have increased the mean
aBMD in the GIO group, relative to a female-dominated
GIO group. If all confounding factors were removed and
sample sizes increased and balanced between the groups,
this difference in aBMD may have been even more marked.
We observed a power of 44% for this two-tailed analysis,
suggesting that with a larger sample size, in the order of 60
per group, a power of 80% could be achieved.
4.3. Transverse Subregional Intravertebral aBMD Profile (ROIs
5–7). As with the sagittal subregions, main effects were
observed for both subregion and group. The central subregion
(ROI 6) exhibited the lowest aBMD, a result consistent with
previous ex vivo studies [36–40, 42, 43]. The highest observed
aBMD was in the inferior subregion (ROI 7) and may be
explained due to this region’s proximity to the chondral
endplate, an area rich in cortical bone [60]. There was no
significant subregion × group interaction observed nor were
there any significant differences in supero-inferior ratios. This
was not consistent with previous findings suggesting lower
bone content at the central subregion.
4.4. Ratios. While it is possible to compare srBMD between
groups, caution is required due to variability in subregional
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bone geometry. The comparison of ratios is therefore a
feasible approach to account for differences in vertebral size
and may reduce gender effects caused by differences in bone
size. Ratios also provide information on the distribution
of bone within the subregions; hence the lower observed
ROI 4 : ROI 2 and ROI 4 : ROI 1 ratios suggest less bone is
distributed into the anterior subregion compared to the
posterior subregion and vertebral body as a whole. This may
suggest that the anterior subregion is at an increased risk of
fracture (particularly anterior wedge fracture) within individuals exposed to glucocorticoid therapies, compared to other
subregions, whilst the posterior subregion appears to be less
affected.
4.5. Strengths and Limitations. Strengths of this study include
the use of the widely employed Genant semiquantitative
approach [46] along with vertebral height reference data [53]
for fracture diagnosis and the use of our group’s established,
reliable, and validated subregional analysis protocol [41–43,
45, 54]. The relatively small sample in the GIO group led
to a sex imbalance between groups. Despite the GIO group
being predominantly male compared to the other groups
which were predominantly female, statistically and clinicallysignificant deficits were found in the glucocorticoid group.
Nonetheless, we cannot exclude the possibility that differences in intravertebral bone distribution were related to sex
differences between groups. The use of a cross-sectional study
design does not allow conclusions about causal relationships
and thus future longitudinal work would be beneficial in
strengthening this study’s findings.
4.6. Future Directions. The use of intravertebral aBMD
ratios to indicate abnormalities in bone distribution has the
potential for application in a clinical setting, especially for
men, where limited lateral reference data are available. The
subregional approach may enhance the ability to monitor
the effects of bone-active medications on bone architecture.
Intervention studies would lend further support to this
application of the technique.

5. Conclusions
A robust connection exists between aBMD and vertebral
strength, hence indicating the important role of BMD in
reflecting fracture risk. This study has shown that a lateral subregional approach to aBMD measurement provides
greater information than standard PA-projection DXA about
differences in aBMD between individuals with GIO and
individuals with primary osteoporosis. In particular, glucocorticoid-treated patients had abnormal intravertebral distribution of bone, with relatively low aBMD in the anterior
subregion. Glucocorticoid-treated individuals at high risk of
sustaining vertebral fractures may be better identified with
the clinical application of this technique.
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Purpose. Adequate calcium intake is the basis of osteoporosis therapy—when this proves insufficient, even specific antiosteoporotic
agents cannot exert their actions properly. Methods. Our representative survey analyzed the dietary intake and supplementation of
calcium in 8033 Hungarian female and male (mean age: 68 years) (68.01 (CI95: 67.81–68.21)) patients with osteoporosis. Results.
Mean intake from dietary sources was 665 ± 7.9 mg (68.01 (CI95: 67.81–68.21)) daily. A significant positive relationship could
be detected between total dietary calcium intake and lumbar spine BMD (𝑃 = 0.045), whereas such correlation could not be
demonstrated with femoral 𝑇-score. Milk consumption positively correlated with femur (𝑃 = 0.041), but not with lumbar BMD.
The ingestion of one liter of milk daily increased the 𝑇-score by 0.133. Average intake from supplementation was 558 ± 6.2 mg
(68.01 (CI95: 67.81–68.21)) daily. The cumulative dose of calcium—from both dietary intake and supplementation—was significantly
associated with lumbar (𝑟 = 0.024, 𝑃 = 0.049), but not with femur BMD (𝑟 = 0.021, 𝑃 = 0.107). The currently recommended 1000–
1500 mg total daily calcium intake was achieved in 34.5% of patients only. It was lower than recommended in 47.8% of the cases
and substantially higher in 17.7% of subjects. Conclusions. We conclude that calcium intake in Hungarian osteoporotic patients is
much lower than the current recommendation, while routinely applied calcium supplementation will result in inappropriately high
calcium intake in numerous patients.

1. Introduction
As suggested by abundant data, calcium supplementation by
itself—although to a modest extent only—can decrease bone
loss, and thereby increase bone mineral density (BMD) in
osteoporotic patients [1]. According to evidence from the
Cochrane database, at least two years of calcium supplementation will result in a BMD increase of 1.66% in the
lumbar spine, 1.60% in the hip region, and 1.91% in the
distal radius, respectively [2]. However, for the prevention of
osteoporotic fractures, calcium supplementation is effective

only in combination with vitamin D, although there are data
available to refute the importance of this intervention [3].
The Decaylos I study, conducted on 3270 elderly French
women, aged 84 years on average, evaluated the role of
concomitantly administered calcium and vitamin D in reducing fracture risk [4]. The subjects received 1200 mg calcium
with 800 IU vitamin D or placebo daily, over three years.
By the end of the third year, the number of hip fractures,
as well as of all nonvertebral fractures decreased by 29%
and 24%, respectively. In a Danish study [5] of 9605 elderly
patients, combination therapy with 1000 mg calcium and

2
800 IU vitamin D daily reduced the number of fractures
significantly, by 27%. These findings were confirmed by Tang
et al. [6]. In their meta-analysis of 29 trials conducted on
64,000 individuals over the age of 50 years, calcium supplementation was associated with a 12% reduction of the total
number of fractures.
Nevertheless, contradicting results have also been reported. In a Dutch study of 2578 women [7], mean dietary calcium
intake, which was considered high (868 mg/day on average),
was supplemented with 400 IU/day vitamin D for 3.5 years,
but even this failed to mitigate fracture risk. In the secondary
prevention RECORD study [8], 5292 osteoporotic patients
aged over 70 years and with prevalent fractures received 1000
mg calcium with 800 IU vitamin D daily, or placebo. This
regimen failed to achieve any significant reduction of fracture
risk in the treatment groups. However, only 60% of the subjects were compliant to the therapy (who have taken their
study medications according to the intended dosage), which
seriously challenges the validity of this finding.
Currently, supplementation with vitamin D and calcium
should be regarded as the basic therapy of osteoporosis [9,
10]. In osteoporotic patients, the daily intake of at least 800
to 1000 IU vitamin D and of 1000 to 1500 mg calcium is
necessary to increase BMD and to reduce fracture risk [11, 12].
Although calcium and vitamin D are similarly effective
whether they are from dietary sources or from supplementation; international and Hungarian data suggest that the intake
of both needs an—occasionally substantial—increase [13].
Other potential explanations for the study findings, seemingly challenging the effectiveness of calcium and vitamin D
replacement, include the use of nonstandard methods for
estimating the daily intake of subjects, and supplementation
with various calcium preparations, which produced differing
increases of serum calcium levels [14]. Together, these might
sometimes have led to suboptimal efficacy of the daily supplementation with calcium and vitamin D.
The aim of our study was to appraise the dietary intake
as well as the supplementation of calcium in osteoporotic
patients in Hungary.

2. Material and Methods
2.1. Participants and Study Protocol. We conducted a survey
using a validated questionnaire (source: modified from
Groupe de Recherche et d’Information sur les Ostéoporoses,
http://www.grio.org/calcul-apport-calcique-quotidien.php)
[15], completed by medical professionals at the osteoporosis
centers, following an interview with study subjects. One
hundred and eighty-one physicians of 110 study sites, evenly
distributed over Hungary, co-operated in this survey. The
completed questionnaires accumulated information on
osteoporotic 9215 patients.
The questionnaires were dispensed in batches of fifty, in
a form similar to that of copybooks comprising sheets with
preprinted serial numbers. Using simple questions (most of
which required a numerical entry as a response only), the
questionnaire attempted to estimate the intake of calciumcontaining foods over a given period (The questionnaire
(amended version)). These responses were then used to gauge
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daily calcium intake based on the frequency of ingestions and
of the known calcium content of individual foodstuffs. Additional questions, pertaining to calcium supplementation with
medicinal products, served to determine daily intake from
this source. The severity of osteoporosis was characterized
by bone density measured on the total femur and the lumbar
(L2–4 ) spine (BMD was expressed as g/cm2 and as 𝑇-score).
Bone mineral density was measured at the total femur and
at the lumbar spine by dual X-ray absorptiometry by Lunar
Prodigy (GE Medical Systems, Diegem, Belgium), Norland
pDEXA (CooperSurgical Inc., Trumbull, CT, USA), and
Hologic QDR 4500 (Hologic Inc., Bedford, MA, USA). Coefficient of variation was below 1% at both sites. Osteoporosis
was defined according to the WHO criteria, as a 𝑇-score less
than −2.5 at any measured site.
The questionnaire (amended version)
Serial N∘ :

Ca-intake.hu Study
version 2.0 of the questionnaire for the appraisal of daily calcium intake in osteoporotic patients
Gender: female/male
Patient’s initials:
Age:
Date of birth:
Body weight:
Body height:
(Please do measure the weight/height of the
patient!)
Lumbar 𝑇-score:
Region: L1−5 /L2−4 /L2−5
Femoral 𝑇-score:
Densitometer make & model:
Antiosteoporotic agent:
Dosage:
Daily/Weekly/Monthly/Every 3 months/Annually
Vitamin D supplementation:
tablets/capsules/solution
Dosage:

x Daily/Weekly/Other

Calcium supplementation:
If yes,
Dosage:

Yes/No

tablets.
x tablets daily.

OTC preparation?
If POM:

Yes/No

Is it prescribed by a specialist? Yes/No
Is it prescribed by the family practitioner?
Yes/No
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(1) Do you drink milk every day?
If yes, how many glasses (2 deciliters)?
If not every day, then how many glasses of milk
do you drink per week?
(2) Do you eat yogurt, kefir, or curd?
If yes, then how many servings of 100 mL do you
eat per week?
(3) Do you eat sour cream?
If yes, then how many servings of 100 mL do you
eat per week?
(4) How much bread do you eat daily?
Whole slice: . . . pieces
(5) How much pasta do you eat per week?
⋅ ⋅ ⋅ × 100-g servings
(6) How much meat do you eat per week?
(a) chicken (100-g servings): . . ./week
(b) pork (100-g servings): . . ./week
(c) Parisian/saveloy sausages (100-g servings):
. . ./week
(7) Do you eat canned fish in oil?
If yes, how many cans per week?
(8) How much vegetable do you eat per week?
(300-g servings)
(a) spinach, sorrel: . . . servings
(b) green peas, kale, French beans: . . . servings

3
How long have you been adhering to these eating
habits?
(a) all my life
(b) for . . . years
If you have changed your diet long ago, you had done
this on:
(a) advice from your doctor
(b) other advice
TO BE COMPLETED BY THE INVESTIGATOR!
Calcium content of the daily menu:
(1) . . .
(2) . . .
(3) . . .
(4) . . .
(5) . . .
(6.a) . . .
(6.b) . . .
(6.c) . . .
(7) . . .
(8.a) . . .
(8.b) . . .
(9) . . .
(10) . . .
(11) . . .
(12) . . .
(13.a) . . .
(13.b) . . .
(13.c) . . .
Daily calcium intake:

(9) Do you eat cheese regularly?
If yes, how many 20-g servings per week (see the
photo)?
(10) How much potato do you eat per week?
⋅ ⋅ ⋅ × 100-g servings
(11) How many eggs do you eat per week?
(12) How many medium-sized apples do you eat per week?
(13) How many glasses (200-mL) of mineral water do you
drink daily?
(a) branded products: Szentkirályi, Natur Aqua
(b) branded products: Theodora Quelle, Margitszigeti, Visegrádi
(c) other unbranded mineral water:

Questionnaires from 8033 of the 9215 surveyed osteoporotic patients were complete and thus suitable for evaluation. This means that considering the approximately 330,000
patients (including treated and untreated ones, ESKI, 2009) as
reckoned by the collaborating study sites, population coverage exceeded 2.5% altogether. Within the evaluated population (𝑛 = 8033), the proportion of males was 7.1% (𝑛 =
569) compared to the dominant 92.9% share of females (𝑛 =
7464). Mean age of the subjects was 68 years (range 41 to
98). The age distribution of the study population was similar
to that exhibited by the national age distribution chart, even
for males and females analyzed separately. The body mass
index (BMI) was normal in 38.8% of participants (BMI = 18.524.9 kg/m2 ); the proportion of underweight subjects was
6.2% (BMI < 18.5 kg/m2 ), whereas 55.0% were overweight
(BMI = 25.0–29.9 kg/m2 ) or obese (≥30 kg/m2 ). Mean lumbar
and femoral 𝑇-scores were −2.836 ± 0.03 and −2.434 ± 0.03,
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Table 1: The baseline characteristics of our patients.

Gender (%)

Male = 569 (7.1)
Female = 7464 (92.9)
Total = 8033 (100)

Age (years)

41–98
Mean: 68.01

Lumbar 𝑇-score

−9.37–1.5
Mean: −2.836 ± 0.03

Femoral 𝑇-score

−8.66–0.9
Mean: −2.434 ± 0.03

Weight (kg)

32–130
Mean: 66.78

Height (cm)

120–194
Mean: 159.93

BMI (kg/m2 )

13.62–60.26
Mean: 26.11

Vitamin D supplementation (%)

𝑛 = 5773 (71.7)

Calcium supplementation (%)

𝑛 = 5813 (72.6)

Mean dietary calcium intake (mg)

665 ± 7.9
Female = 599 ± 22.7
Male = 673 ± 8.4

respectively. Lumbar and femoral BMD values were related
also to age (Table 1).
We did not impose quotas on the selection of responders,
in order to accomplish the widest possible population coverage. The course of the survey had two stages, during which
a slightly different (amended) version of the same questionnaire was used. Modification was necessary because the
original version contained ambiguous questions on cheese
consumption. Specifically, 50 grams were defined as a serving,
but this proved excessive, resulting in unrealistically high
cheese consumption; this was changed to 20 grams in the
second version. Additionally, the first version contained two
questions on two cheese categories. In the second version, this
was reduced to a single, comprehensive question not distinguishing between different types of cheese. Finally, the
question on meat consumption reckoned with daily intake in
the original version. All these changes had no influence on the
standardized analysis of results.
2.2. Statistics. The initial step of data processing consisted
of digitizing the questionnaires, performing the digitally
assisted recording of data in duplicate, and finally, correcting errors. Handwritten notes modifying the frequency
entries made on the questionnaires were also recorded (e.g.,
when the investigator invalidated the “daily” specification
by striking it through and entered “weekly” in replacement
before completing the entry on bread consumption). Error
correction involved checking for records containing logical
inconsistencies, outlier values, and skipped entries. Questionnaires containing uncorrectable errors were excluded from

the analysis along with those that were deemed unusable
for other reasons. The latter included duplicates (identified
by matching patient’s initials, date of birth, and gender on
questionnaires from the same or from a nearby study site);
sheets without the age or gender of the subject (if retrieving
these data was not feasible, for example, owing to the absence
of the date of birth or the information on marital status).
Sheets containing data from subjects without osteoporosis
(as evidenced by 𝑇-scores of the lumbar spine and of the
femur) were also discarded. As no selection quotas were
imposed during the survey, weighing was used to ensure
the representativeness of the sample. This was necessary,
because the proportions of patients included in the individual
counties were at variance with nationwide data on patient distribution. For example, the proportion of patient data accumulated from Tolna County was larger than that obtained
from Vas County, whereas national data show a different
distribution. Therefore, the results from both counties were
corrected with an appropriate multiplier—using a method
known as element number stabilization weighing, to obtain
results matching their nationwide weights. We recruited
the entire Hungarian population of osteoporotic patients as
reference (data source: National Institute for Quality and
Organizational Development in Healthcare and Medicine—
Informatics and System Analysis Directorate/ESKI/, 2009).
It is defined as the total number of individuals (specified
according to county, age, and gender) receiving in-/outpatient
care within the Hungarian health care system, as well as
any form of osteoporosis is specified in their primary care
reports as an underlying or accompanying disorder. Patients
were reckoned by using the data on their age and residence
(by county), as recorded at the first presentation during the
actual year. The numbers of patients per counties and maleto-female ratios were approximated to the national average.
As—among others—age was taken into account during
weighing, this method we consider element number stabilization weighing for three dimensions (age, gender, and region).
During the calculations, in the knowledge of the calcium
content of selected foodstuffs, we performed the multiplication corresponding with the given frequency period to obtain
per patient calcium intake in total and for each foodstuff. Data
accumulated with the two versions of the questionnaire were
pooled, in order to increase sample size. As regards to the
original version of the questionnaire, calcium intake calculated from responses to the question on cheese consumption
was 2.5 times higher than that reckoned from the entries of
the corresponding item of the amended version. Considering
the amendment of the original version after the preliminary
analysis (changes included attaching a photo make estimating
the quantity of consumed cheese easier), we implemented the
following correction. Calcium intake from cheese consumption, as estimated with the original version, was adjusted with
the quotient of the means determined with both versions.
These data on dietary calcium intake were used to exclude
unrealistically low or high values, and the same procedure
was then performed on calcium supplementation data. Disease severity and the appropriateness and efficacy of the diet
and medication were compared with each other, as well as
by regions. No sample size calculation was performed prior
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Of the 8033 evaluated osteoporotic subjects, 5733 (71.7%)
received vitamin D supplementation with a mean dose of
756± 8.8 IU (68.01 [CI95: 67.81–68.21]), which is essentially in
agreement with the recommendations of current professional
protocols. Hydroxylated vitamin D was administered to 13.3%
of patients. We did not detect any relationship between
vitamin D supplementation and BMD values.
The mean dietary calcium intake was 665 ± 7.9 mg (68.01
[CI95: 67.81–68.21]). It was influenced by several factors.
These include gender, as the daily intake was significantly
lower in males than in females −599±22.7 versus 673±8.4 mg
(68.01 [CI95: 67.81–68.21]) (𝑃 < 0.001). Additional influencing factors included the presence as well as the volume of milk
consumption (Figure 1). The higher was the daily milk consumption, the greater became dietary calcium intake. Using
this parameter, we assigned the study population into the
following four subsets: (1) patients abstaining from milk,
(2) subjects with low consumption (less than one glass—
200 mL—of milk per week), (3) moderate consumption (less
than a half glass—100 mL—of milk a day), or (4) regular milk
drinkers (more than a half glass—100 mL—of milk daily). The
proportions of subjects in these categories were 20.1%, 3.8%,
12.5%, and 63.6%, respectively. According to this stratification, dietary calcium intake was significantly (𝑃 < 0.001)
greater in regular milk drinkers than in other subjects. The
daily intake of calcium from dietary source was not related to
BMI.
𝑇-scores correlated with dietary calcium intake, according to a multiple relationship. The quantity of calcium from
food sources was not related to the BMD of the femur (𝑃 >
0.1), whereas a positive correlation could be demonstrated
with lumbar 𝑇-score (𝑃 = 0.045). Analyzing BMD exclusively
from the aspect of milk consumption, a positive correlation
could be shown with femoral BMD, but not for lumbar BMD
(Figure 2). In other words, a daily milk consumption of one
liter (providing 1200 mg calcium) increased the 𝑇-score of the
total femur by 0.133.
Of the 8033 subjects, 5813 received some form of calcium supplementation, which proved adequate for 72.6%.
The mean daily dose of the supplemented calcium was
558 ± 6.2 mg. Analysis by age did not reveal any significant
difference, whereas comparison by gender did: it was on
average 560 ± 6.6 mg (68.01 (CI95: 67.81–68.21)) in females
and significantly smaller 534 ± 18.9 mg (68.01 (CI95: 67.81–
68.21)) in males (𝑃 = 0.012).
The cumulative dose of calcium from dietary intake and
from supplementation was significantly related to lumbar
BMD (𝑟 = 0.024, 𝑃 = 0.049), while no relationship could
be detected with femoral BMD (𝑟 = 0.021, 𝑃 = 0.107).
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Figure 1: The relationship between the volume of milk consumption
and daily calcium intake (𝑃 < 0.001): the higher was the daily milk
consumption, the greater became dietary calcium intake. Note. Low
milk consumption: never or less than a glass (two deciliters) of milk
per week (rare); moderate milk consumption: less than half a glass
(one deciliter) of milk a day; regular milk drinkers: more than half
a glass (one deciliter) of milk daily. ∗∗∗ 𝑃 < 0.001 versus abstainers
and subjects with low or moderate milk consumption.
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of the results. The analyses were performed using the SPSS
(SPSS Inc., Chicago, IL, USA) software package (IBM SPSS
Statistics 20.0.0).
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Figure 2: The relationship between the presence of milk consumption and the 𝑇-score of the femur (𝑃 = 0.041).

Figure 3 illustrates calcium supplementation in relation to
dietary calcium intake. The recommended daily allowance of
1000 to 1500 mg calcium was fulfilled in as low as 34.5% of
treated patients only. In the majority of osteoporotic patients,
total daily calcium intake was below this target or exceeded it
substantially.

4. Discussion
The Ca-Intake.hu study was the first Hungarian project to
evaluate daily calcium intake in osteoporotic patients. Earlier,
only Biró et al. have published data on Hungarian healthy
adolescents [16]. According to their findings, daily calcium
intake is as low as 800 mg in boys and 700 mg in girls. In
France, for example, it is 754 mg—that is, half of the rec-
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Figure 3: The relationship between calcium intake from supplementation and from dietary sources. Note. The recommended RDA of
1000 to 1500 mg total calcium intake is met in approximately 34.5%
of patients only. In the majority of subjects, total daily calcium intake
is either below or above the recommended range.

ommended RDA—among urban dweller women with postmenopausal osteoporosis [17]. Our analysis of dietary calcium intake in more than 8000 patients, which is an outstandingly large population even in international comparison, has
supplied evidence confirming that calcium intake among
osteoporotic patients in Hungary is even lower than most of
the published data.
Additionally, the Ca-Intake.hu study supplied information on average daily calcium intake from supplements,
which was 558 mg. In view of the dietary intake, this amount
of calcium results in an adequate total calcium intake in the
lesser proportion (34.5%) of patients only, and it is below or
well above the recommended in the majority of osteoporotic
patients. This finding is probably a consequence of routinely
handled calcium supplementation doses. This practice can
be seen even in clinical pharmacology trials conducted in
osteoporosis. The study protocol only rarely prescribes the
appraisal of calcium intake along with the consequential
adjustment of supplementation. Not withstanding the conflicting data, 1000 to 1500 mg/day calcium and 800 to 1000 IU
vitamin D in combination are likely to increase bone mass
and mitigate fracture risk effectively [18–21]. Actually, suboptimal dosing with calcium could be a potential explanation
for the findings from the international studies that failed to
demonstrate the beneficial effect of calcium and vitamin D
supplementation either on bone mass or on of fracture prevention. In the RECORD study [8], the unfavorable results are
attributable to poor patient compliance; however, the underdosing of calcium supplementation is just as deleterious.
Moreover, it should be kept in mind that excessive calcium
intake can increase the number of bone fractures [22] as well
as the incidence of prostate cancer in males [23].
In our study, milk consumption correlated with BMD of
the total femur, whereas calcium from other foods or total

daily calcium intake had no such relationship. The opposite
holds true for the bone density of lumbar vertebrae which was
not related to milk consumption but showed a positive correlation with the cumulative dose of calcium from dietary
intake and from supplementation. Others reported contrary
findings in adolescents: bone densitometry of the lumbar
spine (without appraisal of the femur) showed a significant
relationship (mediated by insulin-like growth factor 1/IGF-1/)
between BMD and milk consumption, but not with calcium
from other dietary sources [24]. Potential explanations for
these findings include the concomitant intake of additional
nutrients (such as magnesium) and proteins present in milk.
IGF-1, as well as milk proteins have been shown to exert
an anabolic effect on bone. IGF-1 increases the number and
enhances the activity of osteoblasts, while stimulating collagen synthesis by these cells [25]. The beneficial effect of milk
consumption as well as of treatment with the extract of the
milk basic protein fraction on bone turnover (both in cortical
and in trabecular substance) in adolescents as well as in adult
or elderly women have been reported by others [24, 26, 27]—
although contradicting data also exist [28]. The STRAMBO
study, for example, showed in males under the age of 65 a
harmful effect of a daily calcium intake less than 600 mg both
on cortical and on trabecular bone [29].
Our study also has several limitations. The study results
inherited a limitation from the questionnaire distribution.
At the beginning of the study, no sample size calculation was
made, so this resulted in an unbalanced distribution of
patient numbers from each Hungarian region. Though these
limitations apply, the relatively high sample size strengthens
the power of the study. The questionnaire design itself leads to
concerns about our results. Data entry and cleaning efforts
had been made to identify and clean the strike throughs of
weekly/daily frequencies. The one-time questionnaire
method should be replaced by digital questionnaire or a
week-long food and drink logging in the future to avoid
biases resulting from the patient’s situation being interviewed
personally by their physician. Another limitation is caused
by the exact definition of food quantities for that we have to
define more robust method to ensure that all patients
understand the objective food amounts. Strait methods of
measuring calcium intake via water and other drinks should
also be determined for the future. In conclusion, these
limitations do not affect our main finding about the
inappropriate methodology in the field of calcium supplementation.
As confirmed by the Ca-Intake.hu study, the bone density
of lumbar vertebrae positively correlated with the total daily
intake of calcium from food and from supplementation. Boonen et al. [18] processed the results of six randomized clinical
studies involving 45,000 patients and found an 18% reduction
of hip fractures with calcium and vitamin D supplementation.
The ICARO study [30] was the first to demonstrate that the
lack of compliance with calcium and vitamin D regimens
reduces the antifracture efficacy of antiosteoporotic therapies,
compared to that seen in controlled studies (and in combination with adequate calcium and vitamin D supplementation).
Thus, any of the tested antiosteoporotic agents can achieve its
maximum effect only in the presence of calcium and vitamin
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D sufficiency. According to the findings of the Ca-Intake.hu
study, the level of vitamin D supplementation in Hungary
is on par with that recommended by current international
guidelines.

5. Conclusion
In conclusion, calcium intake in Hungarian osteoporotic
patients is much lower than the current recommendation,
while routinely applied calcium supplementation will result
in inappropriately high calcium intake in numerous patients.
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Körmöczy, Mária Köteles, Klára Kucsera, Enikő Kulcsár,

7
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M. Kärkkäinen, M. Tuppurainen, K. Salovaara et al., “Effect
of calcium and vitamin D supplementation on bone mineral
density in women aged 65–71 years: a 3-year randomized
population-based trial (OSTPRE-FPS),” Osteoporosis International, vol. 21, no. 12, pp. 2047–2055, 2010.
K. Salovaara, M. Tuppurainen, M. Kärkkäinen et al., “Effect
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Objective. To demonstrate the role of Wnt/𝛽-catenin canonical pathway in postmenopausal osteoporosis by evaluating serum 𝛽catenin levels in patients with postmenopausal osteoporosis and analyzing their possible relationship with serum OPG, RANKL,
the ratio of RANKL/OPG, sclerostin, and bone turnover markers. Methods. 480 patients with postmenopausal osteoporosis and 170
healthy postmenopausal women were enrolled in the study. Serum 𝛽-catenin, OPG, RANKL, and sclerostin levels were measured
by enzyme-linked immunosorbent assay. Bone status was assessed by measuring bone mineral density and bone turnover markers.
Estradiol levels were also detected. Results. Serum 𝛽-catenin levels were lower in postmenopausal osteoporotic women compared
to nonosteoporotic postmenopausal women (26.26 ± 14.81 versus 39.33 ± 5.47 pg/mL, 𝑃 < 0.001). Serum 𝛽-catenin was positively
correlated with osteoprotegerin (𝑟 = 0.232, 𝑃 < 0.001) and negatively correlated with the ratio of RANKL/OPG, body mass index,
and sclerostin (𝑟 = −0.128, 𝑃 = 0.005; 𝑟 = −0.117, 𝑃 = 0.010; 𝑟 = −0.400, 𝑃 < 0.001, resp.) in patients with postmenopausal
osteoporosis. Conclusion. The results indicate that lower serum 𝛽-catenin and concomitantly higher ratio of RANKL/OPG may be
involved in the pathogenesis of postmenopausal osteoporosis. Functional communication between RANKL/RANK/OPG system
and Wnt pathways plays an important role in postmenopausal osteoporosis.

1. Introduction
Postmenopausal osteoporosis (PMOP) is a highly prevalent
disease, characterized by reduced bone mass, leading to
increased bone fragility and fracture risk, caused by estrogen
deficiency. A lot of recent reports provide evidence that
the Wnt/𝛽-catenin (canonical) signaling, one of the three
known pathways of Wnt signaling, may be implicated in
pathogenesis of postmenopausal osteoporosis. The Wnt/𝛽catenin pathway is essential for normal osteogenesis [1–3].
The Wnt/𝛽-catenin canonical pathway is modulated by a
number of factors that include Dickkopf (Dkk-1) and sclerostin, which compete with the Wnt/𝛽-catenin for binding
to LRP5/6, disrupting (Dkk-1) or antagonizing (sclerostin)
LRP5/6 mediated Wnt signaling [4]. Receptor activator of
NF-𝜅B ligand (RANKL) is highly expressed on the surface of
bone marrow stromal cells (BMSCs) and preosteoblasts [5].
When RANKL binds to RANK, osteoclast differentiation and

function are enhanced [6]. Osteoprotegerin (OPG), produced
by BMSCs and osteoblasts, is a soluble decoy receptor to
inhibit RANK-RANKL-mediated osteoclastogenesis [7, 8].
de Toni et al. reported that OPG expression is regulated by 𝛽catenin in colon cancer cells [9]. Recent evidence implicated
that sclerostin, a major Wnt/𝛽-catenin antagonist, stimulates
expression of RANKL [10, 11]. Based on recent studies,
we hypothesize that some relationships may exist between
Wnt/𝛽-catenin signaling and RANKL/RANK/OPG system in
PMOP.
To demonstrate the role of Wnt/𝛽-catenin canonical
pathway in postmenopausal osteoporosis, we evaluated the
levels of serum 𝛽-catenin, OPG, RANKL, sclerostin, and bone
turnover markers in postmenopausal osteoporotic patients
and compared them to those in postmenopausal nonosteoporotic women. In addition, we analyzed the relationships
of 𝛽-catenin with OPG, RANKL, the ratio of RANKL/OPG,
sclerostin, and bone turnover markers.

2

2. Subjects and Methods
2.1. Study Population. Our cross-sectional study included
480 postmenopausal women with osteoporosis and 170
healthy postmenopausal women as a control group. According to the principle of statistics, the PMOP patients were
enrolled from 4 hospitals (2 in Hubei province, 1 in Jiangxi
province, and 1 in Jilin province in China) by advertisement
recruiting during the period of December 2009 and March
2012 in China. Eligible PMOP participants were required to
have a natural menopausal history of 2–10 years and a BMD
T-score of <−2.5 at the lumbar spine using dual-energy Xray absorptiometry (DXA). Exclusion criteria were as follows: (1) treatment with calcitonin, bisphosphonates, raloxifene, estrogen, or estrogen/progestogens within 12 months,
(2) coexistence of any other metabolic bone disease except
for osteoporosis, (3) severe chronic disease, including malignancy, (4) medication that could affect bone metabolism,
(5) previous radiation therapy, and (6) abnormal liver and
kidney function tests. Healthy postmenopausal women were
enrolled from physical examination center in Union Hospital,
Tongji Medical College, Huazhong University of Science
and Technology. After a medical examination, they were
excluded from osteoporosis and other diseases affecting bone
metabolism. The protocol was approved by the responsible
Clinical Trial Ethics Committee. Written informed consent
was obtained from each participant.
2.2. Clinical Evaluation. In all subjects, we measured height
and weight and calculated body mass index (BMI) using
the Quetelet formula (weight in kilograms divided by the
square of height in meters). Bone mineral density (BMD)
was measured for the anteroposterior lumbar spine (L1–L4)
by dual-energy X-ray absorptiometry (DXA) (Lunar Prodigy
Advance; GE Healthcare, Madison, WI, USA). A control
phantom was scanned every day, and all DXA measurements
were performed by experienced operators in every hospital.
Osteoporosis was defined as a T-score of <−2.5 at the lumbar
spine.
2.3. Laboratory Data. Venous blood samples were taken
in the morning between 8:00 AM and 9:00 AM after an
overnight fast. The samples were centrifuged for 10 minutes at
approximately 3000 r/min within 30 minutes, and the serum
was separated and stored at −80∘ C prior to analysis.
Serum 𝛽-catenin, RANKL, OPG, and sclerostin levels
were measured by enzyme-linked immunosorbent assay
(ELISA, Yanhui biotechnology Co., Ltd., Shanghai, China).
According to the manufacturer’s instructions, the minimum
detectable amount of human 𝛽-catenin and OPG kit was less
than 1.0 pg/mL. The minimum detectable amount of human
sclerostin and RANKL kit was less than 1.0 pmol/L. Intraand interassay coefficients of variation were less than 15%.
No significant cross-reactivity or interference was observed.
Serum 𝛽-isomerized C-terminal crosslinking of type I collagen (CTX), intact N-terminal propeptide of type I collagen
(PINP), N-mid fragment of osteocalcin (N-MID-OT), and
25-hydroxyvitamin D (25(OH)D) levels were measured using
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automated Roche electrochemiluminescence system. Serum
estradiol levels were measured by electrochemiluminescence
system in the Department of Nuclear Medicine. Intra- and
interassay variations were <6% in our laboratory.
2.4. Statistical Analysis. All data for continuous variables
were described as mean ± SD. Serum levels of 𝛽-catenin and
other parameters between patients and controls were compared by independent-samples t-test. Spearman’s coefficient
of correlation was used for correlation between serum levels
of 𝛽-catenin and other parameters in both groups. Multiple
regression analysis was used to determine the influence of one
independent variable after correcting for others. All statistics
were analyzed using SPSS 16.0 software. A 𝑃 value of less than
0.05 was considered statistically significant in all tests.

3. Results
The main characteristics and laboratory data of the study
population were listed in Table 1. There was no statistically
significant difference between patients and controls for age,
weight, height, and BMI. CTX and PINP serum concentrations were higher in postmenopausal osteoporotic women
than in nonosteoporotic postmenopausal women. There was
no significant difference between patients and controls for
serum estradiol levels, N-MID-OT levels, 25(OH)D levels,
and OPG levels. The differences for 𝛽-catenin, sclerostin, and
RANKL levels between two groups were significant, with 𝑃 <
0.001.
We examined the correlations between serum 𝛽-catenin
levels and various parameters in patients and controls. As
shown in Table 2, serum 𝛽-catenin levels were positively
correlated with OPG and negatively correlated with sclerostin, the ratio of RANKL/OPG, BMI, and BMD. No
correlation between serum 𝛽-catenin and age, estradiol, NMID-OT, 25(OH)D, CTX, PINP, and RANKL was found.
No correlation between serum 𝛽-catenin and other parameters was observed in control group. A multiple regression
analysis was performed to check correlations among the
potential determinant variables. 𝛽-catenin was designated as
the dependent variable, whereas age, BMI, BMD, estradiol,
N-MID-OT, 25(OH)D, CTX, PINP, sclerostin, OPG, and
RANKL were included as independent variables. In this
analysis, BMD, PINP, sclerostin, and OPG were found to be
independent predictors of serum 𝛽-catenin levels in PMOP,
after adjusting for age, BMI, estradiol, N-MID-OT, 25(OH)D,
CTX, and RANKL (Table 3). Scattered dots (Figures 1, 2, 3,
and 4) showed the correlations of serum 𝛽-catenin levels
with OPG, RANKL, the ratio of RANKL/OPG, and sclerostin,
respectively.

4. Discussion
The adult skeleton undergoes continuous remodeling
through tight coupling of opposing bone-resorbing osteoclasts and bone-forming osteoblasts. The contributing elements to the function of bone homeostasis are regulated
hierarchically through a series of cell signals, cross-talk, and

International Journal of Endocrinology

3

Table 1: The characteristics and laboratory data of patients and
controls.
PMOP group
Number
480
Age (years)
58.55 ± 3.55
Weight (kg)
59.43 ± 4.92
Height (m)
1.54 ± 0.05
24.92 ± 1.66
BMI (kg/m2 )
0.817 ± 0.073
BMD (g/m2 )
T-score
−3.196 ± 0.599
Estradiol (pmol/mL)
36.63 ± 15.23
N-MID-OT (ng/mL)
16.49 ± 5.96
25(OH)D (ng/mL)
14.68 ± 4.93
CTX (ng/mL)
0.410 ± 0.086
PINP (ng/mL)
51.69 ± 9.05
𝛽-catenin (pg/mL)
26.26 ± 14.81
Sclerostin (pmol/L)
38.79 ± 7.43
OPG (pg/mL)
155.07 ± 91.06
RANKL (pmol/L)
158.10 ± 94.53
Ratio of RANKL/OPG 1.60 ± 1.76

Control group
170
58.47 ± 3.52
59.33 ± 4.63
1.55 ± 0.05
24.73 ± 1.63
0.997 ± 0.073
−1.638 ± 0.542
38.59 ± 16.08
16.19 ± 5.81
14.74 ± 4.76
0.323 ± 0.065
46.03 ± 10.10
39.33 ± 5.47
52.86 ± 6.69
157.92 ± 71.67
116.03 ± 54.89
0.87 ± 0.45

𝑃
0.813
0.823
0.277
0.190
<0.001
<0.001
0.157
0.564
0.893
<0.001
0.005
<0.001
<0.001
0.679
<0.001
<0.001

Data for continuous variables are presented as mean ± SD.

Table 2: Associations of serum 𝛽-catenin with other parameters in
PMOP group and control group.

Age
Weight
Height
BMI
BMD
T-score
Estradiol
N-MID-OT
25(OH)D
CTX
PINP
Sclerostin
OPG
RANKL
Ratio of RANKL/OPG

PMOP group
𝑅
𝑃
−0.029
0.525
−0.038
0.400
0.038
0.402
−0.117
0.010
−0.207
<0.001
−0.195
<0.001
0.033
0.470
0.070
0.125
−0.031
0.493
0.050
0.277
0.033
0.469
−0.400
<0.001
0.232
<0.001
0.067
0.143
−0.128
0.005

Control group
𝑅
𝑃
−0.080
0.301
−0.048
0.536
−0.078
0.312
0.036
0.641
−0.081
0.294
−0.085
0.272
−0.085
0.269
−0.047
0.542
−0.004
0.956
0.013
0.862
−0.018
0.811
0.145
0.060
0.112
0.145
0.134
0.081
0.032
0.674

The table shows Spearman’s correlation coefficients (𝑅) and associated P
values (P) in PMOP group and in control group.

cascades, essentially focused on members of the tumour
necrosis factor superfamily RANKL and its receptors,
RANK and OPG [12–14]. During normal bone remodeling,
RANKL binds to the RANK transmembrane receptor
on osteoclast precursors and induces differentiation and
activation. OPG, also produced by BMSCs and osteoblasts,
is a soluble member of the tumor necrosis factor receptor
family (TNFR family), inhibits the differentiation and fusion
of the osteoclastic precursor cells, and blocks the activation

of mature osteoclasts [15]. When RANKL binds to RANK,
osteoclast differentiation and function are enhanced [6].
Thus, targeting the RANKL/RANK/OPG system should
produce potent effects on osteoclast differentiation and
function [6]. Recent findings have shown that the Wnt/𝛽catenin canonical pathway in osteoblasts/stromal cells suppresses osteoclastogenesis through the upregulation of OPG
expression and the downregulation of RANKL expression
[16, 17].
The cross-sectional study confirms that 𝛽-catenin is
detectable in human serum, as observed very recently by
Gaudio et al. in patients with type 2 diabetes mellitus
(T2DM) [18], and indicates that patients with PMOP have 𝛽catenin serum levels lower than controls. 𝛽-catenin, a pivotal
signaling molecule of the Wnt pathway, has been shown to
be important in osteoblast differentiation, proliferation, and
apoptosis [19]. Overexpression of 𝛽-catenin increased Wnt
signaling activity [20]. Lower 𝛽-catenin levels may reflect the
lower Wnt signaling activity in our PMOP cohort. Recent
evidence has indicated that the Wnt/𝛽-catenin pathway
plays an important role in skeletal development and growth
[21, 22], particularly in bone mass acquisition, remodeling,
differentiation, and maintenance [23, 24]. The mechanisms
are still unclear and being explored. The importance of the
canonical pathway in bone biology has been emphasized by
the identification of a link between bone mass and mutations
in the LRP5 gene [25]. Loss-of-function mutations in LRP5
reduce the number of osteoblasts and cause osteoporosis
[25, 26]. Canonical Wnts (Wnt3a) bind to the receptor
complex of Frizzled and LRP5 or LRP6, inhibit GSK-3𝛽, and
promote the accumulation of 𝛽-catenin in osteoblasts [27].
The accumulated 𝛽-catenin translocates into the nucleus and
together with TCF/LEF induces the expression of OPG to
inhibit RANK-RANKL-mediated osteoclastogenesis [28]. In
our study, we detected higher RANKL serum concentration
and concomitantly similar OPG serum concentration at the
protein levels in PMOP patients compared to controls. This
suggested that there was a more seriously impaired balance
between osteoblastic bone formation and osteoclastic bone
resorption in patients with PMOP. In our study, we found
a significant negative correlation between 𝛽-catenin and the
ratio of RANKL/OPG. It suggested that some cross-links
were present between Wnt/𝛽-catenin signaling pathway and
RANKL/RANK/OPG system and provided evidence that
increased RANKL/OPG expression was related to reduction
of Wnt/𝛽-catenin signaling activity in PMOP.
We also found a significant negative correlation between
𝛽-catenin and sclerostin, which in fact agrees with a
major contribution of sclerostin to the impairment of the
Wnt/𝛽-catenin signaling pathway in this setting. The pattern
was unchanged in a multiple regression model. Sclerostin,
an osteocyte-derived and -secreted glycoprotein, has been
shown to influence the activity of Wnt signaling pathways
[29]. The mechanism is not completely understood. According to the current knowledge, sclerostin antagonizes the
canonical Wnt pathway by preventing the formation of the
Wnt-Frizzled-LRP5 complex by competitively binding to
LRP6 and LRP5, transmembrane proteins that together with
Frizzled receptors mediate the actions of Wnts [4, 30–33].
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Table 3: Result for multiple regressions in PMOP group and in control group.
𝐵
−0.059
−0.312
−18.870
−0.011
0.173
0.024
−3.369
−0.169
−0.684
0.047
0.011

Age
BMI
BMD
Estradiol
N-MID-OT
25(OH)D
CTX
PINP
Sclerostin
OPG
RANKL

SE
0.171
0.364
9.533
0.040
0.103
0.122
7.680
0.069
0.089
0.007
0.006

PMOP group
𝛽
−0.014
−0.035
−0.093
−0.011
0.070
0.008
−0.020
−0.103
−0.343
0.291
0.073

𝑡
−0.348
−0.859
−1.979
−0.279
1.682
0.197
−0.439
−2.451
−7.721
7.174
1.836

𝐵
−0.097
0.331
−3.708
−0.030
0.010
−0.004
−7.431
−0.025
0.106
0.003
0.014

Sig.
0.728
0.391
0.048
0.780
0.093
0.844
0.661
0.015
<0.001
<0.001
0.067

SE
0.126
0.269
5.920
0.029
0.083
0.099
8.829
0.047
0.067
0.008
0.008

Control group
𝛽
−0.063
0.098
−0.050
−0.087
0.011
−0.003
−0.088
−0.046
0.130
0.036
0.136

𝑡
−0.775
1.229
−0.626
−1.014
0.126
−0.039
−0.842
−0.526
1.599
0.349
1.676

Sig.
0.439
0.221
0.532
0.312
0.900
0.969
0.401
0.600
0.112
0.727
0.096
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Figure 1: Univariate correlation (Spearman analysis) between 𝛽-catenin and OPG serum levels in PMOP patients ((a) 𝑟 = 0.232, 𝑃 < 0.001)
and controls ((b) 𝑟 = 0.112, 𝑃 = 0.145).

Beyond that, sclerostin was found to interact with several
other Wnt pathway regulatory molecules such as secreted
Frizzled related protein 4 (sFRP4), casein kinase II, and
TRAF2- and NCK-interacting kinase [34–37].
Both CTX and PINP significantly increased in PMOP
cohort, confirming that higher bone turnover took place in
this population compared to controls. However, no association between the 𝛽-catenin and CTX and the PINP was
observed in both the PMOP group and the control group.
Furthermore, we observed no correlation of serum 𝛽-catenin
levels with age. Different from our findings, the recent report
by Gaudio et al. [18] showed that there were significant
correlations of serum 𝛽-catenin levels with age and serum
sclerostin levels in T2DM patients and with age in controls.
These discrepancies may be related to differences in the
population characteristics. Our cohort in the study was
limited to postmenopausal women with the age of 50.5–65.5
years old.

In our PMOP cohort, it is difficult to explain the
negative correlation of serum 𝛽-catenin levels with lumbar
spine BMD. For the contradictory phenomenon, the rational explanation would be that 𝛽-catenin is increased in a
compensatory manner. Another interesting thing was that
we observed a negative correlation between serum 𝛽-catenin
and BMI. The result may be related to the role of Wnt/𝛽catenin signaling on inhibiting adipogenesis of mesenchymal
precursors [38, 39].
In our control group, we found no associations of 𝛽catenin with OPG and the ratio of RANKL/OPG. We hypothesized that the function communication between Wnt/𝛽catenin signaling and RANKL/RANK/OPG system was not
established in postmenopausal non-osteoporosis women.
The study has some limitations. It was a cross-sectional
design, and the causative nature of the associations between
𝛽-catenin, RANKL/OPG, and other variables cannot be
established. We analyzed serum 𝛽-catenin, RANKL/OPG
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Figure 2: Univariate correlation (Spearman analysis) between 𝛽-catenin and RANKL serum levels in PMOP patients ((a) 𝑟 = 0.067, 𝑃 =
0.143) and controls ((b) 𝑟 = 0.134, 𝑃 = 0.081).
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Figure 3: Univariate correlation (Spearman analysis) between 𝛽-catenin and RANKL/OPG serum levels in PMOP patients ((a) 𝑟 = −0.128,
𝑃 = 0.005) and controls ((b) 𝑟 = 0.032, 𝑃 = 0.674).

levels which may not be sensitive enough to reflect their
expression in bone cells.

5. Conclusions
Given the existence of multiple pathogeneses of PMOP,
the recognition of the role of Wnt/𝛽-catenin signaling on
bone metabolism has stimulated a number of studies on the
effects of this signaling on treatment of PMOP. However,
the effects of Wnt signaling on bone metabolism and the
involved molecular mechanisms remain unclear. According to our findings, functional communication between
RANKL/RANK/OPG system and Wnt/𝛽-catenin signaling
pathway plays an important role in postmenopausal osteo-

porosis. Targeting the Wnt/𝛽-catenin signaling to change the
ratio of RANKL/OPG to alter bone turnover can potentially
provide an approach for postmenopausal osteoporosis therapy.
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Schizophrenia is one of the most common global mental diseases, with prevalence of 1%. Patients with schizophrenia
are predisposed to diabetes, coronary heart disease, hypertension, and osteoporosis, than the normal. In comparison with
the metabolic syndrome, for instance, there are little reports about osteoporosis which occurs secondary to antipsychoticinduced hyperprolactinaemia. There are extensive recent works of literature indicating that osteoporosis is associated with
schizophrenia particularly in patients under psychotropic medication therapy. As osteoporotic fractures cause significantly
increased morbidity and mortality, it is quite necessary to raise the awareness and understanding of the impact of antipsychoticinduced hyperprolactinaemia on physical health in schizophrenia. In this paper, we will review the relationship between
schizophrenia, antipsychotic medication, hyperprolactinaemia, and osteoporosis.

1. Introduction
Schizophrenia is one of the most common global mental
diseases, with prevalence of 1%. It is a major cause of
disability and affects patients in the quality of life and work
as well as interpersonal and self-care functioning. Moreover,
the schizophrenic are under an increased threefold risk of
premature death and shortened life expectancy of 10–20 years
[1–3]. As the improvement psychosis treatments, there has
been an increasing awareness of the need for high quality
physical health care for the schizophrenic [4].
Compared to the increasingly significant recognition
and management of obesity and metabolic problems, the
appreciation of bone health has lagged behind. Osteoporosis
is characterized by decreased bone stiffness, as signified by
low bone mineral density (BMD), vertebral or nonvertebral
fragility fractures, and disruption of bone microarchitecture.
It is a significant health problem afflicting the global people
[5, 6], and the female cases were more than male ones (5:2)
older than 50 years of age, which brings about a disease
burden of around £1.8 billion in the UK and £30 billion
in whole Europe [7]. Although the high incidence rate of
osteoporosis and osteoporotic fractures in the schizophrenic

patients was first reported about 20 years ago [8–10], related
reports about the increased risk of osteoporotic fracture and
earlier onset of osteoporosis in the schizophrenic patients are
seldom published [11]. Recently, many papers have presented
convincing evidence that decrease of bone mineral density is
related to schizophrenia particularly in patients treated with
psychotropic medication [12–15].
In this paper, we will review the osteoporosis epidemiology and risk factors of schizophrenia to investigate whether
antipsychotics can contribute to the development of osteoporosis. Our discussion focuses on the possible mechanisms
involved and the clinical implications of such a relationship.
And some prevention measures for osteoporosis in the
schizophrenic will bring forth.

2. Epidemiology of Osteoporosis
in Schizophrenic Patients
Comparing to normal people, patients with chronic schizophrenia actually show an exceedingly high prevalence of osteoporosis and bone fracture, and there have been a large
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amount of reports which indicate that bone mineral density decreased markedly in them [16, 17]. For instance, a
study comparing ultrasound bone mass in 73 patients with
schizophrenia on antipsychotic therapy with a matched number of healthy controls demonstrated increased bone loss in
the former [18]. In addition, a UK General Practice Research
Database study including 29,889 matched controls reported a
statistically significant association between prolactin-raising
antipsychotics and fractures; it showed that the relative risk of
fracture at any site was increased 2.5-fold in premenopausal
women with psychotic disorders, while hip fracture rates
were increased 5.1-fold and 6.4-fold in older women and
men, respectively, [19]. A Danish study also found a 1.2fold increased fracture risk in those taking antipsychotics
[20], while a Dutch population-based case-control study
reported a 1.68-fold and 1.33-fold increased risk for hip or
femur fracture for current and past users of antipsychotics,
respectively [12]. Furthermore, a large case control analysis,
including 22,250 hip/femur fractures with an equal number
of controls, provided evidence that patients on antipsychotics
were at an increased risk of hip/femur fractures, regardless of
the antipsychotic drug prescribed [16].

3. Risk Factors for Osteoporosis
in Schizophrenic Patients
Since such a high incidence of osteoporosis in schizophrenia,
we should consider the possible risk factors involved and the
clinical implications of such a relationship. The risk factors
can be grouped into genetic and modifiable risk factors.
3.1. Genetic Risk Factors. Genetic risk factors include female
sex, old age, White or Asian race, or family history of osteoporosis [21]. In a study carried out in 2006 with schizophrenic
patients treated with haloperidol, Jung et al. obtained results
that female patients, instead of the male, showed significantly
lower BMD, using densitometry techniques by DEXA (dualenergy X-ray absorptiometry), than the normal controls
in all bone regions studied. Therefore, BMD loss in in
schizophrenic patients tended to differ by gender [22]. But the
result is in disagreement with several studies of psychiatric
patients, which significantly found lower bone mineral density in men than in women associated with neuroleptic use
[23, 24]. These gender differences may owe to the age differences in onset of schizophrenia [25]; that is to say, men have
an age at onset approximately 5 years younger than that in
women, and illness-related factors including medication will
therefore have a longer-lasting impact on male patients. An
alternative explanation suggested by Hummer and Huber is
that women with schizophrenia take better care of themselves
with regard to adequate nutrition and exercise than men and
therefore have less osteoporosis [26]. Bone density in elderly
persons is highly relevant to the risk of osteoporotic fracture
was recognized by many years ago [27]. Ethnicity and family
history of osteoporosis are important factors influencing
the incidence of osteoporosis; also, Cauley reported rates of
fragility fracture differ depending on race/ethnicity and are
typically higher among those of White race [28]; Rybakowski
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et al. improved the functional polymorphism −1149 G/T
(rs1341239) of the prolactin gene, and the G allele was
associated with a diagnosis of schizophrenia in antipsychoticinduced osteoporosis [29].
3.2. Modifiable Risk Factors. Modifiable risk factors include
low body mass index (<20–25 m/kg2 ), smoking, physical
inactivity, poor dietary calcium intake, vitamin D deficiency,
symptoms of the disease, and certain psychotropic medications [21, 30]. Liu et al. recently conducted a systematic review
on osteoporosis risk factors in men and determined that the
most important risk factors include age over 70 years old and
low body mass which was in the general population [31]. The
similar result was found by Hummer et al. in schizophrenia
patients [23]. Smoking is particularly another important risk
factor in schizophrenia, as much as 64% of patients with
it have been known to smoke on a daily basis [32]. It was
first recognized as a risk factor for osteoporosis in the mid1970s [33], Law and Hackshaw conducted a meta-analysis
and report a strong correlation between cigarette smoking
and low BMD or hip fracture in postmenopausal women;
they reported that one in eight fractures is accountable
to smoking and that smoking increases lifetime risk of
osteoporotic fractures from 12% to 19% in women up to
the age of 85 years and from 22% to 37% to the age of
90 years [34]. The influence of physical inactivity on bone
mineral density might be a consequence of the behavior
of patients caused by negative, depressive. Patients with
negative and depressive symptoms are likely to be physically
inactive and show less tendency to go outside, which could
in turn lead to lower 25-hydroxy-vitamin D3 levels while 25hydroxy-vitamin D3 is a determinant of BMD in children
and adolescents [35]. Positive symptoms such as paranoid
delusions, on the other hand, can lead to an erratic intake of
food, leading to nutritional deficits, as well as poor dietary
calcium intake, vitamin D deficiency. Both types of behavior,
therefore, could have a negative impact on bone mineral
density.

4. Antipsychotic-Induced
Osteoporosis and the Mechanism
Except an increased prevalence of traditional risk factors,
such as reduced physical activity, increased smoking, reduced
calcium and vitamin D intake, as well as disease-specific
factors, and certain psychotropic medications (Figure 1).
4.1. The Physiological of Antipsychotic-Induced Hyperprolactinemia. The mechanisms of antipsychotic-induced osteoporosis are complex, and the most possible one may be the
hyperprolactinemia. Prolactin (PRL) is a 23 kDa polypeptide
hormone secreted by the lactotroph cells of the anterior
pituitary gland. Prolactin homeostasis is the result of a
complex balance between positive and negative stimuli,
deviating from both external and endogenous environments.
Antipsychotics are the most common cause of pharmacologic
hyperprolactinemia, and the majority of antipsychotic agents
cause hyperprolactinemia [36]. There have been many studies
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Figure 1: The physiological of antipsychotic-induced osteoporosis.

that presumed a correlation between the decrease of bone
mineral density found in patients with schizophrenia and
hyperprolactinemia caused by long-term medication with
antipsychotics also [26, 37, 38]. Cross-sectional studies have
indicated that the prevalence of hyperprolactinaemia ranges
from 42–93% in women and 18–72% in men [37]. Most of
conventional antipsychotics can cause prolactin elevation,
Marken reported treatment with conventional antipsychotics
in patients with schizophrenia has been shown to increase
serum prolactin concentrations 5–10 times above that of
healthy control subjects in 1992 [39]. While among atypical
antipsychotics, hyperprolactinaemia is well pronounced with
by risperidone and paliperidone, followed by amisulpride
[40, 41]. In the USA, Montgomery et al. report that hyperprolactinaemia occurred with all antipsychotics in their
trial (risperidone 91%, olanzapine 40%, quetiapine 22%, and
clozapine 11%) [42].
The mechanism of hyperprolactinemia is that antipsychotics block the dopamine D2 receptor of lactotrophs in
the anterior pituitary and the prolactin secretion inhibiting
function and consequently causes hyperprolactinemia [43].
Dopamine, secreted in hypothalamic periventricular zone
(periventricular nucleus and arcuate nucleus) and released
from neuronal projections in the median eminence, reaches
the anterior pituitary gland through portal vessels (system known as “tuberoinfundibular dopamine pathway” or
“TIDA”). The dopamine-mediated inhibition of prolactin
secretion occurs through the binding of D2 receptors on
the membrane of lactotroph cells and involves several signal
transduction systems, resulting in inhibition of prolactin
gene transcription and reduction of prolactin synthesis and
release.

It appears that risperidone and amisulpride are the main
atypical antipsychotics associated with statistically significant increases in serum prolactin. As mentioned previously,
amisulpride and risperidone penetrate the blood brain barrier poorly and, therefore, reach much higher concentrations
in plasma than the CNS [44]. One study demonstrated that
in amisulpride- and risperidone-treated rats, D2 receptor
occupancy was higher in the pituitary (peripheral) than the
striatum (central), with doses of amisulpride sufficient to
induce 25% D2 receptor occupancy at the striatum inducing
100% D2 receptor occupancy at the pituitary gland. This may
explain why amisulpride and risperidone seem to be associated with increased risk of hyperprolactinemia compared
with other antipsychotic drugs such as clozapine, olanzapine,
and quetiapine [45–47]. A positron emission tomography
examination of D2 occupancy in the pituitary and temporal cortex supported this explanation and suggested that
the greater rise in prolactin with risperidone may be due
to the drug elimination from the brain by P-glycoprotein
[48].
4.2. The Consequences of Hyperprolactinaemia. With the
advent of prolactin sparing antipsychotics, ample consideration needs to be given to the physiological consequences
of hyperprolactinaemia in schizophrenic patients. Hyperprolactinaemia has direct effects on the brain and on other
organs. Direct consequences include galactorrhoea. Indirect
consequences of hyperprolactinaemia include oligomenorrhoea or amenorrhoea, erratic or absent ovulation, sexual
dysfunction, reduced bone mineral density, and cardiovascular disease [49].
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Antipsychotics-induced hyperprolactinemia may influence bone metabolism in two ways. On one hand, hyperprolactinemia might directly affect bone turnover by stimulating bone resorption relative to bone formation [50, 51].
When recombinant prolactin was administered to pregnant
rats, there was a 30% decrease of alkaline phosphatase in
the newborn pups, despite normal parathyroid hormone
and calcium concentrations. This appears to result from
a direct suppressive effect of prolactin on rat osteoblast
as demonstrated in primary cell cultures. Histology of the
newborn pup bone showed reduced calvarial bone and
reduced endochondral ossification. By contrast, the increase
ratio of prolactin, which mirrored the increase of lactation
in animal models, is associated with an increase of intestinal
calcium absorption in animal models [52]. As a result, the
calcium homeostasis may be improven. The importance of
prolactin has been further illustrated in the prolactin receptor
mouse knockout, which has marked hyperprolactinaemia
and a decrease in bone formation rate and reduced bone
mineral density, as measured by DXA [53]. The molecular
mechanisms for these direct effects are not fully understood
but may involve RANKL as it has been shown that prolactin
can enhance production of mRNA for RANKL [54].
On the other hand, prolonged hyperprolactinemia may
cause hypogonadotropic hypogonadism [55], resulting in
suppression of gonadotropin-releasing hormone (GnRH)
secretion in the hypothalamus and diminished secretion of
luteinizing hormone (LH) and follicle-stimulating hormone
(FSH) by the pituitary gland, resulting in a diminished
secretion of sex hormones and ultimately in changes in bone
metabolism [56]. Oestrogen is a well-known and prominent
factor in bone metabolism. Hypoestrogenism leads to an
increased risk for osteoporosis. Oestrogen inhibits osteoclastic activity while increasing gene expression in osteoblasts
and increasing the level of type I collagen produced by
osteoblast cells. Furthermore, oestrogen affects the synthesis
of 25-OH-D and the absorption of calcium in the intestine.
By contrast, there are fewer studies of testosterone in the
context of bone metabolism. However, due to its effect on
osteoblastic activity, low levels, of testosterone are correlated with osteopenia and/or osteoporosis. In the same way,
dehydroepiandrosterone (DHEA) and its sulfate (DHEAS),
important androgen as well as oestrogen precursor, are
known to correlate with BMD [57].

5. Prevention and Treatment
Despite the established evidence of antipsychotic-induced
hyperprolactinaemia, and hyperprolactinaemia associated
with osteoporosis, published guidance on the monitoring
and management of elevated prolactin levels in patients
receiving antipsychotic treatment is lacking. The efficacy of
preventive measures and treatment strategies to avoid or treat
osteoporosis and reduce the risk in patients on antipsychotic
medications could be the subject of health strategy studies.
5.1. Recommendations for the Prevention of Osteoporosis. It
should be in line with established preventive measures,
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although there are many risk factors for osteoporosis—
some of which can not be changed, including being female,
being Caucasian or Asian, and having a direct relative who
has had an osteoporotic fracture. However, there are many
risk factors can be addressed, which can allow patients
with schizophrenia to take control of their bone health and
help prevent osteoporosis, including having a well-balanced
diet, making lifestyle changes like stopping smoking, and
minimising alcohol and caffeine intake. Vitamin D therapy
is a recommended clinical practice in patients suffering from
a decrease of bone mineral density [58, 59]. A prophylactic
addition of vitamin D to the treatment of patients with
schizophrenia who suffer from vitamin D deficiency would
avoid loss of bone mineral density [60].
Clinicians should ask questions to detect risk factors
before treatment start and then give patients relevant information. For prolactin-raising antipsychotics, it has been
recommended that patients are questioned on possible
prolactin-related effects until a stabilized dose is achieved
[61]. In addition to the above trial data, Peveler et al. recommended that all patients prescribed antipsychotics should
undergo prolactin screening at initiation of a three-month
treatment [62]. In patients with elevated prolactin levels,
other potential causes of hyperprolactinaemia should be
ruled out [45, 61], several management options are available
to counteract the effects of antipsychotic-induced hyperprolactinaemia [45], Such as dose reduction, switching drug or
adding the partial agonist aripiprazole, that include the use of
dopamine agonists. The addition of a D2 receptor agonist to
an existing antipsychotic treatment is another management
option. The dopamine agonist, bromocriptine, corrects elevated prolactin levels and has been shown to increase mean
bone mineral density [63]. However, bromocriptine may be
associated with adverse effects such as postural hypotension
and gastrointestinal symptoms [45]. Adjunctive aripiprazole,
which is a partial agonist, concomitant treatment may correct
prolactin levels reduced prolactin [64]. Within 12 weeks,
prolactin levels had fallen, and there was improvement in
libido after switched or added aripiprazole to the medication
of 27 patients. In males, both erectile and ejaculatory difficulties improved. In females, menstrual dysfunction was also
significantly improved [65].
5.2. Recommendations for the Treatment of Osteoporosis.
Once diagnosed, treatment of osteoporosis should be initiated in close cooperation with other multidisciplinary teams
in order to reduce falls and prevent fractures. Except safer
exercise options and falls prevention, there are a number of
medications to treat osteoporosis and help reduce the risk of
fractures. Drugs to treat osteoporosis can be grouped into two
categories. The first ones are comprised of agents that limit the
rate of bone loss. These drugs, also known as “anti-resorption
drugs,” may decrease the rate at which osteoclasts reabsorb
bone. The other category of drugs or the so-called “bone
forming drugs” may promote bone formation. Recently, only
antiresorbers are approved in the United States by the FDA
for treating osteoporosis, and none of the drugs in this group
has proven to be effctive yet.
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Bisphosphonates are medications that slow the breakdown and removal of bone (i.e., resorption). This kind of
drugs is widely used for the prevention and treatment of
osteoporosis in postmenopausal women. It is also recommended for men or postmenopausal women with severe
hip or spine osteoporosis. Zoledronic acid or raloxifene may
be suggested for patients who cannot tolerate oral bisphosphonates, or who have difficulty in taking the medication,
including an inability to sit upright for 30 to 60 minutes.
Parathyroid hormone is another medication that can be used
to treat osteoporosis. Oestrogen therapy for the development
and maintenance of bone health has been well documented.
The positive role of oestrogen replacement in prevention and
treatment of osteoporosis among postmenopausal women is
widely accepted, while oestrogen use among premenopausal
females is not yet established as an effective treatment.
Many researchers have identified increases in BMD and
slightly increases the risk of breast cancer, stroke, and blood
clots in premenopausal amenorrheic females treated with
hormone replacement [66, 67]. Due to the incidence of breast
cancer, strokes, blood clots, and heart attacks may increase
in the women who take estrogen; the FDA recommends
that women should take the lowest effective dose for the
shortest period possible. Estrogen should be considered only
in the situation that the patient is at a significant risk for
osteoporosis, while patients who do not have any estrogen
should be considered to take osteoporosis medications as the
first choice.

6. Conclusions
In conclusion, the combined use of typical antipsychotics
including atypical risperidone and amisulpride increases
the incidence of hyperprolactinemia in patients receiving
treatment, which in turn causes a reduction in BMD but an
increased risk of fracture. Evidence suggests that this mechanism of action results through a “direct pathway” in osteoblast
cells independently and more prominently through an “indirect pathway” via hypothalamic-pituitary-gonadal axis [68].
Prolactin screening programs in patients receiving long-term
treatment (>6 months) with these types of antipsychotics
may be necessary, even in the absence of clinical symptoms
relating to hyperprolactinemia, in order to identify those
with the highest risk of developing medication-induced
osteopenia and osteoporosis. Further controlled studies and
adequate guidance are essential to increase awareness and
understanding of the impact of antipsychotic-induced hyperprolactinaemia on physical health in schizophrenia.
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Objectives. Growth hormone deficiency patients exhibited reduced bone mineral density compared with healthy controls, but
previous researches demonstrated uncertainty about the effect of growth hormone replacement therapy on bone in growth hormone
deficient adults. The aim of this study was to determine whether the growth hormone replacement therapy could elevate bone
mineral density in growth hormone deficient adults. Methods. In this meta-analysis, searches of Medline, Embase, and The
Cochrane Library were undertaken to identify studies in humans of the association between growth hormone treatment and bone
mineral density in growth hormone deficient adults. Random effects model was used for this meta-analysis. Results. A total of 20
studies (including one outlier study) with 936 subjects were included in our research. We detected significant overall association
of growth hormone treatment with increased bone mineral density of spine, femoral neck, and total body, but some results of
subgroup analyses were not consistent with the overall analyses. Conclusions. Our meta-analysis suggested that growth hormone
replacement therapy could have beneficial influence on bone mineral density in growth hormone deficient adults, but, in some
subject populations, the influence was not evident.

1. Introduction
The major role of growth hormone (GH) during childhood
is to promote bone growth and linear growth, but GH
continues to have important metabolic actions throughout
life. Besides growth, GH is known to affect body composition,
bone mineralization, and lipid and glucose metabolism [1].
For instance, GH can accelerate bone turnover, which is
supported by several lines of evidence. In vitro studies show
that GH and its major effector, insulin-like growth factor-1
(IGF-1), are both mitogens for osteoblasts [2, 3].
The condition of GH deficiency (GHD) has been accepted
as a definite syndrome, and the clinical and biochemical
abnormalities in GHD patients are also well known. They
involve mainly the cardiovascular system, lipid metabolism,
body composition, mineral metabolism, and quality of

life [4, 5]. For example, adult patients with childhood-onset
or adult-onset GHD exhibit reduced bone mineral density
(BMD) compared with healthy controls [6, 7]. Moreover,
clinical studies have shown that the prevalence of fractures
is 2.7–3 times higher in GHD patients than in age-matched
controls. Data from these studies suggest that the increased
risk may be due to GHD rather than other pituitary hormone
deficiencies [8, 9].
Many studies have demonstrated that the abnormalities of
GHD patients may be reversed by GH replacement therapy,
but the evidence is not all conclusive. In particular, the
effect of GH treatment on BMD is less clear, though it is
well established that GH promotes longitudinal bone growth.
Some studies suggest an improvement in BMD [10], some
show no effect [11], and others suggest a decrease in BMD
related to GH treatment [12]. Moreover, the association
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between GH treatment and BMD may be influenced by
other factors such as gender, treatment time, GH dosage, or
geographic location.
We, therefore, undertook a meta-analysis on the effects of
GH replacement therapy on BMD based on available studies.

2. Methods
2.1. Search Strategy and Inclusion Criteria. We systematically
searched Medline, Embase, and Cochrane Library for studies
written in English (from their commencements to December
2012). The search used the following terms: “growth hormone,” “GH,” “somatotropin,” “bone,” “bone mineral density”
and “BMD.” The following three sites of BMD were included
in this meta-analysis: spine, femoral neck (FN), and total
body (TB).
Studies in humans of the effects of GH treatment on
BMD, regardless of sample size, were included if they met
the following criteria: (1) data were reported on at least one
of the three sites (spine, FN, and TB) of BMD; (2) BMD was
measured by dual-energy X-ray absorptiometry (DXA); (3)
we only included studies in which mean BMD and standard
deviations (SDs), or standard errors (SEs) were available;
(4) adult subjects (>16 years old); (5) subjects were patients
with GHD who received GH treatment. The excluded studies
included reviews, editorials, comments, letters, and abstracts.
2.2. Data Extraction. Two investigators independently
reviewed the articles and selected eligible studies according
to the inclusion criteria for eligible studies. Irrelevant
studies were excluded. For studies with the same population
resources or overlapping datasets, the most complete
one was included. Study details and data were extracted
independently and to a standardized electronic form by two
investigators, and discrepancies were adjudicated by a third
reviewer until consensus was achieved on every item. The
following information was extracted from each study: last
name of first author, year of publication, country, subject
population, mean, BMD and SDs (or SEs) of subjects at
baseline and after GH treatment.
2.3. Statistical Analysis. For this meta-analysis, all data
should be given as mean and SDs. In those studies, where
values of SEs were originally reported, the values of SDs
were calculated. When information was reported for more
than one subpopulation in one study, each subpopulation
was treated as a separate comparison in our meta-analysis.
BMDs in the three sites (spine, FN, and TB) were continuous
outcomes presented on different scales (g/cm2 , 𝑧-scores or 𝑡scores), so we used a pooled standardized mean difference
(SMD) with 95% confidence intervals (CI) calculated using
the final follow-up 𝑃 values to analyze the effects of GH
treatment on BMD. All data were initially analyzed with a
fixed effects model. If heterogeneity was found, the analysis
should be redone using a random effects model. A 𝑃 value of
0.05 was considered statistically significant.
Heterogeneity of the effect across studies was assessed by
𝑄 statistics, which is distributed as 𝜒2 statistics. 𝐼2 statistics
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were provided to quantify the percentage of total variation
across studies that was attributable to heterogeneity rather
than to chance. An 𝐼2 value >50% represented substantial
variability, and heterogeneity was considered to be significant
at 𝑃 < 0.10, a conservative standard for meta-analyses. In
the presence of heterogeneity, sensitivity analyses were performed to identify the outlier studies. The influence of outliers
was also assessed to evaluate the impact of their removal.
Moreover, there might be effective modificationcaused by
study-level characteristics including treatment time, GH
dosage, manufacturer of DXA scanner, and geographic location. Thus, subgroup analyses were further conducted to
detect the source of heterogeneity. Treatment time subgroups
were defined as ≤2 years or >2 years. GH dosage subgroups
were defined as fixed dosage and dosage depending on serum
IGF-1 values. Manufacturer of DXA scanner subgroups was
defined as GE-Lunar or Hologic Inc, since the studies using
other manufacturers of DXA scanner (Norland) are too
few. Geographic location subgroups were defined as Europe,
America, or Oceania.
We performed a visual inspection of the funnel plot
for publication bias. The funnel plot should be asymmetric
when there is publication bias and symmetric in the case of
no publication bias. We performed Egger and Begg tests to
measure the funnel plot asymmetry using a significance level
of 𝑃 < 0.05.
All statistical analyses were performed by using STATA
11.0 (Stata Corporation, College Station, TX, USA). The
results of our research were reported according to the
Preferred Reporting Items for Systematic Reviews and MetaAnalyses (PRISMA) guidelines.

3. Results
3.1. Studies Included in the Meta-Analysis. Our literature
search produced 657 citations written in English, of which
we selected 69 for further review of the full text. A total
of 49 studies were excluded for unavailable or incomplete
data. Finally, 20 unique studies were available for this metaanalysis [10, 11, 13–30]. Of these, 18 studies (included 20
comparisons), 16 studies (included 18 comparisons), and 11
studies (included 12 comparisons) presented data on BMD of
spine, FN, and TB, respectively. Tables 1 and 2 summarized
the characteristics and the data of the included studies.
In all eligible studies, there were 3 studies separately
providing the information on more than one subpopulation.
Each subpopulation was treated as a separate comparison. A
total of 936 subjects were included in this meta-analysis.
3.2. Association between GH Treatment and BMD of Spine.
We initially performedthe meta-analysis on all 18 studies
(including 20 comparisons) with a fixed effects model. For
the presence of significant heterogeneity (𝐼2 = 82.9%), the
analysis wasredone using a random effects model. The results
suggested significant association between GH treatment and
increased BMD of spine (SMD = 0.540, 95% CI [0.272,
0.808], 𝑃 < 0.001; 𝐼2 = 82.9%, 𝑃 < 0.001 for 𝑄 test).
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Study ID

SMD (95% CI)

Hansen et al. (1996)
Johannsson et al. (1996)
Rodrı́guez-Arnao et al. (1998)
Biller et al. (2000)
Lanzi et al. (2003)
Underwood et al. 1 (2003)
Underwood et al. 2 (2003)
Hubina et al. 1 (2004)
Hubina et al. 2 (2004)
Bravenboer et al. (2005)
Arwert et al. (2005)
Boguszewski et al. (2005)
Benedini et al. (2006)
Snyder et al. (2007)
Gotherstrom et al. (2007)
Fideleff et al. (2008)
Conway et al. (2009)
Van den Heijkant et al. (2011)
Elbornsson et al. (2012)
Overall (𝐼2 = 50%, 𝑃 = 0.007)

−0.06 (−0.8, 0.68)
0.26 (−0.16, 0.68)
1.33 (0.58, 2.08)
0.34 (−0.28, 0.97)
0.17 (−0.49, 0.82)
0.22 (−0.62, 1.06)
0.29 (−0.45, 1.04)

0.35 (−0.27, 0.97)
0.53 (−0.1, 1.16)
0.81 (0.34, 1.27)
0.44 (−0.14, 1.03)
0.05 (−0.61, 0.7)
0.43 (−0.38, 1.24)
0.22 (−0.26, 0.71)
0.34 (0.04, 0.64)
1.46 (1.01, 1.91)
0.37 (0.1, 0.64)
0.19 (−0.32, 0.7)
0.28 (0.01, 0.56)
0.43 (0.26, 0.59)

Weight (%)
3.52
6.73
3.45
4.42
4.16
2.94
3.49
4.41
4.36
6.09
4.78
4.17
3.09
5.89
8.55
6.31
9.05
5.62
8.99
100

Note: weights are from random effects analysis

−2.08

0

2.08

(a)
1.5

SMD

1

1.5

0

−0.5
0.2

0

0.4

S.e. of: SMD

(b)

Figure 1: Forest plot and funnel plot for the association between GH treatment and BMD of spine. (a) Forest plot using a random effects
model. (b) Funnel plot using Begg methods.

Sensitivity analyses showed that there was an outlier
study (study ID: Rota et al.). When the outlier study was
omitted, 17 studies (including 19 comparisons) were included
in the meta-analysis. The heterogeneity was decreased and
the results also suggested significant association between GH
treatment and increased BMD of spine (SMD = 0.429, 95%
CI [0.263, 0.594], 𝑃 < 0.001; 𝐼2 = 50.0%, 𝑃 = 0.007 for 𝑄
test) (Figure 1(a)).
To further detect the source of heterogeneity, we performed subgroup analyses stratified by the characteristics
(treatment time, GH dosage, manufacturer of DXA scanner,
and geographic location) of the subjects. The results did not
suggest significant association between GH treatment and

BMD of spine in American subjects (SMD = 0.461, 95% CI
[−0.049, 0.971], 𝑃 = 0.076; 𝐼2 = 76.3%, 𝑃 = 0.001 for 𝑄
test). But a significant association between GH treatment and
increased BMD of spine in the other subgroups was found.
Significant heterogeneity was removed or decreased in some
subgroups. Table 3 summarizes the subgroup analyses results.
3.3. Association between GH Treatment and BMD of FN.
Similarly, we performed the meta-analysis on all 16 studies
(including 18 comparisons) with arandom effects model.
The results suggested significant association between GH
treatment and increased BMD of FN (SMD = 0.476, 95% CI
[0.190, 0.761], 𝑃 = 0.001; 𝐼2 = 83.0%, 𝑃 < 0.001 for 𝑄 test).
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Study ID

SMD (95% CI)

Hansen et al. (1996)
Johannsson et al. (1996)

0 (−0.74, 0.74)

4.5

0.3 (−0.12, 0.72)

6.93

Rodrı́guez-Arnao et al. (1998)

1.67 (0.88, 2.46)

4.2

Biller et al. (2000)

0.15 (−0.47, 0.77)

5.32

Koranyi et al. 1 (2001)

5.42

Koranyi et al. 2 (2001)

0.27 (−0.34, 0.88)
0.25 (−0.36, 0.86)

Lanzi et al. (2003)

0.25 (−0.4, 0.91)

5.07

Hubina et al. 1 (2004)

0.19 (−0.43, 0.81)

5.32

Hubina et al. 2 (2004)

0.65 (0.02, 1.29)

5.2

Bravenboer et al. (2005)

0.75 (0.28, 1.21)

6.55

Arwert et al. (2005)

0.18 (−0.4, 0.76)

5.63

Boguszewski et al. (2005)

0.26 (−0.4, 0.91)

5.07

Snyder et al. (2007)

0.08 (−0.41, 0.56)

6.41

Gotherstrom et al. (2007)

7.94

Fideleff et al. (2008)

0.23 (−0.07, 0.53)
1.46 (1.01, 1.91)

Van den Heijkant et al. (2011)

0 (−0.51, 0.51)

6.21

Elbornsson et al. (2012)

0 (−0.27, 0.27)

8.15

0.38 (0.16, 0.6)

100

2

Overall (𝐼 = 67.8%, 𝑃 = 0)

Weight (%)

5.42

6.67

Note: weights are from random effects analysis
−2.46

0

2.46

(a)
2

SMD

1

0

−1
0

0.1

0.2
S.e. of: SMD

0.3

0.4

(b)

Figure 2: Forest plot and funnel plot for the association between GH treatment and BMD of FN. (a) Forest plot using a random effects model.
(b) Funnel plot using Begg methods.

Sensitivity analyses showed that there was also an outlier
study (study ID: Rota et al.). When the outlier study was
omitted, 15 studies (including 17 comparisons) were included
in the meta-analysis. The heterogeneity was decreased and
the results also suggested significant association between GH
treatment and increased BMD of FN (SMD = 0.377, 95% CI
[0.158, 0.595], 𝑃 = 0.001; 𝐼2 = 67.8%, 𝑃 < 0.001 for 𝑄 test)
(Figure 2(a)).
We also performed subgroup analyses to further detect
the source of heterogeneity. The results did not suggest
significant association between GH treatment and BMD of
FN in subjects treated by GH for ≤2 years (SMD = 0.289, 95%
CI [−0.009, 0.587], 𝑃 = 0.057; 𝐼2 = 51.2%, 𝑃 = 0.045 for 𝑄
test) and American subjects (SMD = 0.501, 95% CI [−0.227,

1.229], 𝑃 = 0.177; 𝐼2 = 86.1%, 𝑃 < 0.001 for 𝑄 test). But
significant association between GH treatment and increased
BMD of FN in the other subgroups were found. Moreover,
the significant heterogeneity was removed or decreased in
some subgroups. Table 4 summarizes the subgroup analyses
results.
3.4. Association between GH Treatment and BMD of TB.
Analogously, we performed the meta-analysis on all 11 studies
(including 12 comparisons) with a random effects model.
The results suggested significant association between GH
treatment and increased BMD of TB (SMD = 0.242, 95% CI
[0.019, 0.466], 𝑃 = 0.034; 𝐼2 = 69.6%, 𝑃 < 0.001 for 𝑄 test)
(Figure 3(a)).
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Study ID

SMD (95% CI)

Weight (%)

−0.22 (−0.96, 0.53)

5.38

Johannsson et al. (1996)

0.02 (−0.39, 0.44)

9.06

Rodrı́guez-Arnao et al. (1998)

1.5 (0.73, 2.27)

5.15

Cuneo et al. (1998)

−0.24 (−0.55, 0.06)

10.63

Biller et al. (2000)

0.17 (−0.45, 0.79)

6.56

Koranyi et al. 1 (2001)

0.45 (−0.16, 1.07)

6.64

Koranyi et al. 2 (2001)

−0.04 (−0.65, 0.56)

6.73

Gotherstrom et al. (2007)

0.21 (−0.08, 0.51)

10.73

Fideleff et al. (2008)

1 (0.58, 1.43)

8.97

Conway et al. (2009)

0.17 (−0.09, 0.44)

11.16

Van den Heijkant et al. (2011)

0.19 (−0.32, 0.7)

7.88

Elbornsson et al. (2012)

0.13 (−0.14, 0.4)

11.1

0.24 (0.02, 0.47)

100

Hansen et al. (1996)

2

Overall (𝐼 = 69.6%, 𝑃 = 0)
Note: weights are from random effects analysis
−2.27

2.27

0

(a)
1.5

SMD

1

0.5

0
−0.5
0

0.2

0.4

S.e. of: SMD

(b)

Figure 3: Forest plot and funnel plot for the association between GH treatment and BMD of TB. (a) Forest plot using a random effects model.
(b) Funnel plot using Begg methods.

Sensitivity analyses showed that there was no outlier
study.
We also performed subgroup analyses to further detect
the source of heterogeneity. The results did not suggest
significant association between GH treatment and BMD of
TB in subjects with treatment time ≤2 years (SMD = 0.159,
95% CI [−0.148, 0.466], 𝑃 = 0.311; 𝐼2 = 68.1%, 𝑃 = 0.004 for
𝑄 test), subjects who received fixed GH dosage (SMD = 0.205,
95% CI [−0.406, 0.816], 𝑃 = 0.512; 𝐼2 = 82.7%, 𝑃 = 0.001 for
𝑄 test), subjects whose BMD was measured by DXA scanner
manufactured by Hologic Inc (SMD = 0.317, 95% CI [−0.101,
0.736], 𝑃 = 0.137; 𝐼2 = 66.8%, 𝑃 = 0.017 for 𝑄 test), subjects
whose BMD was measured by DXA scanner manufactured
by GE-Lunar Inc (SMD = 0.207, 95% CI [−0.083, 0.497], 𝑃 =
0.162; 𝐼2 = 74.8%, 𝑃 = 0.001 for 𝑄 test), European subjects
(SMD = 0.224, 95% CI [−0.015, 0.463], 𝑃 = 0.066; 𝐼2 = 51.2%,

𝑃 = 0.045 for 𝑄 test), American subjects (SMD = 0.618, 95%
CI [−0.200, 1.435], 𝑃 = 0.139; 𝐼2 = 78.9%, 𝑃 < 0.029 for 𝑄
test,) and Oceanian subjects (SMD = −0.028, 95% CI [−0.438,
0.381], 𝑃 = 0.892; 𝐼2 = 75.6%, 𝑃 = 0.043 for 𝑄 test), but as
significant association between GH treatment and increased
BMD of TB in the other subgroups was found. Moreover, the
significant heterogeneity was removed or decreased in some
subgroups. Table 5 summarizes the subgroup analyses results.
3.5. Heterogeneity and Publication Bias. Significant heterogeneity was separately observed among the available studies
on BMD of spine, FN, and TB. To detect the source of
heterogeneity, we performed subgroup analyses stratified by
the characteristics of the subjects. Significant heterogeneity
was removed or decreased in some subgroups but still existed
in other subgroups.

6

International Journal of Endocrinology

Table 1: Patient characteristics in included studies.
References
Hansen et al.,
1996 [13]
Johannsson
et al., 1996 [14]
Rodrı́guezArnao et al.,
1998 [15]
Cuneo et al.,
1998 [16]
Biller et al., 2000
[17]

Countries
Denmark
Sweden
UK
Australia

Study subjects

Criteria of GHD

9 males and 5 females aged
<10 mU/L in
31–57
ITTa
24 males and 20 females aged
<5 mU/L in ITT
23–66
18 males and 17 females aged
21.1–59.9

<10 mU/L in
ITT

50 males and 33 females aged
<5 mU/L in ITT
41.2 ± 1.5

Treatment
time
1 yr

2.0 IU/m2 ⋅day

2 yr

First 4 weeks: 0.1 IU/kg⋅week
Thereafter: 0.25 IU/kg⋅week

1 yr

First 4 weeks: 0.125 IU/kg⋅week
Thereafter: 0.25 IU/kg⋅week

1 yr

USA

38 males aged 48.9 ± 2.0

NAb

1.5 yr

Sweden

28 males and 14 females aged
17–61

NA

5 yr

Lanzi et al., 2003
[19]

Italy

10 males and 8 females aged
17–50

<9 𝜇g/L in
ARGc

0.5 yr

Underwood
et al., 2003 [20]

USA

39 males and 25 females aged
23.8 ± 4.2

Koranyi et al.,
2001 [18]

Hubina et al.,
Hungary
2004 [21]
Bravenboer
The Netherlands
et al., 2005 [22]

11 males and 9 females aged
22–67
38 males aged 20–35

<5 𝜇g/L in
clonidine and
L-dopa
stimulation tests
<3 𝜇g/L in ITT
or ARG
<7 𝜇g/L in ITT
or GHRHd

25 𝜇g/kg⋅day or
12.5 𝜇g/kg⋅day

3 yr

1.2 IU/day (average dose)

5 yr

0.67 mg/m2 ⋅day

10 yr

First 0.5 yr: 1.2 or 3 IU/m2 ⋅day
0.5–2 yr: 2 IU/m2 ⋅day
Then adjusted accordingly to the serum
IGF-I values

1 yr

0.6 IU/day

The Netherlands

23 males aged 20–40

Brazil

7 males and 11 females aged
21–58

<3 𝜇g/L in ITT

Benedini et al.,
2006 [25]

Italy

6 males and 6 females aged
29–54

<9 𝜇g/L in ARG
and GHRH

1 yr

Snyder et al.,
2007 [26]

USA

20 males and 13 females aged
29–54

<2.4 𝜇g/L in
ITT or ARG

2 yr

Gotherstrom
et al., 2007 [27]

Sweden

52 males and 35 females aged
22–74

<3 𝜇g/L in ITT

10 yr

Rota et al., 2008
[28]

Italy

35 males and 29 females aged <9 𝜇g/L in ARG
30–50
and GHRH

2 yr

Fideleff et al.,
2008 [10]

Argentina

22 males and 26 females aged <0.14 pmol/L in
18–66
ITT

4 yr

Conway et al.,
2009 [29]

Australia

65 males and 44 females aged
21.1 ± 2.3

2 yr

Boguszewski
et al., 2005 [24]

<3 𝜇g/L in ITT

First month: 0.125 IU/kg⋅week
Thereafter: 0.25 IU/kg⋅week
Initial dose: 10 𝜇g/kg⋅day
Then adjusted accordingly to the serum
IGF-I values
Initial dose: 0.25 IU/kg⋅week
Then adjusted accordingly to the serum
IGF-I values
Initial dose: 4 𝜇g/kg⋅day
Then adjusted accordingly to the serum
IGF-I values

2 yr

<7 𝜇g/L in ITT
or GHRH

Arwert et al.,
2005 [23]

GH usage

Initial dose: 0.25 mg/day (for men) or
0.4 mg/day (for women)
Then adjusted accordingly to the serum
IGF-I values
Initial dose: 2 𝜇g/kg⋅day
Then adjusted accordingly to the serum
IGF-I values
64 patients: the initial dose was
0.25 IU/kg⋅week and then individualized
23 patients: the dose was individualized
from the start of the treatment
Initial dose: 4 𝜇g/kg⋅day
Then adjusted accordingly to the serum
IGF-I values
Initial dose: 0.1 mg/day
Then adjusted accordingly to the serum
IGF-I values
Initial dose: 0.2 mg/day (for men) or
0.4 mg/day (for women)
Then adjusted accordingly to the serum
IGF-I values
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Table 1: Continued.

Study subjects

Criteria of GHD

Treatment
time

van den
Heijkant et al., The Netherlands
2011 [11]

12 males and 8 females aged
23.9 ± 3.0

<3 𝜇g/L in ITT

2 yr

Elbornsson
et al., 2012 [30]

72 males and 54 females aged
22–74

<3 𝜇g/L in ITT
or GHRH

15 yr

References

a

Countries

Sweden

GH usage
Initial dose: 0.1 mg/m2 ⋅day
Then adjusted accordingly to the serum
IGF-I values
64 patients: the initial dose was
0.25 IU/kg⋅week and then individualized
62 patients: the dose was individualized
from the start of the treatment

Insulin tolerance test; b not available; c arginine test; d GH-releasing hormone.

For the 17 studies (with an outlier study excluded) focusing on BMD of spine, both Egger’s regression (𝑃 = 0.789)
and Begg methods (𝑃 = 0.889) did not show publication
bias (Figure 1(b)). For the 15 studies (with an outlier study
excluded) focusing on BMD of FN, both Egger’s regression
(𝑃 = 0.285) and Begg methods (𝑃 = 0.303) did not show
publication bias (Figure 2(b)). For the 11 studies focusing
on BMD of TB, both Egger’s regression (𝑃 = 0.309) and
Begg methods (𝑃 = 0.631) did not show publication bias
(Figure 3(b)).

4. Discussion
In our meta-analysis, we detected an outlier study (study ID:
Rota 2008) through sensitivity analyses when we performed
the meta-analysis on the association of GH treatment and
BMD of spine and FN. In the study mentioned above, patients
aged below 30 years and above 50 years were excluded, which
might make it an outlier study.
We detected significant overall association between GH
treatment and increased BMD of spine, FN, and TB. GH
could exert both direct and indirect effects on bone. (1) For
direct effects on bone, there was increasing evidence that
the GH-IGF axis played a vital role in determining BMD
and maintaining bone health and that perturbations in this
axis might predispose to the development of osteoporosis.
Although GH could act on cells directly through specific
receptors [31, 32], most of its anabolic actions were mediated
through IGF-1 [33–35]. GH stimulated the secretion of IGF1, largely from the liver, which then acted in an endocrine
fashion. GH also stimulated IGF-1 locally in target tissues
such as bone, where it might act in a paracrine or autocrine
fashion [36, 37]. Thus, the effect of GH on bone was mediated,
at least in part by IGF-1, and bone mass was known to be
linked to circulating levels of IGF-1 [38]. In vitro studies
had shown that GH-IGF-1 bound to preosteoblasts or mature
osteoblasts to induce differentiation and proliferation while
also regulating osteoclastic differentiation and activity providing a mechanism to couple bone resorption and formation
[39, 40]. In addition, GH also increased biomarkers of bone
turnover in normal subjects as well as adults and children
with GHD [13, 41]. In almost all of the included studies
in our meta-analysis, the serum IGF1 levels of adult GHD
patients were significantly increased by the GH treatment,
which were listed in Table 2. (2) For indirect effects on bone,

It was known that GH had an anabolic effect on skeletal
muscle, and it particularly seemed to increase muscle mass
and isometric muscle strength when given in physiologically therapeutic doses to GHD patients. Klefter and FeldtRasmussen analyzed many trials measuring effects of GH
on both muscle and bones [42], and then suggested that
there could be a connection between increases in muscle
mass and strength and changes in BMD in GHD patients
treated with GH. This supported the present physiological
concept that the mass and strength of bones were primarily
determined by dynamic loads from the skeletal muscles
[43, 44].
Significant heterogeneity was found in our meta-analysis.
Several study-level variables leading to heterogeneity were
defined by subgroup analyses including treatment time, GH
dosage, manufacturer of DXA scanner and geographic location. Some results of subgroup analyses were not consistent
with the overall analyses.
Firstly, we did not detect significant association between
GH treatment and BMD of FN and TB in subjects with
treatment time ≤2 yr. GH-IGF1 stimulated bone remodeling
which occurred as a biphasic process, dominated initially
by bone resorption and only later by bone formation. This
biphasic sequence might also explain the initial decrease
in BMD reported in several clinical trials [45, 46]. Thus,
significant increases in BMD did not usually occur until 12–
24 months of treatment, and clinical trials with duration of
24 months or less might not be expected to find significant
increases in bone parameters.
Secondly, we did not detect significant association
between GH treatment and BMD of TB in subjects received
fixed GH dosage (weight- or surface-area-based dosing
regimens). Early studies used weight- or surface-area-based
dosing regimens that resulted in a higher GH dose than
titrating GH dose to normalize the serum IGF-1 level in
subsequent years [47]. And the use of dose titration means
that it takes longer to establish the patient on a maintenance
GH dose. Thus, known differences in the time until response
of BMD to GH are recognized. In our meta-analysis, GH
treatment time in the studies which determined the GH
dosage depending on serum IGF-1 level is mostly longer than
that isthe studies which used fixed GH dosage. So, the effect of
the former dosing regimens on BMD might be more evident.
Thirdly, we did not detect significant association between
GH treatment and BMD of TB in the subjects whose BMD

GE-Lunar

Hologic Inc.

GE-Lunar

Hologic Inc.

Johannsson et al.,
1996 [14]

Rodrı́guez-Arnao
et al., 1998 [15]

Cuneo et al., 1998
[16]

Biller et al., 2000
[17]

Lanzi et al., 2003
Hologic Inc.
[19]
Underwood et al.,
GE-Lunar
2003 (1) [20]
Underwood et al.,
GE-Lunar
2003 (2) [20]
Hubina et al., 2004
Hologic Inc.
(1) [21]
Hubina et al., 2004
Hologic Inc.
(2) [21]
Bravenboer et al.,
Norland
2005 [22]

GE-Lunar

GE-Lunar

Hologic Inc.

Hansen et al., 1996
[13]

Koranyi et al., 2001
(1) [18]
Koranyi et al., 2001
(2) [18]

DXA scanner
manufacturer

References

NA
NA
0.35%
NA
0.35%
NA
2.4%
2.3%

Spine
Spine
Spine
FN
Spine
FN
Spine
FN

NA
NA

FN
TB
0.5%
NA

NA
NA
NA
NA
NA

Spine
FN
TB
FN
TB

Spine
FN

<3.8%

CV of BMD
measurements
0.6%
1.4%
1.6%
0.5%
1.6%
0.4%
1.0%
1.8%
NAb

TB

Spine
FN
TB
Spine
FN
TB
Spine
FN
TB

BMD sites

a

1.120 ± 0.092
0.751 ± 0.161
0.948 ± 0.206
1.219 ± 0.215
0.975 ± 0.211
1.161 ± 0.110
1.048 ± 0.147
1.210 ± 0.092
−1.050 ± 0.180
−0.810 ± 0.340
−1.050 ± 0.180
−0.610 ± 1.300
−1.210 ± 1.252
−0.380 ± 1.789
−0.210 ± 1.565
0.210 ± 1.118
1.050 ± 0.180
0.940 ± 0.170

0.700 ± 0.134
0.920 ± 0.165
1.189 ± 0.134
0.919 ± 0.206
1.111 ± 0.110
1.012 ± 0.142
1.214 ± 0.101
−1.080 ± 0.180
−0.900 ± 0.370
−1.340 ± 1.360
−1.010 ± 1.410
−1.690 ± 1.480
−0.750 ± 2.147
−1.200 ± 2.147
−0.450 ± 0.894
0.920 ± 0.140
0.820 ± 0.150

Posttreatment
BMD (mean ± SD)
0.950 ± 0.150
0.920 ± 0.150
1.080 ± 0.110
1.218 ± 0.179
0.986 ± 0.146
1.167 ± 0.119
1.040 ± 0.030
0.840 ± 0.030
1.180 ± 0.020

1.149 ± 0.155

Baseline BMD
(mean ± SD)
0.960 ± 0.170
0.920 ± 0.150
1.100 ± 0.070
1.170 ± 0.186
0.944 ± 0.133
1.164 ± 0.133
1.000 ± 0.030
0.790 ± 0.030
1.150 ± 0.020

IGF1 SDS increased from −2.53 ± 0.85 to 0.12 ± 0.41
IGF1 SDS increased from −3.61 ± 0.96 to 0.74 ± 0.28
Increased from 9.9 ± 5.7 to 27.2 ± 11.8 nM

t-score
g/cm2

IGF1 SDS increased from −3.8 ± 1.5 to 1.2 ± 1.5

IGF1 SDS increased from −5.2 ± 2.6 to −0.6 ± 1.5

Increased from 102.94 ± 16.93 to 226.17 ± 17.10 𝜇g/L

Increased from 135.4 ± 15.5 to 283.3 ± 28.9 𝜇g/L

Increased from 85.8 ± 15.9 to 295.1 ± 36.3 𝜇g/L

NA

Increased from 100 to 280 ± 20 𝜇g/L

Increased significantly with 31% of the total patients
showing IGF1 levels above the age-corrected limit of
normal

Increased from 77 ± 7 to 302 ± 15 𝜇g/L

Increased 263 ± 98%

Serum IGF1 changes

t-score

z-score

z-score

t-score

g/cm2

g/cm2

g/cm2

g/cm2

g/cm2

g/cm2

g/cm2

BMD scales

Table 2: BMD measurements and outcomes.
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DXA scanner
manufacturer

Hologic Inc.

GE-Lunar

Rota et al., 2008
[28]

Fideleff et al., 2008
[10]

Coefficient of variation; b not available.

GE-Lunar

Elbornsson et al.,
2012 [30]

a

Hologic Inc.

Van den Heijkant
et al., 2011 [11]

Conway et al., 2009
Hologic Inc.
[29]

GE-Lunar

Gotherstrom et al.,
2007 [27]

Arwert et al., 2005
Hologic Inc.
[23]
Boguszewski et al.,
GE-Lunar
2005 [24]
Benedini et al.,
Hologic Inc.
2006 [25]
Snyder et al., 2007
Hologic Inc.
[26]

References

Spine
FN
Spine
FN
TB
Spine
FN
Spine
FN
TB
Spine
TB
Spine
FN
TB
Spine
FN
TB

Spine

Spine
FN
Spine
FN

BMD sites

<1.5%

0.5%
0.6%
0.4%
1.0%
1.5%
NA
NA
NA
NA
NA
NA
NA
NA

0.37–0.51%

NA

CV of BMD
measurements
NA
2.1%
1.2%
1.5%

a

Posttreatment
BMD (mean ± SD)
0.960 ± 0.120
0.800 ± 0.100
1.131 ± 0.210
0.948 ± 0.180
1.000 ± 0.100
1.080 ± 0.140
0.830 ± 0.130
1.243 ± 0.270
0.976 ± 0.159
1.194 ± 0.149
−1.300 ± 0.100
−0.400 ± 0.100
0.300 ± 0.693
0.400 ± 0.693
0.100 ± 0.693
0.960 ± 0.140
1.000 ± 0.120
0.980 ± 0.100
0.840 ± 0.130
1.030 ± 0.110
1.230 ± 0.190
0.940 ± 0.190
1.190 ± 0.190

Baseline BMD
(mean ± SD)
0.900 ± 0.150
0.780 ± 0.120
1.121 ± 0.210
0.903 ± 0.170
0.950 ± 0.130
1.050 ± 0.130
0.820 ± 0.130
1.161 ± 0.205
0.939 ± 0.159
1.163 ± 0.140
−1.700 ± 0.200
−0.700 ± 0.200
−1.300 ± 1.386
−1.200 ± 1.386
−1.000 ± 1.386
0.910 ± 0.130
0.980 ± 0.110
0.960 ± 0.110
0.840 ± 0.130
1.010 ± 0.100
1.170 ± 0.224
0.940 ± 0.112
1.170 ± 0.112

Table 2: Continued.

g/cm2

g/cm2

g/cm2

z-score

z-score

g/cm2

g/cm2

Increased from 103 ± 6 to 183 ± 7 𝜇g/L

NA

Increased from 132.9 ± 128.1 to 361.6 ± 259.5 𝜇g/L

IGF1 SDS increased from −4.54 ± 0.42 to 0.36 ± 0.25

Increased 174.1 ± 31.2% in men and 301.7 ± 97.1% in
women

Increased from 99.5 ± 6.6 to 223.3 ± 9.8 𝜇g/L

IGF1 SDS increased from −1.65 ± 0.92 to 0.20 ± 1.40

Increased from 60 ± 29 to 151 ± 49 𝜇g/L

Increased from 76.9 ± 70.4 to 133.7 ± 134.1 𝜇g/L

g/cm2
g/cm2

Increased from 9.7 ± 2.1 to 26.6 ± 6.1 nM

Serum IGF1 changes

g/cm2

BMD scales
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Table 3: Subgroup analyses results of the association between GH treatment and BMD of spine
Subgroups

SMD

Treatment time
≤2 yr
>2 yr
GH dosage
Fixed dosage
Dosage depending on serum IGF-1 values
Manufacturer of DXA scanner
Hologic Inc
GE-lunar
Geographic locationa
Europe
America
a

Effects of GH treatment on BMD
95% CI
P

𝐼2 (%)

Heterogeneity
𝜒2

P

0.311
0.597

0.159–0.463
0.275–0.919

0.000
0.000

0.0
73.6

9.62
22.69

0.565
0.001

0.429
0.429

0.172–0.686
0.203–0.655

0.001
0.000

34.2
62.2

12.16
23.79

0.144
0.005

0.362
0.440

0.204–0.520
0.097–0.783

0.000
0.012

0.0
74.7

9.15
23.72

0.518
0.001

0.385
0.461

0.232–0.537
−0.049–0.971

0.000
0.076

13.9
76.3

12.78
21.07

0.308
0.001

𝐼2 (%)

Heterogeneity
𝜒2

P

There was only one study including Oceanian subjects.

Table 4: Subgroup analyses results of the association between GH treatment and BMD of FN.
Subgroups

SMD

Treatment time
≤2 yr
>2 yr
GH usage
Fixed dosage
Dosage depending on serum IGF-1 values
Manufacturer of DXA scanner
Hologic Inc
GE-lunar
Geographic locationa
Europe
America
a

Effects of GH treatment on BMD
95% CI
P

0.289
0.440

−0.009–0.587
0.119–0.761

0.057
0.007

51.2
76.9

14.36
34.70

0.045
0.000

0.520
0.289

0.178–0.861
0.007–0.571

0.003
0.045

56.5
72.3

13.79
32.51

0.032
0.000

0.306
0.392

0.018–0.595
0.026–0.758

0.037
0.036

49.7
80.2

15.89
30.34

0.044
0.000

0.313
0.501

0.117–0.508
−0.227–1.229

0.002
0.177

48.0
86.1

23.08
21.54

0.027
0.000

𝐼2 (%)

Heterogeneity
𝜒2

P

There was no study including Oceanian subjects.

Table 5: Subgroup analyses results of the association between GH treatment and BMD of TB.
Subgroups
Treatment time
≤2 yr
>2 yr
GH usage
Fixed dosage
Dosage depending on serum IGF-1 values
Manufacturer of DXA scanner
Hologic Inc
GE-lunar
Geographic location
Europe
America
Oceania

SMD

Effects of GH treatment on BMD
95% CI
P

0.159
0.352

−0.148–0.466
0.015–0.688

0.311
0.041

68.1
70.9

18.81
13.76

0.004
0.008

0.205
0.283

−0.406–0.816
0.076–0.491

0.512
0.007

82.7
52.0

17.35
14.59

0.001
0.042

0.317
0.207

−0.101–0.736
−0.083–0.497

0.137
0.162

66.8
74.8

12.06
23.77

0.017
0.001

0.224
0.618
−0.028

−0.015–0.463
−0.200–1.435
−0.438–0.381

0.066
0.139
0.892

51.2
78.9
75.6

14.34
4.75
4.10

0.045
0.029
0.043
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was measured by DXA scanner manufactured by Hologic
Inc or GE-lunar but got a significant overall association
between GH treatment and increased BMD of TB. Absolute
values of BMD, using DXA, might differ between instruments
from different manufacturers. previous study performed a
comparison of longitudinal measurements in the spine and
proximal femur using lunar and Hologic instruments [48].
Despite the significant correlations, the agreement between
the two densitometers was not high and there might be
significant errors in individual subjects if one uses measurements from one densitometer to predict the change in BMD
using the scanner of the other manufacturer. Furthermore,
there were three studies (study ID: Arwert 2005, Gotherstrom
2007, Elbornsson 2012) which lasted for more than 10 years
included in our meta-analysis. In the three studies, the
operating criterion of BMD measurements changed partly
during the GH treatment. In the study reported by Arwert et
al., BMD measurements were performed with Norland XR26 at the beginning of the study, and with Hologic QDR-4500
at the end of the study, but they tried to resolve this problem.
They measured the European Spine Phantom (ESP) on both
devices, and the results of ESP measurements showed very
similar BMD values. In the study reported by Gotherstrom
et al., the software versions of Lunar DPX-L were changed
several times (from 1.1 to finally 1.35) during the study, but
the version 1.33 was generally used during the large period of
the study. In the study reported by Elbornsson et al., BMD
measurements were performed with LUNAR DPX-L scanner
at the beginning of the study and with LUNAR Prodigy
scanner at the end of the study. They measured 31 subjects’
BMD with both scanners on the same day, and the BMD
values of the subjects were not significantly different between
scanners.
Fourthly, we did not detect significant association
between GH treatment and BMD of spine, F, and TB in
American subjects. In addition, we did not detect significant
association between GH treatment and BMD of TB in
European and Oceanian subjects but got a significant overall
association between GH treatment and increased BMD of TB.
Although GH was a major regulator of IGF-1 concentrations,
other factors such as nutrition and insulin concentration were
also important in its regulation. In different countries or
geographic location, the nutrition or insulin concentration of
GHD patients might also be different.
Heterogeneity was removed or decreased in some subgroups but still existed in other subgroups. Thus, in addition
to treatment time, GH dosage, manufacturer of DXA scanner
and geographic location, there might be other factors leading
to heterogeneity. For instance, previous study indicated that
gender might influence the association between GH treatment and BMD, and several studies suggested that men had a
greater treatment response to GH replacement than women.
The mechanisms underlying these gender differences were
not fully understood, but sex hormones might play a role
[49, 50]. However, there were too few studies analyzing the
results of GH treatment separately for males and females
in the studies included in our meta-analysis, which made
it impossible to undertake subgroup analyses stratified by
gender. For the studies focus on BMD of spine, FN and
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TB, both Egger’s regression and Begg methods did not show
publication bias.
In our study, we mainly investigated the effects of GH
treatment on BMD in adult GHD patients. Besides its
beneficial effects on bone, GH treatment is also suggested to
alleviate at least some of the aspects of the reduced physical
and psycHological health associated with GHD in adult life
[51, 52]. Severe quality of life (QoL) impairment is evident in a
significant proportion of adults with GHD, and the beneficial
effects of physiological GH replacement on QoL in affected
individuals are well documented [53–55]. However, the risk
of adverse effects may increase in the GHD adults treated
with GH, such as oedema, joint stiffness, and carpal tunnel
syndrome [54]. Moreover, serum IGF1 levels increase in the
GHD patients with GH treatment. In the general population,
higher circulating IGF1 levels are associated with increased
incidence of prostate, colorectal, and premenopausal breast
cancer [56]. To date, however, there have been no published
long-term studies in adults with GHD treated with GH with
respect to the development of nonpituitary malignancies.
The present study has some limitations that should be
considered. Firstly, because only studies that were indexed
by the selected databases were included for data analysis,
some relevant published studies or unpublished studies might
be missed, which might have biased our results. Secondly,
our meta-analysis only included adult subjects since it was
inappropriate to pool data from studies in children, where
growth had a major effect of GH therapy; with studies in
adults, this was not the case.

5. Conclusions
Considered together, these studies seem to indicate that
GH treatment had beneficial influence on BMD in GHD
adults, but in some subject populations, the influence was not
evident.
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Bengtsson, “Two years of growth hormone (GH) treatment
increases bone mineral content and density in hypopituitary
patients with adult-onset GH deficiency,” Journal of Clinical
Endocrinology and Metabolism, vol. 81, no. 8, pp. 2865–2873,
1996.

[15] J. Rodrı́guez-Arnao, I. James, A. Jabbar et al., “Serum collagen
crosslinks as markers of bone turn-over during GH replacement therapy in growth hormone deficient adults,” Clinical
Endocrinology, vol. 48, no. 4, pp. 455–462, 1998.
[16] R. C. Cuneo, S. Judd, J. D. Wallace et al., “The Australian multicenter trial of growth hormone (GH) treatment in GH- deficient
adults,” Journal of Clinical Endocrinology and Metabolism, vol.
83, no. 1, pp. 107–116, 1998.
[17] B. M. K. Biller, G. Sesmilo, H. B. A. Baum, D. Hayden, D.
Schoenfeld, and A. Klibanski, “Withdrawal of long-term physiological growth hormone (GH) administration: differential
effects on bone density and body composition in men with
adult-onset GH deficiency,” Journal of Clinical Endocrinology
and Metabolism, vol. 85, no. 3, pp. 970–976, 2000.
[18] J. Koranyi, J. Svensson, G. Götherström, K. S. Sunnerhagen, B.
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The effects of preterm birth and perinatal events on bone health in later life remain largely unknown. Bone mineral density (BMD)
and osteoporosis risk may be programmed by early life factors. We summarise the existing literature relating to the effects of
prematurity on adult BMD and the Developmental Origins of Health and Disease hypothesis and programming of bone growth.
Metabolic bone disease of prematurity and the influence of epigenetics on bone metabolism are discussed and current evidence
regarding the effects of breastfeeding and aluminium exposure on bone metabolism is summarised. This review highlights the need
for further research into modifiable early life factors and their effect on long-term bone health after preterm birth.

1. Introduction
Preterm birth accounts for 5–10% of births in the UK. Worldwide almost 10% of babies are born preterm, representing
more than 15 million births every year [1]. Preterm birth
is defined by the World Health Organisation (WHO) as all
live births before 37 completed weeks gestation. Preterm can
be further subdivided into extremely preterm (<28 weeks),
very preterm (28–32 weeks), and moderate preterm (32–<37
completed weeks) [1]. A preterm baby faces many challenges.
Feeding problems are almost inevitable in the very preterm
group as a coordinated suck and swallow is not established
until around 34 weeks corrected gestation. Extremely preterm
infants and those who are unwell may require IV fluids
or a period of total parenteral nutrition before full feeds
can be established. Many preterms born at less than 32
weeks will have some degree of respiratory distress syndrome
(RDS), due to lung immaturity, and may require ventilatory
support. Giving antenatal steroids reduces the incidence and

severity of respiratory and other complications. The use of
supplemental oxygen increases the risk of retinopathy of
prematurity and may exacerbate oxidant damage in many
organs and tissues but is vital for improved survival.
Despite these challenges, survival has improved dramatically in the last few years, especially in developed countries.
More than 50% of babies born at 24 weeks gestation regularly survive long term with improved nutrition being one
potential factor contributing to these improvements. As this
cohort of survivors reaches middle age the impact of preterm
birth on long-term metabolic outcomes such as bone mineral
density will become increasingly important.
Osteoporosis is characterised by the depletion of bone
mineral mass, combined with bone microarchitecture deterioration and a resultant increased fracture risk [2]. It is
one of the most prevalent skeletal disorders; with estimates
that up to 30% of women and 12% of men over the
age of 50 are affected [3], it has a similar lifetime risk
to coronary heart disease [4]. Bone mineral density in
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adulthood depends predominantly on growth and mineralisation of the skeleton and the resultant peak bone mass
achieved and then, to a lesser extent, on the subsequent
loss. Longitudinal studies of girls suggests that this peak
is reached about 30 years of age [5]. For each standard
deviation decrease in bone mineral density, fracture risk
doubles in girls, similar to the risk in postmenopausal women
[6].
It is estimated that osteoporosis affects 3 million people
in the UK and results in 250,000 fractures annually [2]. It
has vast public health consequences due to the morbidity
and mortality of the resulting fractures and the associated
healthcare expenditure. As there is no cure, it is important
to identify early life influences on later bone mineral density,
which may aid the development of interventions to optimise
bone health and reduce osteoporosis risk.
We present a review of the current literature regarding
early life factors and the impact of nutrition on bone mineral
density and bone health after preterm birth, in order to
inform further research and highlight current challenges
facing the clinicians responsible for this cohort.

2. Bone Mineral Density (BMD) Programming
in Term Infants
There is strong evidence linking early life exposures and later
peak bone mass in childhood, for example, the contributions
of physical exercise both in utero and childhood, cigarette
smoking during pregnancy, and diet and endocrine status
in childhood [7, 8]. Bone mineral density shows strong
tracking during childhood and adolescence growth and into
adulthood. A reduced peak BMD in childhood is associated
with increased fracture risk and has been proposed as one
of the best predictors of later life fracture risk in females
[9]. Gender also influences neonatal bone composition at
term with males attaining greater bone area, bone mineral
content (BMC), and BMD than females after adjustment
for gestation [10]. In addition to factors influencing peak
bone mass during childhood and adolescence, evidence is
growing that bone mineral density and thus osteoporosis
risk can be modulated during intrauterine and infant life
[11]. A retrospective study involving term infants demonstrated independent effects of birth weight and weight at
one year on bone size and strength during the sixth and
seventh decades after adjustment for confounding lifestyle
factors [12]. These associations may reflect the intrauterine
programming of skeletal development [13] and its subsequent
tracking throughout the lifecourse.
Research also suggests that some of the predisposition
for osteoporosis can be attributed to polygenic genetic
inheritance. For example, polymorphisms in vitamin D and
oestrogen receptor genes and collagen coding genes have
been implicated [14]. It is likely that the genes that determine
an increased risk of osteoporosis will vary among people of
different ethnic backgrounds. In the future, genomic studies
may provide information regarding the susceptibility of
osteoporosis and likely treatment response and may become
an adjunct to clinical management.
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3. The Developmental Origins of Health
and Disease (DOHaD) Hypothesis and
Programming of Bone Growth
The Developmental Origins of Health and Disease (DOHaD)
hypothesis suggest that nutritional imbalance during critical
windows in early life can permanently influence or “programme” long-term development and disease in later life
[15]. Much of the original work was by Barker who reported
the relationship with low birthweight, used as a proxy for
fetal growth, with coronary heart disease [16, 17]. It became
apparent, however, that these mechanisms and effects were
not restricted to fetal life and that nutrition and growth in
infancy (and perhaps in later childhood) were also crucial,
leading to the incorporation of elements of evolutionary
biology and the adoption of the term DOHaD.
Recently, research has linked birth weight, birth length,
and placental weight to later osteoporosis risk [18–20].
Known predictors of osteoporosis risk comprise genetic
predisposition and environmental influences such as diet and
exercise. However, a significant portion of BMD variance
remains unexplained [19]. It is proposed that this remaining
variation results from the programming of systems controlling skeletal growth trajectory during critical growth periods
[13].

4. Epigenetics and Bone Metabolism
Many of the programming effects may be modulated by
epigenetic mechanisms. Epigenetics is the study of mitotically
heritable alterations in gene expression potential that are not
caused by changes in DNA sequence. The classic examples
are DNA methylation and histone acetylation [21]. These
processes do not alter the nucleotide sequence in DNA but
result in differences in gene expression and transcription
and may also involve post-transcriptional effects on other
processes such as protein translation. Early life growth and
nutritional exposures appear to affect the “cellular memory”
and result in variation in later life phenotypes. Much of this
work is still in the early stages but initial data suggest that
epigenetic mechanisms may underlie the process of developmental plasticity and its effect on the risk of osteoporosis. One
of the models that have been postulated is the role of maternal
vitamin D status and postnatal calcium transfer. Calcium
and vitamin D are vital nutrients in bone development.
Early work concerning methylation and vitamin D receptors
and placental calcium transporters suggests that epigenetic
regulation might explain how maternal vitamin D levels affect
bone mineralisation in the neonate [21]. Much of the current
research is in animal models, but if the changes can be
replicated in humans, epigenetic or other biomarkers may
provide risk assessment tools to enable targeted intervention
to those at greatest risk of osteoporosis.

5. Metabolic Bone Disease of Prematurity
The preterm population is particularly susceptible to
metabolic bone disease for two key reasons: firstly, 80%
of fetal bone mineral accumulation occurs during the last
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trimester of pregnancy, with a surge in placental transfer of
calcium, magnesium, and phosphorus to the neonate [22]. A
preterm infant who spends this period without the placenta
and the associated regulatory maternal environment will
therefore have lower BMD and significantly lower bone
mineral content than an infant born at term.
Secondly, providing adequate nutrition to preterm infants
can be extremely challenging. Most extremely preterm
infants (<32 weeks gestation) require support with parenteral nutrition (PN) because of complex factors including
metabolic “immaturity” (that may limit nutrient intake) and
a delay in establishing enteral feeds. In addition, solubility
issues with PN solutions mean it is impossible to provide sufficient mineral via the parenteral route alone. Maternal breast
milk is associated with a range of benefits in the short-term
(e.g., reduction in the incidence of necrotising enterocolitis, a
potentially fatal illness associated with milk feeds) and longterm (e.g., improved cognitive outcome) but alone will not
meet nutrient requirements without fortification. Therefore
as well as being born with a mineral deficit, the often stormy
neonatal course and nutritional practicalities of providing
adequate mineral intake means that many preterm infants
develop osteopenia of prematurity.
As preterm infants grow, mineral uptake is compromised
through the low content in unfortified breast milk (especially
phosphate) and inefficient absorption due to an underdeveloped gastrointestinal tract [9]. This results in a greater
loss of long bone density than observed in term infants
and further increases the risk of metabolic bone disease
[9]. Ex utero living conditions also mean it is more difficult
for infants to move and stress their bones as they would
have done in-utero [23, 24]. As well as mineral compromise,
lower BMD in preterms is also a consequence of other
factors such as steroid use [25], respiratory compromise
[25], and infection [18] which may damage bone trabeculae.
Although metabolic bone disease of prematurity is often
asymptomatic and self-limiting [9], concern remains that
under-mineralisation during such a critical period could
increase the risk of childhood fracture and cause reduced
peak bone mass [26] and therefore an increased risk of future
osteoporosis.

6. The Effects of Prematurity on Adult BMD
There is conflicting data regarding the long-term consequences of preterm birth on the skeleton and the potential
for peak BMD compared to their term counterparts. Preterm
infants are known to have a lower bone mass [27], BMD
[26] and BMC [25] at the corrected age of term, as well
as a lower weight and ponderal index [26]. A study of 7year-old boys showed greater measures of cortical thickness,
whole body BMC, and hip BMD in term compared to
preterm boys after adjustment for weight, height and age.
These differences remained after adjustment for birth weight,
length of neonatal hospital stay, and current activity level
[28]. A study by Fewtrell et al. in 2000 [29] found former
preterm infants who were followed up at around 10 years of
age were shorter, lighter, and had lower BMC than controls.
These differences continue through childhood and possibly
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persist until puberty [25, 28], although results are difficult
to interpret due to the confounding effects of puberty and
the interaction with bone size and later BMD. In a study by
Backström et al., individuals who were born preterm were
assessed with computerized tomography as young adults.
Lower bone strength was demonstrated at the distal tibia and
radius compared to age and sex matched controls [30]. This
effect was more pronounced in males and remained after
adjustment for potential confounders.
Several studies have failed to demonstrate an association
between preterm birth and later bone strength, although
all of these [28, 31, 32] were undertaken in small populations. A possible explanation for the variation in study
results may be in the timing of follow-up as catch up in
bone mineralisation may occur primarily in late childhood
and adolescence. Other studies have found that although
preterms were smaller, their BMD was appropriate for size.
Adults who were born preterm may be shorter than their
term born counterparts. As some studies may not have made
appropriate adjustments for current size it is difficult to
determine whether BMD is appropriate for current size or not
[28].

7. Early Nutrition and Growth Influences on
Bone Metabolism after Preterm Birth
Several maternal factors are known to have a negative impact
on neonatal growth and skeletal mineralisation in term
infants. Although not discussed in detail here, examples
are shorter maternal height, low parity, smoking during
pregnancy, low fat stores [33, 34], and low vitamin D exposure
[9, 22].
There is conflicting data regarding the influence of birthweight on later BMD. Low birthweight (LBW) is defined
by WHO as <2500 g [1]. LBW is usually a consequence of
being preterm or small for gestational age (i.e., born with a
birthweight on less than the 10th centile). Some studies suggests that very low birth weight (VLBW, <1500 g birthweight)
infants, whether preterm or not, attain a suboptimal peak
bone mass in part due to their small size and subnormal
skeletal mineralisation [31]. A recent study by Callreus et
al. highlighted the long-term influence of birthweight on
bone mineral content but found an absence of association of
birthweight with bone density once adult body weight was
also taken into consideration [39]. The Hertfordshire cohort
study involving over 600 subjects showed that birthweight
was independently associated with bone density at 60–75
years of age. Although another study found no association
with preterm birth and peak bone mass [35], an effect of
being small for gestational age was apparent, suggesting a
proportion of later bone mass is determined by fetal growth.
Further research has also shown a significant association
between shorter gestation and adverse skeletal outcomes [31].
Several studies in infants have shown the influence of
early growth on later bone health in those born preterm. In
a study by Cooper et al., those who were lightest at 1 year of
age had the lowest BMC [22]. In a further study, weight gain
during the first two years of life predicted BMD at age 9–14
[40]. Fewtrell et al. also showed a positive association of body
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weight and height at both premature birth and 18 months with
bone size, BMC, and BMD at aged 8–12 years [36]. It was
hypothesised that those with the most substantial increase
in height between birth and follow-up showed the greatest
bone mass. They also demonstrated that birth length alone
was a strong predictor of later bone mass, and it was suggested
that optimising linear growth early may be beneficial to
later bone health. Although conducted with a large cohort
(𝑛 = 201), few measurements were taken after discharge
and dual-energy X-ray absorptiometry (DXA) analysis was
only taken at 8–12 years. As a result, changes in growth and
corresponding bone mass at potentially critical epochs of
infancy were not measured.
Optimising early growth through nutritional interventions generates positive and lasting effects on bone mineralisation [28] and it is hypothesised that this may partially
counteract preterm bone deficits. A systematic review by
Kuschel and Harding in 2009 showed that fortifying the
nutrition of preterm babies improves growth and bone
mineral aggregation [41].
Lieben et al. [42] and Kanazawa et al. [43] discuss an
interaction between bone and glucose metabolism involving
adipocyte-originated leptin and osteoblast-derived osteocalcin. They postulate that healthy bone matrix protein
increases insulin sensitivity in other tissues and that people
with metabolic syndrome who are insulin resistant also
have poorer bone quality and increased risk of osteoporotic
fracture. The “metabolic syndrome” involves many biological
systems, but insulin sensitivity or resistance is perhaps the
area subject to the most detail study in later life. This
interaction is potentially a very important one; those who
were born preterm appear to be at a higher risk for metabolic
syndrome in later life and studies examining the influence
of birth weight on later health consistently show that in low
birth weight born adults, there is decreased insulin sensitivity.
The critical period in the preterm determining later insulin
resistance is unclear at present. Bazaes et al. found that low
preterm birthweight was associated with impaired insulin
sensitivity [44], which supports Barker’s hypothesis. Singhal
et al. [45] showed that preterm infants who received higher
nutrient intakes during the first 2 weeks of life had higher
levels of insulin resistance in adolescence. These studies may
be showing a potential adipocyte-osteocalcin interaction and
suggest that the relationship between nutrition and later bone
and metabolic health is complex, and this is an area that
clearly warrants further research.

8. Aluminium and Bone Mineral Density
Aluminium has no active role in the human body but is
inadvertently ingested in the preterm for several reasons.
Firstly preterms are exposed to high levels of aluminium
in standard parenteral nutrition (PN) regimes. The current
trend is for early PN to optimise early growth and associated
neurocognitive function. Most aluminium is accumulated
through unavoidable contamination via calcium gluconate
stored in glass vials. In adults, this aluminium load is probably
adequately dealt with by the kidneys, but the premature
infant’s renal system is relatively immature so accumulation
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occurs. Adverse effects of aluminium in bone have been seen
in uraemic adults and there are now studies showing that
infants who received aluminium-depleted PN had significantly higher BMC of the lumbar spine [46]. A direct effect on
bone structure is unlikely as bone will have been remodeled
several times by adulthood, but it is thought that the presence
of aluminium may modify the response of bone cells to
stimuli such as when loading forces are applied through
exercise.

9. Effects of Breastfeeding on Bone
Metabolism
There is conflicting evidence as to whether breastfeeding has
a protective role in the primary prevention of osteoporosis.
In some studies, such as that of Fewtrell et al., breast milk
consumption was found to result in higher adult BMD
[37] despite the milk being unfortified and having a lower
mineral content than formula. This suggests a possible role for
beneficial non-nutrient components such as growth factors.
In another study, bone mass at follow-up age of approximately
10 years was positively associated with the duration of
breastfeeding [47], yet other studies have shown no benefits at
a similar age [48, 49]. Other studies have not demonstrated an
ongoing relationship in adulthood between breastfeeding and
bone mass [22]. Given the known benefits of breastfeeding
and the lack of proven negative association, it seems prudent
to strongly encourage breastfeeding, despite slower infant
growth trajectories.

10. Vitamin D and Bone Mineral Density
It is difficult for the preterm infant to match the in-utero
accretion of minerals. Calcium absorption depends on calcium and vitamin D intakes and phosphorus levels, which
affect calcium retention. In clinical practice, very few babies
need calcium supplementation if they receive either a preterm
formula or breastmilk along with breastmilk fortifier [50].
Suboptimal maternal vitamin D levels have been reported
from many sources [51]. There are few studies in the preterm
population but data from term infants clearly show maternal
vitamin D insufficiency to be associated with adverse BMD
both in infancy and later follow-up [52]. Considering the
prevalence of vitamin D deficiency in pregnant mothers, the
European Society of Paediatric Gastroenterology Hepatology
and Nutrition (ESPGHAN) committee recommends vitamin
D supplementation in the region of 800–1000 IU per day to
preterm infants to rapidly correct low fetal plasma levels and
that they should be continued through infancy [53].

11. Limitations of the Current Evidence
Little is known concerning the early life control mechanisms
for bone development [26] and the lack of prospective
research in this area has been highlighted [30]. The potential
for confounding in observational studies is also an important
consideration. Poor nutrition is often an inevitable consequence in the sickest neonate who in turn will be more likely
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Table 1: Summary of key papers on BMD and osteoporosis after preterm birth.
Author

Year

Cohort type

Rigo et al. [9]

2007 Preterm and term

Review

Bowden et al. [25]

1999 Preterm and term

Hovi et al. [31]

2009

Retrospective
cross-sectional
Cohort

Ahmad et al. [26]

2010 Preterm and term

LBW infants

Study design

Prospective

Abou Samra et al. [28]2009 Preterm and term Cross-sectional
Backström et al. [30] 2005 Preterm and term Cross-sectional
Dalziel et al. [35]

2006

Preterm

RCT with
longitudinal
follow-up

Fewtrell et al. [36]

2000

Preterm

Longitudinal

Fewtrell et al. [37]
2009
Breukhoven et al. [38] 2011

Preterm
Preterm

Longitudinal
Cross-sectional

Findings
Greater loss of BMD in preterms than in terms during neonatal period.
Maternal vitamin D exposure affects bone health in the newborn.
Preterm infants have reduced bone mineral mass in conjunction with
reduced growth and hip BMD aged 8 years.
VLBW young adults have reduced peak BMD than their term peers.
Preterms had lower body weight, length and BMD at term compared to
term-born infants.
Term males have greater bone size and mass than preterm males at
follow-up aged 7 years.
Preterms have smaller cross-sectional bone dimensions in adulthood than
terms.
Antenatal steroids did not affect peak bone mass. LBW and short gestation
predicted reduced adult height. Slow fetal growth predicted lower bone
mass.
Bone mass at 8–12 years is related to current size. Linear growth important
in maximising bone mass.
Infant diet does not affect peak bone mass.
Preterm birth does not affect BMD in young adults.

to have a poorer metabolic outcome. A 2011 meta-analysis
stated that research from a variety of populations may clarify
inconsistencies concerning the relationship between early life
events and subsequent bone health [19], and there are few
studies relating gestational length to adolescent BMD [9].
There is a need for longitudinal studies utilising randomised
controlled trials of preterm infants where possible, and
providing detailed information on early life exposures as well
as bone measurement data.
One of the greatest challenges of longitudinal cohort
studies, especially in children, is the attritional losses over
time. In addition, much of the current data available is from
preterm infants recruited to studies in the 1980s, an era predating the widespread use of antenatal steroids and surfactant
therapy; two of the key practices that have had the most
dramatic effects on long term survival. As cohorts of preterm
born adults reach middle age, their risk of osteoporosis
and their antecedent risks factors will become increasingly
apparent. Table 1 summarises some of the key research on
BMD and osteoporosis after preterm birth.

and clinical priority. Breastfeeding along with appropriately
formulated breastmilk fortifiers to ensure adequate mineral
intake and optimal growth should be strongly encouraged.
As early mineral deficiency and metabolic bone disease are
often asymptomatic during neonatal period, careful followup is required to identify at risk groups. Targeted prevention,
early diagnosis and appropriate timely treatment may then
significantly reduce the individual, health service, and societal burden of osteoporosis in the future.
Key learning points are as follows.

12. Conclusion
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Bone microdamage can be repaired through bone remodeling induced by loading. In this study, a loading device was developed for
improved efficiency and the self-repair process of bone microdamage was studied in ovariectomized rats. First, four-point bending
fixtures capable of holding two live rats simultaneously were designed. Rats were loaded and subjected to a sinusoidal wave for 10,000
cycles. They were then divided into four groups to evaluate time points from 1 to 4 weeks in the microdamage repair process. The
loaded right ulna was used for microdamage parameter analysis, and the loaded right radius was tested for mechanical properties.
In all groups, microdamage consisted primarily of microcracks, which were observed in bone surrounding the force-bearing point.
The values of the microdamage parameters were significantly lower at 3 weeks than at 2 weeks. However, none of the differences
in mechanical properties between any four groups were statistically significant. This study shows that the improved application of
loading in the form of bending for double-rat simultaneous administration was practical and efficient. These results suggest that
microdamage was repaired between 2 weeks to 3 weeks after fatigue damage and microdamage is a more sensitive index of bone
quality than mechanical properties.

1. Introduction
From an engineering materials perspective, fatigue loading
conditions can cause the formation and accumulation of
microdamage. In bone, microdamage causes a gradual loss of
stiffness, which may be considered an indicator of impending
failure. Bone develops microdamage after cyclic loading.
This triggers remodeling processes in order to maintain
skeletal integrity. Animal models have shown that microdamage defects tend to be elliptical in shape tend emerging
between osteons, and growing parallel to them [1]. Microcrack parameters can be considered alternative parameters
in the evaluation of bone biomechanical quality but diffuse
damage cannot [2]. Microcrack length plays an important
role in fatigue damage. Microcracks can also be a barrier
to microdamage propagation [3]. If the microcracks are
<100 𝜇m in length, they may stop at osteonal boundaries, but
longer microcracks (length >400 𝜇m) pass through cement

lines [4, 5]. Microdamage accumulation is often accompanied
by reduced fracture resistance. Three-point bending tests
have shown that bone stiffness may drop by 41%, and
nanoindentation testing indicated that elastic modulus tissue
material properties can be reduced by 26%. The differentials
are mainly related to the effects of microcracks [6].
A number of animal microdamage models have used
fatigue testing to replicate fatigue damage. Some researchers
apply fatigue testing ex vivo to distinguish between different
changes in mechanical properties after potential and possible
drug therapy. In vivo microdamage models are also used.
In these studies, rat ulnae are loaded until 30–40% loss of
stiffness is attained [6, 7]. Most models use an axial fatigue
loading pattern [7–10]. However, it is difficult to locate the
microdamage and force bearing points in these cases. The
solution proposed involves using 60% of the total bone length
of the ulna or 50% of the humerus [7]. This is not ideal for
studies of the relationship between microdamage and stress.

2
Fatigue loading in vivo has been used to study
microdamage-targeted remodeling research. Bone is a
living biological material that can repair microdamage and
consists of basic multicellular units (BMU). Osteocytes are
thought to sense bone damage and mechanical changes
induced by intermittent loading and signal to osteoclasts
to remove microdamage, and to osteoblasts to form new
bone [11]. If the damage is under a certain microdamage
threshold, it is repaired by focal bone remodeling. Otherwise,
it may lead to a possible fatigue fracture. Microdamage has
been shown to trigger the activation of microdamage
repair-targeted remodeling [6]. However, linear microcracks,
but not diffuse microdamage, drive focal injury induced
apoptosis and activates resorption [12]. It has been postulated
that mechanical loading may be necessary for microdamage
repair and remodeling [13]. Despite extensive work, there has
been a limited description of the microdamage repair process
induced by intermittent loading of bone. Researchers often
apply axial loading, which does not facilitate location of the
force-bearing point or the exact position of microdamage.
Four-point bending loading fatigue testing has also been
conducted in some studies, which circumvents these
problems with axial loading. Unfortunately, this type of
loading can be time-consuming. The fixtures in these studies
allow loading of only one rat at a time. In the present
study, we attempt to explain the self-repair process of bone
microdamage in ovariectomized (OVX) Sprague-Dawley
rats, using an in vivo four-point bending fatigue loading
method. Specifically, our research group developed a fourpoint bending fatigue loading apparatus that can be used on
two rats simultaneously. This can produce horizontal fatigue
loading and make force-bearing points easy to locate.

2. Methods
2.1. Animals. All animal procedures were approved by the
Institutional Animal Care and Use Committee of the Second
Xiangya Hospital of Central South University. Forty SpragueDawley rats (female, 7 months old, 350 ± 55 g) were used
for this study. The ovariectomy was performed by making an
incision on the back to expose the ovaries. The ovaries were
clamped and removed with the fallopian tubes being ligated,
and the skin was then sutured. Then rats were subjected
to loading 3 weeks later after operation using the pressure
ended method. Rats were anaesthetized using pentobarbitone
injection (2% pentobarbitone, 1.5 mL/Kg) during loading.
Before and after loading, the rats were allowed unrestricted
cage activity and unlimited access to food and water. At
the end of the experiment, animals were euthanized with
injection of pentobarbitone into the peritoneal cavity.
2.2. Development of Loading Fixture for Two Rats In Vivo.
Using the four-point bending principle, we developed a
fixture that would allow us to subject two rats to sustained
bending fatigue loading simultaneously (China patent number: 201110060409.9). This apparatus is compatible with a
PLD-5010 fatigue damage electronic machine (Changchun
Research Institute of Test Machines, Changchun, China,
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Patent number: ZL00225310.0). This machine converts the
rotary motion of a motor into rectilinear motion of the
mechanical component.
The fixture was composed of the main loading assembly
and loading plates. The anesthetized rats were placed on the
loading plates, with room for two rats. The plate position
was easily adjusted to accommodate different sizes of rats
(Figure 1). The main loading assembly contains the upper
connecting rod, linear compression spring, lower connecting
rod, upper indenter, and lower supports. The spring was
provided with a connecting shaft to the upper connecting
rod with a groove connection, facilitating quick and easy
disassembly. The maximum load of the spring was 100 N,
exceeding the force needed to model the microdamage. This
allowed the user to control the load placed on rats’ limbs
by controlling the deformation and testing force, which were
shown in real time on the screen of the measurement system.
A T-shaped slide was connected to the upper indenter. This
slide contained a rolling bearing in order to reduce the lateral
force that may be generated during the testing process and
ensure accuracy. The upper indenter could also be moved to
accommodate differently sized rats.
This device can produce horizontal fatigue loading and
facilitate the precise location of the force bearing point using a
mechanical sensor connected to the lower supports, ensuring
loading is conducted on the forearms of the rat until a
pressure endpoint is reached.
2.3. Fatigue Loading In Vivo and Establishment of Self-Repair
Model. The rats were anesthetized through intraperitoneal
injection of 2% pentobarbitone prior to loading. The right
antebrachium of each rat was placed on the lower support
bars, and the force bearing point was marked. Cyclic fatigue
loading was performed at loads of 0.058 N/g (4 Hz, sinusoidal
wave, 10,000 cycles, once every other day for 2 weeks). Each
rat’s left forearm served as a control. The rats were randomly
divided into four groups, sacrificed at 1 week (1st week group),
2 weeks (2nd week group), 3 weeks (3rd week group), and
4 weeks (4th week group 4) after fatigue loading. In order
to evaluate bone formation, tetracycline (30 mg/kg, 13 and
14 days before euthanasia) and calcein (5 mg/kg, 3 and 4
days before sacrifice) were given to all rats by intraperitoneal
injection.
2.4. Basic Fuchsin Staining and Optical Microscopy. After
excision of the ulnae, we defined the force-bearing point on
the distal ulna as point 1, the point on the proximal ulna
as point 4 (upward force), and the middle force-bearing
points on the ulna as points 2 and 3 (downward force), and
then marked the force-bearing point using thin wire. Ulnae
were dehydrated and stained in ascending series of alcohols containing 1% basic fuchsin. They were then subjected
to hyalinization and dimethylbenzene and embedded in
poly-methylmethacrylate until polymerization was complete.
Thick sections (80–100 𝜇m) were then cut transversely and
sequentially using a diamond saw. Sections were observed
using a Leica DMLA polarized light microscopy (Leica Corporation, Wetzla, Germany). A charge coupled device (CCD)
Leica DFC500 (Leica Corporation, Wetzla, Germany) camera
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Figure 1: The four-point bending fatigue test apparatus is an open loop system consisting of the following components: (1) upper connecting
rod, (2) linear compression spring, (3) upper indenter, (4) lower supports, (5) loading plates where the rat is placed, (6) T-shaped upper
indenter slide, (7) C-shaped lower support slide, and (8) lower connecting rod. The picture shows the following. (a) Front view of the apparatus.
(b) Lateral view. (c) Fixture with a single rat. (d) Fixture system for two rats.

was used to capture images of areas where microdamage was
found.
Image-analysis software (Leica Qwin image-analysis system, Leica Corporation, Wetzla, Germany) was used to calculate the values of microdamage parameters, such as average
microcrack length (Cr.Le), number of microcracks (Cr.N),
microcrack surface density (Cr.S.Dn), microcrack density
(Cr.Dn), and resorptive space density (Rs.Sp.Dn). These
values may indicate the resorptive activity of the remodeling
process. Data from each ulna from several sections (4–
6/ulna) are summarized [2].
2.5. Evaluation of the Mechanical Properties of the Radius.
Three-point bending tests to failure were performed under
displacement control conditions (electronic universal testing
machine WDW3100 (Changchun Research Institute of Test
Machines, Changchun, China)). Loading was conducted with
the loaded right radius lying on two supports with a span of
12 mm. The cross-head speed was 0.2 mm/s. Matched image

analysis software was used to draw the load-deformation
curve. Software was used to calculate the linear region
between 30% and 50% peak load.
2.6. Statistical Analysis. To determine whether fatigue loading caused any decreases in the average length of the
microdamage defects, Cr.Le and Cr.S.Dn were averaged and
compared to values in the corresponding time groups using
independent t-tests. The Kruskal-Wallis ANOVA test was
used to analyze the loss of mechanical properties, and the
Mann-Whitney U test was use to analyze Rs.Sp.Dn and
Cr.Dn. Significance was set at 𝑃 < 0.05, and data are reported
as mean ± standard error of the mean.

3. Results and Discussion
3.1. Results. Microdamage was observed in all of the loaded
ulnae. Microcracks were found to emerge in the region
between force-bearing points 1-2 and points 3-4 (on both

4

International Journal of Endocrinology

100 𝜇m

100 𝜇m

(a)

100 𝜇m

(b)

100 𝜇m

(c)

(d)

Figure 2: Basic fuchsin staining showing microcracks (white arrow) in (a) OVX 2nd week group rats and (c) OVX 1st week group rats. (b, d)
Red epifluorescent light microscopy showing the same microcrack (white dashed arrow) in the identical view. Diffused microdamage (black
arrow) was detected in (c) cortical bone (black arrow) and under (d) red epifluorescent light microscopy (black dashed arrow). Scale bars =
100 𝜇m.

sides of the bone). Diffuse microdamage was observed in
the region between points 2 and 3 (middle of the bone). The
greatest amount of microdamage was observed around the
force-bearing point, primarily in the form of microcracks
(Figure 2). No signs of soft tissue trauma, hematoma, disruption to the periosteum, or intramedullary vasculature were
observed.
3.1.1. Microdamage Parameters. The values of microdamage parameters, such as average microcrack length (Cr.Le),
number of microcracks (Cr.N), microcrack surface density
(Cr.S.Dn), and microcrack density (Cr.Dn), were significantly
lower in group 2 than in group 3 (𝑃 < 0.05), but no statistically significant difference was observed between groups 1
and 2 or between groups 3 and 4 (𝑃 > 0.05) (Figure 3).
3.1.2. Mechanical Properties. Peak loading and elasticity
modulus were used as indexes to determine the mechanical
properties of the fatigue-loaded radius bones of rats. No statistically significantly differences in peak loading or elasticity

modulus were observed among the four groups (𝑃 > 0.05)
(Figure 3, Table 1).
3.1.3. Variations in Absorptive Space. Absorptive spaces were
observed primarily during the first week after fatigue damage. They remained visible during the second and third
weeks, but were almost undetectable during the fourth week.
The process of osteogenesis can be observed through the
two fluorescent lines produced by tetracycline and calcein
(Figure 4). The differences in the density of the resorptive
spaces (Rs.Sp.Dn) between groups 1 and 2 and between
groups 2 and 3 were found to be statistically significant (𝑃 <
0.05). However, the difference between groups 3 and 4 groups
was not statistically significant (𝑃 > 0.05) (Figure 3, Table 1).
3.2. Discussion. To our knowledge, the present study is one
of the only studies to develop a fixture capable of loading two
rats at a time and identify the window of time during which
the self-repair of microdamage takes place after fatigue loading in vivo. Rat ulna bone microdamage was morphologically
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Figure 3: Parameters and mechanical properties of microcracks and absorptive spaces versus time. Specific values are listed in Table 1. (a)
Average microcrack length (Cr.Le) and average number of microcracks (Cr.N), (b) microcrack surface density (Cr.S.Dn) and microcrack
density (Cr.Dn), (c) peak load and modulus of elasticity, and (d) absorptive lacunar density. ∗ 𝑃 < 0.05, ∗∗ 𝑃 < 0.01.

self-repaired 2-3 weeks after fatigue damage. Microdamage
was detected after 4 weeks of fatigue loading. One limitation
of this study is that grouping should be added and maintained
until microdamage is completely repaired. Microdamage may
be a more sensitive index of bone quality than mechanical
properties.
Microdamage events are varied, and have different
mechanical effects. At least 3 different types of microdamage

should be considered. Microcracks and diffuse microdamage have been identified as two kinds of microdamage.
Microfractures may or wispy microdamage also be a third,
but is not as established. These different forms of damage not
only show distinct morphology but are also repaired through
different mechanisms. Microcracks and diffuse damage are
repaired by damage-targeted remodeling [14]. Linear microcracks can induce self-repair through osteocyte-activated
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Table 1: Microdamage and absorptive space parameters (𝑥 ± 𝑠).
OVX 1st (𝑛 = 9)
51.20 ± 15.17
1.70 ± 0.54
0.43 ± 0.15
3.032b

Cr.Le (𝜇m)
Cr.S.Dn (𝜇m/mm2 )
Cr.Dn (#/mm2 )
Rs.Sp.Dn (#/mm2 )

OVX 2nd (𝑛 = 9)
44.21 ± 13.00a
1.41 ± 0.300a
0.36 ± 0.15a
0.530a

OVX 3rd (𝑛 = 9)
31.53 ± 7.96
1.01 ± 0.26
0.200 ± 0.12
0.208

OVX 4th (𝑛 = 8)
29.71 ± 8.98
0.96 ± 0.29
0.18 ± 0.09
0.143

Values are expressed as means ± SD.
Cr.Le: mean microcrack length; Cr.Dn: microcrack density; Cr.S.Dn: microcrack surface density; Rs.Sp.Dn: absorptive space density.
a
𝑃 < 0.05, relative to with the OVX 3rd week groups; b𝑃 < 0.05, relative to the OVX 2nd week group.
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Figure 4: (a, d) Basic fuchsin staining showed resorption spaces (black arrow) in the cortical bone. Blue-violet epifluorescent light microscopy
revealed area of osteogenesis (white arrow) and (b, e) green fluorescence attributable to calcein showing osteogenesis during the 4 days
preceding euthanasia, (b, e) orange fluorescence and (c, f) yellow fluorescence attributed to acheomycin, which indicated osteogenesis in the
2 weeks before euthanasia. Scale bars = 50 𝜇m.

resorption, but diffuse microdamage cannot. This may be due
to a lack of apoptotic responses [12]. However, microfractures
are repaired in the same manner as normal fractures. This
process involves endochondral ossification [15]. Calluses
form over fractures in the damaged area. These are eventually
remodeled into normal trabecular structures. In the present
study, the microdamage detected was mostly microcracks.
Other types of damage include diffuse microdamage. No
wispy microdamage was found. Microfractures tend to occur
only in cancellous bone. We observed only 2 kinds of
microdamage in the cortical bones of rats. Loading can cause

microdamage, but many studies apply axial fatigue loading,
which may limit research meant to explore the relationship
between microdamage and stress. Four-point bending loading may address this problem somewhat by allowing the
user to more accurately position of the force-bearing point
and the microdamage. Some studies have involved bending
fatigue loading [16–18]. However, this method requires repeat
loading, and existing fixtures can load only one rat at a time,
which is inefficient. For this reason, we designed a new type
of fixture that can accommodate two rats simultaneously to
will improve the efficiency of fatigue testing.
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In the bending fatigue test, the force-bearing side experiences pressure load, and the opposite side experiences tensile
load with fractures occurring on the tensile side. In our
study with four-point bending fatigue testing, microcracks
were more common in the pressure side of the bone. This
conclusion is similar to the results of another bending
fatigue test applied to the long bones of cows [19]. There
is an obvious difference between the two loading methods.
During axial loading, microdamage, including microcracks
and diffused microdamage, were concentrated on ulnar side
of the ulna. This may have been because the ulnar side of
the bone experienced stronger compressive and tensile force
during axial loading. In our study, microcracks emerged on
both sides of the bone. Diffused microdamage appeared in
the middle of the bone. Distinct categories of force may
explain the reason for the diversity observed with respect to
microdamage. Shear stress was found to be related to fatigue
microcracks and not to diffused microdamage [20]. There
was pronounced shear stress between both side of the bone
and the areas between two force-bearing points, where one
point received upward force while the other point received
downward force (point 1 to 2 and point 3 to 4). But no obvious
shear stress appeared in the middle of bone (point 2 to 3).
This may because it was located between two homodromous
pressure points.
To the best of our knowledge, no studies have focused
on the time window during which targeted remodeling of
microcracks take place. Periosteal woven bone formation
can be detected 3–7 days after stress fracture [21]. More
pronounced callus formation can be observed 2–4 weeks
after osteoporotic fractures. This was demonstrated by callus
width and area measurement [22]. Our research indicated
that microdamage on rat ulna was mainly repaired between
2-3 weeks of fatigue loading.
It has become clear that microdamage-induced resorption occurs mechanistically via osteocyte apoptosis [14].
Fatigue loading induces microdamage, which may occur in
parallel with osteocyte apoptosis and bone resorption [6].
Treatment with apoptotic inhibitors can prevent apoptosis
and resorption, with a possible dose-response relationship
between the two processes [14]. In the present study, we
observed resorption space after one week of fatigue loading.
The number of resorption spaces decreased markedly after
two weeks of loading. The number of resorption spaces on the
ulna was about 6 times greater in cancellous bone than in cortical bone. This may be because the osteoclasts migrate more
easily in cancellous bone and because the osteoclast must
migrate a larger distance to reach the microdamaged areas in
the cortical bone. This also explains why the resorption spaces
were more commonly found to localize with regions near
the periosteum. It was recently proven that the activation of
resorption can be induced by enhanced expression of RANKL
[15]. The response may depend on the size of the microcrack.
It has been thought that larger cracks may involve greater
increases in RANKL and greater decreases in OPG than
smaller cracks [23].
Only a few studies have focused on microdamage parameters or considered them as indexes of the curative effects
of drugs. Our results indicate that microdamage is a more
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sensitive index than mechanical properties from our research
results. Microdamage parameters may reveal the efficacy
of drugs from the microdamage repair field. For example,
bisphosphonate may reduce the risk of fracture, but could also
impair the repair of microdamage by targeted remodeling.
This may be due to oversuppression of bone turnover [24].
Neither estrogen nor raloxifene decreases microcrack surface
density or improves mechanical properties of the bone [24,
25]. The effects and limits of many different kinds of drugs
may be examined using these techniques.

4. Conclusion
In conclusion, we developed a fatigue loading fixture and
improved its efficiency. Our data support the conclusion that
rat ulna bone microdamage is morphologically self-repaired
between week 2 and week 3. Bone microdamage can be
visualized and may be a more sensitive index than mechanical
properties. Future work based on this research could confirm
these results and involve the use of this fixture for the study
of bone fatigue loading physiology and for the testing of drug
efficacy.

Acknowledgments
This work was supported by the Natural Science Foundation
of China (NSFC, 81070695, and 81270960) and the Program
for New Century Excellent Talents in University (NCET-110507). The authors would also like to thank engineer Xuehua
Liang for assistance in the manufacturing of the loading
fixture.

References
[1] D. Taylor and T. Clive Lee, “Measuring the shape and size of
microcracks in bone,” Journal of Biomechanics, vol. 31, no. 12,
pp. 1177–1180, 1998.
[2] R. C. Dai, E. Y. Liao, C. Yang, X. P. Wu, and Y. Jiang, “Microcracks: an alternative index for evaluating bone biomechanical
quality,” Journal of Bone and Mineral Metabolism, vol. 22, no. 3,
pp. 215–223, 2004.
[3] A. M. Parfitt, “Targeted and nontargeted bone remodeling:
relationship to basic multicellular unit origination and progression,” Bone, vol. 30, no. 1, pp. 5–7, 2002.
[4] S. Mohsin, F. J. O’Brien, and T. C. Lee, “Osteonal crack barriers
in ovine compact bone,” Journal of Anatomy, vol. 208, no. 1, pp.
81–89, 2006.
[5] T. Diab and D. Vashishth, “Morphology, localization and
accumulation of in vivo microdamage in human cortical bone,”
Bone, vol. 40, no. 3, pp. 612–618, 2007.
[6] O. Verborgt, G. J. Gibson, and M. B. Schaffler, “Loss of
osteocyte integrity in association with microdamage and bone
remodeling after fatigue in vivo,” Journal of Bone and Mineral
Research, vol. 15, no. 1, pp. 60–67, 2000.
[7] S. J. Sample, Z. Hao, A. P. Wilson, and P. Muir, “Role of calcitonin
gene-related peptide in bone repair after cyclic fatigue loading,”
PLoS ONE, vol. 6, no. 6, Article ID e20386, 2011.
[8] J. Macione, N. B. Kavukcuoglu, R. S. A. Nesbitt, A. B. Mann,
N. Guzelsu, and S. P. Kotha, “Hierarchies of damage induced

8

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]

[21]

[22]

[23]

International Journal of Endocrinology
loss of mechanical properties in calcified bone after in vivo
fatigue loading of rat ulnae,” Journal of the Mechanical Behavior
of Biomedical Materials, vol. 4, no. 6, pp. 841–848, 2011.
A. E. Tami, P. Nasser, M. B. Schaffler, and M. L. Knothe Tate,
“Noninvasive fatigue fracture model of the rat ulna,” Journal of
Orthopaedic Research, vol. 21, no. 6, pp. 1018–1024, 2003.
S. J. Sample, R. J. Collins, A. P. Wilson et al., “Systemic effects of
ulna loading in male rats during functional adaptation,” Journal
of Bone and Mineral Research, vol. 25, no. 9, pp. 2016–2028, 2010.
R. D. Chapurlat and P. D. Delmas, “Bone microdamage: a
clinical perspective,” Osteoporosis International, vol. 20, no. 8,
pp. 1299–1308, 2009.
B. C. Herman, L. Cardoso, R. J. Majeska, K. J. Jepsen, and
M. B. Schaffler, “Activation of bone remodeling after fatigue:
differential response to linear microcracks and diffuse damage,”
Bone, vol. 47, no. 4, pp. 766–772, 2010.
E. I. Waldorff, K. B. Christenson, L. A. Cooney, and S.
A. Goldstein, “Microdamage repair and remodeling requires
mechanical loading,” Journal of Bone and Mineral Research, vol.
25, no. 4, pp. 734–745, 2010.
L. Cardoso, B. C. Herman, O. Verborgt, D. Laudier, R. J.
Majeska, and M. B. Schaffler, “Osteocyte apoptosis controls activation of intracortical resorption in response to bone fatigue,”
Journal of Bone and Mineral Research, vol. 24, no. 4, pp. 597–
605, 2009.
D. B. Burr, “Why bones bend but don’t break,” Journal of
Musculoskeletal and Neuronal Interactions, vol. 11, no. 4, pp.
270–285, 2011.
M. D. Landrigan and R. K. Roeder, “Systematic error in
mechanical measures of damage during four-point bending
fatigue of cortical bone,” Journal of Biomechanics, vol. 42, no.
9, pp. 1212–1217, 2009.
M. D. Roberts, T. J. Santner, and R. T. Hart, “Local bone formation due to combined mechanical loading and intermittent
hPTH-(1-34) treatment and its correlation to mechanical signal
distributions,” Journal of Biomechanics, vol. 42, no. 15, pp. 2431–
2438, 2009.
C. Arregui-Dalmases, J. H. Ash, E. Del Pozo, J. R. Kerrigan,
and J. Crandall, “Failure of the lumbar pedicles under bending
loading—biomed 2010,” Biomedical Sciences Instrumentation,
vol. 46, pp. 148–153, 2010.
T. Diab and D. Vashishth, “Effects of damage morphology on
cortical bone fragility,” Bone, vol. 37, no. 1, pp. 96–102, 2005.
Y. N. Yeni, F. J. Hou, T. Ciarelli, D. Vashishth, and D. P. Fyhrie,
“Trabecular shear stresses predict in vivo linear microcrack
density but not diffuse damage in human vertebral cancellous
bone,” Annals of Biomedical Engineering, vol. 31, no. 6, pp. 726–
732, 2003.
G. R. Wohl, D. A. Towler, and M. J. Silva, “Stress fracture
healing: fatigue loading of the rat ulna induces upregulation in
expression of osteogenic and angiogenic genes that mimic the
intramembranous portion of fracture repair,” Bone, vol. 44, no.
2, pp. 320–330, 2009.
W. H. Cheung, S. K. H. Chow, M. H. Sun, L. Qin, and K.
S. Leung, “Low-intensity pulsed ultrasound accelerated callus
formation, angiogenesis and callus remodeling in osteoporotic
fracture healing,” Ultrasound in Medicine and Biology, vol. 37,
no. 2, pp. 231–238, 2011.
L. E. Mulcahy, D. Taylor, T. C. Lee, and G. P. Duffy, “RANKL
and OPG activity is regulated by injury size in networks of
osteocyte-like cells,” Bone, vol. 48, no. 2, pp. 182–188, 2011.

[24] J. M. O’Neal, T. Diab, M. R. Allen, B. Vidakovic, D. B. Burr,
and R. E. Guldberg, “One year of alendronate treatment lowers
microstructural stresses associated with trabecular microdamage initiation,” Bone, vol. 47, no. 2, pp. 241–247, 2010.
[25] O. Brennan, O. D. Kennedy, T. C. Lee, S. M. Rackard, and F.
J. Obrien, “Effects of estrogen deficiency and bisphosphonate
therapy on osteocyte viability and microdamage accumulation
in an ovine model of osteoporosis,” Journal of Orthopaedic
Research, vol. 29, no. 3, pp. 419–424, 2011.

Hindawi Publishing Corporation
International Journal of Endocrinology
Volume 2013, Article ID 715025, 9 pages
http://dx.doi.org/10.1155/2013/715025

Research Article
Prevalence of Fracture Risk Factors in Postmenopausal Women
Enrolled in the POSSIBLE US Treatment Cohort
Nicole Yurgin,1 Sally Wade,2 Sacha Satram-Hoang,3 David Macarios,1 and Marc Hochberg4
1

Amgen Inc., One Amgen Center Drive, Thousand Oaks, CA 91320-1799, USA
Wade Outcomes Research and Consulting, 358 South 700 East, Suite B432, Salt Lake City, UT 84102, USA
3
Q.D. Research, Inc., 8789 Auburn Folsom Road, Suite C501, Granite Bay, CA 95746, USA
4
Division of Rheumatology and Clinical Immunology, University of Maryland School of Medicine, 10 S. Pine Street, MSTF 8-34,
Baltimore, MD 21201, USA
2

Correspondence should be addressed to Nicole Yurgin; nyurgin@amgen.com
Received 21 December 2012; Revised 21 February 2013; Accepted 7 March 2013
Academic Editor: Cory Xian
Copyright © 2013 Nicole Yurgin et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Subject- and physician-reported data from 4,429 postmenopausal women receiving osteoporosis treatment in the Prospective
Observational Scientific Study Investigating Bone Loss Experience (POSSIBLE US) were used to assess the prevalence of risk
factors (RFs) and on-study fracture. RFs assessed at study entry were age >70 years; fracture since age 50; minimum T-score
(hip/spine) ≤ −2.5 at diagnosis; body mass index <18.5 kg/m2 ; rheumatoid arthritis; parental history of hip fracture; current
smoking; and recent oral glucocorticoid use. Data were collected with semiannual self-administered questionnaires. Results were
stratified by physician-reported osteoporosis/osteopenia diagnosis. Low T-score and age >70 years were the most common RFs in
the osteoporosis group, and age >70 years and prior fracture were the most common risk factors in the osteopenia group. Multiple
RFs were more common than a single RF in osteoporotic women (54.2% versus 34.6%; 𝑃 < 0.0001) but not osteopenic women
(13.8% versus 33.6%; 𝑃 < 0.0001). Women with multiple RFs had more on-study osteoporosis-related fractures than women with a
single RF (osteoporosis group: 9.9% versus 6.2%; 𝑃 = 0.0092; osteopenia group: 11.2% versus 4.7%; 𝑃 < 0.0001). In postmenopausal
women receiving osteoporosis treatment, multiple RFs increased fracture risk. RFs, in addition to bone mineral density, can help
identify candidates for osteoporosis treatment.

1. Introduction
The WHO fracture risk assessment tool (FRAX) is a
computer-based algorithm that assesses fracture probability
of men and women [1]. FRAX was developed using clinical
risk factor data from population-based cohorts with 250,000
person-years of followup from Europe, North America, and
Japan [2]. This approach uses easily obtained information
on clinical risk factors to estimate the 10-year risk of hip
fracture and major osteoporotic fracture (spine, forearm, hip,
or shoulder) and was incorporated into the United States
(U.S.) Preventive Services Task Force osteoporosis screening
recommendations in 2011 [3]. The National Osteoporosis
Foundation (NOF) also recommends that physicians use
FRAX when possible, along with a detailed medical history,
physical examination, and bone mineral density (BMD)

assessment to diagnose osteoporosis and guide treatment
decisions [4]. However, little is known about the prevalence of
specific fracture risk factors in postmenopausal women who
are currently being treated for osteoporosis.
In the current study, the prevalence of risk factors for
fracture in a treated population was assessed using data from
the Prospective Observational Scientific Study Investigating
Bone Loss Experience in the US (POSSIBLE US), which was
a large, longitudinal cohort study of postmenopausal women
who were prescribed osteoporosis therapy in a primary care
setting [5]. We also examined the associations between the
number of risk factors per subject at study entry and the
incidence of on-study fracture. We computed FRAX scores
using the online calculation tool, assessed the distribution of
these scores, and examined the on-study fracture experience
of women with different risk strata.

2

2. Methods
2.1. Data Source and Study Population. From October 2005 to
January 2007, 134 primary care physicians in the US enrolled
5,015 postmenopausal women who were receiving treatment
for bone loss into the POSSIBLE US treatment cohort. The
study design and subject characteristics have been previously
described [5]. Briefly, all subjects in this Institutional Review
Board-approved study had been identified for osteoporosis
therapy by their primary care physician and prescribed ≥1 of
the following osteoporosis medications: oral bisphosphonate
(i.e., alendronate/alendronate sodium with cholecalciferol,
risedronate/risedronate with calcium, and ibandronate); oral
or transdermal postmenopausal estrogen; parathyroid hormone; calcitonin; raloxifene; or calcium; and/or vitamin
D. Calcium and vitamin D supplements were classified as
nonpharmacological therapy. Since this was an observational
study of routine care, prescribing decisions were based on
the judgment of the enrolling physicians. After providing
informed consent at a routine visit with the enrolling primary
care physician, each subject completed a self-administered
baseline questionnaire to report demographic characteristics
and lifestyle behaviors, osteoporosis medication use, satisfaction and side effects related to these osteoporosis therapies,
and health-related quality of life. Followup questionnaires
(mailed to subjects every 6 months after entry for up to
3 years) also included questions about the occurrence of
on-study fracture. For each subject, the enrolling physician
provided relevant medical history at both study entry and for
routine followup visits.
Women from the POSSIBLE US cohort who had a
physician-reported diagnosis of osteoporosis or osteopenia
on the study enrollment form (𝑁 = 4,429) were included in
these analyses. Risk factors were identified using physicianand subject-reported data collected at the subject’s enrollment into the study and included: age >70 years; history of
fracture since age 50; minimum reported hip or spine Tscore ≤ −2.5 at diagnosis; body mass index <18.5 kg/m2 ;
rheumatoid arthritis; parental history of hip fracture; current
cigarette smoking; and oral glucocorticoid use in the 6
months prior to study entry. BMD assessments were not
required for study enrollment; however, diagnostic T-scores
were available for 89% of subjects with osteoporosis and 92%
of subjects with osteopenia.
2.2. Statistical Analysis. Descriptive statistics (counts and
percentages) quantified the prevalence of risk factors, with
results reported separately for subjects diagnosed by their
enrolling physician with either osteoporosis (osteoporosis
group) or osteopenia (osteopenia group). Statistical differences between groups were assessed using chi-square tests for
categorical data.
Available data were used to calculate the 10-year probability of hip fracture and major osteoporosis-related fracture
using the US version of the online FRAX calculation tool [1].
FRAX uses race-specific norms; therefore, FRAX scores were
calculated only for POSSIBLE US subjects who reported their
race as Caucasian, Hispanic, African American, or Asian.
Diagnoses of secondary osteoporosis and relevant alcohol use
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(≥3 units per day) were defaulted to “no” in the calculation
tool for all subjects as these data were not collected in
the POSSIBLE US cohort. The distribution of FRAX scores
was assessed categorically, and the mean (95% confidence
intervals) and median FRAX scores were computed.
Incident fractures reported by subjects throughout follow up were classified as either osteoporosis-related or not
osteoporosis-related using a published classification schema
[6]. Specifically, fractures occurring at locations listed by
Warriner et al. [6] as “more likely to be because of osteoporosis” were considered osteoporosis-related for the purposes
of this analysis. The number and percentage of subjects
with on-study fracture were reported for all fractures and
osteoporosis-related fractures and by fracture location. Fracture incidence was computed separately for subjects with
osteoporosis and osteopenia, and results were stratified by
the number of risk factors at study entry identified for each
subject (0, 1, ≥2).
Chi-square tests for categorical data were used to compare fracture incidence for women who met different risk
thresholds (i.e., ≥3% 10-year predicted risk for hip fracture or
≥20% 10-year predicted risk for major osteoporotic fracture)
based on NOF classification of FRAX scores. Statistical
significance was assessed using pairwise comparisons of the
percentage of subjects with on-study fracture for subjects
with scores above and below the risk thresholds. Since
FRAX was originally developed and validated in untreated
populations, we analyzed data for subjects who were not
using pharmacologic therapy on entry into POSSIBLE US
(i.e., subjects who reported either not using any osteoporosis
agent or taking only calcium/vitamin D at or within 2 months
of study entry). An additional analysis was conducted using
data from pharmacologically treated subjects (i.e., subjects
who reported using pharmacological therapy at or within
2 months of entering the study). Missing data were not
imputed, and all statistical analyses were conducted using
SAS version 9.1 software (SAS Institute Inc., Cary, NC, USA).

3. Results
Data were analyzed for 1,916 women in the osteoporosis
group (age: mean 67.8 years; median 61.0 years) and 2,513
women in the osteopenia group (age: mean 62.2 years;
median 61.0 years). The majority of women in each group
were Caucasian: 87% in the osteoporosis group and 90% in
the osteopenia group. Mean followup was 869 days (median:
959 days) for the osteoporosis group and 873 days (median:
932 days) for the osteopenia group. Among the pharmacologically treated patients in the study population, the probability
of persisting with the osteoporosis therapy used at study entry
was 66% (95% confidence interval: 64%, 68%) at 12 months
after study entry [7].
The number of reported risk factors per subject ranged
from 0 to 5 (Figure 1). Subjects in the osteopenia group were
more likely to have 0 risk factors compared with subjects in
the osteoporosis group (52.6% versus 11.2%, 𝑃 < 0.0001).
Multiple risk factors were more common than a single risk
factor in the osteoporosis group (54.2% versus 34.6%, 𝑃 <
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Figure 1: Percentage of subjects with osteoporosis or osteopenia by
number of fracture risk factors.
Table 1: Subject-reported on-study fracture.
Subjects with
No on-study fracture
Any on-study fracture
Any osteoporosisrelated fracture
Hip fracture
Spine fracture
Nonhip/nonspine
fracture
Multiple osteoporosisrelated fractures

Osteoporosis group
(N = 1,916)
n (%)

Osteopenia group
(N = 2,513)
n (%)

1,692 (88.3)
224 (11.7)

2,284 (90.9)
229 (9.1)

153 (8.0)

138 (5.5)

35 (1.8)
35 (1.8)

22 (0.9)
29 (1.2)

104 (5.4)

99 (3.9)

46 (2.4)

37 (1.5)

0.0001) but not in the osteopenia group (13.8% versus 33.6%,
𝑃 < 0.0001).
Among subjects in the osteoporosis group, most common
fracture risk factors (singly and in combination) were hip or
spine T-score ≤ −2.5 at diagnosis, age >70 years, and history
of fracture since age 50 (Figure 2(a)). These 3 risk factors
were reported in 2.8% to 24.1% of osteoporosis subjects with
a single risk factor and in 25.4% to 49.6% of subjects with
multiple risk factors.
The most common fracture risk factors among subjects
in the osteopenia group who had a single risk factor reported
were age >70 years, history of fracture since age 50, and
current cigarette smoking, occurring in 11.1%, 7.0%, and 7.0%
of subjects, respectively (Figure 2(b)). These 3 risk factors
along with rheumatoid arthritis occurred in 3.3% to 9.1% of
osteopenia subjects with multiple risk factors.
Table 1 summarizes subject-reported on-study fracture.
At least 1 on-study fracture of any type was reported by 11.7%
of women in the osteoporosis group and 9.1% of women
in the osteopenia group (𝑃 = 0.0059). Overall, 8.0% of

the osteoporosis group and 5.5% of the osteopenia group
(𝑃 < 0.0001) reported an osteoporosis-related fracture.
The highest incidence of on-study fracture and osteoporosisrelated on-study fracture occurred in women with multiple
risk factors (Figure 3). The percentage of women in the
osteoporosis group reporting any on-study fracture ranged
from 7.9% for those with 0 risk factors to 13.4% for those with
multiple risk factors, and the percentage with osteoporosisrelated fractures ranged from 4.2% for those with 0 risk
factors to 9.9% for women with multiple risk factors. Corresponding results for the osteopenia group were from 7.9% to
14.7% for any on-study fracture and from 4.5% to 11.2% for
osteoporosis-related fracture. On-study osteoporosis-related
fractures were more common in women with multiple risk
factors compared with women with a single risk factor in
both the osteoporosis group (9.9% versus 6.2%, 𝑃 = 0.0092)
and the osteopenia group (11.2% versus 4.8%, 𝑃 < 0.0001,
Table 2). Osteoporosis-related fractures at locations other
than the hip or spine were the most common in both the
osteoporosis and osteopenia groups (Table 2). The percentage
of subjects with a nonhip, nonspine osteoporosis-related
fracture ranged from 3.3% to 6.2% in the osteoporosis group
and from 3.6% to 6.9% in the osteopenia group, depending
on the number of risk factors. Similarly, the percentage of
subjects with multiple osteoporosis-related fractures ranged
from 0.5% to 3.4% in the osteoporosis group and from 1.1%
to 3.7% in the osteopenia group.
FRAX scores were computed for 4,295 (97%) subjects
in the POSSIBLE US cohort. The mean (95% confidence
intervals) 10-year predicted hip fracture risk was 3.8% (3.6%,
4.0%) for subjects pharmacologically treated for bone loss
(𝑛 = 2,996) and 3.3% (3.1%, 3.6%) for nonpharmacologically
treated subjects (𝑛 = 1,299). The median scores for these 2
subject groups were 1.8% and 1.4%, respectively. The mean
(95% confidence intervals) 10-year predicted risk for any
major osteoporotic fracture was 13.6% (13.3%, 14.0%) for
pharmacologically treated subjects and 12.4% (11.9%, 12.9%)
for nonpharmacologically treated subjects.
A greater percentage of the pharmacologically treated
subjects met or exceeded the NOF threshold for major osteoporosis fracture risk compared with nonpharmacologically
treated subjects (20.4% versus 15.9%, 𝑃 < 0.001; Figure 4),
and this finding also held for the hip fracture risk threshold
(34.7% versus 31.3%, 𝑃 = 0.033). On-study fracture incidence was similar for nonpharmacologically treated subjects
whose FRAX scores met or exceeded the NOF thresholds
for hip fracture or major osteoporotic fracture compared
with subjects whose scores were below these thresholds
(Table 3). However, similar analyses were conducted for the
2,996 pharmacologically treated subjects with FRAX scores
(Table 4), and the incidence of on-study fracture (any and
osteoporotic) was significantly higher among subjects whose
risk scores met or exceeded the NOF thresholds (𝑃 < 0.0001).
Overall, 5.7% of the 407 subjects who met or exceeded the 3%
hip fracture risk threshold experienced an on-study fracture
compared with 5.5% of the 892 subjects with scores below
the threshold (𝑃 = 0.95). Of the 206 subjects who met or
exceeded the 20% threshold for major osteoporotic fracture
risk, 6.8% experienced an on-study fracture compared with
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Figure 2: Prevalence of fracture risk factors among subjects with osteoporosis or osteopenia. ∗ Number of subjects with minimum T-scores:
1,703 (88.9%) in osteoporosis subjects; 2,322 (92.4%) in osteopenia subjects. BMI, body mass index.
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Figure 3: Percentage of subjects reporting on-study fracture stratified by number of fracture risk factors.
Table 2: Subject-reported on-study osteoporosis-related fracture stratified by number of risk factors.

Osteoporotic subjects
Any osteoporosis-related fracture
Hip fracture
Spine fracture
Nonhip/nonspine fracture
Multiple osteoporosis-related fractures
Osteopenic subjects
Any osteoporosis-related fracture
Hip fracture
Spine fracture
Nonhip/nonspine fracture
Multiple osteoporosis-related fractures

Subjects with 0 risk factors
𝑛 (%)
214
9 (4.2)
0 (0)
2 (0.9)
7 (3.3)
1 (0.5)
1,322
59 (4.5)
8 (0.6)
11 (0.8)
47 (3.6)
14 (1.1)

Subjects with 1 risk factor
𝑛 (%)
663
41 (6.2)
4 (0.6)
7 (1.1)
33 (5.0)
10 (1.5)
843
40 (4.8)
6 (0.7)
7 (0.8)
28 (3.3)
10 (1.2)

Subjects with ≥2 risk factors
𝑛 (%)
1,039
103 (9.9)
31 (3.0)
26 (2.5)
64 (6.2)
35 (3.4)
348
39 (11.2)
8 (2.3)
11 (3.2)
24 (6.9)
13 (3.7)

Risk factors: age > 70 years, history of fracture since age 50, minimum hip or spine T-score ≤ −2.5 at diagnosis, body mass index < 18.5 kg/m2 , rheumatoid
arthritis, parental history of hip fracture, current cigarette smoking, and glucocorticoid use in 6 months prior to study entry.

5.3% of the 1,093 whose FRAX scores were below the threshold (𝑃 = 0.32). There were also no statistically significant
differences in the incidence of osteoporosis-related on-study
fractures relative to the NOF risk thresholds.
In the 2,996 pharmacologically treated subjects with
FRAX scores (Table 4), the incidence of any on-study fracture was significantly higher among subjects whose risk
scores met or exceeded the NOF thresholds (16.7% versus
10.1%, 𝑃 < 0.0001). The same pattern was observed for
osteoporosis-related fractures, which occurred in 12.0% of
pharmacologically treated subjects who met or exceeded the
treatment threshold compared with 5.8% of pharmacologically treated subjects whose FRAX scores were below the
NOF threshold (𝑃 < 0.0001). In combined analysis of
pharmacologically treated and nonpharmacologically treated
subjects with FRAX scores (𝑛 = 4,295), 13.6% of the subjects
with predicted 10-year hip fracture risk of ≥3% experienced
an on-study fracture, and 8.7% of the subjects with predicted
hip fracture risk were below this threshold (𝑃 < 0.0001).

Similarly, 16.2% of the subjects with predicted 10-year major
osteoporotic fracture risk of ≥20% experienced an on-study
fracture. This compares with 5.0% of the subjects who had
a predicted risk of major osteoporosis fracture below this
threshold (𝑃 < 0.0001).

4. Discussion
The prevalence of key risk factors for fracture has been evaluated in untreated populations in the course of developing and
validating FRAX [2], and FRAX was recently validated in a
Canadian cohort that included treated individuals [8]; however, this is the first study to our knowledge to examine the
prevalence of these risk factors in a cohort of postmenopausal
women who have been identified with, and are undergoing
treatment for, osteoporosis or low bone mass in the primary
care setting in the USA. In this treatment cohort, 1 in 2
osteoporotic women and nearly 1 in 7 osteopenic women had
multiple risk factors for fracture. With a median followup

6

International Journal of Endocrinology

Table 3: Self-reported on-study fracture among nonpharmacologically treateda POSSIBLE US subjects stratified by the National Osteoporosis
Foundation treatment thresholds.

Yes
No
(𝑁 = 407) (𝑁 = 892) P value
n (%)
n (%)

FRAX score ≥ intervention
threshold for either hip or
major osteoporotic
fractures
Yes
No
Yes
No
(𝑁 = 206) (𝑁 = 1,093) P value (𝑁 = 411) (𝑁 = 888) P value
n (%)
n (%)
n (%)
n (%)

384 (94.4) 843 (94.5)

192 (93.2)

1,035 (94.7)

14 (6.8)

58 (5.3)

Number of
FRAX predicted 10-year risk of
subjects with
≥3% for hip fracture
FRAX score
(𝑁 = 1,299)
n (%)
No on-study
fracture
Any on-study
fracture
Any osteoporosisrelated fracture
Hip fracture
Spine fracture
Nonhip/nonspine fracture
Multiple
osteoporosisrelated fractures

1,227 (94.5)

0.91

FRAX predicted 10-year risk of
≥20% for major osteoporotic
fracture

72 (5.5)

23 (5.7)

49 (5.5)

47 (3.6)

18 (4.4)

29 (3.3)

0.29

12 (5.8)

35 (3.2)

9 (0.7)
9 (0.7)

3 (0.7)
4 (1.0)

6 (0.7)
5 (0.6)

0.90
0.40

1 (0.5)
4 (1.9)

31 (2.4)

11 (2.7)

20 (2.2)

0.61

11 (0.9)

6 (1.5)

5 (0.6)

0.10

0.39

388 (94.4) 839 (94.5)

0.95

23 (5.6)

49 (5.5)

0.06

18 (4.4)

29 (3.3)

0.33

8 (0.7)
5 (0.5)

0.70
0.02

3 (0.7)
4 (1.0)

6 (0.7)
5 (0.6)

0.91
0.41

7 (3.4)

24 (2.2)

0.30

11 (2.7)

20 (2.3)

0.64

4 (1.9)

7 (0.6)

0.06

6 (1.5)

5 (0.6)

0.10

a

Subjects who reported no pharmacological therapy or using only calcium/vitamin D within 2 months of study entry.
P value is for pairwise (yes/no) comparisons with percentage of specified fracture risk outcome for each risk category.

Table 4: Self-reported on-study fracture among pharmacologically treateda POSSIBLE US subjects stratified by the National Osteoporosis
Foundation treatment thresholds.
Number of
FRAX predicted 10-year risk of
subjects with
≥3% for hip fracture
FRAX score

Yes
No
(N = 1,039) (N = 1,957) P-value
n (%)
n (%)
1,758
2,623 (87.6) 865 (83.3)
<0.0001 492 (80.7)
(89.8)
N = 2,996
n (%)

No on-study
fracture
Any on-study
fracture
Any osteoporosisrelated fracture
Hip fracture
Spine fracture
Nonhip/nonspine fracture
Multiple
osteoporosisrelated fractures

FRAX score ≥ intervention
threshold for either hip or
major osteoporotic
fractures
Yes
No
Yes
No
(N = 610) (N = 2,386) P-value (N = 1,062) (N = 1,934) P-value
n (%)
n (%)
n (%)
n (%)
FRAX predicted 10-year risk of
≥20% for major osteoporotic
fracture

373 (12.5)

174 (16.8)

199 (10.2)

240 (8.0)

126 (12.1)

114 (5.8)

48 (1.6)
54 (1.8)

34 (3.3)
32 (3.1)

169 (5.6)
72 (2.4)

2,131 (89.3) <0.0001 885 (83.3) 1,738 (89.9) <0.0001

118 (19.3)

255 (10.7)

177 (16.7)

196 (10.1)

<0.0001

93 (15.3)

147 (6.2)

<0.0001

127 (12.0)

113 (5.8)

<0.0001

14 (0.7)
22 (1.1)

<0.0001
0.0001

30 (4.9)
29 (4.8)

18 (0.8)
25 (1.1)

<0.0001
<0.0001

35 (3.3)
32 (3.0)

13 (0.7)
22 (1.1)

<0.0001
0.0002

79 (7.6)

90 (4.6)

0.0007

52 (8.5)

117 (4.9)

0.0005

80 (7.5)

89 (4.6)

0.0009

41 (4.0)

31 (1.6)

0.0001

34 (5.6)

38 (1.6)

<0.0001

42 (4.0)

30 (1.6)

<0.0001

a

Subjects who reported the use of pharmacological monotherapy or combination therapy at study entry or initiated pharmacological therapy within 2 months
of entry.
P value is for pairwise (yes/no) comparisons with percentage of specified fracture risk outcome for each risk category.

period of approximately 2.6 years, 8.0% of women in the
osteoporosis group and 5.5% of women in the osteopenia
group experienced an osteoporosis-related on-study fracture
with the majority (68.0% and 71.7%, resp.,) of these fractures
occurring at sites other than the hip or spine in both groups.

The on-study fracture incidence was even higher among
subjects who met the NOF FRAX treatment thresholds.
Osteoporosis-related fractures were also significantly
more common in women with multiple risk factors compared
with women with a single risk factor. Interestingly, women
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Figure 4: Percentage of subjects in the osteoporosis and osteopenia
groups whose FRAX scores met or exceeded the National Osteoporosis Foundation treatment threshold.

with multiple risk factors had a similar fracture incidence
regardless of whether they were in the osteoporosis group or
osteopenia group.
For osteoporosis, effective treatment involves identifying
at-risk individuals, determining the likely causes and factors
contributing to low bone mass, and tailoring medical treatments and other interventions (e.g., fall prevention) to the
individual patient’s needs [9]. The results of our study may
help inform primary care physicians’ approaches to the first
component of this treatment paradigm—patient identification. In particular, women of age > 70 years, with history of
fracture, and/or current smoking (the most common nonBMD risk factors in this cohort of postmenopausal women)
may merit further assessment of their bone health and
potential fracture risk. Our results also suggest that women
with multiple risk factors may be more likely to experience an
osteoporosis-related fracture even after having bone-specific
medications prescribed. The greater incidence of fractures
among women with multiple risk factors during the relative
short observation period (from 2 to 3 years) underscores the
importance of determining how many fracture risk factors
each patient has and suggests that primary care physicians
may want to closely monitor patients with multiple risk
factors, even after they initiate therapy.
Published guidelines recommend using risk factor profiles to identify candidates for osteoporosis therapy. As
recently as 2003, osteoporosis guidelines advocated active
patient identification even in the absence of a consensus
about the best approach [10]. The World Health Organization has defined osteoporosis using a T-score cut-off, and
BMD assessments were initially the primary tool for patient

identification. More recently, other independent clinical risk
factors (in addition to BMD) have been shown to enhance
the efficiency of identifying candidates for therapy [11], and
patient identification approaches have been broadened to
include these other factors.
The FRAX tool, for example, was designed to help
physicians in clinical practice to identify patients who are at
high risk of fracture by estimating the 10-year fracture risk
for an individual compared with a population of the same
age and sex [12]. The recent incorporation of FRAX into
the US osteoporosis screening guidelines acknowledges the
importance of assessing risk factors beyond BMD and defines
a routine role for FRAX in the primary care setting to identify
women (and men) who would be most likely to benefit
from osteoporosis therapy [13, 14]. FRAX is also included in
osteoporosis guidelines for a number of countries outside of
the USA [15, 16]. For example, Canada has adopted FRAX
to identify candidates for osteoporosis therapy and also has
created a customized version using the Canadian national
hip fracture and mortality data [17, 18]. The use of FRAX in
clinical practice has also been shown to improve prescribing
practices for osteoporosis therapies [19]. Although, we found
no association between on-study fracture experience and
NOF FRAX treatment thresholds among subjects on nonpharmacologic therapy, we did observe a greater incidence of
on-study fractures among pharmacologically treated subjects
who met or exceeded the treatment thresholds compared
with subjects whose scores were below the treatment thresholds.
This shift beyond using only BMD assessment to identify
individuals at increased risk of fracture may, in part, also
reflect concerns about inadequate access to dual energy X-ray
absorptiometry (DXA) in Europe and the USA [11, 20], as well
as increased understanding of the role of other risk factors.
Recent estimates suggest that most European countries lack
the DXA resources required for case finding and treatment
monitoring, and in the USA, there is concern that reductions
in Medicare reimbursements for DXA will result in the
underuse of BMD assessments in Medicare populations
[11, 20].
By 2025, an estimated 3 million osteoporotic fractures
are projected to occur in the USA, and these fractures are
associated with an increased risk of subsequent fractures,
significant treatment costs, quality of life decrements, and
increased mortality risk [21–25]. In the USA and elsewhere,
a variety of effective therapies with different modes of
administration and mechanisms of action are available for
both the prevention and treatment of osteoporosis [26]. The
combination of the large public health burden associated with
osteoporosis-related fracture and the availability of effective
osteoporosis therapies suggests that there may be substantial
benefit from identifying individuals at greatest risk for fracture and providing those individuals with appropriate therapeutic interventions [26]. The results of our study support
the current published recommendations to evaluate a variety
of fracture risk factors, and suggest that, in addition to BMD,
age, history of fracture, and smoking status may be the most
common risk factors in postmenopausal women identified by
primary care physicians for osteoporosis therapy.
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Various limitations must be considered in interpreting
the results of this study. On-study fracture was identified
using subject-reported data. Therefore, the accuracy of these
data may be affected by the use of a 6-month recall window
and by other factors limiting subject recall. The physicianreported diagnoses used to characterize and group subjects
may have been based on clinical judgment, in addition to
explicit risk factors. This may explain why some women who
were reported to have no risk factors in our analysis were
actually receiving treatment. Although the women in this
cohort are demographically similar to women treated for
osteoporosis in the USA [5], they may not be representative
of women with postmenopausal bone loss overall or those
treated for bone loss in countries outside of the USA. In
addition, in the time since the POSSIBLE US data were
collected, evidence highlighting risks and limitations of
bisphosphonate therapies has been published [27, 28]. In
light of these findings, primary care physicians may have
become less likely to recommend osteoporosis treatment for
low risk patients. The utility of FRAX scores computed for
the women in POSSIBLE US cohort is still being assessed
because FRAX was initially developed to predict fracture risk
only in untreated individuals. In this context, the “untreated”
population includes individuals who have no pharmacological treatment history, as well as individuals who used
oral bisphosphonates for <2 months in the previous 2 years
and individuals with no estrogen, raloxifene, calcitonin, or
denosumab use in the past year but who may have had
prior use of these agents [29]. However, a recent validation
study using 5 years of follow up data from a large Canadian
population-based cohort concluded that FRAX predicted
the risk of major osteoporotic and hip fractures equally
well in untreated, currently treated, and previously treated
women [8]. The authors note that this finding should not
be interpreted as meaning that osteoporosis treatment is
ineffective, and although their study was not powered to
detect an antifracture benefit of therapy, the actual fracture
experience in the most adherent patient group was lower
than the one predicted by FRAX. Finally, there are a few
data limitations which may impact the FRAX scores. BMD
assessments were not required by the POSSIBLE US study
protocol; 11.1% of subjects in the osteoporosis group and 7.6%
of subjects in the osteopenia group did not have T-scores for
use in the FRAX calculation. Also, by defaulting the alcohol
use and secondary osteoporosis diagnosis risk factors to “no”
in the FRAX calculator, we may have underestimated the 10year predicted fracture risks for some subjects.
In summary, our study highlighted that multiple fracture
risk factors were present in a significant proportion of the
postmenopausal women with osteoporosis receiving treatment. Multiple risk factors were associated with a greater
incidence of on-study fracture (overall and osteoporosisrelated fractures), even though the women in this study had
been identified by their primary care physicians to receive
osteoporosis therapy during the followup period. By demonstrating the association between the presence of multiple risk
factors and fracture incidence, this study underscores the
importance of considering independent fracture risk factors
(beyond BMD) to identify postmenopausal women who
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could benefit from osteoporosis treatments. These results also
suggest that women with multiple risk factors may remain at
elevated risk of fracture even after initiating therapy.
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It has been presumed that adipokines deriving from adipose tissue may play important roles in bone metabolism. Omentin1, a novel adipokine, which is selectively expressed in visceral adipose tissue, has been reported to stimulate proliferation and
inhibit differentiation of mouse osteoblast. However, little information refers to the effect of omentin-1 on human osteoblast (hOB)
proliferation. The current study examined the potential effects of omentin-1 on proliferation in hOB and the signal pathway involved.
Omentin-1 promoted hOB proliferation in a dose-dependent manner as determined by [3 H]thymidine incorporation. Western blot
analysis revealed that omentin-1 induced activation of Akt (phosphatidylinositol-3 kinase downstream effector) and such effect was
impeded by transfection of hOB with Akt-siRNA. Furthermore, LY294002 (a selective PI3K inhibitor) and HIMO (a selective Akt
inhibitor) abolished the omentin-1-induced hOB proliferation. These findings indicate that omentin-1 induces hOB proliferation
via the PI3K/Akt signaling pathway and suggest that osteoblast is a direct target of omentin-1.

1. Introduction
Adipokines, secreted by adipose tissue, have been demonstrated to play critical roles in regulating metabolic homeostasis, insulin sensitivity, systemic inflammatory processes,
cardiovascular function, and bone metabolism [1, 2].
Recently, adipokines have emerged as elements in the regulation of bone metabolism [3, 4]. Previous studies proved
that the adipokines such as leptin and adiponectin could
modulate bone metabolism both in vitro and in vivo [5–9].
Our previous work showed that apelin and vaspin inhibited
the apoptosis of human osteoblast (hOB) [10, 11], and
adiponectin stimulated proliferation and differentiation of
hOB [12]. However, the function and mechanism involved
await to be elucidated.
Omentin-1, also named intelectin-1, is a newly discovered
34 kDa adipokine selectively expressed in omental adipose
tissue and abundantly present in plasma [13, 14]. Omentin1 participates in multiple physiological processes including
insulin action, cardiovascular function, and inflammatory
response. It was reported that omentin-1 could modulate

insulin sensitivity [14], inhibit TNF-induced vascular inflammation in human endothelial cells [15], and induce vasodilation [16]. Recent study demonstrated that omentin-1 played
a protective role against vascular calcification [17]. Clinical
studies showed that omentin-1 levels inversely correlated with
obesity and insulin resistance [18]. Regarding its effects on
bone, recent study reported that circulating omentin-1 levels
had an inverse correlation with bone mineral density (BMD)
at lumber spine in Iranian postmenopausal women [19]. Xie
et al.’s study demonstrated that omentin-1 could alleviate
the bone loss in osteoprotegerin-deficient or ovariectomized
mice by regulating the proliferation and differentiation of the
mouse osteoblast [20, 21]. However, research concerning the
potential effects of omentin-1 on hOB proliferation remains
relatively poor. Our present work focuses on the role of
omentin-1 in controlling hOB proliferation and the signaling
pathway involved.

2. Materials and Methods
2.1. Reagents. Recombinant omentin-1 was the product of
Cell Science, Inc. (Canton, MA, USA). Anti-Akt and p-Akt
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2.2. Cell Cultures. Primary hOB was isolated from human
trabecular bone obtained during surgery following traffic
accident victims as previously described [22, 23], and after
being approved by the Ethics Committee of the Second
Xiangya Hospital of Central South University, China. None
of the donors suffered from clinical symptoms or history
of bone metabolic disorders. Briefly, samples were washed
extensively with phosphate buffered saline (PBS) to remove
blood cells and debris and finally washed in culture medium.
Then, the sample was digested with type IV collagenase
(Sigma) and cultured in phenol red-free 𝛼-MEM containing
10% fetal bovine serum (FBS, Gibco-BRL Corp. Grand Island,
NY, USA), 100 U/mL penicillin, 100 𝜇g/mL streptomycin, and
50 𝜇g/mL ascorbic acid (Sigma) at 37∘ C in a humidified incubator with 5% CO2 . Medium was changed every 2 days and
after approximately 4 weeks in culture, cells were harvested
using trypsin EDTA and subcultured in 𝛼-MEM containing
10% FBS, 100 U/mL penicillin, 100 𝜇g/mL streptomycin, and
50 𝜇g/mL ascorbic acid. Osteoblast was cultured to facilitate
mineralization in differentiation medium containing 10%
FBS, 50 𝜇g/mL ascorbic acid, 10 nM dexamethasone, and
10 mM 𝛽-glycerophosphate. The phenotype of cells was characterized based on the ALP activity, osteocalcin (OC) secretion, and the formation of mineralization nodules as previously described [22, 23]. Briefly, ALP activity was assayed by
spectrophotometric measurement of p-nitrophenol release at
37∘ C. ALP activity was normalized to total protein content of
the cell layer. Osteocalcin released into the culture media was
measured using a specific radioimmunoassay kit (DiaSorin,
Stillwater, MN, USA). To normalize protein expression to
total cellular protein, a fraction of the lysate solution was used
in a Bradford protein assay. The formation of mineralization
nodules was determined by Alizarin Red S staining.
2.3. Assessment of Cell Proliferation. HOB proliferation was
assessed using [3 H]thymidine (2 mCi/mL) incorporation
into trichloroacetic acid (TCA) insoluble material followed
by scintillation counting. Briefly, cells were plated at a
density of 2 × 104 cells/well in 24-well plates and treated
with 25–200 ng/mL omentin-1 for 48 h, in the presence
of [3 H]thymidine. 24 hours later, the plates were washed
with PBS, and 10% TCA solution was added to the wells.
Incorporated [3 H]thymidine was released by washing with
0.2 N of NaOH, and radioactivity was measured using a
𝛽-scintillation counter. Results are expressed as counts per
minute.
To study the effects of inhibitors, cells were pretreated
with PI3K inhibitor LY294002 (10 𝜇M), or Akt inhibitor
HIMO (10 𝜇M) for 3 h prior to treatment with 200 ng/mL
omentin-1.
2.4. Detection of Akt Activation. Briefly, hOBs were first
treated with 200 ng/mL omentin-1 for 5–60 min. Then, cell
monolayers were washed quickly with cold PBS containing

1500.00
[3 H]thymidine incorporation (cpm/min)

antibodies, anti-mouse, and rabbit IgG peroxidase conjugate
antibodies were purchased from Santa Cruz Biotechnology
Inc. (Waltham, MA, USA). LY294002 and HIMO were
purchased from Calbiochem Corp. (San Diego, CA, USA).

International Journal of Endocrinology

∗
1250.00
∗
1000.00
∗
750.00

∗

50.00
25.00
0.00
0

25
50
100
Omentin-1 (ng/mL)

200

Figure 1: Omentin-1 stimulated the proliferation of hOB. Cells were
exposed to 25–200 ng/mL omentin-1 for 48 h. Cell proliferation was
determined by measuring [3 H]thymidine incorporation. Results are
expressed as counts per minute. ∗ 𝑃 < 0.05 versus control.

5 mM of EDTA and 0.1 mM of Na3 VO4 and lysed with a lysis
buffer consisting of 20 mM of Tris-HCl (pH 7.5), 150 mM of
NaCl, 1% Triton X-100, 10 mM of NaH2 PO4 , 10% glycerol,
2 mM of Na3 VO4 , 10 mM of NaF, 1 mM of ABSF, 10 mg/mL
leupeptin, and 10 mg/mL aprotinin. Protein concentrations
were determined by Bradford assay. 10 𝜇g of protein was
loaded onto a 10% polyacrylamide gel. After electrophoresis,
the SDS-PAGE separated proteins were transferred to a
nitrocellulose membrane (Amersham Pharmacia Biotech).
The membrane was blocked with 2.5% nonfat milk in PBS
and incubated with anti-Akt and -phospho-Akt primary
antibodies (Santa Cruz, Biotechnology, CA, USA) at 1 : 500
in PBS for 2 h. Then, the membrane was incubated with
goat anti-mouse or rabbit IgG conjugated with horseradish
peroxidase (Santa Cruz) at 1 : 1000 in PBS for 1 h. Blots were
processed using an ECL (Santa Cruz) kit and exposed to Xray film.
2.5. Genetic Suppression of Akt by siRNA. For gene knockdown experiments, hOBs were plated in 60 mm diameter
dish and cultured for 24 h in medium without antibiotics.
To suppress Akt, the hOBs were transfected with either Akt
small interfering RNA (siRNA) or control siRNA (Santa Cruz
Biotechnology Inc.) using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA). The levels of Akt expression were
analyzed by western blotting as described above.
2.6. Statistical Analyses. Data are presented as the mean ± SD.
Comparisons were made using a one-way ANOVA. All experiments were repeated at least three times, and representative
experiments are shown.

3. Results
3.1. Characterization of hOB. Cells were identified as osteoblast using several criteria, including high intrinsic ALP
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Figure 2: Omentin-1 activated Akt signal pathway in hOB. (a) Western blot analysis of Akt activation. The hOBs were cultured in serum-free aMEM for 6 h and then treated with omentin-1 (200 ng/mL) for 5–60 min. The cell lysates were analyzed by western blotting and incubated with
antibodies against p-Akt and Akt. Representative results are shown. (b) Either control siRNA or Akt siRNA was transfected into osteoblast.
Akt siRNA significantly suppressed the expression of phosphor-Akt (left). Expression of Akt was determined by western blot analysis using
an Akt antibody. Representative results are shown (right).

activity, secretion of OC, and mineralized nodule formation
as previously described [24]. The ALP activities in normal
hOB were 71.6 ± 6.3 nmol/min/mg protein. The OC levels in
the culture supernatants from unstimulated human bone cells
were 4.65 ± 0.36 ng/mg protein. After 21 days of culture with
differentiation medium, the mineralized nodule formation
was detected using Alizarin Red S staining in cultured
hOB. Fulfilling the above criteria for osteoblast, our results
demonstrated that the cells isolated were primary hOB from
collagenase-digested human trabecular bone.
3.2. Omentin-1 Stimulated hOB Proliferation. Using [3 H]thymidine incorporation by cells to determine the proliferation of hOB, we confirmed that omentin-1 stimulated hOB
proliferation in a dose-dependent manner. Compared to the
control group, cells treated with omentin-1 at concentrations
of 25, 50, 100, and 200 ng/mL increased the [3 H]thymidine
incorporation of hOB by 23.66%, 53.29%, 93.93%, and
140.36%, respectively, with statistical significance (all 𝑃 <
0.05) (Figure 1).
3.3. Omentin-1 Activated Akt Signaling Pathway in hOB.
To investigate the signal pathway involving omentin-1, we
determined if the Akt signaling pathway was inducible by
omentin-1. As shown in Figure 2(a), omentin-1 stimulated the

activity of Akt in hOB after 5 min incubation with omentin1 as demonstrated by an increased phosphorylated Akt
levels.
To determine the effect of Akt in the proliferation of
omentin-1 on hOB, we used siRNA to knockdown the
expression of Akt. As shown in Figure 2(b), transfection of
hOB with Akt siRNA inhibited Akt protein expression.
3.4. Omentin-1 Regulated Proliferation of hOB through the
PI3K/Akt Signaling Pathway. Because the results above demonstrated that omentin-1 activated Akt signaling pathway in
hOB, we examined whether the omentin-1-induced proliferation is mediated via the activation of PI3K/Akt signaling pathway. Pretreatment of cells with the PI3K inhibitor
LY294002 or Akt inhibitor HIMO abolished the omentin-1induced cell proliferation (Figure 3). The observation from
Akt siRNA treatment cohered with the current observation
when cells are treated with LY294002 and HIMO. In conclusion, treatment of hOB with Akt siRNA suppressed the effects
of omentin-1 on proliferation in hOB (Figure 3).

4. Discussion
The present study shows that treatment with omentin-1 stimulates proliferation of hOB, indicating a growth promotion
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Figure 3: Omentin-1 regulated proliferation of hOB through the
PI3K/Akt signaling pathway. The hOBs were pretreated with vehicle,
PI3K inhibitor LY294002 (10 𝜇M), or Akt inhibitor HIMO (10 𝜇M)
for 3 h prior to treatment with omentin-1 (200 ng/mL) for 48 h.
The cells were also transfected with control siRNA or Akt siRNA
before treatment with omentin-1 (200 ng/mL) for 48 h. Cell proliferation was determined by measuring [3 H]thymidine incorporation.
Results are expressed as counts per minute. ∗ 𝑃 < 0.05 versus control.

effect of omentin-1 on hOB. It is also shown that PI3K/Akt
signal pathway is a key mediator of such effect.
Adipose tissue has been recognized as a highly active
endocrine organ. In addition to the uptake, storage, and synthesis of lipids, adipose tissue secrets a variety of adipokines
(e.g., adiponectin, leptin, resistin, vaspin, and visfatin).
These adipokines control insulin sensitivity, neuroendocrine
activity, food and water intake, breeding, inflammatory
response, cardiovascular function, and bone metabolism [1,
21]. Omentin-1, a new adipokine, is primarily expressed in
visceral adipose tissue and abundant in plasma [13, 14].
Previous studies have demonstrated that both omentin-1
mRNA and plasma levels inversely correlated to obesity, BMI,
and insulin resistance [18, 25], and serum omentin-1 was
found decreased in diabetic patients [26, 27]. Furthermore,
omentin-1 plays critical roles in cardiovascular protecting,
such as inducing vasodilation, inhibiting osteoblastic differentiation of vascular smooth muscle cells (VSMCs) [16, 17].
It has been noted that those effects of omentin-1 is similar to cardiovascular protecting adipokine adiponectin, an
insulin sensitizer [28–30]. Our previous study has shown that
adiponectin stimulated the proliferation and differentiation
of hOB [12]. Several other adipokines such as leptin, resistin,

and visfatin had been identified to induce the proliferation of osteoblast [31–33], suggesting a close relationship
between adipokine and osteoblast. Clinical investigations
have demonstrated that serum omentin-1 negatively correlated with BMD in the anorexia nervosa girls [34] and Iranian
postmenopausal women [19]. Xie et al. have also found
that omentin-1 ameliorated bone loss of ovary ectomized
mice and OPG−/− mice, and that omentin-1 stimulated
proliferation and inhibited differentiation of mouse primary
osteoblast [20, 21].
In the present experiment, 25–200 ng/mL omentin-1 has
been chosen to treat the hOB based on the previous research
[21]. To determine the effect of omentin-1 on hOB proliferation, [3 H]thymidine incorporation assay was adopted. Our
data have demonstrated that omentin-1 stimulated the proliferation of hOB in a dose-dependent manner. The proliferative
effect of omentin-1 on hOB is therefore consistent with the
report by Xie et al. [21].
To gain further insight into the underlying mechanism
about how omentin-1 stimulated hOB proliferation, we
evaluated signaling pathway that was potentially involved.
Multiple signaling pathways, such as MAPK, Wnt, AMP,
and PI3K-Akt, were found to participate in the modulation
of osteoblast proliferation [35–38]. Among this, PI3K-Akt,
which existed in all mammalian cells and exerted profound
effects on diverse processes including cell proliferation,
survival, differentiation, migration, and metabolism, was
the most important one. Our study showed that omentin1 induced the activation of Akt in hOB, whereas knocking
down the expression of Akt with siRNA impeded the stimulatory effect of omentin-1 in hOB proliferation. In addition,
pretreatment of hOB with LY294002 or HIMO could also
block the effect of omentin-1. Collectively, these results suggest that omentin-1 promotes the hOB proliferation via the
PI3K/Akt signaling pathway. Several studies [39–41] have also
uncovered that PI3K/Akt activation plays an essential role
in osteoblast proliferation and recent data has demonstrated
that PI3K/Akt plays a crucial role in osteoblastic differentiation of CVSMCs (calcifying vascular smooth muscle cells)
induced by omentin-1 [17], findings that are in line with our
present results.
In summary, our present study identified omentin-1
as an important regulator in human bone remodeling by
promoting the hOB proliferation through the PI3K/Akt
signaling pathway. These findings revealed the relationship
between adipokines and bone metabolism and provided us
a better understanding of the involved signaling mechanisms. Further investigation of omentin-1 and osteoblast
may offer us a new target for osteoporotic prevention and
treatment.
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Objective. To compare the osteoporosis detection rates in postmenopausal women when measuring bone mineral density (BMD)
with quantitative computed tomography (QCT) in the spine versus dual X-ray absorptiometry (DXA) in the spine and hip and to
investigate the reasons for the discrepancy between the two techniques. Methods. Spinal volumetric BMD was measured with QCT,
and areal spinal and hip BMDs were measured with DXA in 140 postmenopausal women. We calculated the osteoporosis detection
rate for the two methods. Lumbar CT images of patients who had a discrepancy between QCT and DXA findings were reviewed
to evaluate vertebral fractures, spinal degeneration, and abdominal aortic calcification. Results. For the entire 140 patients, the
detection rate was 17.1% for DXA and 46.4% for QCT, a significant difference (P < 0.01). Of the 41 patients with conflicting diagnoses,
7 whose diagnosis by QCT was osteoporosis had vertebral fractures even though their DXA findings did not indicate osteoporosis.
Varying degrees of spinal degeneration were seen in all of the 41 patients. Conclusion. QCT may avoid the overestimation of BMD
by DXA associated with spinal degeneration, abdominal aortic calcification, and other sclerotic lesions. It may be more sensitive
than DXA for detecting osteoporosis in postmenopausal women.

1. Introduction
Osteoporosis is characterized by low bone mass and microarchitectural deterioration of bone tissue, leading to increased
bone fragility and a consequent increase in fracture risk.
Fractures may lead to a decreased quality of life and increased
medical costs. Thus, osteoporosis is widely considered a
major health concern.
Consequently, noninvasive techniques for measuring
bone mineral density (BMD) play an important role in the
clinical diagnosis of osteoporosis and in monitoring its progression. Dual X-ray absorptiometry (DXA) and quantitative
computed tomography (QCT) are the most common tools for
measuring BMD. DXA determines BMD in two dimensions,
including both trabecular and cortical bone, with the results
expressed as areal density (grams per square centimeter).
QCT allows measurement of volumetric trabecular bone
density without superimposition of cortical bone and other
tissues, with the results expressed in milligrams per cubic
centimeter of calcium hydroxyapatite.

DXA and QCT findings cannot be compared directly, and
sometimes the diagnosis indicated by BMD findings differs
between the two modalities. Therefore, we compared the
detection rate of osteoporosis for posteroanterior DXAs (PADXA) with the rate for QCT and analyzed the reasons for the
differences between the two.

2. Materials and Methods
Between February 2010 and February 2013, we reviewed
data, for our study, for 194 postmenopausal women who
underwent QCT and areal spinal and hip DXA in our
department with an interval between QCT and DXA scans
of two months. Study exclusion criteria included a history of multiple myeloma, rheumatoid arthritis, ankylosing
spondylitis, systemic lupus erythematosus (SLE), connective
tissue disease, metabolic and endocrine diseases, or bone
tumors. Fifty-four patients were excluded, leaving 140 postmenopausal women as study participants.
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Table 1: Diagnostic results of DXA versus QCT for 140 participants.

Lumbar PA-DXA
Any femoral site by DXA
Any spinal or femoral site by DXA
Lumbar QCT

Normal (%)
69 (49.3)
52 (37.1)
40 (28.6)
19 (13.6)

Osteopenia (%)
47 (33.6)
70 (50.0)
72 (51.4)
56 (40.0)

Osteoporosis (%)
24 (17.1)
18 (12.9)
28 (20.0)
65 (46.4)

DXA: dual X-ray absorptiometry; PA-DXA: posteroanterior DXA; QCT: quantitative computed tomography.

DXA measurements were obtained using a Prodigy DXA
scanner (GE, Lunar, Madison, WI, USA) and were analyzed
using the manufacturer’s software. The DXA T-score was
calculated on the basis of the Chinese reference database [1].
Vertebrae from L1 to L4 and the left hip were scanned in
the supine position using posteroanterior projections. The Tscore for L1–L4 and for the femoral neck plus the total hip
measurement by DXA were used to diagnose osteoporosis.
We used the diagnostic criteria established by the World
Health Organization (WHO) in 1994 [2].
QCT measurements were obtained with an Aquilion 64slice CT scanner (Toshiba, Tokyo, Japan) with a solid Mindways QCT phantom (Mindways Software Inc., Austin, TX,
USA). Vertebrae from L1 to L4 were scanned in the supine
position. Images were analyzed using the Mindways software.
Elliptical regions of interest were put in the midplane of three
vertebral bodies (L2–L4) in the trabecular bone automatically, avoiding the cortical bone of the vertebrae. Fractured
vertebrae were excluded from measurement. Average BMD
is expressed in milligrams per cubic centimeter of calcium
hydroxyapatite. For the BMD of spinal trabecular bone,
thresholds of 120 mg/cm3 for osteopenia (equivalent to a
DXA T-score of −1.0 SD) and 80 mg/cm3 for osteoporosis
(equivalent to a DXA T-score of −2.5 SD) were suggested by
the International Society for Clinical Densitometry in 2007
[3] and by the American College of Radiology in 2008 [4].
To estimate the degree of spinal degeneration and abdominal aortic calcification (AAC), two radiologists who were
blinded to the BMD results independently reviewed lumbar
CT images. The diagnosis in questionable cases was determined by consensus.
The difference between the osteoporosis detection rates
for DXA versus QCT was analyzed using the chi-square test.
Results were specified with a 95% confidence interval.

3. Results
The 140 study participants ranged in age from 47.1 to 85.9
years (mean: 63.2 ± 8.1 years). The interval time between
DXA and QCT scans ranged from 0 to 43 days (mean:
4.3 ± 9.7 days). The BMD of L1–L4 as measured by DXA
ranged from 0.575 to 1.621 g/cm2 (mean: 0.973 ± 0.169 g/cm2 ).
The trabecular BMD of the lumbar spine as measured by
QCT ranged from −5.0 to 199.4 mg/cm3 (mean: 81.7 ±
34.8 mg/cm3 ).
The osteoporosis detection rates for lumbar PA-DXA,
lowest BMD of the femoral neck and total hip, lowest BMD
for spinal and hip DXA, and lumbar QCT were 17.1%, 12.9%,

20.0%, and 46.4%, respectively (Table 1). The intragroup
detection rates for QCT versus DXA were significantly different (𝑃 < 0.01), with QCT detecting osteoporosis more
frequently than spinal and hip DXA, did.
Of the 140 participants, 41 (29.3%) were found by QCT
but not by DXA to have osteoporosis. Of these, 7 (17.1%)
had single or multiple vertebral fractures (Figure 1). One of
them underwent percutaneous vertebroplasty later. All 41
(100%) had vertebral osteophytes or end plate sclerosis, 33
(80.5%) had facet joint osteoarthritis, 14 (34.1%) had spinous
process osteophytes, and 25 (61.0%) had AAC. In addition,
3 participants had bone islands or focal sclerosis (Figure 2).
One participant had multiple calcifications in the abdomen.

4. Discussion
The diagnostic criteria for DXA established by WHO in
1994 have long been used as the gold standard in the
clinical diagnosis of osteoporosis. The sites most commonly
measured are the lumbar spine and hip. PA-DXA determines
BMD in two dimensions. Spinal degeneration and AAC may
lead to a false finding of increased BMD. By contrast, the
site most commonly measured in QCT is the lumbar spine.
Osteoporotic bone loss occurs mainly in trabecular bone.
The turnover rate of trabecular bone is higher than that
of cortical bone. Our study showed a significant difference
in osteoporosis detection rates between DXA and QCT,
providing clinical evidence that QCT has a greater diagnostic
sensitivity than DXA.
Osteoporosis, spinal degeneration, and AAC are most
commonly seen in the elderly, and the consequences of these
conditions are more serious with increased age. This is why
it can be problematic to use DXA rather than QCT; even
though clinical findings may indicate osteoporosis, DXA may
still indicate that BMD is normal. A possible explanation for
the superior performance of QCT may be spinal degeneration
and calcinations in the soft tissue around the spine. Yu et al.
reported that BMD measured by PA-DXA was significantly
higher in patients with spinal degenerative joint disease
changes than in those without such changes, particularly
when osteophytes were present at the vertebral bodies and
facet joints [5]. Ito et al. indicated that the presence of
osteophytes is associated with higher BMD when measured
with DXA [6]. Our results show that spinal degeneration
and AAC may be associated with the overestimation of BMD
and the underestimation of osteoporosis by DXA. This may
diminish the sensitivity of DXA for assessing osteoporosis.
Several clinical techniques for BMD measurement are
available, including DXA, QCT, and ultrasound, each with
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Figure 1: Images obtained from a 71.7-year-old woman whose bone mineral density was found to be normal on dual X-ray absorptiometry.
(a) The T-scores for lumbar posteroanterior dual X-ray absorptiometry, the femoral neck, and the total hip were −0.1, −0.8, and −0.7,
respectively. The trabecular bone mineral density of L2–L4 was 36.1 mg/cm3 , and the diagnosis via lumbar quantitative computed tomography
was osteoporosis. Sagittal lumbar spine images show two adjacent vertebral fractures with wedging, deformation of the end plates, and
degenerative disc disease: (b) T1 weighted and (c) T2 weighted.
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Figure 2: Images obtained from a 59.5-year-old woman who was found by dual X-ray absorptiometry to have osteopenia. (a) The T-scores for
lumbar posteroanterior dual X-ray absorptiometry, the femoral neck, and total hip were −1.6, −0.5, and −0.4, respectively. The trabecular bone
mineral density of L2–L4 was 71.4 mg/cm3 , indicating a potential diagnosis of osteoporosis according to the American College of Radiology
guidelines. A lateral lumbar radiograph (b) and an axial computed tomography image (c) showed severe osteophytes and end plate sclerosis
of the lumbar vertebrae. Focal sclerosis is apparent on the right accessory of L3.

its own advantages and shortcomings. Appropriate choice of
technique and measurement site is important for the accurate
diagnosis of osteoporosis. Schneider et al. found that, under
the WHO classification, women with spinal osteoarthritis

were more likely to be given a diagnosis of osteoporosis of the
femoral neck and hip than those without spinal osteoarthritis
but less likely to receive such a diagnosis when BMD was
based on the PA spine (14.4% versus 24.5%). Schneider et al.

International Journal of Endocrinology
recommended that, in women aged 65 years and older who
are likely to have spinal osteoarthritis, DXA of the hip be
used for identification of osteoporosis [7]. However, DXA
of the hip still includes cortical bone, so, findings can be
influenced by degenerative changes, leading to a decrease in
the ability to detect osteoporosis. In our study, the detection
rate of osteoporosis at any spinal or femoral site by DXA was
significantly lower than the rate for QCT, and no femoral
site was superior to the PA spinal site. QCT is truly a threedimensional technique for quantifying BMD. It may measure
BMD more accurately and reproducibly, especially in patients
with spinal deformity, severe degenerative changes, extreme
obesity, or low body mass index. QCT may be particularly
useful in China, where DXA scanners are not available in
most areas.
Greenspan et al. found that vertebral fractures were
present in 18.3% of asymptomatic postmenopausal women
and that 11.0% to 18.7% of individuals with clinical osteoporosis would have been classified as having normal bone by BMD
criteria alone [8]. Ling et al. reported that vertebral fractures
were present in 15% of women aged 50 years or older in
Beijing [9]. In our study, we found vertebral fractures in 17.1%
of women in whom QCT but not DXA showed osteoporosis.
The extent of osteoporosis in these women may have been
underestimated by DXA.

5. Conclusions
As our study demonstrated, QCT may avoid the overestimation of BMD by DXA associated with spinal degeneration,
AAC, and other sclerosis lesions, such as bone islands. QCT
may be more sensitive for detecting osteoporosis, but this
must be validated in a larger population.
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Osteoprotegerin (OPG) plays a determinant role in regulating bone metabolism, but the effect of OPG on bone microarchitecture
needs to be further elucidated. We attempted to construct pCI-hOPGp-mOPG vector containing human OPG promoter and FLAG
tag and to microinject vector into fertilized zygotes from C57BL/6J × CBA mice to prepare transgenic mice. The OPG transgenic
positive mice were identified by PCR and western blotting. Twelve-week-old OPG transgenic mice (OPG-Tg mice) and wild-type
mice (WT mice) were utilized in the study of bone microarchitecture. Microcomputed tomography (micro-CT) data showed that
compared with WT mice, the tibia of OPG-Tg mice showed an increased volumetric BMD (vBMD), tissue BMD (tBMD), trabecular
thickness (Tb.Th), and trabecular number (Tb.N), and a decreased trabecular separation (Th.Sp) (𝑃 < 0.05) . The cortical bone
microarchitecture parameters, such as cortical area (Ct.Ar), cortical thickness (Ct.Th), cortical BMD (Ct.BMD), cortical BMC
(Ct.BMC), BMD, and BMC of femur, were increased, and the inner perimeter (In.Pm) was decreased, in OPG-Tg mice, compared
to those in WT mice (𝑃 < 0.05). The established OPG transgenic mouse model could be valuable for further studying the biological
significance and gene regulation of OPG in vivo.

1. Introduction
The skeleton is in a dynamic state, being continually degraded
and renewed in a tightly regulated remodeling process that
involves a complex network of systemic hormones and local
factors. Among the local signaling factors implicated in this
process is OPG/RANK/RANKL system. OPG, a secreted
member of the tumor necrosis factor receptor superfamily,
has been identified as an osteoblast-derived regulator of
bone resorption and bone mass, and it is implicated in
the pathogens of postmenopausal osteoporosis and other
metabolic bone diseases. OPG acts by neutralizing RANKL,
an essential cytokine required for osteoclast formation and
activation [1]. Prior studies have showed that OPG is not only
an important regulatory factor of bone growth, bone modeling, and bone remodeling [2, 3], but also an intermediary
factor of a wide variety of hormones, cytokine, and growth

factors which are involved in regulating bone metabolism
[4]. In vitro, osteoclast differentiation which is induced by
1,25-(OH)2 D3 , PTH, PGE2 , and IL-4 is blocked by OPG
in a dose-dependent manner [5, 6]; in vivo, recombinant
OPG increases significantly bone mass and bone mineral
density of lumbar spine and femoral of ovariectomized rat
[7]. In clinical trials, recombinant OPG can be used for
postmenopausal women for the treatment of osteoporosis [8].
These data suggested that OPG could act as a key factor in
the regulation of bone mass and implied a utility for OPG
in the treatment of metabolic bone disease. In addition to
the effect on bone tissue, OPG was also reported to influence
cardiovascular [9] and immune system [10]. Therefore, a
suitable animal model with OPG overexpression is needed for
the further insight into the implication of OPG in metabolic
bone disease.

2
Transgenesis is a process where foreign genes are inserted
into an animal’s DNA, and it is popular in the biomedical
science. Scientists create, so-called transgenic animals to
investigate disease treatments, produce natural material, and
expand scientific knowledge. Transgenic mice are the most
widely used as experimental models to unravel gene phenotype and they are valuable tools for biomedical research [11].
In our previous study, OPG knockout mice showed increased
bone remodeling, deceased bone density, and reduction in
bone strength [12]. In the present work, we firstly created
OPG transgenic mice containing human OPG promoter and
FLAG tag. Furthermore, we obtained the quantitative data of
bone microarchitecture in OPG transgenic mice for the first
time.

2. Materials and Methods
2.1. Animals. C57BL/6J mice (WT mice) were purchased
from the Shanghai Research Center for Biomodel Organisms.
All studies were performed with the approval of the Experimental Animal Committee at the University of South China.
All the animals were housed under specific pathogen-free
conditions (22∘ C, 12 h/12 h light/dark, 50%–55% humidity)
with free access to food pellets and tap water in the experimental animal center of the University of South China.
2.2. Construction of Gene Targeting Plasmid. The liver RNA
extracted from C57BL/6J mice was used to perform two PCR
amplification using Pfu PCR enzyme to obtain mOPG cDNA
sequence. Then mOPG cDNA sequence and pCI-NEO-OPGLacZ plasmid which contained human OPG promoter were
double digested by using Not I and Sal I. The digested
fragments were connected by using T4 ligase, and then the
connected fragments were transferred into competent cells
from Escherichia coli and tiled in LB plate. Monoclonal
bacteria were selected and the pCI-hOPGp-mOPG plasmid
was confirmed by enzyme digestion and sequence reaction.
The vector was digested by using BglII/KpnI to obtain linear
DNA fragment for further transgenic mice establishment.
2.3. Generation of Transgenic Mice. Six–eight-week C57BL/6J
× CBA female mice were selected to perform ovarian stimulation and subsequently mated with healthy male mice
overnight. The female mice which have vaginal pessary were
selected as receptor for embryo transplantation, and then
fertilized eggs were obtained from the receptors by surgery.
Linear DNA was injected into fertilized eggs (pronuclear
stage) by using an inverted microscope, micromanipulation equipment, and injection/holding devices. To generate
OPG-Tg mice, 15∼30 recombinant cells were injected into
C57BL/6J blastocysts and then transferred into uterus of
pseudopregnant mice. After young mice were born, progeny
was screened for the presence of the OPG by PCR and western
Blot.
2.4. Genotype Identification. Genomic DNA was extracted
and purified from the tail tissue of each mouse. To genotype
the OPG-Tg mice, PCR was performed using the following
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primers: OPG-JD-1 : 5-TCA AAG GCA GGC GAT ACT-3
and OPG-JD-2 : 5-CAA TGT CTT CCT CCT CAC TGT-3.
2.5. OPG Protein Expression Analysis. The mice were sacrificed after 12 weeks, and proteins were extracted from the
livers. The OPG protein levels in the mice were detected
by performing a western blot assay using rabbit anti-FlAG
polyclonal antibodies [13, 14].
2.6. Micro-CT. The right tibia was fixed with 4% paraformaldehyde for 24 h and subsequently washed with 10% saccharose solution for 12 h. Micro-CT scanning was performed
using the GE explore Locus SP system. The proximal tibia was
selected as the region for scanning by the fluoro method. The
center of rotation and the CT value were artificially modified
and the entire results obtained for the samples scanned
with an isotropic resolution of 8.0 × 8.0 × 8.0 𝜇m voxels
were reconstructed after completion of the scanning. For the
cancellous bone analysis, bone tissue of 0.8 mm thickness at
a distance of 0.16 mm from the distal end of the growth plate
was selected from the image as the region of interest (ROI) in
order to perform a three-dimensional reconstruction of 8.0 ×
8.0 × 8.0 𝜇m voxels; image information was obtained based
on the automatic domain value provided by the computer in
order to accomplish binary conversion of the image. Selected
areas of cancellous bone within the ROI were demonstrated
three dimensionally. For the cortical bone analysis, bone
tissue, 1.0 mm in length and 0.16 mm in thickness, from
the middle diaphysis of the tibia was selected as the ROI
from the reconstructed image to perform three-dimensional
reconstruction of 8.0 × 8.0 × 8.0 𝜇m voxels, and image
information was obtained based on the automatic domain
value yielded by the computer. The 2.0+ ABA Microview
software of the micro-CT system was applied to perform
quantitative analysis on the reconstructed images.
2.7. DXA Scanning and Image Analysis. The left femur was
fixed onto the scanning table along the longitudinal axis and
subsequently scanned by dual-energy X-ray absorptiometry
(DXA) using a PIXImus densitometer (GE Lunar, Madison,
WI) to determine the BMD and BMC. Scanning parameters
are as follows: the scan spacing was 1.0 × 1.0 mm, scanning
speed was 60.0 mm/s, and the accuracy was 1.0%.
2.8. Statistics. The SPSS 15.0 statistical software was used for
statistical analysis. Data are reported as mean ± SD. Data
were analyzed by analysis of variance followed by the StudentNewman-Keuls Multiple Comparisons test, and statistical
significance was considered when 𝑃 was less than 0.05.

3. Results
3.1. Construction of Gene Targeting Plasmid. The liver RNA
extracted from C57BL/6J mice was utilized to perform RTPCR to obtain OPG cDNA sequence. OPG cDNA sequence
and pCI-NEO-OPG-LacZ plasmid (Figure 1(a)) containing
human OPG promoter were double digested by using Not I
and Sal I, and a 1.2 kb fragment from mOPG cDNA and a
10.4 kb fragment from pCI-NEO-OPG-LacZ were observed
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Figure 1: Structure scheme of plasmids. (a) PCI-NEO-OPG-LacZ plasmid profile. (b) PCI-hOPGp-mOPG plasmid profile.
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Figure 2: Recombinant PCI-hOPGp-mOPG plasmid construction and plasmid linearization. (a) mCPG DNA was digested by Not I
and Sal I. (b) PCI-NEO-OPG-LacZ was digested by restriction enzymes Not I and Sal. (c) Identification of the digested pCI-hOPGmOPG.M:Marker1Kb Ladder. 1: pCI-hOPG-mOPG was digested by NotI and SalI; 2: pCI-hOPG-mOPG was digested by EcoRI; 3: pCIhOPG-mOPG plasmid. (d) linear pCI-hOPGp-mOPG plasmid DNA.M:1KbLadder; 1: pCI-hOPG-mOPG palsmid; 2: pCI-hOPG-mOPG
digested by BglII/KpnI; 3: pCI-hOPG-mOPG digested by BglII/KpnI was recovered.

(Figures 2(a) and 2(b)). The recombinant pCI-hOPGpmOPG plasmid (Figure 1(b)) showed a 1.2 kb fragment and
a 10.4 kb fragment with the digestion of Not I and Sal I.
766 bp, and 5354 bp and 5586 bp fragments were observed
after the digestion EcoR (Figure 2(c)). The recombinant pCIhOPGp-mOPG plasmid was linealized by the digestion with
BglII and KpnI to obtain two DNA fragments of 8291 bp
and 3411 bp, and the 8291 bp linearized pCI-hOPGp-mOPG
fragment was microinjected into mouse fertilized egg cells
(Figure 2(d)).

3.2. Positive Transgenic Mice Identification. During the
course of transgenic mice preparation, total 426 injection
eggs were transplanted into 17 pseudopregnant female mice
tuba, and 12 female mice of them were shown to be pregnant.
Total 69 mice were born and 7 positive transgenic mice were
confirmed by PCR screening. Furthermore, genomic DNA
extracted from positive mice and WT mice tails was used
for double-blinded PCR to further confirm the seven positive
transgenic mice (Figure 3(a)). The transgenic founder female
mice were fed together with WT male mice in the cage
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Figure 3: Identification of genotypes of OPG-Tg mice. (a) Identification of OPG genotypes in OPG-Tg founder mice; 1: GenenRuler 100 bp
DNA Ladder; 2–17: mice samples; 18: ddH2O; 19: positive control. (b) Identification of young mice genotypes. M: GenenRuler100 bp DNA
Ladder; 1–3: young pup samples; 4: ddH2 O; 5-6: positive control. (c) OPG-Tg mice liver’s western blot examination. 1–4: OPG-Tg mouse; 5:
WT mouse; 6: H2 O.

Table 1: Femur overall bone mineral density and bone mineral
content of two types of mice.

OPG-Tg
WT

BMD (mg/cm2 )

BMC (mg)

32.3 ± 1.2a
22.7 ± 0.9

7.3 ± 1.1a
2.9 ± 0.7

Values are means ± SD of 4 mice. a Compared with WT group, 𝑃 < 0.05.

rearing at the ratio of 1 : 1, and transgenic founder male mice
were fed with WT female mice in cage at the ratio of 1 : 3.
To identify the genotype of the offspring, special primers
across the hOPG promoter and mOPG were used for the
PCR screening, and as shown in Figure 3(b), no band was
detected in WT mice and one 385 bp band was observed
in OPG-Tg mice. To further confirm the genotype of the
transgenic mice, the proteins were extracted from the mice
livers and western blot was performed using rabbit antiFLAG polyclonal antibodies. As shown in Figure 3(c), the
FLAG tag could not be detected in the WT mice, whereas a
60-kD OPG protein containing FLAG tag could be detected
in the OPG-Tg mice.
3.3. BMD and BMC Measurement. The whole left femur
was scanned by DXA to determine the BMD and BMC. It
was found that OPG-Tg mice showed increases of 42.3%
and 151.7% of overall femoral BMD and BMC, respectively,
compared to those of WT mice (Table 1).
3.4. Micro-CT. To observe the effect of OPG on bone microarchitecture, micro-CT was used. As shown in Figure 4,
compared with WT mice, cancellous bone trabecular number
of OPG-Tg mice increased significantly; distribution of bone
trabecula in OPG-Tg mice became denser and more continuous and trabecular separation of OPG-Tg mice became

Table 2: Comparison of trabecular bone structural parameter.

vBMD (mg/mm3 )
tBMD (mg/mm3 )
Tb.Th (mm)
Tb.N (mm−1 )
Tb.SP (mm)

WT

OPG-Tg

207.9 ± 27.6
621.7 ± 26.9
0.015 ± 0.001
3.11 ± 0.63
0.175 ± 0.021

292.3 ± 30.1a
694.5 ± 33.1a
0.024 ± 0.002b
5.04 ± 0.82a
0.092 ± 0.010b

Values are means ± SD of 6 mice. a Compared with WT group, 𝑃 < 0.05.
b
Compared with WT group, 𝑃 < 0.01.

smaller. Micro-CT scanning also showed that the OPGTg mice had an increase of 40.6%, 11.7%, 60%, and 62.1%
for vBMD, tBMD, Tb.Th, and Tb.N, respectively, and a
decrease of 47.4% for Th.Sp compared to those of WT mice
(Table 2). The cortical bone structural parameter also showed
difference between OPG-Tg mice and WT mice. OPG-Tg
mice showed obviously thicker cortical bone and narrower
lumen (Figure 4). It was also confirmed that the OPG-Tg
mice mice showed an increase of 81.0%, 132.9%, 15.7%, and
118.2% for Ct.Ar, Ct.Th, Ct.BMD, and Ct.BMC respectively,
and a decrease of 15.4% for In.Pm compared to those of WT
mice. No significant outer perimeter (Ot.Pm) difference was
observed between OPG-Tg mice and WT mice (Table 3).

4. Discussion
OPG, a novel secreted member of the TNFR superfamily, acts
as a soluble receptor antagonist of RANKL by preventing it
from binding to RANK, and the interaction of RANKL and
RANK has been shown to be required for osteoclast differentiation. Any dysregulation of their respective expression
leads to bone tumor-associated osteolysis, immune disease,
and cardiovascular pathology. Many researches have proved
that OPG can inhibit osteoclast maturation and protect bone
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Figure 4: Three-dimensional micro-CT images of the right tibia from two types of mice. (a) Image of the right tibia of OPG-Tg mice; (b)
image of the right tibia of WT mice; (c) image of the cortex of OPG-Tg mice; (d) image of the cortex of WT mice; (e) image of the trabecular
of OPG-Tg mice; (f) image of the trabecular of WT mice.

Table 3: Comparison of cortical bone structural parameter.

In.Pm (mm)
Ot.Pm (mm)
Ct.Ar (mm2 )
Ct.Th (mm)
Ct.BMD (mg/mm3 )
Ct.BMC (g)

WT

OPG-Tg

2.317 ± 0.098
3.677 ± 0.271
0.263 ± 0.014
0.082 ± 0.001
1017.3 ± 9.3
0.0022 ± 0.0001

1.961 ± 0.082a
3.881 ± 0.541
0.476 ± 0.032b
0.191 ± 0.004b
1176.8 ± 10.9b
0.0048 ± 0.0006b

Values are means ± SD of 6 mice. a Compared with WT group, 𝑃 < 0.05.
b
Compared with WT group, 𝑃 < 0.01.

from both normal osteoclast remodeling and ovariectomyassociated bone loss, indicating that OPG might be a key
determinant in regulating bone metabolism [15]. Firstly,
RANKL is a membrane-bound protein of the tumor necrosis
factor ligand family that is expressed on the osteoblast cell

surface and has been shown to play a major role in osteoclast
differentiation along with macrophage colony stimulating
factor. RANKL binds to its receptor RANK on hematopoietic
cells and initiates a cascade of signaling events that leads to
osteoclast differentiation. As a decoy receptor for RANKL,
OPG can prevent its interaction with the cognate receptor
RANK. OPG has been shown to be a potent inhibitor
of bone resorption through interfering osteoclast survival,
differentiation, and biological activity in vitro. Secondly,
OPG can prevent TAF6 activation with RANK/RANKL,
thus inhibiting osteoclast activation and maturation, and
this could ultimately result in the reduction of functional
osteoclast. Thirdly, OPG can also prevent stroma cell from
the interaction with osteoclast, and this inhibitory ability
can be protected in the presence of caspase-3 inhibitor,
indicating that OPG can prevent bone loss through inducing
osteoclast apoptosis [16]. Finally, OPG can also affect the
function of osteoclast directly by increasing the protease and
trypsin inhibitor expression. In summary, the mechanism
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of OPG in regulating bone metabolism is complicated and
deserves more investigations [17]. OPG was also shown to
influence cardiovascular and immune system except for the
bone tissue. OPG-deficient mice have shown early onset
arterial calcification [18, 19], suggesting an important role
of OPG in the protection of blood vessels, whereas recent
studies showed that OPG might increase adhesion function
of endothelial cell and serum OPG level is associated with
atherosclerosis severity. In the immunity system, OPG can
regulate dendritic cell differentiation and maturation, affecting lymphocyte development and function [20]. Due to the
diverse function of OPG, a suitable animal model is needed
for the comprehensive understanding of OPG function.
Recently, the advances in transgenic technologies have
made it possible for the developments of different transgenic
animal models. Compared with other animal model, mouse
shows higher genome homology with human, so it is widely
used as transgenic animal model for biomedical research.
Hence, the mouse is unique in offering the possibility
to understand genotype-phenotype relationships that are
relevant for unraveling the biologic role of the genes in
human [11]. OPG-deficient mice exhibited bone loss with
an increase in both bone resorption and formation, which
just like high bone turnover postmenopausal osteoporosis [21]. In this work, we ligated full-length mouse OPG
cDNA sequence with pCI-NEO-LacZ plasmid which contains human OPG promoter to obtain pCI-hOPGp-mOPG
vector. Because variety of FLAG-tagged protein can retain
their biochemical activity, FLAG tag is widely utilized as
screening marker in the development of transgenic cells and
animals models [22]. So FLAG tag was added to pCI-hOPGpmOPG vector to improve the screen efficiency of OPG-Tg
mice. Because human OPG promoter has a transcriptional
activity without tissue specificity, it could be anticipated that
the established OPG transgenic mice could have a widely
exogenous expression of OPG in different tissues. In order to
avoid possible noise from endogenous OPG in the screening
process, specific primers that span from the human OPG
promoter to mOPG were designed to improve the correct
rate in the OPG-Tg mice screening; moreover, FLAG protein
expression in the OPG-Tg mice was also detected to further
devoid those transgenic mice without OPG expression due to
different genomic context. Since different founder mice had
different insertion sites, we got at least two transgenic mice
lines to observe their phenotype, and the same phenotypes
from different transgenic mice lines were considered as
phenotypes of OPG gene.
Micro-CT is an evolving technique that has the ability
to measure three-dimensional (3D) bone microstructure in
arbitrary orientations in a highly automated, objective, nondestructive manner, allowing great number of samples for
unbiased comparisons between controls and the disordered
or treated. Compared to two-dimensional image (2D) data of
DXA, micro-CT can not only directly observe the 3D images
of cortical bone and trabecular bone microstructure, but also
make a quantitative analysis of the 3D structure such as
trabecular volume, trabecular thickness, number, separation,
structure model index, degree of anisotropy, and connectivity, in a model-independent manner. Quantitative analysis
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of 3D bone microstructure characteristics may improve our
ability to understand the pathophysiology of osteoporosis,
to test the efficacy of pharmaceutical intervention, and to
estimate bone biomechanical properties [23]. So it is very
meaningful to measure 3D bone microstructure of OPG
transgenic mice to observe the direct effect of OPG on
bone mass. Previous research has reported the quantitative
analysis of 3D bone microstructure in the OPG transgenic
rats [24], and in the present study, we for the first time
quantified 3D bone microstructure in OPG transgenic mice.
Micro-CT data showed that compared with wild-type mice,
the OPG-Tg mice showed increased tibial cancellous bone
microstructural parameters such as vBMD, tBMD, Tb.Th,
and Tb.N than those in wild-type mice. The cortical bone
microarchitecture parameters of tibia such as Ct.Ar, Ct.Th,
Ct.BMD, and Ct.BMC in OPG-Tg mice were significantly
higher than those in WT mice. The 3D structure diagram of
tibia showed that cortical bone appeared thick and luminal
appeared narrow in OPG-Tg mice. The 2D image data of DXA
also showed that BMD and BMC were significantly improved
in OPG-Tg mice.

5. Conclusion
In summary, we for the first time developed OPG transgenic
mice model containing human OPG promoter and FLAG
tag, and a quantitative analysis of the 3D bone microarchitecture in OPG transgenic mice was also carried out. Our
results show that the bone mass of cancellous and cortical
bone in OPG transgenic mice is significantly increased. The
established OPG transgenic mouse model would offer a
suitable animal model for further insight into the regulating
mechanism of bone metabolism.
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We investigated the relative effect of amenorrhea and insulin-like growth factor-I (sIGF-I) levels on cancellous and cortical bone
density and size. We investigated 66 adult women with anorexia nervosa. Lumbar spine and proximal femur bone mineral density
was measured by DXA. We calculated bone mineral apparent density. Structural geometry of the spine and the hip was determined
from DXA images. Weight and BMI, but not height, as well as bone mineral content and density, but not area and geometry
parameters, were lower in patients with anorexia nervosa as compared with the control group. Amenorrhea, disease duration,
and sIGF-I were significantly associated with lumbar spine and proximal femur BMD. In a multiple regression model, we found
that sIGF-I was the only significant independent predictor of proximal femur BMD, while duration of amenorrhea was the only
factor associated with lumbar spine BMD. Finally, femoral neck bone mineral apparent density, but not hip geometry variables, was
correlated with sIGF-I. In anorexia nervosa, spine BMD was related to hypogonadism, whereas sIGF-I predicted proximal femur
BMD. The site-specific effect of sIGF-I could be related to reduced volumetric BMD rather than to modified hip geometry.

1. Introduction
Significant bone loss is a major feature of anorexia nervosa
[1, 2]. Bone mineral density (BMD) has been reported to
be reduced by more than 2.5 SD at either the hip or spine
in 38% of women with anorexia nervosa and by more than
1.0 SD in 92% [3]. Bone loss predisposes to an increased
risk of fractures [2, 4, 5]. The possible mechanisms of
bone loss include nutritionally mediated changes in gonadal
steroid concentrations [6] as well as alterations in the GHIGF-I system, with markedly low serum insulin-like growth
factor-I (sIGF-I) concentrations [7–11]. IGF-I stimulates bone
formation through its interaction with the type I IGF-I
receptor on the osteoblast [12–16]. A number of studies have
shown an imbalanced state of bone turnover in such patients,
with decreased markers of bone formation and increased or
normal markers of bone resorption. The latter observation
appears to be primarily driven by estrogen deficiency, while
decreased bone formation has been attributed to low sIGF-I

levels [7, 17]. Indeed, several studies of anorexia patients
found lower levels of sIGF-I and a direct correlation of this
hormone with weight or body mass index (BMI). However,
data demonstrating that reduced serum concentrations of
sIGF-I contribute to low bone mineral density and whether
different skeletal sites are affected in a similar way are scarce.
The relative impact of estrogen deficiency versus low sIGFI on volumetric density or size is not well established. In a
cohort of patients with anorexia nervosa, we studied skeletal
site specificity of the association between bone density or size,
and sIGF-I level or sex hormone deficiency.

2. Subjects and Methods
2.1. Patients and Controls. The study is a retrospective analysis in a selected group of patients with anorexia nervosa
which were consecutively referred to our consultation with
data prospectively collected. The participants with anorexia

2
nervosa met at a given time DSM-IV criteria [18], including
weight less than 85% of expected, intense fear of being
fat, disturbed body image, and amenorrhea for three or
more consecutive menstrual cycles. Women who had regular
uterine withdrawal bleeding while receiving estrogen therapy
and women with patterns of concomitant binge eating and
purging type were also included. We also included 11 patients
who had resumed menses, but still with an active disease. All
except one patients had secondary amenorrhea. One patient
had primary amenorrhea.
Height was determined by a Holtain stadiometer
(Holtain, Crosswell, Wales). Weight was determined on a
calibrated scale to the nearest 0.1 kg. Percentage of ideal body
weight [18] and body mass index (with weight and height
measured in kilograms/height in meters2 ) were calculated.
Age at menarche, time since last menstrual period for
patients with amenorrhea at time of evaluation, and total
duration of amenorrhea were determined, as well as previous
and current estrogen use and fracture history during the
course of anorexia nervosa. Calcium and protein intakes
were recorded by a validated food frequency questionnaire
[19] in a subset of 56 patients. Fifty-two subjects completed
a validated questionnaire for a detailed assessment of their
specific weekly sports activities, including physical education
classes, organized sports, recreational activities, walking,
and cycling [20]. Their physical activities were computed in
hours per week.
Sixty-six normal women of the same age were used as a
control population. Controls were recruited mainly among
the hospital staff and their families.
2.2. Areal Bone Mineral Density (BMD). Areal BMD of the
lumbar spine (LS) in anteroposterior view, femoral neck (FN)
and proximal femur (PF) were measured by dual-energy Xray absorptiometry (DXA) using Hologic QDR 2000 or 4500
instruments (Hologic, Inc., Waltham, MA).
The coefficient of variation of repeated BMD measurements was 1%-2% [21, 22]. The BMD (in g/cm2 ) of the
LS (L2–L4), FN, and PF was also expressed as a T-Score
which compares individual BMD values to those of a young
normal population of the same gender (number of standard
deviations from mean) [23]. According to criteria defined
by the World Health Organization, T-Scores between –1
and –2.49 indicate osteopenia, whereas T-Scores below −2.5
standard deviations (≤−2.5) indicate osteoporosis [24]. The
T-Score was applied in patients older than 18. BMD (g/cm2 )
of the LS, and those of FN were also expressed in terms
of standard deviations from mean gender- and age-matched
controls (Z-Scores).
Skeletal size was estimated from the scanned bone projected area of LS and PF. At the spine level, the height and the
width at three levels (high, middle, and lower level) of vertebral body L2 were measured. Structural geometry parameters
of the hip were measured from conventional DXA outputs of
the femoral neck region of interest. We measured the internal
and external cortical thickness, the diameter of the femoral
shaft at a fixed level of the femoral diaphysis (10 lines from
the lower edge of the trochanter minor), neck width (area
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divided by the mean diameter of the femoral neck), and hip
length (measuring the central line from the femoral head
to the trochanteric region). The number of measured pixels
was multiplied by a conversion factor of 1 pixel = 0.43 mm
for the Hologic 2000 device and 1 pixel = 0.45 mm for the
Hologic 4500 device. We determined the reproducibility of
the bone geometry parameters measurements. All measures
were done by the same trained technician. Sample size for
the studied group was estimated based on Walter et al.’s
approximation method [25]. Assuming a minimal intraclass
correlation coefficient (ICC) of 0.5 (p0) against a desired
of 0.8 (p1), based on 𝛼 = 0.05 and 𝛽 = 0.20, at least 14
participants were required, if measured 3 times. CV (%) was
computed as the 100 times the standard deviation divided
by the average of 3 measures repeated in 14 patients. The
mean CV of the morphological DXA parameters ranged from
0.12% ± 0.06% to 1.09% ± 0.74%. Bone mineral apparent
density (BMAD) was calculated as previously described for
LS and FN [26, 27]. At the lumbar spine and femoral neck
level, BMAD was computed by using the equation BMAD =
BMC/projected area1.5 and BMAD = BMC/projected area2 ,
respectively.
2.3. Serum and Urinary Measurements. Prolactin, FSH, and
TSH were determined using standard methods, for patients
with amenorrhea and not receiving any form of estrogen.
PTH was determined by immunoradiometric assay with an
intrassay coefficient of variation of 1.8%–3.4% (Nichols Institute diagnostics). Calcifediol (25-OH-D3 ) was determined by
chemiluminescence assay (Nichols Advantage, San Clemente,
CA). The first 19 sIGF-I determinations, that is, before March
2002, were performed by RIA after acid-ethanol extraction
(Nichols Institute diagnostics). Thereafter, a fully automated
chemiluminescence assay (Nichols Institute diagnostics) was
used. Intra- and interassay coefficients of variation were
6.4% and 10% for RIA measurement, and 4.8% and 6.7%
for chemiluminescence assay. The two assays were highly
correlated (𝑟 = 0.99), with a regression analysis giving the
following results in our laboratory: Nichols Advantage IGF-I
assay (y) versus Nichols IGF-I by extraction (RIA) assay (𝑥);
𝑦 = 0.84 ∗ 𝑥 − 2.15. RIA values were transformed accordingly.
IGFBP-3 was measured by an enzyme-labeled chemiluminescent immunometric assay (Immulite, DPC). Plasma
and urinary calcium, phosphate, and creatinine were measured using an automatic analyser. Plasma calcium was
adjusted for protein levels (adjusted Ca = Ca/[(protein/160) +
0.55]). The following parameters were calculated: (a) fasting
urinary Ca-to-creatinine ratio was taken as a reflection
of net bone resorption (Bone Resorption Index, BRI); (b)
renal tubular reabsorption of phosphate (TmPi/GFR) and
of calcium (TRCaI) was calculated as described elsewhere
[28, 29].
The marker of bone formation osteocalcin was determined with an immunoradiometric assay (CIS-Bio, Gif-surYvette, France). The specific urine marker of bone resorption
deoxypyridinoline was measured by fluorescence emission
after acid hydrolysis and high-performance liquid chromatography separation (Bio-Rad system, Munich, Germany)
and expressed as a creatinine ratio.
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Table 1: Patients’ characteristics: demographic, anthropometric, dietary, and bone data# .
Demographic and dietary data
Number
Age (yrs)
Restricting type (%)
Age at menarche (yrs)
Age of onset of anorexia (yrs)
Duration of illness (yrs)
History of low traumatic fractures, % (𝑛)
Time since last menstrual period (mo)∘
Total duration of amenorrhea (mo)
Estrogen use, % (𝑛)∗
Estrogen use (mo)
Current estrogen use
Weight (kg)
Weight (kg) before the onset of illness∗∗
Height (cm)
Body Mass Index (kg/m2 )
% of ideal body weight
Calcium intake (mg/d)
Protein intake (g/d)
Protein intake (g/kg of body weight)
Physical activity (h/week)
Anteroposterior spine BMD (g/cm2 )
Femoral neck BMD (g/cm2 )
Total hip BMD (g/cm2 )

Patients
66
20.0 (16–33)
68%
13.0 (11–16)
16.0 (13–27)
3.0 (0.7–12)
12% (8)
9.0 (3–33)
12.0 (2–84)
39% (26)
38.8 ± 40.3
30% (20)
42.1 ± 6.9
54.7 ± 7.5
165.0 ± 7.1
15.4 ± 2.1
71.1 ± 10.0
835 (281–2000)
45 (12–132)
1.11 (0.29–2.92)
5.6 ± 4.0
0.887 ± 0.12
0.753 ± 0.11
0.788 ± 0.11

Controls
66
21 (16–22)

𝑃-value

13 (11–15)

ns

58.9 ± 8.1

<0.007

164.3 ± 6.0
21.8 ± 3.0

ns
<0.007

835 (510–1074)
42 (25–57)
0.7 (0.4–1.1)

ns
ns
ns

1.030 ± 0.12
0.862 ± 0.11
0.873 ± 0.15

<0.0001
<0.0001
<0.0009

ns

#

For skew data, median and interquartile (IQR) range are reported. Otherwise, mean ± SD.
For amenorrheic women at time of examination.
∗
At any time since the onset of anorexia.
∗∗
Applicable if the onset of the disease occurred after the time of menarche.
∘

2.4. Statistics. Summary results are presented as the mean ±
standard deviation. When the data are not normally distributed, the summary descriptive statistics are the median
and interquartile range. All non-Gaussian variables were successfully normalized using simple mathematical transformations. Normality was verified by using Shapiro-Francia tests.
Comparisons between patients and age-matched controls
for continuous variables were performed with a Wilcoxon
matched-pairs signed-ranks test to take into account the
matched design. Comparisons between two or more groups
for continuous variables were performed with Student’s 𝑡-test
or ANOVA for unmatched groups. When appropriate, a nonparametric Kruskal-Wallis test was applied. Chi-squared tests
were used for comparing proportions. BMI was calculated in
kilograms/meters2 .
Correlations between bone mineral density and recorded
variables were determined by simple or multiple (backward stepwise) linear regression analyses. Standard multiple
regression models were constructed for each skeletal site
by using duration of anorexia nervosa, total duration of
amenorrhea, age at the time of evaluation, BMI, and sIGF-I
as covariates. Adjusted regression coefficients and confidence
intervals were determined for each covariate. The significance
level for two-sided 𝑃 values was 0.05 in all tests. The data

were analyzed using the STATA statistical software package
(version 9.2; Stata Corporation, College Station, TX).

3. Results
3.1. Patients’ Characteristics. The subjects were in the early
twenties (the age range and median age and interquartile
range were 15 to 46 years, median: 20, and interquartile
range: 16–33), had a low weight (weight range: 26 to 60 kg,
median: 43, and interquartile range: 30–55), and a low BMD
(Table 1). The median height was 165, with a range of 146
to 180 cm. Their mean T-Scores (in patients aged more than
18 years) were −1.52 ± 1.23 SD for the anterior-posterior
view of LS, −0.93 ± 0.92 SD for the FN, and −1.34 ± 0.92
for the PF, significantly lower as compared with the normal
population (Table 1). Osteopenia was found in at least one
skeletal site in 63% of patients and osteoporosis in 17% of
patients. Five patients had a family history of osteoporosis.
No differences in BMD expressed as T-Scores were observed
between patients with anorexia nervosa alone and those
with the binge-purge subtype of anorexia nervosa at any site
measured (data not shown). Eight patients reported a history
of low trauma fracture (elbow, wrist or hand (𝑛 = 4), foot or
ankle (𝑛 = 2), rib (𝑛 = 1), vertebrae (𝑛 = 1)). Median time
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Table 2: Serum and urinary measurements (mean ± SD, or median values). Patient’s characteristics by estrogen use and menstrual history.
Laboratory test

Normal range

Serum corrected calcium
[2.25–2.60 mmol/L]
Serum phosphate
[0.80–1.4 mmol/L]
Serum creatinine
[35–88 𝜇mol/L]
Serum protein
[61–79 g/L]
Serum albumin
[35–48 g/L]
Serum osteocalcin
[8.8–29.7 𝜇g/L]
Serum total alkaline phosphatase
[30–125 IU/L]
Serum IGF-I
[116–447 ng/mL]
Serum IGFBP-3
[3.3–6.7 𝜇g/mL]
Serum parathyroid hormone
[1.1–6.8 pmol/L]
25-hydroxyvitamin D
[25–120 nmol/L]
Urinary calcium/creatinine
[0.10–0.50 mmol/mmol]
[4.2–18.2 nmol/mmol]
Urinary D-pyr/cr2
3
TRCaI/GFR
[2.4–2.9 mmol/L GFR]
TmPi/GFR4
[0.8–1.4 mmol/L GFR]

𝑁 = 66

Amenorrheic
women1
𝑁 = 38

Current
estrogen use
𝑁 = 17

Eugonadal
women
𝑁 = 11

2.35 ± 0 .09
1.3 (0.3)
71.85 ± 11.32
66.0 ± 6.4
38.26 ± 4.51
20.49 ± 11.30
46 (18)
118 (86)
4.63 ± 1.21
3.1 (1.5)
74 (43)
0.37 (0.44)
17.7 (10.1)
2.59 ± 0 .21
1.4 (0.3)

2.34 ± 0.1
1.3 (0.2)
71.9 ± 12.9
65.9 ± 6.6
40.5 ± 4.5∘
19.2 ± 11.2
48 (21)
103 (81)
4.4 ± 1.3
3.0 (1.4)
69 (36)
0.6 (0.6)∘
18.1 (7.0)
2.54 ± 0.2
1.4 (0.3)

2.35 ± 0.1
1.3 (0.2)
74.1 ± 8.4
65.8 ± 6.4
37.3 ± 3.6
19.3 ± 9.0
41 (10)∗
129 (81)
4.9 ± 1.0
3.0 (1.8)
76 (66)
0.3 (0.3)
13.4 (11.0)
2.64 ± 0.2
1.3 (0.3)

2.36 ± 0.1
1.5 (0.4)
67.8 ± 8.6
66.4 ± 6.8
38.1 ± 4.7
28.4 ± 14.1
51 (14)
144 (133)
4.9 ± 1.2
3.7 (1.3)
73 (65)
0.2 (0.3)
16.0 (10.1)
2.67 ± 0.2
1.5 (0.5)

𝑁

All patients

64
63
65
45
64
44
61
66
34
58
57
59
52
55
55

Age-adjusted normal values were taken into account.
1
At the time of evaluation, and including 3 patients taking oral contraceptives, but continuing to be amenorrheic.
2
Deoxypyridinoline/creatinine.
3
Renal tubular reabsorption of calcium index.
4
Renal tubular reabsorption of phosphate.
∘
𝑃 < 0.05 versus current estrogen use and eugonadal women.
∗
𝑃 < 0.05 current estrogen versus eugonadal women.

to the first fracture was 6 years (IQR: 5) after the onset of the
disease. Their BMD tended to be lower, but not significantly,
than that observed in patients (𝑛 = 54) without a history
of low traumatic fracture (data not shown). The age of the
fractured and the non-fractured was 24.5±7.7 versus 22.1±6.4
years (ns), duration of amenorrhea was 50.4 ± 60.5 versus
21.4 ± 31.0 months (𝑃 < 0.14), and disease evolution was
7.3±4.5 versus 4.6±4.5 years (ns). Fifty-five patients reported
at least one hospitalization during the course of the disease.
Tanner stages at the time of anorexia onset were not
recorded. Girls usually complete puberty by ages 15–17, and
menarche occurs generally at Tanner stage 4, at the age of 13.
In order to clarify this aspect, we determined the number of
patients with a disease onset before menarche. Six patients
had a disease onset before the first periods. For 3 of them,
the interval was lower than 1 year. Three others had a delayed
menarche (after 16), 4 to 5 year after disease onset, and thus
possibly before pubertal skeletal growth.
Twenty patients (30%) were current estrogen users
(median duration: 27 months, IQR: 61). Six patients (9%)
were previous estrogen users (median duration: 8 months,
IQR: 29). Age, age at menarche, age at the onset of anorexia
nervosa, total duration of amenorrhea, protein and calcium
intake, sIGF-I, and physical activity did not differ according
to estrogen use and menstrual history at the time of examination (Table 2). Amenorrheic women had a significantly
lower BMI (15.3 ± 2.2 in untreated women versus 15.6 ± 2.0
in current estrogen users, 𝑃 < 0.05). Age- and sex-adjusted
BMD values (Z-Score) were similar (data not shown).

Serum levels of albumin and protein were lower than
the normal range in 17% and 29% of patients, respectively
(Table 2), while sIGF-I was below the lower limit of the
normal level in 58% of patients. The sIGF-I levels correlated
with BMI (𝑟 = 0.43, 𝑃 < 0.001). This was not the case
for serum albumin or protein. Eleven patients displayed
vitamin D insufficiency (below 50 nmol/L) and one displayed
a deficiency (below 25 nmol/L). Among them, six patients
had secondary hyperparathyroidism. Mean serum LH and
FSH were at the lowest limit of the normal range.
Markers of bone turnover (total alkaline phosphatase, but
not osteocalcin, and fasting urinary calcium-to-creatinine
ratio) were lower in estrogen users or estrogen replete patients
(Table 2).
3.2. Bone Geometry in Patients and Controls (Table 3). Bone
mineral content was lower in patients as compared with
controls. Bone area was in contrast similar or tended to be
higher in anorexia nervosa patients. Thus, compatible with
a reduced volumetric bone density, rather than altered bone
geometry, BMAD was lower, as was also cortical thickness at
the level of the femoral shaft.
Bone geometry parameters were compared to the control
population according to the disease onset, that is, in those
below or above the median age of disease onset, and this did
not affect the results (data not shown).
3.3. Relationship between BMD, Bone Geometry and Clinical
and Biological Variables (Table 4). LS BMD correlated to
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Table 3: Bone geometry as measured by DXA in patients with
anorexia nervosa and in controls.
Patients

Controls

𝑃

40.1 ± 7.2
44.9 ± 4.8
0.13 ± 0.01
29.1 ± 1.8
40.2 ± 2.9
34.8 ± 2.7
38.5 ± 3.2

43.6 ± 7.1
42.3 ± 4.0
0.16 ± 0.02
28.0 ± 2.3
38.9 ± 3.3
33.8 ± 2.4
35.3 ± 2.9

0.01
0.002
0.0001
0.0029
0.02
ns
0.001

BMC (g)/neck
4.0 ± 0.7
2
Area (cm )/neck
5.3 ± 0.4
BMC (g)/total hip
24.1 ± 4.2
Area (cm2 )/total hip
31.2 ± 3.1
Hip midline (mm)
83.7 ± 4.6
Neck diameter (mm)
31.1 ± 2.2
BMAD (g/cm3 )
0.14 ± 0.02
BMC (g)/trochanter
5.4 ± 1.1
Area (cm2 )/trochanter
9.0 ± 1.0
Femoral shaft (mm)
27.2 ± 2.2
Internal cortical thickness (mm) 5.8 ± 1.0
External cortical thickness (mm) 5.0 ± 0.8

4.4 ± 0.7
5.1 ± 0.5
29.3 ± 3.9
30.9 ± 2.0
81.0 ± 5.0
30.3 ± 2.1
0.17 ± 0.03
6.3 ± 1.3
8.9 ± 0.9
26.5 ± 2.5
6.3 ± 0.9
5.0 ± 0.8

0.003
0.01
0.0001
ns
0.002
ns
0.0001
0.0007
ns
ns
0.008
ns

BMAD (multiple regression model: 𝑟 = 0.001, 𝑃 < 0.04), but
not with hip geometry variables (neck width, hip axis length,
cortical thickness, and femoral shaft diameter).

Lumbar spine
BMC (g)
Area (cm2 )
BMAD (g/cm3 )
L2 vertebral height (mm)
L2 width: higher part (mm)
L2 width: middle part (mm)
L2 width: lower part (mm)
Hip

Mean ± SD.

the duration of anorexia nervosa, total duration of amenorrhea, sIGF-I, and BMI. FN BMD was associated (𝑃 < 0.05 for
all comparisons, Table 4) with age at the time of evaluation,
duration of anorexia nervosa, total duration of amenorrhea,
sIGF-I, and IGFBP-3. BMD at any site was not correlated with
the degree of physical activity.
To assess the relative contribution of the variables in
determining BMD, multiple regression models were constructed using a backward stepwise process. The following
parameters were included: duration of anorexia nervosa,
total duration of amenorrhea, age at the time of evaluation,
BMI, and sIGF-I. Physical activity was not included in the
model, as severely affected patients were unable to exert a
high level of such activity. Furthermore, many patients were
advised to avoid sports activities in order to conserve their
energy. Given the high variability of the recorded calcium
and protein intakes and the absence of any correlation in
the univariate model, these two variables were not included.
LS BMD was significantly correlated with total duration of
amenorrhea (𝑃 < 0.01). The serum level of IGF-I was the only
significant independent predictor of FN BMD and remained
significant even after adjusting for height. We performed the
same analysis excluding the 20 patients receiving a hormone
replacement therapy at the time of evaluation and found
similar results (data not shown).
We examined whether the influence of the sIGF-I level
on BMD could be explained by an effect on true volumetric
density or on bone size. The sIGF-I levels correlated with FN

3.4. Relationship between Bone Markers and Demographic,
Nutritional, or Hormonal Parameters (Table 5). There was a
correlation between osteocalcin (a bone-specific formation
marker) and nutritional variables such as BMI, 25-hydroxy
vitamin D, sIGF-I, and IGF-BP3. In a multiple stepwise
backward regression model, BMI and 25-hydroxy vitamin D
were independent predictors of serum osteocalcin levels.
Urinary deoxypyridinoline and calcium-to-creatinine
ratios were significantly higher in patients with amenorrhea at the time of evaluation as compared with those
spontaneously menstruating or being treated with estrogen
(Table 2).
Deoxypyridinoline positively correlated with age at the
time of evaluation, amenorrhea at the time of evaluation, 25hydroxy vitamin D, and PTH levels. In a stepwise multiple
regression, the serum PTH level and amenorrhea at the
time of evaluation were the most significant predictors of
deoxypyridinoline levels, explaining 36% of its variance.

4. Discussion
Our study showed a high prevalence and profound degree
of low bone mineral mass in women with anorexia nervosa.
Indeed, osteoporosis was present in 17% of patients and
osteopenia in 63%. Altogether, 12% reported a history of low
trauma fracture. Similar figures have been found in other
studies [1–3]. Our results suggest that low bone mass is the
consequence of a reduced bone density rather than a reduced
bone size.
The pathogenesis of bone loss in anorexia nervosa is still
not completely understood. It may result from a number of
mechanisms, including estrogen deficiency and inadequate
nutritional intakes. We found, as other groups, that ageadjusted bone mineral density correlates with the duration of
amenorrhea [6, 9, 30]. In our population, estrogen deficiency
seemed to equally affect the spine and the proximal femur.
Decreased calcium intake and excessive physical activity
may also impact on the degree of bone loss, but we did
not find any correlation between physical activity and LS
BMD. A beneficial effect of physical activity had been suggested in an observational study published by Seeman et al.
[31]. Conversely, another recent study showed that excessive
moderate loading exercise may put patients at higher risk
of low bone mass, but high bone loading activities may
provoke bone accrual during recovery [32]. In our study,
data about nutritional intakes and exercise were obtained
through a questionnaire completed by the patients, with its
associated limitations. Since denial is common in anorexia
nervosa, these data should be considered with caution. These
young women typically over reported food intakes and
under reported exercise [33]. We therefore excluded these
variables from the multivariate models. Undernutrition and
nutritionally dependent factors are likely to play a major
role in the bone loss associated with anorexia nervosa. There
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Table 4: Relationship of BMD and variables measured (univariate regression analyses and multiple regression models constructed by
backward stepwise).
AP spine BMD
Variables

Age (yrs)#
Disease duration
(yrs)∘
Duration of
amenorrhea
(months)∗
BMI (Kg/m2 )
IGF-I (𝜇g/mL)∘
IGFBP-3 (mg/mL)
Parathyroid
hormone#
25 OH-Vitamin D
(nmol/l)∘
Physical activity
(h/week)∘
Protein intake (g/kg
of body
weight × d)∘
Calcium intake
(mg/d)∗

Femoral neck BMD

Univariate
Regres. coeff.
𝑃 𝑅2
(95% CI)
0.29
ns
(−0.81; 1.39)
−0.01
0.03 7%
(−0.02; −0.00)

Multivariate
Regres.coeff.
𝑃
(95% CI)

−0.03
(−0.06; −0.01)

−0.03
(−0.05; −0.01)

0.02
(0.00; 0.03)
0.01
(0.00; 0.02)
0.01
(−0.01; 0.04)
0.11
(−0.14; 0.35)
0.00
(−0.01; 0.02)
0.03
(−0.00; 0.06)

0.01 10%

Univariate
Regres. coeff.
𝑃
𝑅2
(95% CI)
1.24
0.01 9%
(0.28; 2.19)
−0.01
0.01 10%
(−0.02; −0.00)

𝑅2

−0.03
(−0.05; −0.00)

0.01

0.01
(−0.01; 0.02)
0.02
(0.01; 0.02)
0.03
(0.00; 0.05)
0.19
(−0.05; 0.44)
−0.001
(−0.01; 0.01)
0.01
(−0.02; 0.04)

0.02 9%
0.01 11%
ns
ns
ns
ns

Multivariate
Regres. coeff.
𝑃
(95% CI)

0.02 8%
ns
0.001 22% 0.01 (0.01; 0.02) 0.001
0.02 16%
ns
ns
ns

−0.07
(−0.16; 0.01)

ns

−0.04
(−0.11; 0.04)

ns

−0.04
(−0.10; 0.02)

ns

−0.02
(−0.07; 0.03)

ns

21%
#

𝑅2

29%

Reciprocal root variable (1/square root).
Square root transformed variable.
Log transformed variable.

∘

∗

Table 5: Relationship between bone markers and demographic, nutritional, or hormonal parameters (univariate regression analyses).
(𝑛 = 44)

Serum osteocalcin
Variables
Age (yrs)
Disease duration (yrs)
Total duration of
amenorrhea (months)
BMI (Kg/m2 )
IGF-I (𝜇g/mL):
IGFBP-3 (mg/mL)
Estrogen use
Parathyroid hormone
(pmol/L)
25-Hydroxyvitamin D
(nmol/L)
Protein intake (g/kg of
body weight × d)
Calcium intake (mg/d)

Regres. coef.
(95% CI)

𝑃 univar.

−0.114 (−0.600; 0.373)
−0.205 (−0.989; 0.580)

ns
ns

0.024 (−0.077; 0.125)

ns

3.157 (1.416; 4.898)
0.040 (−0.001; 0.08)
3.76 (0.630; 6.889)
−2.342 (−10.121; 5.436)

0.001
0.058
0.021
ns

0.831 (−3.268; 1.604)

ns

−0.103 (−0.198; −0.009)

0.03

−1.996 (−5.116; 1.124)
−0.000 (−0.006; 0.006)

𝑅2

Urinary
deoxypyridinoline
Regres. coef.
(95% CI)

(𝑛 = 52)
𝑃 univar.

𝑅2

−0.349 (−0.716; 0.017)
−0.520 (−1.049; −0.008)

0.06
0.053

7%
5%

0.000 (−0.078; 0.08)

ns

−0.450 (−1.561; 0.660)
−0.002 (−0.031; 0.027)
1.0 (−1.319; 3.314)
−4.702 (−9.34; −0.059)

ns
ns
ns
0.05

8%

−1.743 (−3.014; −0. 472)

0.01

14%

−0.039 (−0.082; 0.002)

0.063

8%

ns

0.027 (−3.080; 3.134)

ns

ns

0.000 (−0.006; 0.004)

ns

24%
8%
24%

12%
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were marked effects of nutritional status on bone formation
markers which correlated with BMI, 25-hydroxy vitamin D,
serum IGF-I, and IGFBP-3, in our study as in others [7, 8, 34].
Caloric and protein deprivation in anorexia nervosa leads to
increased GH and decreased IGF-I. This could be explained
by a downregulation of the GH receptor or its postreceptor
mechanisms, inducing a fall in the GH-dependent serum
proteins IGF-I and IGFBP-3 levels [35]. The rise in GH is
presumably due to decreased feedback inhibition by sIGF-I.
Fibroblast growth factor-21 may be a putative factor of GH
resistance in anorexia nervosa [36].
Our study confirms the low sIGF-I levels previously
reported in low-weight patients with anorexia nervosa [9, 10].
Sixty percent of the patients had sIGF-I values below the
age-adjusted reference range; yet, only 17% of the patients
showed lower than normal serum albumin concentration,
a usual indicator of nutritional status. The reason of these
discrepancies in the results is not clear. sIGF-I is closely
related to nutritional status as suggested by the highly
significant correlation with BMI (𝑃 < 0.001). Several studies
showed that sIGF-I concentration is a more reliable index of
nutritional status as compared with others markers [37–39].
The most intriguing finding was the high and independent association of sIGF-I and IGFBP-3 levels with ageadjusted FN BMD. We examined whether differences in
bone size may explain the association. In a first step, we
incorporated body height in the multiple regression model.
This adjustment did not affect the relation between FN
BMD and sIGF-I. In a second step, parameters of structural
geometry of the hip were measured using conventional
DXA outputs obtained from the FN region of interest. We
measured medial and lateral cortical thickness at a fixed level
of the femoral diaphysis, neck width, hip lengths, and femoral
shaft diameter. None of them showed any relation with sIGFI. In a third step, we examined the impact of another analytic
strategy, that of BMAD, a volumetric bone density estimate.
We found a positive correlation which suggests that the
relation between sIGF-I and FN BMD might not be related
to differences in bone size. Note that part of the femoral
neck region of interest is intracapsular and thus devoid of
periosteum. Data on structural geometry of the hip are scarce.
A recent study (Hip Structural Analysis) found an increase
in the outer and inner diameter of the hip and a decrease in
the cortical thickness at the femoral shaft. These structural
modifications were not correlated with sIGF-I [40].
Anorexia nervosa affects patients at a time of acquisition
of peak bone mass, and one possible consequence is growth
retardation and an effect on bone modelling. Short stature
may be present in those starting in the infancy or early
childhood [41]. For those beginning their eating disorders
later, that is, during or after puberty, a study found that
majority of patients with anorexia reached their expected
height [42]. In our population, the median age of onset of
anorexia was 16 years. A small number of patient had a disease
onset before menarche, and had probably reached their adult
stature and peak bone mass. This may explain the absence of
decrease in bone size.
This study has several limitations, particularly the relative
heterogeneity of the study population, with three groups of
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patients at different stages of severity (active disease, and
spontaneously menstruated) and taking or not estrogens. It
may be advocated that the inclusion of patients who were
taking estrogen confounds the interpretation of the results
that spine bone mineral density was related to hypogonadism.
Although the benefits of estrogen in the bone density issue of
patient with anorexia nervosa were refuted in the last decade,
a recent publication suggested that physiologic estrogen
replacement given transdermally may be beneficial to bone
[43]. Excluding those patients taking estrogen, we found
similar results.
Male patients were not included in the study even if they
display similar hormonal issues, given the aim of study in
analyzing bone size.
In conclusion, in a large cohort of patients with anorexia
nervosa, spine and hip BMD values were related to hypogonadism, whereas sIGF-I was the most significant predictor
of bone mass at the FN level. Our morphometric analysis
suggests that the site-specific effect of sIGF-I could be related
to reduced volumetric BMD rather than to modified hip
geometry.
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Wisp3 gene mutation was shown to cause spondyloepiphyseal dysplasia tarda with progressive arthropathy (SRDT-PA), but the
underlying mechanism is not clear. To clarify this mechanism, we constructed the wild and mutated Wisp3 expression vectors and
transfected into human chondrocytes lines C-20/A4; Wisp3 proteins subcellular localization, cell proliferation, cell apoptosis, and
Wisp3-mediated gene expression were determined, and dynamic secretion of collagen in transfected chondrocytes was analyzed
by 14 C-proline incorporation experiment. Mutated Wisp3 protein increased proliferation activity, decreased apoptosis of C-20/A4
cells, and aggregated abnormally in cytoplasm. Expression of collagen II was also downregulated in C-20/A4 cells transfected with
mutated Wisp3. Wild type Wisp3 transfection increased intracellular collagen content and extracellular collagen secretion, but the
mutated Wisp3 lost this function, and the peak phase of collagen secretion was delayed in mutated Wisp3 transfected cells. Thus
abnormal protein distribution, cell proliferation, collagen synthesis, and secretion in Wisp3 mutated chondrocytes might contribute
to the pathogenesis of SEDT-PA.

1. Introduction
Wnt-1-induced secreted protein 3 (Wisp3/CCN6) is a
cysteine-rich protein that belongs to the cysteine-rich 61connective tissue growth factor, nephroblastoma overexpressed CCN family members, maps to chromosome 6q2122, and encodes a 354 amino acid secreted protein [1].
Wisp3 proteins are characterized by an N-terminal secretory
signal followed by four structural domains with partial
sequence identity to insulin-like growth factor binding
protein (IGFBP) (GCGCCXXC); Von Willebrand factor
type C like motif, thrombospondin type 1 module, and a Cterminal cysteine knot-like domain (CK) putatively involved
in dimerization [1, 2], and IGFBP can be upregulated by
implementation of exercise [3]. The members of CCN
family are multifunctional in which they are involved in
regulation of cell adhesion, migration, proliferation, growth
arrest, survival, apoptosis, differentiation, endochondral
ossification, and extracellular matrix production [4–6].

Wisp3 mutations have been demonstrated in most
patients of an autosomal recessive hereditary cartilage
metabolic disorder, spondyloepiphyseal dysplasia tarda with
progressive arthropathy (SEDT-PA), or progressive pseudorheumatoid dysplasia (PPD), which characterized by
deformation and limitation of most large and small joints
clinically, and continuous degeneration and loss of articular
cartilage pathologically [7–11]. In our previous work, we
found a novel compound mutation (840delT/T1000C) of
Wisp3 in Chinese PPD kindred [12, 13]; the two probands
carried a substitution mutation (1000T → C, Ser334Pro) in
paternal allele, and a deletion (840delT) mutation in maternal
allele that caused a truncated Wisp3 protein to miss 43
residues in C-terminus [14], and we also discovered the biological behavior changes of the articular chondrocytes (ACs)
separated from the patients [15]. Wisp3 also had growth-,
invasion-, and angiogenesis-inhibitory functions in inflammatory breast cancer (IBC) in vitro and in vivo [16] and was a
key genetic determinant of the IBC phenotype [17]. However,
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the precise action of Wisp3 in cartilage maintenance and
metabolism and the mechanisms of SEDT-PA/PPD caused by
Wisp3 mutations have not been elucidated.
The present study was undertaken to investigate the
subcellular localization and function of mutant Wisp3 in
chondrocytes. The results suggest that mutated Wisp3 protein
aggregated abnormally in cytoplasm, and mutated Wisp3
failed to inhibit cell proliferation and modulate the expression
of type II collagen in chondrocytes, which may be an
important molecule mechanism involved in the pathogenesis
of SEDT-PA/PPD.

2. Materials and Methods
2.1. Cell Cultures. The immortalized human chondrocytes
cell lines C-20/A4 were derived from human juvenile costal
cartilage and generated by infection with a replication
defective retroviral vector expressing SV40 large T antigen.
Cultures of C-20/A4 cells were maintained in DMEM/Ham’s
F-12(1 : 1,v/v) supplemented with 10% fetal bovine serum
(FBS, Invitrogen, Carlsbad, USA) in a 5%CO2 incubator at
37∘ C and passaged at subconfluence every 5-6 days.
2.2. Wild Type and Mutant Wisp3 Expression Construct.
Human Wisp3 was cloned from ACs cDNA by PCR amplification with Wisp3-specific primers, bearing Hind III and
BamH I restriction enzyme sites at their flanking ends,
for the purpose of subcloning into the expression vector
pcDNA3.1(+) and pEGFP-C2 (Invitrogen). The primers used
for cloning Wisp3 into pcDNA3.1 were 5 -GTAAGCTTAGCGACATGCAGGGGCTCCTCTT-3 (forward) and 5 GCGGATCCTTACAGAATCTTGAGCTCAG-3 (reverse),
and pEGFP-C2 were 5 -TCAAGCTTCGACGTACAGGGGCTCCTCTT-3 (forward, exclude start coden) and 5 GCGGATCCTTACAGAATCTTGAGCTCAG-3 (reverse).
The amplified Wisp3 gene products (∼1.1 kb) were ligated
to pGEM-T easy (Promega, Madison, WI, USA), and the
products were used as templates in the PCR reaction of the
site-directed mutagenesis (SDM).
The mutants Wisp3 (MUT1000T/C and MUT840delT ) were
constructed using SDM separately. The mutant primers for
MUT1000T/C had the sequences 5 -CCTTGTGTGTGTCAGAGAAA-3 (forward) and 5 -CCTTCTACGACACCTAATGT-3 (reverse), and for MUT840delT had the sequences 5 AATTGTCTTTTCTGGATGCTCA-3 (forward) and 5 AAGGTTGAGAGGTTTCGACTTT-3 (reverse). After confirmed by restriction endonuclease analysis and sequencing, the target fragments (WT-Wisp3, MUT1000T/C , and
MUT840delT ) were subcloned to Hind III and BamH I sites of
expression vector pcDNA3.1(+) and pEGFP-C2. The recombined expression plasmids with pcDNA3.1(+) were used for
all functional studies of wild and mutant Wisp3, and those
with pEGFP-C2 were used for subcellular localization of wild
and mutant Wisp3 proteins.
2.3. Cell Transfection. Lipofectamine was used for transfecting C-20/A4 chondrocytes cell lines with the recombined
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plasmids and empty vector constructs. Briefly, cells (2.5∼5 ×
105 /mL) were plated 1 day before transfection in 6-well tissue
culture plates (2 mL/well) and incubated at 37∘ C in 5% CO2 . A
complex of the plasmid DNA (<1 𝜇g) with 6 𝜇L PLUS reagent
in 100 𝜇L of serum-free, antibiotic-free medium was prepared
in a sterile microfuge tube for 15 minutes; dilute 4 𝜇L of
Lipofectamine into 100 𝜇L of serum-free medium and added
to each reaction mixture, and incubated at room temperature
for additional 15–30 min. A similar complex was prepared
for each well of a 6-well plate. The cells in each well of the
plate were washed with sterile PBS and then added 800 𝜇L
serum-free medium and the transfection mixture drop wise
to each plate, and incubated for 4 h, after which 1 mL of
culture medium with 5% FBS was added to each well. After
24 hours, the transfection mixture was replaced with fresh
culture medium containing 10% FBS. The incubation was
continued for an additional 24–26 hours, and the cells were
used for observation by laser scanning confocal microscopy
(LSCM) and harvested for either RNA or protein extraction.
After 24 hours of transfection, the cells were placed in 25 cm2
flasks for stable transfection with selection by G418 (400 𝜇L
/mL).
2.4. Wild and Mutant Wisp3 Proteins Subcellular localization.
After 48 h of transiently transfection with WT-Wisp3/
pEGFP-C2, MUT1000T/C /pEGFP-C2, MUT840delT /pEGFPC2, or empty vector, cells were rinsed once with PBS after
removal of culture medium, and then fixed for 15 min
with freshly prepared 4% paraformaldehyde, and then
incubated with 0.25% Triton X100 at 37∘ C for 20 min.
4 -6-Diamino-2-phenylindole-2HCl (DAPI; Sigma) was
used at a final concentration of 100 ng/mL to stain cell nuclei.
After washing three times with PBS at room temperature for
10 min, the fluorescence was observed under LSCM.
2.5. Cell Viability Assay. Cell viability was determined
using a standard 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. Briefly, cells stably transfected with MUT1000T/C /pcDNA3.1(+), MUT840delT /
pcDNA3.1(+), or empty vector were seeded 104 cells/well
into 96-well plates. Following 24 h in culture, 5 𝜇L MTT
was added into each well and cells were incubated for an
additional 3 h. The medium was discarded and the cells
were solubilized in 100 𝜇L dimethyl sulphoxide (DMSO), and
then shaken for 1 min, and incubated for 5 min at room
temperature, and the absorbance at 570 nm was read on
Micro ELISA reader (Molecular Devices, CA, USA).
2.6. Cell Cycle and Apoptosis Analysis. Cells stably transfected
with MUT1000T/C /pcDNA3.1(+), MUT840delT /pcDNA3.1(+),
or empty vector were seeded into in 25 cm2 flasks at a density
of 2 × 105 cells/mL and cultured for 24 h. After cultured in
serum-free medium for 24 h, cells were digested with 0.05%
trypsin-EDTA, rinsed with PBS, fixed with 75% ethanol over
night at 4∘ C, and stained with propidium iodide. Cell cycle
and apoptosis were evaluated using FAC flow cytometry
(BD Biosciences). Cell proliferation index (PI) was calculated
using the equation (PI) = (G2+S)/(G1+S+G2).
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Table 1: Primer pairs and experimental conditions.

Gene product
COL2A1
COL1A1
Wisp3
Fibronectin
SOX9
MMP-1
𝛽-actin

Forward and reverse primers (5 -3 )
CCTAATGGAGATGCTGGTCG
CCAGGGAATCCAATGTTGC
ATCCAGCTGACCTTCCTGCG
TCGAAGCCGAATTCCTGGTCT
GTAAGCTTAGCGACATGCAGGGGCTCCTCTT
GCGGATCCTTACAGAATCTTGAGCTCAG
GTGTGACCCTCATGAGGCAAC
TACTCTCGGGAATCTTCTCTGT
CACACTACAGCCCCTCCTAC
CCTCCTCAAGGTCGAGTGAG
ATGCTGAAACCCTGAAGGTG
CAAGATTTCCTCCAGGTCCA
TCCTGTGCATCCACGAAACT
GAAGCATTTGCGGTGGACGAT

Apoptosis was also studied morphologically using fluorescent dyes that intercalate DNA. Acridine orange stains
DNA bright green, allowing visualization of the nuclear chromatin pattern. Apoptotic cells have condensed chromatin
that is uniformly stained. Ethidium bromide stains DNA
orange, but is excluded by viable cells. Cells stably transfected
with MUT1000T/C /pcDNA3.1(+), MUT840delT /pcDNA3.1(+),
or empty vector were stained by acridine orange and ethidium
bromide, respectively, and observed using LSCM.
2.7. RNA Extraction and RT-PCR. The C-20/A4 chondrocytes were transfected with WT-Wisp3, MUT1000T/C ,
MUT840delT , or empty vector, and the total RNA was extracted
using TRizol Reagent (Invitrogen). RNA was treated with
RNase-free DNase (Promega). Reverse transcriptase-PCR
(RT-PCR) was performed using a reverse transcription kit
according to the instructions of the manufacturer (Invitrogen). Primers specific for type II collagen, type I collagen,
SOX9, fibronectin, MMP-1, and 𝛽-actin were used for estimating the levels of expression of the corresponding mRNA.
During cDNA synthesis, 2 𝜇g of RNA was used for each
specimen, and 30 cycles of PCR were carried out. The 𝛽-actin
gene was used as an internal control. Table 1 summarizes the
primer pairs and experimental conditions used for RT-PCR
analysis.
2.8. Preparation of Whole Cell Protein Lysates and Western
Blot. To prepare whole cell lysates, cells transfected with WTWisp3, MUT1000T/C , MUT840delT , or empty vector were rinsed
once with precooling PBS after removal of culture medium
and treated with precooling Triton lyses buffer (50 mmol/L
Tris-HCL, PH8.0 containing 150 mmol/L NaCL, 1%Triton
X100, 10 mmol/L EDTA, 0.2%NaN3 , 10 𝜇g/mL Aprotinin, and
1 𝜇g/mL phenylmethylsulfonyl fluoride) on ice for 20 minutes and the protein concentrations were determined using
Bradford protein assay. Approximately 50 𝜇g of each cell
lysate was mixed with 2×SDS gel-loading buffer (100 mmol/L

Expected product size, bp
187 bp

Annealing temperature (∘ C)
57

322 bp

60

1065 bp

62

299 bp

60

258 bp

60

305 bp

60

310 bp

58

Tris-HCL, PH6.8, and 200 mmol/L DDT, 4% SDS, 0.2%
bromphenol blue, and 20% glycerol) and then heated to 95∘ C
for 5 min. The samples were loaded onto a polyacrylamide
gel (7.5 for type II collagen, 12% for Wisp3 and 𝛽-actin), and
prestained molecular weight standard (Bio-Rad, CA, USA)
was also loaded onto the gels. After electrophoresis, the SDSPAGE separated proteins were transferred to a nitrocellulose
(GE, Pittsburgh, USA). The membrane was blocked with
5% nonfat milk in PBS for 60 min and then incubated with
2 𝜇g/mL goat monoclonal antihuman type II collagen, Wisp3,
or 𝛽-actin (Santa Cruz, CA, USA) for 60 min. After extensive
washing with PBS, the membrane was reprobed with mouse
anti-goat IgG conjugated with horseradish peroxidase (GE)
at 1 : 1000 in PBS for 1 h at room temperature. Blots were
visualized with chemiluminescence as described previously
[18].
2.9. 14 C-Proline Incorporation Analysis. Chondrocytes were
seeded into 24-well plates (5 × 104 cells/cm2 ) in DMEM with
10% FBS for 24 hours, then cultured in 500 𝜇L of serum-free
DMEM for 4 hours. For 14 C-proline incorporation, each well
was added with 10 𝜇Ci of 14 C-proline (100 𝜇Ci/mL) (GE) and
100 𝜇g/mL aminopropionitrile, then incubated for 2 h; cells
were rinsed five times with PBS, and complete medium was
added and incubated at 37∘ C for 0, 30, 60, 120, 180, 240, and
300 minutes; supernatant and cell lysates were collected at
these time points. For the collection of cell lysates, cells were
rinsed two times with PBS after the supernatant collection,
two times with 5% cold trichloroacetic acid, two times with
80% ethanol and finally lysed at 37∘ C for 2 h in 0.5 mL of
10 mM EDTA; 0.2 mL aliquots of the lysates and supernatant
were dissolved in 10 mL Ecoscint H (Prolabo, Briare, France)
separately and counted by scintillation; the quantification
of intracellular collagen content and extracellular secretion
was determined by the radioactivity in the cell lysate and
supernatant, and the ratio of extracellular collagen secretion
to intracellular collagen content was counted.
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2.10. Statistical Analysis. SPSS 11.0 software was used for
statistical analysis and data are presented as the mean ±
SD, with the exception of gene analysis data. Data were
compared using one-way ANOVA or the student’s 𝑡-test. All
experiments were repeated at least 3 times; the representative
experiments are shown.

3. Results
3.1. Abnormal Protein Localization of Cells Transfected with
Wisp3 Mutants. The recombined plasmids WT-Wisp3/
pEGFP-C2, MUT1000T/C /pEGFP-C2, and MUT840delT /
pEGFP-C2 were transfected transiently into human
chondrocytes cell line C-20/A4, and pEGFP-C2 vector
was used as a control. The expression and localization of
green fluorescence protein (GFP) fusion proteins were
observed using LSCM after 48 hours of transfection. GFP
signal was distributed throughout the cells transfected with
pEGFP-C2 vector (Figure 1(a)) and uniformly in cytoplasm
and cell membrane transfected with WT-Wisp3/pEGFP-C2
(Figure 1(b)); however, the fluorescence signal aggregated
to speckles or agglomerates in cytoplasm transfected
with MUT1000T/C /pEGFP-C2 and MUT840delT /pEGFP-C2
(Figures 1(c) and 1(d)).
3.2. Increased Cell Proliferation and Decreased Cell Apoptosis
Ratio of Cells Transfected with Wisp3 Mutants. MTT assays
showed cell viability in C-20/A4 cells stably transfected with
MUT1000T/C /pcDNA3.1(+) and MUT840delT /pcDNA3.1(+)
was obviously higher (0.38 ± 0.03 and 0.42 ± 0.04, 𝑃 < 0.01)
than that in cells stably transfected with pcDNA3.1(+) (0.24 ±
0.02) (Figure 2(a)).
Overproliferation of cells stably transfected with mutant
wisp3 was further demonstrated by flow cytometry analysis,
which indicated that the cell numbers in the G2-M plus S
phases were significantly higher than that of control cells
(33.6±4.0%, 𝑃 < 0.05, Figure 2(b)), with a proliferation index
of 49.8 ± 5.0% and 53.2 ± 4.5%, respectively (Figures 2(c) and
2(d)).
The apoptosis rate of control cells was 26.1 ± 4.0% after
cultured in serum-free medium for 24 h (Figure 3(a)), while
that of cells stably transfected with MUT1000T/C /pcDNA3.1(+)
and MUT840delT /pcDNA3.1(+) was decreased (8.5 ± 2.6%
and 6.9 ± 2.4%) (Figures 3(b) and 3(c)). Acridine orange and
ethidium bromide staining also suggested that the apoptosis
rate was decreased dramatically in cells stably transfected
with mutant Wisp3; there were no apparent apoptotic cells in
them (Figures 3(d)–3(f)).
3.3. Dysfunction of Collagen Production in Cells Transfected
with Mutants. The function of Wisp3 gene in chondrocytes
and the mechanism of disorders in cartilage tissue caused by
Wisp3 mutation were still unclear. The C-20/A4 chondrocytes
lines express very low levels of Wisp3 (Figures 4(a) and
5(a)) and cartilage specific collagens. To investigate the
function of wild and mutant Wisp3 gene in chondrocytes,
the mutant and control plasmids were transfected stably into
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chondrocyte cell line C-20/A4. The WT-Wisp3/pcDNA3.1(+)
transfected C-20/A4 cells expressed 3.3-fold higher levels of
COL2A1 mRNA than the cells transfected with the control
vector (Figure 4(b)). Figure 5(b) demonstrated that stable
transfection of C-20/A4 cells with WT-Wisp3/pcDNA3.1(+)
upregulates type II collagen protein expression (𝑃 < 0.05).
However, the COL2A1 expression did not change in C20/A4 cells transfected with MUT1000T/C /pcDNA3.1(+) and
MUT840delT /pcDNA3.1(+) both in mRNA and protein level,
compared with the cells transfected with the empty vector.
In contrast, minimal changes were observed in the levels
of mRNA of type I collagen, SOX9, and fibronectin in
response to either wild or mutant Wisp3 (Figures 4(c), 4(d),
and 4(e)). The mRNA expression of MMP-1, which had been
found dramatically decreased in articular chondrocytes separated from SEDT-PA/PPD patient [15] (Figure 4(f)), wasn’t
changed in the mutant Wisp3 transfected chondrocytes.
3.4. Abnormal Intracellular Collagen Content and Secretion in
Mutant Chondrocyte. By 14 C-proline incorporation analysis,
very low radioactivity was detected in the supernatant of
and cell lysate of C-20/A4 cells transfected with control
vectors, which indicated that very low collagen synthesis
and secretion in this cell line (Figures 6(a) and 6(b)), and
the ratio of extracellular collagen secretion to intracellular
content is approximately 1. However, in wild type Wisp3
stably transfected C-20/A4 cells, high radioactivity, were
detected in the culture supernatant (3000 CPM to 7000 CPM)
and cell lysate (700 CPM to 1000 CPM); the peak collagen
secretion and intracellular content were appeared at 120 min
and 60 min separately after refreshment of the complete
medium, compared to C-20/A4 cells transfected with control
vector; Wisp3 increased the intracellular collagen content
to about 5–10 times (𝑃 < 0.01), and especially increased
the extracellular collagen secretion to 10–20 times (𝑃 <
0.01), and the ratio of extracellular collagen secretion to
intracellular content is 3.5–10 (Figure 6(c)). In mutant Wisp3
(MUT840delT and MUT1000T/C ) transfected cells, the peak
collagen secretion and intracellular content were backward
to 120 min and 180 min separately, although the radioactivity of collagen secretion was slightly higher than that
of intracellular collagen content, the extracellular collagen
secretion was decreased obviously compared to the wild type
Wisp3 transfected cells, and the ratio of extracellular collagen
secretion to intracellular content is about 1.5.

4. Discussion
PPD was attributed to mutations of Wisp3 gene; we previously identified a novel compound heterozygous mutation
(840delT/T1000C) of Wisp3 in a SEDT-PA/PPD family, and
this mutation results in a dramatic decrease in the tensile
strength of articular cartilage; however, the detail mechanism
is not clear.
By bioinformatics analysis, we predicted that the compound heterozygous mutation formed a truncated Wisp
protein and a Ser334Pro mutated proteins [14]. The 3Dconformational change of the 840delT truncated mutant
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(a)

(b)

(c)

(d)

Figure 1: Localization of wild and mutated Wisp3 protein in C20/A4 cells by confocal microscope. Recombined plasmids WT-Wisp3/pEGFPC2, MUT1000T/C /pEGFP-C2, and MUT840delT /pEGFP-C2 were transfected transiently into human chondrocyte cell line C20/A4, and pEGFPC2 vector was used as a control. The cells were observed using a confocal laser scanning microscope after 48 hours of transfection at
magnification 1000x. (a) EGFP; (b) WT-Wisp3; (c) MUT1000T/C ; (d) MUT840delT ; Green fluorescence indicate the Wisp3 EGFP fusion protein.
Blue fluorescence shows cell nuclei dye by DAPI. Note the distribution of WT-Wisp3 in cytoplasm and cell membrane uniformly. In contrast,
the majority of MUT1000T/C and MUT840delT were aggregated to speckles or agglomerates in cytoplasm.

Wisp3 protein is the single long peptide loop in the region
from signal peptide to the beginning 24 amino acid residues
in the first domain (IGFBP) which was subjected to folding
into two smaller cross-loops accompanied with a much
shorter C-terminus. It has been noted that the function of the
first (IGFBP) domain of Wisp3 is involved in inhibiting the
function of IGF-1 to the chondrocytes and the fourth (CK)
domain is involved in disulfide-linked dimerisation and is
necessary for dimer formation in the endoplasmic reticulum,
an important function for the establishment and maintenance of normal 3D-conformation of Wisp3 protein [18–
20]. Through GFP labeled protein localization analysis, we
found that wild type Wisp3 protein did localize in cytoplasm
and cell membrane of C-20/A4 cells, but the two mutated
Wisp3 proteins aggregated abnormally in cytoplasm of C20/A4 cells transfected with MUT1000T/C and MUT840delT .
It needs further research to validate the hypothesis that 3Dconformational change causes localization change of mutated
Wisp3 protein.
Wisp3 belongs to the CCN family of proteins, which
play important roles in development during chondrogenesis
and enchondromatosis and encode cysteine-rich secreted
proteins with roles in cell growth and differentiation [21]. To

investigate the effects of the T1000C and 840delT mutations
on Wisp3 function in chondrocytes, we compared biological
behaviors in C-20/A4 cells transfected separately with WTWisp3, MUT1000T/C , and MUT840delT . MUT1000T/C Wisp3
and MUT840delT Wisp3 increased proliferation activity as
well as decreased apoptosis of C-20/A4 cells obviously,
which shared the phenotype of articular chondrocytes (ACs),
separated from SEDT-PA patients we described before [15].
Therefore, inhibition of cell proliferation and promotion of
precursor cell differentiation are major effects of Wisp3 on
chondrocytes, through which Wisp3 modulates the balance
of cartilage metabolism.
We previously found that PPD cartilage had lost its
flexibility, and the main matrix component of cartilage is
collagen, so we detected the effect of Wisp3 gene mutation
on the collagen expression in chondrocytes. The results
demonstrated that both mutant Wisp3 lose the function to
modulate the expression of cartilage specific matrix type II
collagen when compared with wild Wisp3, which consisted
of results in C-28/I2 and T/C-28a2 cells transfected with
another SEDT-PA related Wisp3 mutation (Cis78-Arg) [22],
but the modulation effect of Wisp3 may not be via activation
of SOX9 in our study since no change of SOX expression was
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Figure 2: Cell viability and cycle analysis in C20/A4 cells transfected with Wisp3. Cells stably transfected with MUT1000T/C /pcDNA3.1(+),
MUT840delT /pcDNA3.1(+) or empty vector, and cell viability (a) were determined by MTT and cell cycle was evaluated using flow cytometry.
(b) Empty vector; (c) MUT1000T/C ; (d) MUT840delT . ∗ 𝑃 < 0.01 compared with C20/A4 cells transfected with empty vector.

found. After the collagen synthesis, it need to be secreted
into the extracellular matrix, if the collagen secretion was
changed by gene mutation or 3D-conformational alteration,
the function of cartilage will be abnormal, and to further
study the dynamic collagen synthesis and secretion, we use
14
C-proline, which is the major material of collagen synthesis
and a major determinant of collagen tertiary structure, to
label the new synthesized collagen, through detection of
the radioactivity in cell lysate and supernatant to quantify
the intracellular collagen content and extracellular secretion at different time points. Compared to the wild type
Wisp3, MUT1000T/C or MUT840delT Wisp3 lost the function
of increasing the extracellular collagen secretion, delaying the
intracellular collagen synthesis, which is one of the important

mechanisms for the collage size and density decrease in PPD
cartilage described previously.
However, we could not find the difference of MMP-1
mRNA levels between the C-20/A4 cells transfected with
wild and mutant Wisp3, which was dramatically decreased
in ACs separated from SEDT-PA/PPD patients compared
with normal ACs. The paradoxical phenomenon may be
related to the following causes: (1) C-20/A4 is an immortalized cell line derived from human juvenile costal cartilage
and is highly proliferative and not contact-inhibited compared with primary cells, which may have influence on the
expressions of matrix and other genes at reasonable levels
[23]. (2) MUT1000T/C or MUT840delT results in obviously
changed biological behaviors of chondrocytes; however, that
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Figure 3: Cell apoptosis analysis in C20/A4 cells transfected with mutant Wisp3 Cells stably transfected with MUT1000T/C /pcDNA3.1(+),
MUT840delT /pcDNA3.1(+), or empty vector; cell apoptosis was evaluated by using FAC flow cytometry (a–c) and acridine orange/ethidium
bromide staining (d–f) (apoptotic cells stained with yellow, condensed, or fragmented nuclei) analysis. (a) and (d) empty vector apoptosis
rate is 27.1%; (b and e) MUT1000T/C apoptosis rate is 9.2%; (c and f) MUT840delT apoptosis rate is 7.8%. Magnification is 200 x.
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Figure 4: mRNA expression of cartilage-specific genes in C20/A4 cells transfected with wild and mutant Wisp3. Cells stably transfected with
WT-Wisp3/pcDNA3.1(+), MUT1000T/C /pcDNA3.1(+), MUT840delT /pcDNA3.1(+), or empty vector. mRNA expression of cartilage-specific
genes in C20/A4 cells was determined by RT-PCR. (a)–(g) represent Wisp3, COL2A1, COL1A1, SOX9, fibronectin, MMP-1, and 𝛽-actin
separately.
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Figure 5: Wisp3 and COL2A1 protein expression in C20/A4 cells transfected with wild and mutant Wisp3 analyzed by western blot.
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Figure 6: Change of intracellular collagen content and extracellular collagen secretion in mutant chondrocytes analyzed by 14 C-proline
incorporation assay. (a) Time course of 14 C-proline labeled collagen (detected by radioactivity) secreted to the supernatant of the cultured
chondrocytes. (b) Time course of 14 C-proline labeled collagen content in cultured chondrocytes. (c) Ratio of secreted collagen to intracellular
collagen.
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cannot fully represent the effect of compound mutation
(840delT/T1000C) on the cartilage metabolism. (3) The low
expression level of Wisp3 in C-20/A4 cell line may have
interacted influence on the expressions of other genes.

5. Conclusions
Wisp3 mutations resulted in abnormal protein distribution
and dysfunction of cell proliferation, collagen production,
and dynamic secretion in chondrocytes, which may be
involved in the pathogenesis of SEDT-PA.
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The elderly population has substantially increased worldwide. Aging is a complex process, and the effects of aging are myriad and
insidious, leading to progressive deterioration of various organs, including the skeleton. Age-related bone loss and resultant
osteoporosis in the elderly population increase the risk for fractures and morbidity. Osteoporosis is one of the most common
conditions associated with aging, and age is an independent risk factor for osteoporotic fractures. With the development of noninvasive imaging techniques such as computed tomography (CT), micro-CT, and high resolution peripheral quantitative CT (HRpQCT), imaging of the bone architecture provides important information about age-related changes in bone microstructure and
estimates of bone strength. In the past two decades, studies of human specimens using imaging techniques have revealed decreased
bone strength in older adults compared with younger adults. The present paper addresses recently studied age-related changes
in trabecular and cortical bone microstructure based primarily on HR-pQCT and micro-CT. We specifically focus on the threedimensional microstructure of the vertebrae, femoral neck, and distal radius, which are common osteoporotic fracture sites.

1. Introduction
The proportion of elderly persons in the world population
has increased substantially and will continue to do so in the
coming years. Aging has multiple complex effects that result
in the progressive deterioration of various organs, including
the skeleton. Age-related bone loss and osteoporosis in the
elderly increase the risk of fractures and morbidity in this
population [1]. Osteoporosis is a common disease of the
elderly [2–4], characterized by low bone mass and microstructural deterioration of bone tissue, with an increased
fracture risk. Osteoporosis is defined by the World Health
Organization as a bone mineral density (BMD) at least 2.5
standard deviations below the mean peak bone mass of
young, healthy adults as measured by dual-emission X-ray
absorptiometry [5]. With the aging population, osteoporosis and its related fractures have become an increasingly
important health and socioeconomic issue. It is important to
identify the possible pathologic mechanisms underlying bone

fragility in old age. During life, mammalian bone undergoes
a process of continuous remodeling in which old bone is
resorbed and replaced with newly formed bone. In young
adults, the overall amounts of resorbed and formed bone
are balanced. With aging, however, this remodeling balance becomes negative, resulting in a decreased bone mass.
The decline in bone mass is associated with reduced bone
strength, resulting in osteoporosis [6, 7].
Osteoporosis is generally asymptomatic. The main consequence of osteoporosis is the increased risk of bone fractures.
The vertebrae, femoral neck, and distal radius are highly
susceptible to fracture in patients with osteoporosis [1–3].
Although BMD is an important predictor of subsequent fracture risk, age itself is also a major determinant factor of the
fracture risk, independent of BMD [6, 7]. The effects of age
on fracture risk could be due to a number of factors, including
bone microstructural deterioration and possible changes
in bone material properties, such as the composition and
degree of collagen cross-linking. Although techniques to
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noninvasively measure bone material properties may be validated and available in the future, high-resolution computedtomography (CT) currently allows for three-dimensional
(3D) assessment of the bone microstructure and evaluation of
the trabecular and cortical microstructure separately [8]. The
present paper discusses recently studied age-related changes
in trabecular and cortical bone microstructure, based primarily on high resolution peripheral quantitative CT (HR-pQCT)
and micro-CT. As these changes take a somewhat different
course in females and males and in different skeletal sites,
these variations are also reviewed.

2. Vertebrae
Fractures caused by osteoporosis most often occur in the vertebrae. The vertebrae from the mid-thoracic region down
are more likely to sustain osteoporosis-related fractures [9].
Osteoporosis-related vertebral fractures may occur spontaneously or during everyday activities, such as opening a
window, an insignificant fall, or twisting while lifting. The vertebrae bear the weight of the upper body and withstand substantial physical pressure. The vertebral body, a box-shaped
block of bone, comprises an elliptical block of trabecular bone
covered by a thin shell of cortical bone. Vertebral bodies
are connected to each other by intervertebral discs at the
upper and lower ends and ligaments at the anterior/posterior
lateral sides, forming a flexible column. This design provides
a lightweight structure that involves a minimum of material
in its construction. The quality of the trabecular bone in
vertebral bodies plays an important role in the performance
of the entire spine [10, 11].
2.1. Vertebral Trabecular BMD. The trabecular BMD in the
vertebrae is metabolically more active and may therefore
serve as an early indicator of vertebral osteoporosis [8].
Vertebral trabecular BMD is significantly correlated with
vertebral fracture [10]. Worldwide, the number of subjects
undergoing thoracic and abdominal CT examinations has
increased dramatically over the last two decades [8, 12]. In an
age- and sex-stratified population sample of 541 women and
490 men aged 17 to 88 years, we examined the relationship
between vertebral trabecular volumetric BMD (vBMD) and
age [13]. The CT images included all thoracic and lumbar
vertebrae and were scanned using standard setting (120 kV,
auto mAs, 1.25 mm thick slice, pitch = 0.49–0.88 mm). Slice
intervals were modified to the same value as the pitch using
sinc interpolation to keep each voxel in an isotropic size
in three dimensions. A standard phan-tom (B-MAS 200;
Kyoto Kagaku, Kyoto, Japan) was used to calibrate the CT
Hounsfield units to equivalent bone mineral concentration
[13]. Trabecular vBMD of both women and men tended to
decrease gradually from the first thoracic vertebra (Th1) to
the third lumbar vertebra (L3) in all age categories. With
regard to the vertebral level, L3 had the lowest vBMD among
the thoracic and lumbar vertebrae. Compared with Th1,
trabecular vBMD of L3 was lower than that of Th1 by about
30% [13]. Trabecular vBMD of L3 tended to decrease with
aging for both women and men. The vBMD in subjects over
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70 years of age was lower than that of adults under 40 years
of age by about 70%. In women 50 years of age and older, the
vBMD was considerably lower than that in women under 50
years of age. In men, trabecular vBMD declined at an almost
constant rate with aging (Figure 1).
2.2. Vertebral Trabecular Microstructure. Vertebral trabecular bone has a complex inhomogeneous 3D microstructure
[14, 15]. The central and anterosuperior regions of the vertebral body have a lower bone volume fraction (BV/TV)
than the corresponding posterior region [14, 16]. A thorough
understanding of the regional variations in microstructural
properties is crucial for evaluating age- and sex-related bone
loss of the vertebrae and may provide more insight into
the mechanisms of vertebral osteoporosis and the related
fracture risks. We studied 56 fourth lumbar vertebrae (L4)
from Japanese cadaver donors aged 57 to 98 years [14]. An
8 mm thick sagittal section close to the mid-line of the L4
vertebral body was harvested using a water-cooled low-speed
diamond saw (Buehler IsoMet, Illinois, USA). The central trabecular bone of the vertebral body was examined by microCT and scanning electron microscopy. The trabecular bone
volume fraction (BV/TV) and trabecular number (Tb.N)
significantly decreased with aging. Between the ages of 60 and
90 years, BV/TV declined by 22% and 24% in both women
and men. Decreases in BV/TV with aging were similar in
women and men. Tb.N also declined with aging, by 16% in
women and 19% in men. Consistently, trabecular separation
(Tb.Sp) increased with aging. The age-related decrease in
trabecular thickness (Tb.Th) was not statistically significant
[14, 15]. The reduction of BV/TB with aging is associated
primarily with reduced Tb.N and increased Tb.Sp [14, 17].
Age-related changes of Tb.Th are quite controversial.
Some studies report a greater relative loss and thinning with
age for all trabeculae [18], or for horizontal trabeculae only
[19]. With the loss of horizontal trabeculae, the remaining
vertical trabeculae tend to maintain their thickness and might
even increase in thickness with aging [14, 19]. Some studies
indicate that there are no significant changes in Tb.Th with
aging [14]. The reduced BV/TV due to decreases in Tb.N and
increases in Tb.Sp, with or without thinning of Tb.Th, has
formed the basis of the plausible hypothesis for age-related
trabecular bone loss [20].
Some microstructural parameters differ significantly
between women and men [14, 21]. Compared with women,
men have higher BV/TV and Tb.N. Scanning electron microscopic images revealed increased resorbing surfaces, perforated or disconnected trabeculae, and microcallus formations
in elderly subjects [14, 22, 23]. Therefore, it is conceivable
that age-related vertebral trabecular bone loss is caused by
increased bone resorption activity [9, 10, 14]. These findings
illustrate some potential mechanisms underlying vertebral
fractures.
2.3. Vertebral Cortical Bone. The cortical shell of the vertebral
body is thin and porous. Thus, one difficulty in sorting
out the role of the vertical cortex, particularly in aged
individuals, is that the extreme thinness of the cortex makes
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Figure 1: Relationship between age and trabecular vBMD at the third lumbar vertebra for men (a) and women (b) [13].

it difficult to measure with most nondestructive techniques.
The relative contribution of the cortical shell to whole bone
strength remains poorly understood. The vertebral cortical
thickness ranges from 180 to 600 𝜇m, with a mean thickness
of 380 𝜇m [24–27]. The cortical thickness of the thoracic
vertebrae is thinner than that of the cervical and lumbar
vertebrae. The mean thickness of the ventral shell is in general
greater than that of the dorsal shell. Cortical thickness is
not sex specific. Cortical thickness slightly decreases with
aging. Although most studies emphasize the important role of
trabecular bone in age-related vertebral fragility, both old and
new studies point to an important role for the cortical shell,
particularly when trabecular bone volume is low, in elderly
subjects [24–27].

3. Femoral Neck
Femoral neck fractures are the most common injury observed
in elderly subjects. This type of fracture is a major cause of
morbidity in the elderly as it leaves many patients immobile
and confined to their bed [28]. The risk of femoral neck
fracture increases 10-fold with every 20 years of age. Femoral
neck fractures usually occur due to falls, which are common
among the elderly. Femoral neck fractures are attributed to
both cortical and trabecular bone loss. The anatomic distribution of cortical and trabecular bone in the femoral neck
might be critical in determining resistance to fracture.
3.1. Microstructure of Femoral Neck Trabecular Bone. An
approximately 15 mm segment of femoral neck was harvested by cutting at the base of femoral head and at the base of
femoral neck. Trabecular specimen of 8 × 8 × 8 mm cube was

obtained in the middle of femoral neck for micro-CT analysis.
Age-related changes in trabecular bone of the femoral neck
include a decrease in BV/TV, Tb.N, and an increase in Tb.Sp
[29, 30]. BV/TV declines by 22% and 18% between ages 60
and 90 years. Tb.N and Tb.Th decrease, and Tb.Sp increases
in both women and men. The reduction of BV/TV with aging
is associated with a decline in Tb.N and Tb.Th and increase
in Tb.Sp [21, 29–32]. Trabecular bone in the femoral neck
has a complex 3D structure that consists of interconnecting
plates and rods. Plate or rod characteristics of trabeculae
can be estimated by measuring the structure model index
(SMI). This is an important structural feature that strongly
impacts the mechanical properties of trabeculae [33]. The
SMI in the femoral neck and vertebrae significantly increases
with aging [29, 32]. A more rod-like structure of trabecular
bone is observed in the femoral neck with aging, and, hence,
the femoral neck is likely to be more susceptible to bending
and buckling failure modes. Trabecular connectivity is a
fundamental property of 3D networks. Connectivity density
(Conn.D) is crucial in the maintenance of bone strength.
Conn.D in femoral neck and vertebra decreases significantly
with aging [14, 29]. As the trabecular bone volume decreases,
there is a corresponding decrease in Conn.D, possibly due
to the loss of small interconnecting trabeculae with a small
initial diameter [14]. The degree of anisotropy (DA) defines
the direction and magnitude of the preferred orientation of
trabeculae and uses the ratio between the maximum and
minimum radii of the mean intercept length ellipsoid [34].
DA is a measure of how highly oriented substructures are
within a volume, which is an important trabecular bone
microstructural parameter. In the trabecular bone of femoral
neck and vertebra, we did not find any significant differences
between DA and age.
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3.2. Microstructure of Femoral Neck Cortical Bone. The
morphology of the femoral neck shows marked regional
heterogeneity [29, 35–37]. As the body weight rests vertically
and unidirectionally on the hip joint, cortical bone in the
superior region is thinner than that in the inferior region of
the femoral neck. The cortices in the elderly exhibit marked
thinning in the superior region, but the inferior cortices
are thicker compared with those in younger adults [35–37].
Relative to the mean value at age 60 years, cortical thickness
in the superoposterior octant, which is compressed most
in a sideways fall, declines in women by 6.4% per decade.
Similar but significantly smaller effects are evident in men.
This thinning compromises the capacity of the femoral neck
to absorb energy independently of osteoporosis [29, 36].
The cortical porosity (Ct.Po) of the femoral neck ranges
from 5% to 13% [29, 36–38]. With aging, pores within the
cortex adjacent to the marrow cavity coalesce, leaving cortical
remnants that look similar to trabeculae. The remaining
thinned cortex beneath the periosteum retains a compact
appearance and contains enlarged though not confluent
pores. In elderly subjects, excavation of the remaining compact cortex leaves further cortical remnants. Figure 2 shows
the age-related changes in cortical porosity of the femoral
neck. Between ages 60 and 90 years, cortical thickness (Ct.Th)
decreases by 3% to 5% per decade, and Ct.Po increases by
31% to 33% per decade [29]. The pore diameter increases,
with no significant changes in the pore number [29, 36–38].
Consequently, we consider that cortical porosity with aging is
mainly due to enlarged intracortical pores. Relative to men,
women have a higher Ct.Po and pore diameter. Therefore,
while age is the most important factor, sex also has a role in
Ct.Po and pore size. With aging, cortical pores fuse together
to form giant pores with diameters exceeding 385 𝜇m [29, 36,
39]. Thus, the formation of giant pores could be considered
a pivotal process in the focal loss of cortical thickness and
strength.
The most obvious age-related change in femoral neck is
the increase in Ct.Po. The decrease of BV/TV with aging
is more noticeable than that of Ct.Th. There is a significant
inverse correlation between Ct.Po and BV/TV for both
women and men. As compared with women, men have higher
Ct.Th and BV/TV and lower Ct.Po. These findings may serve
as reference for ethnic comparison with aging and sex and
may provide more insight into femoral neck fracture risk
[29, 36, 39].

4. Radius
Fractures of the distal radius are one of the most common
injury types, especially in pediatric and elderly populations,
which are at greatest risk for this injury [40]. As the population continues to age, the incidence of osteoporotic distal
radius fractures will also increase. In the elderly population,
radial fractures frequently result from falls from a standing
height and other low-energy traumas [41].
Population studies using HR-pQCT imaging revealed
that in the trabecular bone of the distal radius, between
the ages of 20 and 90 years, BV/TV decreases by 27% in
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women and 26% in men. BV/TV remains relatively constant
at the distal radius until midlife and declines thereafter.
Tb.N declines and Tb.Sp increases with aging in women.
Trabecular bone mass is higher in men than in women of
the same age; age-related declines of the trabecular BMD and
BV/TV are similar in women and men between the ages of
20 and 90 years [42–45]. The microstructural basis for the
decrease in trabecular volume differs between women and
men [44, 45]. Women appear to lose trabeculae, primarily
with reductions in Tb.N and increases in Tb.Sp, while in
men the main mechanism for the decrease in BV/TV is
trabecular thinning, resulting in a marked decrease of Tb.Th
and unchanged Tb.N [44, 45].
Cortical bone was examined morphologically with HRpQCT. Cortical bone strength (failure load) and the load
distribution were estimated using finite-element analysis as
reported previously [46]. Cortical vBMD is significantly
lower in older women than in younger women. There is no
significant change in the cortical vBMD with age in men
[44]. Ct.Po is very low in the radius, ranging from 0.2% to
2.4% [44, 45]. Older women and men have an increased
Ct.Po and cortical pore diameter, compared with younger
subjects. Cortical bone strength correlates negatively with
Ct.Po, which is an important component of bone quality
that deteriorates with aging, independent of BMD [45, 47,
48]. The age-related increase in Ct.Po is more than 2-fold
greater in women than in men. Cortical thickness also tends
to decline more with aging in women than in men. Bone
strength is greater in men than in women at the distal radius.
The sex difference is probably caused by greater cortical
porosity in women.

5. Tibia
Although the tibia is commonly measured with pQCT, there
are currently no recommendations for using the tibia for
bone health assessment or hip fracture risk prediction. Given
that the tibiae are exposed to multiple modes, frequencies,
durations, amplitudes, and rates of mechanical loading from
physical activities, tibial characteristics may be more closely
related to those of the hip than the forearm [49, 50].
Trabecular bone specimens from the medial compartment of the proximal tibial metaphyses have been examined
with micro-CT and scanning electron microscopy [51–53].
Trabecular BMD and BV/TV of the proximal tibia show agerelated decreases in women and men [51–53]. Figure 3 shows
the age-related changes of trabecular bone at the proximal
tibia. From 57 to 98 years of age, BV/TV decreases by 7%
and 6% per decade for women and men, respectively, while
BMD declines by around 4% per decade. The rate of decline
with aging is similar for women and men. Women, however,
have a consistently lower BMD and BV/TV than men of the
same age. Possible explanations for the sex differences are that
women reach a lower peak bone mass before they start losing
bone, or that any accelerated loss occurs earlier, perhaps, as
has been suggested, around menopause [51, 54]. It is likely
that much of the female preponderance for fractures is related
to the lower bone mass of women compared with men.
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Figure 2: 3D reconstructed images of cortical porosity at the inferior femoral neck from a man aged 62 years (a), a man aged 92 years (b), a
woman aged 62 years (c), and a woman aged 92 years (d). There are more enlarged pores in the 92-year-old group than those of the 62-year-old
group. Representative 2D micro-CT image of the femoral neck cortex from a woman aged 92 years (e) is shown. The periosteal surface faces
right for all specimens [29].
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Figure 3: 3D reconstructed images of trabecular microstructure at the proximal tibia from a man aged 62 years (a), a man aged 92 years (b),
a woman aged 62 years (c), a woman aged 92 years (d), and the corresponding values for BV/TV (e). The trabecular bone volume fraction is
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Age-related trabecular microstructural changes at the
proximal tibia include a decrease in BV/TV, Tb.Th, and
Conn.D, as well as an increase in Tb.Sp and SMI [51–53]. The
decline in BV/TV and Tb.Th with aging is similar for women
and men. The age-related decrease in Tb.N for women is
nearly twice that in men. Age-related bone loss at the proximal tibia in women is considered to be due to decreases in
both Tb.N and Tb.Th, whereas in men, the primary mechanism for the decrease in BV/TV is trabecular thinning. Based
on finite element modeling, reductions in Tb.N have a 2- to
5-fold greater impact on bone strength compared with reductions in Tb.Th that result in similar decreases in bone volume
[55]. The SMI increases with aging. A shift toward a more
rod-like structure with aging is observed in the proximal tibia
[51, 53].
Scanning electron microscopy revealed that the percentage area of trabecular resorbing surface increases significantly
with aging. Some trabeculae are completely perforated or disconnected. Age-related trabecular bone loss at the proximal
tibia is caused by trabecular perforation and thinning. Several
trabecular microcallus formations on the thin trabeculae are
observed in elderly subjects. A microcallus is a small mass of
woven bone often observed at the vertebra, mainly on the
vertical trabeculae [14, 23, 51]. A microcallus can be seen as
an attempt to preserve or repair a trabecula [14, 56, 57].
What triggers the microcallus formation, however, remains
a subject of debate.
Cortical thickness of tibia tends to decline more with
aging in women than in men. Ct.Po in the tibia ranges from
0.3% to 7.1%, which is lower than that of the femur and higher
than that of the radius [44, 45, 48, 58]. Men have a larger
cortical area and thicker cortices than women. Older women
and men have an increased Ct.Po and cortical pore diameter
compared with younger subjects. The age-related increase in
Ct.Po is more prominent in women. The sex difference in
tibial strength is due to greater trabecular bone mass and
lower cortical porosity.

6. Conclusion
Age-related bone loss and resultant osteoporosis in a substantial proportion of the elderly population is multifaceted
and multifactorial, involving a progressive loss of both bone
quantity and quality. A number of genetic, hormonal, and
biochemical players are implicated in this process. The role of
aging pathways, such as increased oxidative stress and telomere shortening, in bone loss is also becoming apparent.
The role of nutrition and lifestyle choices such as exercise
is better appreciated with newer studies linking decreased
bone density and increased fracture risk in nutritionally compromised and sedentary elderly individuals.
Age-related microstructural changes in bone are complex. There are three major age-related processes that lead to
bone loss. The first and most important is trabecular bone
loss. The decrease in trabecular bone is caused by thinning
of the trabeculae and, especially in early postmenopausal
women, by disruption of the trabecular microstructure and
loss of trabecular elements. Trabecular bone loss over life is

7
one-half at the vertebra and one-quarter at the femur, radius,
and tibia. The second process contributing to bone loss is a
decrease in cortical bone, mainly caused by increased porosity from both an increase in resorption cavities and an
accumulation of incompletely closed osteons with aging. The
third process is continued net resorption at the endocortical
surface. Bone loss over life from this process is approximately
25% to 40% at the femoral neck and distal radius, but less at
the tibia.
Vertebral strength, a key etiologic factor of osteoporotic
fractures, is maintained mainly by trabecular bone. Vertebral
trabecular bone mass is lower than peripheral bone mass.
Vertebral trabeculae are microstructurally heterogeneous,
with lower bone mass at the central and anterosuperior
regions of the vertebral body. Decreased trabecular bone
mass and especially increased cortical porosity might be the
most important causes of femoral neck and tibial fragility in
the elderly subjects. Cortical porosity is an important component of bone quality at the distal radius that deteriorates
with aging. Although our understanding of the pathogenesis
of aging bone is appreciable, it is not yet exhaustive. Further
studies are needed to define the extent to which deterioration
of the cortical and trabecular microstructure contributes to
the effect of age on bone fragility at common sites of osteoporotic fractures.
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[12] C. H. McCollough, L. Guimarães, and J. G. Fletcher, “In defense
of body CT,” American Journal of Roentgenology, vol. 193, no. 1,
pp. 28–39, 2009.
[13] T. Hayashi, H. Chen, K. Miyamoto et al., “Analysis of bone
mineral density distribution at trabecular bones in thoracic and
lumbar vertebrae using X-ray CT images,” Journal of Bone and
Mineral Metabolism, vol. 29, no. 2, pp. 174–185, 2011.
[14] H. Chen, S. Shoumura, S. Emura, and Y. Bunai, “Regional variations of vertebral trabecular bone microstructure with age and
gender,” Osteoporosis International, vol. 19, no. 10, pp. 1473–1483,
2008.
[15] P. A. Hulme, S. K. Boyd, and S. J. Ferguson, “Regional variation
in vertebral bone morphology and its contribution to vertebral
fracture strength,” Bone, vol. 41, no. 6, pp. 946–957, 2007.
[16] H. Gong, M. Zhang, H. Y. Yeung, and L. Qin, “Regional variations in microstructural properties of vertebral trabeculae with
aging,” Journal of Bone and Mineral Metabolism, vol. 23, no. 2,
pp. 174–180, 2005.
[17] F. Eckstein, M. Fischbeck, V. Kuhn, T. M. Link, M. Priemel,
and E. M. Lochmüller, “Determinants and heterogeneity of
mechanical competence throughout the thoracolumbar spine
of elderly women and men,” Bone, vol. 35, no. 2, pp. 364–374,
2004.
[18] R. W. McCalden, J. A. McGeough, and C. M. Court-Brown,
“Age-related changes in the compressive strength of cancellous
bone. The relative importance of changes in density and trabecular architecture,” Journal of Bone and Joint Surgery (American
Volume), vol. 79, no. 3, pp. 421–427, 1997.
[19] J. S. Thomsen, E. N. Ebbesen, and L. I. Mosekilde, “Age-related
differences between thinning of horizontal and vertical trabeculae in human lumbar bone as assessed by a new computerized
method,” Bone, vol. 31, no. 1, pp. 136–142, 2002.
[20] B. L. Riggs and A. M. Parfitt, “Drugs used to treat osteoporosis:
the critical need for a uniform nomenclature based on their
action on bone remodeling,” Journal of Bone and Mineral
Research, vol. 20, no. 2, pp. 177–184, 2005.

International Journal of Endocrinology
[21] E. M. Lochmüller, M. Matsuura, J. Bauer et al., “Site-specific
deterioration of trabecular bone architecture in men and
women with advancing age,” Journal of Bone and Mineral
Research, vol. 23, no. 12, pp. 1964–1973, 2008.
[22] J. A. P. Jayasinghe, S. J. Jones, and A. Boyde, “Scanning electron microscopy of human lumbar vertebral trabecular bone
surfaces,” Virchows Archiv, vol. 422, no. 1, pp. 25–34, 1993.
[23] M. Hahn, M. Vogel, M. Amling, H. Ritzel, and G. Delling,
“Microcallus formations of the cancellous bone: a quantitative
analysis of the human spine,” Journal of Bone and Mineral
Research, vol. 10, no. 9, pp. 1410–1416, 1995.
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The “nonclassic” role of 1,25-dihydroxyvitamin D3 (1,25(OH)2 D3 ) has been recently widely recognized. In type 1 diabetes mellitus
(T1D), it plays an immunomodulatory role through the vitamin D receptor (VDR) present on pancreatic and immune cells. Specific
VDR allelic variants have been associated with T1D in many countries. Furthermore, vitamin D deficiency has been prevalent in
T1D, and the seasonal and latitude variability in the incidence of T1D can be partly explained by the related variability in vitamin
D level. In fact, retrospective studies of vitamin D supplementation during pregnancy or infancy showed a lower incidence of T1D.
We will review the different mechanisms of the vitamin D protective effect against insulitis and present the available data on the
role of vitamin D deficiency in the control, progression, and complications of T1D.

1. Introduction

2. Immunomodulatory Effect of Vitamin D

Type 1 diabetes (T1DM) is an autoimmune disease occurring
in the pancreatic islets [1]. It accounts for 90% of diabetes in
children and adolescents [2]. Its incidence varies considerably
worldwide, being highest in Finland and Sardinia [3], probably related to genetic, dietary, and environmental factors
that might interfere with its pathogenesis [4]. The annual
incidence has been increasing worldwide, possibly related
to higher socioeconomic status and degree of urbanization
[5]. Recently, there has been appealing evidence on the
“nonclassic” role of vitamin D in many autoimmune diseases
including rheumatoid arthritis, scleroderma, psoriasis, multiple sclerosis, and also T1DM [6, 7]. In fact, in addition to
its skeletal effects and control of calcium hemostasis, 1,25DihydroxyvitaminD3 (1,25(OH)2 D3 ) showed potent antiproliferative and immunomodulatory properties [8].
In this paper, we will review the available data on the
relationship between vitamin D and T1DM trying to elucidate the immunomodulatory mechanisms of vitamin D on
pancreatic insulitis, seasonal and latitude effects, protective
effects of supplements on T1DM incidence, complications
and progression.

1,25(OH)2 D3 plays an immunomodulatory role in the prevention of T1DM, through the vitamin D receptor (VDR)
expressed in antigen presenting cells, activated T cells [9],
and pancreatic islet 𝛽-cells [10]; this has been demonstrated
in many trials done on nonobese diabetic mice (NOD)—a
murine model of human IDDM, spontaneously developing
diabetes mellitus (DM)—using 1,25(OH)2 D3 or its analogue
(1,25(OH)2 D3 , MC1288 (20-epi-1,25(OH)2 D3 ), or KH1060
(1,25(OH)2 -20-epi-22-oxa-24,26,27,-trishomovitamin D) [9].
Conversely, 1,25(OH)2 D3 -deficient mice were at higher risk
of developing DM, with a more aggressive course when
deficiency is present early in life [11, 12]. 1,25(OH)2 D3 ,
administered early on, protects against or reduces the severity
of pancreatic insulitis via a dual action, on the pancreatic beta
cells and on the immune cells [13]. Furthermore, administration of 1,25(OH)2 D3 in combination with cyclosporine A,
after the onset of the autoimmune attack, which is known as
a prediabetic state, can prevent clinical diabetes [14].
At the level of the pancreatic islets, 1,25(OH)2 D3
decreased in vivo and in vitro proinflammatory chemokine
and cytokine expression (e.g., IL6), which are implicated in
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the pathogenesis of T1DM making 𝛽-cells less chemoattractive and less prone to inflammation; this results in decreased
T cell recruitment and infiltration, increased regulatory cells,
and arrest of the autoimmune process [15–17]. Furthermore,
1,25(OH)2 D3 decreases MHC class I expression leading to
reduced vulnerability of islet 𝛽-cells to cytotoxic T lymphocytes [18].
At the level of the immune system, 1,25(OH)2 D3 inhibits
the differentiation and maturation of dendritic cells and
promotes their apoptosis [19], preventing their transformation into antigen presenting cells which is the first step
in the initiation of an immune response [20]. It has been
also demonstrated that 1,25(OH)2 D3 restores the suppressor
cells, decreases Th1 cytokine production—responsible for
𝛽-cell death—and shifts the immune response toward Th2
pathway, leading to benign insulitis [21–24]. The addition
of 1,25(OH)2 D3 inhibits the production of Il-6, a direct
stimulator of Th17 cells [19], implicated in many autoimmune diseases, including T1D [20]. On the other hand,
1,25(OH)2 D3 exerts antiapoptotic effects on the cytokineinduced pancreatic 𝛽-cells apoptosis. It induces and maintains high levels of A20 gene protein, which leads to decreased
nitric oxide (NO) levels. In fact, NO induces directly beta cell
dysfunction and death, and, indirectly, through the induction
of Fas expression [25]; Fas is a transmembrane cell surface
receptor and a member of the tumor necrosis factor (TNF)
receptor family. It is stimulated by inflammatory cytokines
secreted by islet-infiltrating mononuclear cells. It renders
the 𝛽-cells in T1DM susceptible to Fas-Ligand-induced

apoptosis mediated by tissue-infiltrating Fas-Ligand-positive
T lymphocytes [26]. Decreasing NO levels leads to down
regulation of all the aforementioned mechanisms and allows
cytoprotective effects on islet cells. In addition, 1,25(OH)2 D3
has been found to be able to counteract the cytokine-induced
Fas expression in human pancreatic islets, both at the mRNA
and protein levels, modulating the cascade of death signals
and preventing cell apoptosis [27] (Figure 1).

3. Vitamin D Polymorphism
Vitamin D and its analogues exert their actions through the
nuclear VDR which is responsible for transducing the action
of the active form of vitamin D, 1,25(OH)2 D3 [28]. The VDR
gene is located on chromosome 12q12-q14 in humans [29].
Polymorphisms within the VDR gene may be associated with
altered gene expression or gene function [29], and many
reports revealed their association with many physiologic
and pathologic phenotypes, though inconsistently [30]. Five
single nucleotide polymorphisms (SNP) in exon 2 (FokI),
intron 8 (BsmI, Tru9I, ApaI), and exon 9 (TaqI) have been
defined historically in VDR gene, by the associated restriction
enzyme [31]. Association studies of VDR allelic variations and
T1D done in many countries, including different populations
(southern [32] and northern [33] India, Iran [34], Spain [35],
Romania [36, 37], Turkey [38, 39], Hungary [40], Portugal
[41], UK, US, Norway [42], Japan [42, 43], Finland [42, 44],
Poland [45], Croatia [46, 47], Brazil [48], Uruguay [49],
Germany [50–52], Greece [53], Bangladesh [54], Taiwan [55],
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Table 1: VDR gene polymorphism and type 1 DM.
Population
Bangladesh
Brazil
Chile
Croatia
Finland
Germany
Greece
Hungary
India Northern
India Southern
Italy
Iran
Japan
Norway
Polish
Portugal
Romania
Spain
Taiwan
Turkey
United States
United Kingdom

3
Table 2: Mean 25OH D level in T1DM in different countries.

VDR polymorphism associated with IDDM

Country

Mean 25OH D level (nmol/L)

FokI, BsmI, ApaI, TaqI
No association
BsmI, ApaI, TaqI1
Tru91, FokI2
No association
TakI, ApaI, BsmI1 , TruI3
FokI, BsmI, ApaI, TaqI
BsmI, ApaI, Tru914
FokI, TaqI
BsmI
No association
TaqI
BsmI, FokI
No association
No association
No association
No association
FokI
BsmI, ApaI
FokI
No association
No association

Australia
Egypt
Florida

78.7
46.75
53

Qatar
Sweden

39.8
82.5

Switzerland
USA (North Eastern)

45.7
67

1

Combined.
Dalmatian population.
3
In one study, in combination with TruI, VDR polymorphisms were
protective against DM type I.
4
Combined, only in girls.
2

Chile [56], and Italy [57]) yielded conflicting results; some
showed significant association while others failed to reach
statistical significance, as shown in Table 1. These different
results may be related to differences in ethnic background
of the populations studied, interactions with other genetic
or environmental factors involved in the pathogenesis of
T1DM [34], and possibly differences in ultraviolet radiation exposure [58]. In fact, VDR polymorphisms, with the
potential exception of the FokI allele variant which has
a differential effect on the immune system [59], may not
have any functional effect, so, the VDR itself may not be
the disease affecting locus but rather a marker locus in
linkage disequilibrium with the real disease locus, and the
discrepant findings may reflect variable strength of linkage
disequilibrium in different populations [41].
The largest meta-analysis to date investigating the association between polymorphisms in VDR gene and T1DM
risk found that BsmI polymorphism is associated with a
significantly increased risk of T1DM, whereas the FokI, ApaI,
and TaqI polymorphisms do not appear to have a significant
association with overall T1DM risk. The BsmI variant B allele
(BB or Bb) carriers might have a 30% increased risk of T1DM
when compared with the bb homozygote carriers [60].

4. Prevalence of Low Vitamin D Level in
Type I DM
Given the association between vitamin D and T1DM and
the possible role that vitamin D deficiency might play in
its pathogenesis, many observational studies have assessed
the 25-hydroxyvitamin D (25-OH D) level in T1DM patients
(Table 2) and found a significant higher prevalence of 25OH D deficiency in T1DM patients compared to controls.
In Switzerland, in a cross-sectional study, 60–84% of T1DM
were 25-OH D deficient [61]. In Qatar, in a case control
study, 90.6% of T1DM children versus 85.3% of nondiabetic
children had vitamin D deficiency [62]. Similarly, in North
India in a case-control study, 58% of T1DM and only 32% of
controls had 25-OH D deficiency [63]. In Northeastern US,
in a cross-sectional study, it has been found that 15% of T1D
patients were 25-OH D deficient and 61% were insufficient,
findings inversely associated with age [64]. All these studies
showed significantly lower mean 25-OH D level in T1DM
compared to controls [62, 63, 65–68]. In addition, in the
Diabetes Incidence Study in Sweden (DISS), 25-OH D level
was lower in diabetics compared to controls, not only at the
onset of diabetes but also at 8-year followup [69].
However, only one study, in Florida, a solar rich region
in the United States, found no difference in 25-OH D levels
in diabetics (recently or more than 5 months diagnosed)
compared to their first degree relatives and controls [70].
A pilot study, comparing 25-OH D level in T1DM and
type 2 diabetes mellitus (T2DM) showed a higher prevalence
of deficiency in T2DM compared to T1DM, and more
severe deficiency, independent of age, sex, BMI, and insulin
treatment (mean adjusted 25-OH D level 18.1 ± 1.4 ng/mL in
T2DM versus 22.9 ± 1.6 ng/mL in T1DM) [71].

5. Effect of Latitude on Vitamin D Level and
T1DM Incidence
Dermal vitamin D synthesis is a major source of circulating 25-OH D and its metabolites [72]. Sun exposure,
strongly related to latitude, predicts 25-OH D level. Many
observational studies showed increased T1DM prevalence at
northern latitudes where sun exposure is reduced [6].
In Australia, an ecologic analysis of immune-related
disorders showed a positive association of T1DM prevalence
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with both increasing southern latitude of residence and
decreasing regional annual ambient ultraviolet radiation
(UVR), with an evident threefold increase in prevalence from
the northernmost region to the southernmost region [73].
Similar results were found with increasing latitude in Sweden
[74] and China [75]. In Norway, a nationwide prospective
study showed higher rate of T1DM in southern county and
lowest in northern county [76].
The EURODIAB collaborative, a large multicenter casecontrol study including 7 centers, Austria, Bucharest, Bulgaria, Latvia, Lithuania, Luxembourg, North Ireland representing most European countries and Israel, in a report
based on 16 362 cases registered during the period 1989–
1994 by 44 centers and covering a population of about 28
million children, found a high incidence rate in northern
and north western Europe and low in central, southern,
and eastern Europe with the exception of Sardinia which
presented higher rates than neighboring countries [77], with
reverse prevalence, being higher in southern areas [78]. In a
worldwide study assessing the pattern of incidence of diabetes
in 51 different countries, according to latitude and solar UVR,
the incidence rates were higher at higher latitudes and lower
ultraviolet B irradiance, adjusted for cloud cover, as inversely
associated with incidence rates [79].
Note that interpretation of international correlations is
particularly difficult because there are many confounding
factors such as affluence and genetic variation. Within
country analysis provides probably more precise information
[80].

6. Seasonal Variability in
the Incidence of T1DM
Variability in sun exposure during pregnancy or early developmental stages in infancy has been also suggested as an
important environmental factor influencing T1DM onset,
possibly related to changes in 25-OH D levels, with highest
birth dates of diabetic patients in spring–summer months
with an opposite pattern of disease onset peaking in autumn
and winter [80]. Consistent results were found in Ukraine
(highest variability in western Europe) [81], Sweden [82],
Greece [83], Ireland (significant in boys only) [84], Slovenia
[85], Germany [86], The Netherlands [87], Britain [88], New
Zealand [89], and Sardinia [90]. However, a multicenter
cohort study in Europe found no seasonal variations [91].
Similarly, no significant differences in parameters studied in
diabetics and controls were detected in Denmark [92]. In
a Lebanese T1D population, El Baba et al. showed seasonal
variation in glucose control but failed to establish a significant
correlation between seasonal changes in 25-OH D levels and
HbA1c [93, 94]. In fact, ethnicity may be a confounding factor
[95]. Furthermore, none of these studies have shown data
about 25-OH D levels, given that they were retrospective.
Also, given that viral infections—proven to be involved in the
pathogenesis of T1DM—may have also seasonal variations,
the evidence of vitamin D involvement in seasonal variations
of T1DM needs to be demonstrated with more accurate
data.
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7. Vitamin D Supplementation and
Risk of Developing T1DM
Many studies have assessed the effect of vitamin D supplementation during pregnancy, infancy, or early adulthood and
the risk of developing T1DM later on in life (Table 3).
The EURODIAB focused on early exposures and risk
of T1DM. Vitamin D intake during infancy was assessed
by questionnaire or interview (recalled). It showed that
vitamin D supplements (given for the prevention of rickets)
have a protective effect, even after adjustment for various
confounders [96].
Hyppönen et al., in his finish birth cohort study found
that vitamin D supplementation of 200 IU daily (as cod liver
oil), given to children, was associated with a lower incidence
of T1DM during a follow-up period of 31 years [97].
In the Norway pilot study, Stene et al. demonstrated a
protective effect of vitamin D supplements, only when given
as cod liver oil to pregnant women and not when given in
other forms of supplementation or when given to children,
suggesting a protective effect in utero [98]. However, in his
larger case control study, he found a protective effect of cod
liver oil when given during the first year of life only and when
given ≥5 times per week. No protective effect was detected
if vitamin D was given during pregnancy, conflicting results
with what have been shown previously by the same group for
unknown reasons [99].
Similarly, in the DAISY (Diabetes Autoimmunity Study
in the Young) study in Colorado, that recruited at birth and
followed children at increased risk for T1DM, as determined
by HLA-DR genotype or by family history of T1DM, there
was a protective effect of vitamin D taken through food only
and not as supplements [100]. More recently, Tenconi et al.
demonstrated a protective effect of vitamin D given during
lactation [101].
The ABIS (All Babies in Southeast Sweden) study is a
large, prospective, population-based cohort study in Sweden
that found vitamin D supplementation, given as drops 10 mcg
daily, decreased significantly the incidence of glutamic acid
decarboxylase autoantibodies or IA-2A in the offspring at 1
year, but not at 2.5 years [102].
Furthermore, the Diabetes Prediction and Prevention
study (DIPP), which is a population-based birth cohort
of infants at genetic risk of T1DM, showed no significant
protective effects of vitamin D whether given with food or
as supplements [103].
A meta-analysis of the results of observational studies
suggests that the risk of T1DM is 29% reduced in those who
were supplemented in childhood with vitamin D compared to
those who were not [104]. There was some evidence of doseresponse effect—higher supplementation resulting in better
protection—and the timing of supplementation predicted a
favorable response when given between 7 and 12 months,
critical period for immunity to become competent [105].
To note that all these studies have several limitations
including recall bias, the absence of 25-OH D level, and
the absence of quantitative assessment of vitamin D intake;
the dose of vitamin D given was not always mentioned.
Randomized controlled trials with long periods of followup

Norway

North Italy

Stene and Joner
Case control study (2003) [99]

Tenconi et al.
Case control study (2007) [101]

Finland

Colorado

Fronczak et al.
Cohort study (2003) [100]

Marjamäki et al.
Birth cohort study (2010) [103]

Finland

Hyppönen et al.
Birth control, prospective study (2001) [97]

Sweden

Norway

Stene et al.
Case control study (2000) [98]

Brekke et al.
Cohort retrospective and prospective study
(2007) [102]

7 countries in Europe

Country

EURODIAB (no authors listed)
Case control study (1999) [96]

Author
Study design (year)

165 patients with positive
antibodies and 4297 control

8.7% at 1 year and 8.9% at
2.5 years had positive
antibodies

159 T1DM and 318 controls

545 T1DM and 1668
controls

16 T1DM and 206 controls

81 T1DM and 10366
controls

78 T1DM and 980 controls

746 T1DM and 2188
controls

Population

15 years

Cod liver oil in the first year of life,
at 7–12 months of age (10 mcg daily
for at least 5 times per week)

2.5 years

4 years

Vitamin D supplementation during
pregnancy (10 mcg daily)
Vitamin D supplements during
pregnancy (mean supplements
5.1 mcg and 1.3 mcg in food, daily)

29 years

4 years

Vitamin D supplementation in
food, during the third trimester of
pregnancy (250IU daily)

Vitamin D supplementation during
lactation

31 years

16 years

31 years

Duration

Cod liver oil to children during the
first year of life (2000IU daily)

Cod liver oil to pregnant women

Vitamin D supplementation during
infancy

Vitamin D supplements

Table 3: Vitamin D supplementation and risk of T1DM development.

No significant protective effect

0.71 (0.17–0.78)

0.33 (0.14–0.81)

0.74 (0.56–0.99)

0.37 (0.17–0.78)

0.22 (0.05–0.89) for regular or
irregular vitamin D intake versus no
supplements
0.12 (0.03–0.51) for regular vitamin
D supplements versus no
supplements

0.36 (0.14–0.9)

0.67 (0.53, 0.86)

Results (relative risk of T1D with
vitamin D supplements)
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are needed to establish causality and to suggest the best
formulation, dose, duration, and period of supplementation
with vitamin D that would allow appropriate protection
against T1DM [104].

8. Possible Explanation of Vitamin D
Deficiency in Diabetes
One of the plausible mechanisms of vitamin D deficiency
in diabetics is decreased binding proteins; this has been
initially demonstrated in diabetic rats [106]. Later on, in
humans, it has been found that the urinary loss of vitamin
D binding protein (VDBP) is secondary to diminished
function or availability of megalin or low-density lipoproteinrelated protein 2 (LRP2), correlated with proteinuria. In fact,
Megalin is a receptor to many ligands, including albumin,
vitamin-binding protein, lipoproteins, hormones, enzymes,
and drugs responsible for their reabsorption in the proximal
tubule. It facilitates the generation of 1,25(OH)2 D3 following
the reabsorption of the VDBP—25OHD complex by via
megalin endocytic receptor [107]. Furthermore, a study on
pubertal T1DM patients showed altered vitamin D regulatory mechanisms with relative decrease in 1,25(OH)2 D3
plasma concentration and increased 24,25-dihydroxyvitamin
D levels in diabetics compared to their healthy counterparts
[68]. Note that 25-OH D level upon presentation with
diabetic ketoacidosis can be falsely lowered by acidosis and
improves with its resolution without any supplementation
[108].

9. Vitamin D Deficiency and Risk of
Diabetic Complications
Vitamin D deficiency is associated with increased inflammatory markers in diabetics including CRP, monocyte tolllike receptor (TLR) 2, TLR4, and nuclear factor-𝜅B (NF𝜅B)
expression; this might predict increased microvascular complications. However, no statistically significant difference was
found in 25-OH D levels in diabetics with microvascular
complications compared to those without [109]. On the
other hand, another study showed that persistent microalbuminuria is associated with lower 25-OH D levels in
T1DM compared to controls [110]. Cardiovascular diseases
increased with low 25-OH D levels in the general population
[111] but these results have not been specifically studied in
diabetics.
25-OH D deficiency has been prevalent upon the initial
presentation of T1DM patients who presented with DKA,
making it a contributing factor. However, given that levels
improved spontaneously after correction of acidosis, the
direct contribution of 25-OH D deficiency in the acute
presentation of DKA remains controversial [108].

10. Vitamin D Supplementation Effect on
Progression and Control of Diabetes
Given that vitamin D deficiency increases the risk of diabetes
development and supplementation showed protective effects,
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many studies looked at the protective effect of vitamin D on
diabetes progression and control. One randomized controlled
study aimed to assess the effect calcitriol (given as 0.25 mcg
every other day) compared to nicotinamide, within 4 weeks
of diabetes diagnosis, on the preservation of 𝛽-cell function;
it showed no improvement in C-peptide and HbA1c levels
but significantly lower insulin doses in the calcitriol-treated
group [112]. Even when the dose of calcitriol was increased
to 0.25 mcg daily and after a followup of 2 years, there was
no protective effect of such supplementation on C-peptide
levels [113]. Conversely, in LADA patients, when calcitriol
(0.5 mcg daily) was added to insulin, it showed stabilization
or improvement in fasting and 2 h after 75-g glucose load
C-peptide level at 1 year, especially in those whose diabetes
duration was less than 1 year [114]. Similarly, in a study in
Saudi Arabia, vitamin D3 supplementation to T1DM patients
who were deficient showed improvement in glucose control
(with significantly lower HbA1c) when 25OH D level reached
>75 nmol/L at 12 weeks [115].

11. Guidelines of Vitamin D Supplementation
in Children
The American Academy of Pediatrics and the Canadian Pediatric Association recommended vitamin D supplementation
of 400 IU daily, starting the first few days of life [116]. The
Institute of Medicine (IOM) recommended that the adequate
intake and RDA for children below 1 year of age is 400 IU/d
and for all individuals of 1 year to 70 years should be 600 IU/d
[117]. It seems prudent to ensure that all infants in the United
States and other areas with comparable sunlight exposure
receive enough vitamin D, especially in winter [118]. Whether
these recommended doses are enough to allow extraskeletal
benefits of vitamin D is still unknown.
Until now, no specific recommendations regarding vitamin D supplementation in patients with T1DM or at risk of
developing autoimmune diabetes [119] but intakes between
5 mcg daily and the 25 mcg daily, tolerable upper intake level,
may be desirable [118].

12. Conclusion
1,25(OH)2 D3 immunomodulatory effects have shown significant protection against pancreatic insulitis in animal studies
[13–18, 21, 22, 120, 121]. In humans, retrospective analysis
and observational studies demonstrated high prevalence of
25-OH D deficiency in patients with T1DM [61–68] and
suggested a contributory role in the pathogenesis of T1DM,
specially with certain allelic variations of the VDR [32–57].
Conversely, vitamin D supplementation during pregnancy
and early childhood decreased the risk of autoimmune diabetes [96–104] and perhaps, even after the onset of diabetes,
it may improve glycemic control [114, 115]. Despite all these
data, the best dose to be used and the target population in
order to decrease the incidence of T1DM have not been yet
defined. Abiding by the IOM and the American Academy
of Pediatrics recommendations on vitamin D supplementations, at least, improves the 25OH D level.
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B. Littorin, P. Blom, A. Schölin et al., “Lower levels of plasma
25-hydroxyvitamin D among young adults at diagnosis of
autoimmune type 1 diabetes compared with control subjects:
results from the nationwide Diabetes Incidence Study in Sweden (DISS),” Diabetologia, vol. 49, no. 12, pp. 2847–2852, 2006.
L. Bierschenk, J. Alexander, C. Wasserfall, M. Haller, D. Schatz,
and M. Atkinson, “Vitamin D levels in subjects with and
without type 1 diabetes residing in a solar rich environment,”
Diabetes Care, vol. 32, no. 11, pp. 1977–1979, 2009.
D. J. Di Cesar, R. Ploutz-Snyder, R. S. Weinstock, and A. M.
Moses, “Vitamin D deficiency is more common in type 2 than
in type 1 diabetes [6],” Diabetes Care, vol. 29, no. 1, p. 174, 2006.
H. F. DeLuca, “Overview of general physiologic features and
functions of vitamin D,” The American Journal of Clinical
Nutrition, vol. 80, no. 6, supplement, pp. 1689S–1696S, 2004.
J. A. Staples, A. L. Ponsonby, L. L. Y. Lim, and A. J. McMichael,
“Ecologic analysis of some immune-related disorders, including
type 1 diabetes, in Australia: iatitude, regional ultraviolet radiation, and disease prevalence,” Environmental Health Perspectives, vol. 111, no. 4, pp. 518–523, 2003.
L. Nystrom, G. Dahlquist, J. Ostman et al., “Risk of developing
insulin-dependent diabetes mellitus (IDDM) before 35 years of
age: indications of climatological determinants for age at onset,”
International Journal of Epidemiology, vol. 21, no. 2, pp. 352–358,
1992.
Z. Yang, K. Wang, L. I. Tianlin et al., “Childhood diabetes in
China: enormous variation by place and ethnic group,” Diabetes
Care, vol. 21, no. 4, pp. 525–529, 1998.
G. Joner, L. C. Stene, and O. Søvik, “Nationwide, prospective
registration of type 1 diabetes in children aged <15 years
in Norway 1989–1998: no increase but significant regional
variation in incidence,” Diabetes Care, vol. 27, no. 7, pp. 1618–
1622, 2004.
“Variation and trends in incidence of childhood diabetes in
Europe,” The Lancet, vol. 355, no. 9207, pp. 873–876, 2000.

9
[78] A. Casu, C. Pascutto, L. Bernardinelli, and M. Songini,
“Bayesian approach to study the temporal trend and the geographical variation in the risk of type 1 diabetes: the Sardinian
Conscript type 1 diabetes registry,” Pediatric Diabetes, vol. 5, no.
1, pp. 32–38, 2004.
[79] S. B. Mohr, C. F. Garland, E. D. Gorham, and F. C. Garland, “The
association between ultraviolet B irradiance, vitamin D status
and incidence rates of type 1 diabetes in 51 regions worldwide,”
Diabetologia, vol. 51, no. 8, pp. 1391–1398, 2008.
[80] T. R. Merriman, “Type 1 diabetes, the A1 milk hypothesis and
vitamin D deficiency,” Diabetes Research and Clinical Practice,
vol. 83, no. 2, pp. 149–156, 2009.
[81] A. M. Vaiserman, B. Carstensen, V. P. Voitenko et al., “Seasonality of birth in children and young adults (0-29 years) with type 1
diabetes in Ukraine,” Diabetologia, vol. 50, no. 1, pp. 32–35, 2007.
[82] U. Samuelsson, C. Johansson, and J. Ludvigsson, “Month of
birth and risk of developing insulin dependent diabetes in south
east Sweden,” Archives of Disease in Childhood, vol. 81, no. 2, pp.
143–146, 1999.
[83] M. I. Kalliora, A. Vazeou, D. Delis, E. Bozas, I. Thymelli, and
C. S. Bartsocas, “Seasonal variation of type 1 diabetes mellitus
diagnosis in Greek children,” Hormones, vol. 10, no. 1, pp. 67–71,
2011.
[84] E. F. Roche, H. Lewy, H. M. C. V. Hoey, and Z. Laron,
“Differences between males and females in the seasonality of
birth and month of clinical onset of disease in chilren with type
1 diabetes mellitus in Ireland,” Journal of Pediatric Endocrinology
and Metabolism, vol. 16, no. 5, pp. 779–782, 2003.
[85] N. Ursic-Bratina, T. Battelino, C. Kržišnik, T. Laron-Kenet, I.
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This prospective 2-year, single-center, randomized, placebo-controlled, open-label clinical trial was performed to evaluate the
efficacy of low-dose testosterone undecanoate (TU) treatment on bone mineral density (BMD) and biochemical markers of bone
turnover in elderly male osteoporosis with low serum testosterone. A total of 186 elderly male osteoporosis patients with low serum
testosterone were randomized into three groups: low-dose TU (20 mg, per day), standard-dose TU (40 mg, per day), and placebo
group with a 24-month followup. Since the 6th month in standard-dose TU group or since the 12th month followup in low-dose
TU group and throughout the study, lumbar spine and femoral neck BMD and serum levels of free testosterone, estradiol, and bone
alkaline phosphatase significantly increased. There were no significant differences between groups of low-dose TU and standard
dose TU in the percentage of changes of these data since the 18th month followup and throughout the study. No side effects on
prostate glands including prostate specific antigen were found. In conclusion, low-dose TU (20 mg, per day) may be a cost effective
and safe protocol for treating elderly male osteoporosis with low serum testosterone.

1. Introduction
With the aging of the population, osteoporosis in men is
becoming an increasingly important public health problem.
Aging men lose bone mineral density (BMD) at a rate of
approximately 1% per year [1]. Johnell and Kanis [2] recently
updated the worldwide prevalence of osteoporotic fractures
using data from published sources. One in five men over the
age of 50 will suffer an osteoporotic fracture during their
lifetime. Of the annual incidence of 9 million fractures, 39%
were in men. Thirty percent of hip fractures occurred in men.
Hip fractures are the most main reason leading to death or
disability in all kinds of fractures.
As is the case in women, the mainstays of therapy for
osteoporosis in men are the bisphosphonates. For patients
at high risk of fracture, use of teriparatide in men has
also been approved by the FDA [3]. However, the levels of
serum testosterone are lower in fifty percent of hip fractures

occurred in elderly men. Endogenous testosterone and their
metabolites play a role in maintaining bone health [4].
Regarding the issue of testosterone and/or the adrenal androgen dehydroepiandrosterone (DHEA), treatment of elderly
men for preservation of bone and muscle mass remains an
active area of debate and discussion. Based on the current
state of uncertainty regarding testosterone treatment of aging
men, the Institute of Medicine has recommended that a series
of clinical trials be done to help determine the efficacy of
testosterone for several important outcomes, including bone
[5]. Oral testosterone undecanoate (TU) is the only oral
form of testosterone replacement therapy and is available
in many countries. Due to the most common adverse drug
reaction (ADR) of testosterone supplementation for aging
males is increase in serum prostate specific antigen (PSA),
with a potential threat for developing prostate grand tumour
cancer [6, 7], it is essential to find out a effective and safe
testosterone supplementation protocol. However, there is so
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little study reports on evaluating the effect and safety of lowdose testosterone treatment for elderly male osteoporosis up
till now. So we perform this study to evaluate the effects
of low-dose TU treatment on bone mineral density (BMD)
and biochemical markers of bone turnover in elderly male
osteoporosis with low serum testosterone and to observe the
side effects of low-dose TU on PSA and prostate grand.

2. Material and Methods
2.1. Inclusion and Exclusion Criteria of Participants. With reference to the World Health Organization (WHO) definition
[8], subjects with a BMD of 2.5 SD lower than the peak
mean of the same gender (T ⩽ −2.5) were determined as
osteoporotic. Men (aged >60 years) were screened if they had
a T-score less than or equal to −2.5 (if no prevalent vertebral
fracture) or less than or equal to −2.0 (if one prevalent
vertebral fracture) at the femoral neck, total hip, trochanter,
or lumbar spine and more than −4.0 at all sites. We enrolled
186 elderly male osteoporosis (average age 68.2 ± 5.2 years)
with low serum testosterone (serum T < 300 ng/dL).
The exclusion criteria were clinical or laboratory evidence
of systemic disease; presence or history of vertebral, hip, or
wrist fractures; other metabolic bone diseases; prostate grand
tumour; cancer; poorly controlled diabetes with HbA1c ⩾
10%; uncontrolled hypertension with blood pressure ⩾
180/100 mmHg; uncontrolled hypothyroidism; uncontrolled
hyperthyroidism; hyperparathyroidism; abnormal liver function with alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) values >2-fold upper limits, or renal
disease with serum creatinine >2 mg/dL; the use of HT,
selective estrogen (or androgen) receptor modulators, or the
use of calcitonin, chronic systemic corticosteroid, or any
other treatment affecting BMD within the previous 6 months;
or any use of bisphosphonate within the previous 12 months.
2.2. Study Design. This study was designed as a 2-year, singlecenter, randomized, placebo-controlled, open-label clinical
trial. Patients were recruited from Changsha city and its
surrounding area in Hunan province of China. All the participants were randomly divided into three group: standarddose TU group (group A), low-dose TU group (group B), and
placebo group (group C). The study protocol was approved by
the second Xiangya hospital of central south university ethics
committees in accordance with the Declaration of Helsinki
and Good Clinical Practices Guidelines.
2.3. Treatment Assignments. Each subject in the standarddose TU group (group A, 𝑛 = 62) took Andriol Testocaps
when having breakfast (Testosterone Undecanoate, Merck
Sharp and Dohmo Ltd., China) 40 mg per day. Each subject
in the low-dose TU group (group B, 𝑛 = 62) took Andriol
Testocaps 20 mg per day (each 40 mg capsule was divided
into two average capsules). The remaining subjects (group
C, 𝑛 = 62) took one placebo capsules every day. All
patients were also supplemented with calcium (600 mg) and
vitamin D3 (125 IU) daily. Follow-up period lasted 24 months.
Participants were requested to maintain their habitual diet
and exercise patterns.
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2.4. Assessment Methods
2.4.1. Areal Bone Mineral Density Assessment. The parameters including the projected areal bone mineral density (a
BMD, g/cm2 ) were measured by DXA using QDR 4500A fan
beam bone densitometer (Hologic Inc., Bedford, MA, USA),
according to the manufacturer’s recommended standard
analysis procedures for the PA lumbar spine (vertebrae L2–
L4) and hip femoral neck. A long-term (exceeding 15 years)
coefficient of variation (CV) for the BMC and BMD was not
greater than 0.40%.
2.4.2. Vertebral Fractures Assessment. Lumbar spine X-rays
for vertebral fractures were given to participants at baseline
and 6, 12, 18, 24 months after randomization. Genant’s
vertebral fractures assessment method [9] was used.
2.4.3. Laboratory Tests. After an overnight fast, venous
blood was sampled to determine plasma glucose (FPG),
glycosylated hemoglobin A1c(HbA1c), total cholesterol (TC),
high-density lipoprotein cholesterol (HDL-CH), low-density
lipoprotein cholesterol (LDL-CH), triglyceride (TG), creatinine (Cr), ALT, and AST at baseline and at 6, 12, 18, and
24 months (Automatic Analyzer 7600-020, Hitachi.) Serum
bone-specific alkaline phosphatase (BAP, Beckman Access
Ostase, Fullerton, CA, USA; interassay coefficient of variation
CV = 9% and intra-assay CV = 4%) and urine collected
for routine urinalysis and N-telopeptide of type 1 collagen
(NTx, Vitros Immunodiagnostic Products, Ortho-Clinical
Diagnostics, Buckinghamshire, UK; interassay CV = 10% and
intra-assay CV = 5%) were examined at baseline and at 6, 12,
18, and 24 months. Serum concentrations of total testosterone
(TT), free testosterone (fT), and estradiol (E2) were analyzed
at baseline and at 6, 12, 18, and 24 months by chemical
luminescence method.
2.4.4. Safety Assessment and Adverse Events. In addition
to the aforementioned laboratory tests, the safety of the
participants was further monitored by B-ultrasonography for
prostate grand, by chemical luminescence method for serum
prostate specific antigen (PSA). Adverse events were classified
according to body system. Participants were asked about their
symptoms at the clinics every 3 months.
2.5. Statistical Analysis. Descriptive data are given as the
mean ± standard deviation (SD) for continuous variables. For
continuous variables, differences in mean percentage changes
from baseline between the two groups were evaluated by
Student’s 𝑡-test. A 𝑃 value of 0.05 or less was considered
statistically significant.

3. Results
No significant differences in age, body mass index (BMI),
FPG, HbA1c, TC, TG, HDL-CH, LDL-CH, PSA, fPSA, lumbar spine and femoral neck BMD, TT, fT, E2, BAP, uNTX/Cr,
and volume of prostate grand by B-ultrasonography were
found at baseline between the three groups (Table 1).

International Journal of Endocrinology

3

Table 1: Characteristics of the patients at the entry (means ± SD).
Parameter
Regimen of treatment
Patients (no)
Age (yr)
Height (cm)
Weight (kg)
BMI (kg/m2 )
SBP (mmHg)
DBP (mmHg)
FPG (mmol/L)
HbA1c (%)
TC (mmol/L)
TG (mmol/L)
HDL-CH (mmol/L)
LDL-CH (mmol/L)
PSA (ng/mL)
fPSA (ng/mL)
BMD (g/cm2 )
Lumbar spine
Femoral neck
Sex hormones
TT (ng/dL)
fT (pg/mL)
E2 (pg/mL)
Bone turnover markers
BAP (IU/L)
uNTX/Cr (nmol/mmol)

A
TU 40 mg/d
62
68.1 ± 5.4
169.2 ± 2.7
82.0 ± 3.5
27.9 ± 3.2
136.2 ± 15.8
82.1 ± 4.5
6.7 ± 0.6
6.6 ± 0.7
4.9 ± 1.2
2.9 ± 1.2
0.9 ± 0.2
3.3 ± 0.9
3.9 ± 0.8
0.7 ± 0.2

B
TU 20 mg/d
62
68.4 ± 5.5
168.3 ± 3.1
81.9 ± 4.8
28.2 ± 3.6
138.5 ± 9.9
86.2 ± 5.6
6.3 ± 0.5
6.8 ± 0.6
4.4 ± 1.0
2.6 ± 1.3
0.9 ± 0.3
3.1 ± 0.6
3.6 ± 1.0
0.6 ± 0.3

C
Placebo 1 tablet/d
62
68.0 ± 4.8
170.6 ± 2.5
84.1 ± 3.7
28.7 ± 2.9
142.8 ± 12.8
87.1 ± 6.2
6.5 ± 0.7
6.4 ± 0.8
5.1 ± 1.6
3.1 ± 1.4
0.8 ± 0.2
3.4 ± 1.2
3.7 ± 0.7
0.6 ± 0.2

0.783 ± 0.088
0.598 ± 0.073

0.802 ± 0.085
0.586 ± 0.076

0.797 ± 0.080
0.592 ± 0.077

214.8 ± 22.4
4.2 ± 1.1
10.8 ± 5.7
33.6 ± 12.4
37.1 ± 3.4
6.9 ± 1.3

218.3 ± 25.1
3.9 ± 0.9
13.9 ± 7.6
32.2 ± 10.9
36.0 ± 5.2
6.8 ± 1.0

220.1 ± 20.7
3.8 ± 0.7
15.3 ± 6.8
30.9 ± 11.3
36.5 ± 5.1
6.6 ± 1.4
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TU: testosterone undecanoate; BMI: body mass index; FPG: plasma glucose; HbA1c: glycosylated hemoglobin A1c; TC: total cholesterol; TG: triglyceride; HDLCH: high-density lipoprotein cholesterol; LDL-CH: low-density lipoprotein cholesterol; PSA: prostate specific antigen; fPSA: free prostate specific antigen;
BMD: bone mineral density; TT: total testosterone; fT: free testosterone; E2: estradiol; BAP: bone-specific alkaline phosphatase; uNTX/Cr: urine N-telopeptide
of type 1 collagen/creatinine.
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Figure 1: Changes in lumbar spine and femoral neck BMD throughout 24 months of treatment. Note: data are means ± SD. BMD: bone
mineral density; ∗: 𝑃 < 0.05 versus baseline, groups B and C; ∧: 𝑃 < 0.05 versus baseline and group C. ⧫: group A, the standard-dose TU
group; ◼: group B, the low-dose TU group; : group C, placebo group.

3.1. Percentage Changes in BMD and Vertebral Fractures
throughout 24 Months of Treatment. At baseline, lumbar
spine and femoral neck BMD was similar in the three groups
(Table 1). Since the 6th month followup in group A or since
the 12th month followup in group B and throughout the study,

lumbar spine and femoral neck BMD significantly increased
(𝑃 < 0.05) compared with baseline and group C (Figure 1). In
addition, at the 12th month followup, percentage of changes of
lumbar spine and femoral neck BMD was significantly (𝑃 <
0.05) higher in group A than in groups B and C (Figure 1).
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Figure 2: Changes in serum levels of BAP and uNTx/Cr throughout 24 months of treatment. Note: data are means ± SD. BAP: bone-specific
alkaline phosphatase; uNTx/Cr: urine N-telopeptide of type 1 collagen/creatinine; ∗: 𝑃 < 0.05 versus baseline, groups B and C; ∧: 𝑃 < 0.05
versus baseline and group C. ⧫: group A, the standard-dose TU group; ◼: group B, the low-dose TU group; : group C, placebo group.

Since the 18th month followup and throughout the study,
the percentage of changes of lumbar spine and femoral neck
BMD was significantly higher (𝑃 < 0.05) in groups A and B
than in group C (Figure 1), and no significant differences were
found between groups A and B since that time (Figure 1).
None of the patients had vertebral fractures during two years’
TU treatment.
3.2. Bone Metabolism Markers. At baseline, the biochemical
parameters of bone turnover were similar in the three groups
(Table 1). Serum BAP levels significantly (𝑃 < 0.05) increased
in group A since the 6th month followup and throughout
the study and in group B since the 12th month followup
and throughout the study (Figure 2). After 18 months of
treatment, the percentage of increase in BAP levels was higher
(𝑃 < 0.05) in groups A and B, without any difference
between them, than in group C (Figure 2). Levels of uNTx/Cr
were unchanged in all groups throughout the study period
(Figure 2).
3.3. Sex Hormones. No significant differences in free T and
E2 were found at baseline in all groups (Table 1). Serum-free
T and E2 levels significantly (𝑃 < 0.05) increased in group A
since the 6th month followup and throughout the study and
in group B since the 12th month followup and throughout the
study (Figure 3). After 18 months of treatment, the percentage
of increase in free T and E2 levels was higher (𝑃 < 0.05) in
groups A and B, without any difference between them, than
in group C (Figure 3).
3.4. Side Effects and Dropouts. Throughout the 2-years observation, both doses of TU were equally well tolerated, and
their safety profile was similar to that of placebo. There were
no reports of nausea, vomiting, or diarrhea among study
patients. All patients were monitored for serum levels of PSA,
fPSA, and prostate grand by B-ultrasonography. There were
no differences in these observed variables. No side effects on
prostate glands were observed. There was also no significant
difference in the incidence of all laboratory abnormalities
between the three groups.

The numbers of withdrawals were similar in the three
groups (five, four, and four men in groups A, B, and C).
Dropouts were due to lack of compliance to the treatment in
these patients.

4. Discussion
Although there have been considerable advances in our
understanding and management options for male osteoporosis, there are a number of important gaps in knowledge [10].
The results of the present study show for the first time the
effects of low-dose TU on BMD in aged male osteoporosis
with low serum testosterone. Our results show that after the
24-month treatment, lumbar spine and femoral neck BMD
and serum BAP levels increased significantly in both of lowdose TU (20 mg, per day) or standard-dose TU (40 mg, per
day) treatment groups. There were no significant differences
between groups of low-dose TU and standard-dose TU in
the percentage of changes of lumbar spine and femoral neck
BMD and serum levels of free testosterone, estradiol, and
BAP since the 18th month followup and throughout the study.
However, there were no differences for levels of uNTX in
all groups. The elderly male patients tolerated the two doses
of TU quite well. Adverse effects were similar and slight in
the two groups. No side effects on prostate glands including
PSA were found. None of the patients had vertebral fractures
during the two years’ TU treatment.
In a recent study, Nair and colleagues [11] performed a
2-year placebo-controlled, randomized, double-blind study
involving 87 elderly men with low levels of DHEA sulfate
and bioavailable testosterone (defined as below the 15th
percentile for young normal men). Over 2-year of treatment,
men who received testosterone transdermally or DHEA had
a modest (∼2%) increase in BMD at the femur neck but
not at the spine, total hip, or radius. Neither treatments
had major adverse effects, including prostate-specific antigen
levels. These findings using transdermal testosterone at doses
that had only modest effects on serum testosterone levels
contrast with previous studies that used im testosterone
administration and achieved higher circulating testosterone
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Figure 3: Changes in serum levels of free T and E2 throughout 24 months of treatment. Note: data are means ± SD. T: testosterone; E2:
estradiol; ∗: 𝑃 < 0.05 versus baseline, groups B and C; ∧: 𝑃 < 0.05 versus baseline and group C. ⧫: group A, the standard-dose TU group; ◼:
group B, the low-dose TU group; : group C, placebo group.

levels [12]. Latter, testosterone therapy was associated with
more clinically significant increases in bone mass.
The age-related decline in testosterone level was
attributed to two factors, which were the degeneration of
Leydig’s cells and the increase of SHBG level with age [13].
In vitro studies demonstrated that androgen could increase
the proliferation and decrease the apoptosis of osteoblast
via regulation of protein kinase B [14]. It also played a
vital role in the process of mineralization, which is the late
differentiation stage of osteoblast [15, 16]. Androgen also
prevented parathyroid-induced osteoclast formation [17]
and decreased bone resorption activity of osteoclast via
deactivation of lysosomal enzymes [18].
On the other hand, the traditional notion that estrogen is
only important in maintenance of the female skeletal system
while testosterone is vital for the male skeletal system is now
challenged by several experiments of nature. Estrogen was
found to be associated significantly with bone health status
of elderly men in several large epidemiological studies. The
Framingham study discovered that aged men with higher
estradiol level had higher BMD, and the difference in BMD
between the first quartile and the fourth quartile was equivalent to 10 years of aging on bone [19]. Positive and significant
relationships between estradiol level and several hip strength
parameters, especially cross-sectional area of bone, were also
observed in the Boston Bone Health Study [20]. The estrogen
hormone in men is produced via conversion of testosterone
to estrogen via the aromatase enzyme (cytochrome 19) [21].
About 15% of the estrogen in men originates from the
testes while the other 85% comes from peripheral tissue
inclusive of bone. Furthermore, aromatase enzyme was found
in osteoblasts, osteocytes, chondrocytes, and adipocytes but
not in osteoclasts [22]. Therefore, it is reasonable to postulate
that estrogen produced in the bone of men has paracrine or
intracrine function [23].
However, there are reports of metastatic prostate cancer after testosterone administration in (elderly) men [24,
25]. This has raised concern that testosterone-replacement
therapy should be given to aging men who do not have
significantly high risk of developing prostate cancer. The

current Endocrine Society Guidelines have been developed to
render testosterone administration to elderly men acceptably
safe therapy in men without a prior history of prostate
carcinoma or without evidence of harboring a prostate carcinoma [26]. The members of the working group agreed that
because the normative ranges for TT and FT in healthy young
men vary among laboratories and assays (lower TT limits:
280–300 ng/dL; lower fT limits: 5–9 pg/mL) [27], clinicians
should use the lower limit of normal range for healthy
young men established in their laboratory. Members of the
working group disagreed on T concentrations below which
testosterone supplementation should be offered to older men
with symptomatic hypogonadism. Some members of the
working group recommended T supplementation in older
men with TT level below 300 ng/dL, symptoms that might be
attributable to low testosterone; others recommended T supplementation only in those with TT level below 200 ng/dL,
because higher pretreatment T values are associated with
lower beneficial effects of T therapy. A study in a worldwide
sample of 1,438 men has found that the most common adverse
drug reaction of injectable TU for the treatment of male
hypogonadism is an increase in serum PSA with a potential
threat for developing prostate grand tumour cancer [7], so
to develop an effective and safe testosterone supplementation
protocol is essential.

5. Conclusion
Treatment with low-dose TU (20 mg, per day) in elderly
male osteoporosis with low serum testosterone effectively
increases lumbar spine and femoral neck BMD and improves
their bone turnover, similar to treatment with standard-dose
TU (40 mg, per day). No side effects on prostate glands
including prostate specific antigen were found. Low-dose
TU may be a cost-effective and safe protocol for treating
elderly male osteoporosis. Further clinical trials of largesample, multi-center and longterm on the efficacy and safety
of low-dose testosterone undecanoate treatment in elderly
male osteoporosis with low serum testosterone is need.
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To study the correlations between serum osteocalcin and glucose metabolism in patients with type 2 diabetes, 66 cases were collected
to determine total osteocalcin, undercarboxylated osteocalcin, fasting blood glucose, fasting insulin, and HbA1c. Osteocalcin
concentrations were compared between groups of different levels of HbA1c, and parameters of glucose metabolism were compared
between groups of different levels of total osteocalcin and undercarboxylated osteocalcin. The relationship between osteocalcin
and parameters of glucose metabolism was also analyzed. We found that the total osteocalcin concentration of high-HbA1c group
was significantly lower than that of low-HbA1c group. The fasting blood glucose of low-total-osteocalcin group was significantly
higher than that of high-total-osteocalcin group in male participants, while the fasting blood glucose of low-undercarboxylatedosteocalcin group was significantly higher than that of high-undercarboxylated-osteocalcin group in all participants and in male
participants. Total osteocalcin was inversely correlated with HbA1c, and undercarboxylated osteocalcin was inversely correlated
with fasting blood glucose. However, no significant correlation was found between osteocalcin and HOMA-IR. Total osteocalcin was
an independent related factor of HbA1c level. In summary, decreased serum total osteocalcin and undercarboxylated osteocalcin
are closely related to the exacerbation of glucose metabolism disorder but have no relations with insulin resistance.

1. Introduction
Osteocalcin (OC) is a kind of noncollagenous protein which
is synthesized and secreted by osteoblast. OC consists of
undercarboxylated osteocalcin (ucOC) and fully carboxylated osteocalcin (cOC). cOC is formed after the glutamic
acid residues of OC on the 17th, 21st, and 24th sites are carboxylated by vitamin K-dependent carboxylase. Osteocalcin
with noncarboxylated glutamic acid residues is named as
ucOC. Physiological functions of OC include maintaining
normal bone mineralization, suppressing abnormal hydroxyapatite formation, and slowing down growth cartilage mineralization [1].
Previous human studies demonstrated that poorly controlled blood glucose could lead to reduced serum OC level
in diabetic patients, while serum OC increased after blood
glucose was well controlled [2]. These data indicated that
changes of glucose metabolism could influence OC levels.
Recent animal studies discovered that OC could reduce blood

glucose, promote insulin secretion, and increase insulin
sensitivity [3], indicating an important role of OC in the
glucose metabolism regulation. Therefore, the theory that OC
and glucose metabolism influenced each other was proposed.
To date, the evidences for OC influencing glucose
metabolism were limited compared to those for glucose
metabolism affecting OC. Whether OC affects energy
metabolism still remains unclear in human. Moreover, ucOC
was proved to play a leading role in promoting insulin
synthesis and improving insulin resistance in animals [3],
while several clinical studies suggested that cOC, rather than
ucOC, played a more remarkable role in affecting insulin
sensitivity in the human body [4, 5], which indicated that
different components of OC might have different functions
in human beings and animals. Therefore, accumulating data
of ucOC and cOC, as well as total osteocalcin (tOC) is
important to further discover the mechanisms of osteocalcin.
However, data of current studies are mainly about tOC, while
data of ucOC or cOC are rare. This study aims to further
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investigate the influence of different OC components on
glucose metabolism.

2. Materials and Methods
2.1. Objects and Grouping. We chose patients with type 2
diabetes mellitus (DM) who were admitted to Sir Run Run
Shaw Hospital from March 2011 to March 2012 as research
objects, referring to the 1999 WHO diagnostic criteria of
diabetes mellitus. Patients with the following treatments
or complications were excluded from the study: (i) acute
diabetic complications, (ii) insulin treatment, (iii) using
agents such as thiazolidinediones, statin, vitamin K, warfarin,
vitamin D, calcium supplement, bisphosphonates, vitamin
A, and hormones, (iv) bone diseases such as bone tumors,
osteoporosis, and fracture, (v) nephropathy, liver dysfunction, kidney dysfunction, ovarian tumor, thyroid diseases,
parathyroid diseases, and other endocrine diseases, and (vi)
infection, trauma, major operation, and other stress. This
study was approved by the medical ethic committee at Sir Run
Run Shaw Hospital. All participants signed written informed
consent.
First, the patients were divided into three groups, Group
HbA1c-H (HbA1c ≥ 9%), Group HbA1c-M (7% ≤ HbA1c <
9%), and Group HbA1c-L (HbA1c < 7%) [6], as HbA1c <
7% indicated well-controlled blood glucose and HbA1c ≥
9% indicated marked hyperglycemia [7]. TOC, ucOC, and
other indexes were compared among the three groups. Then,
the patients were divided into two groups according to the
average level of tOC, Group tOC-H and Group tOC-L.
Indexes of glucose metabolism were compared between the
two groups. At last, the patients were divided into two groups
according to the average level of ucOC, Group ucOC-H and
Group ucOC-L. Indexes of glucose metabolism were also
compared between the two groups.
2.2. Specimen Collection. The age, gender, medication history,
menstruation, course of diabetes mellitus, and complications
of each patient were recorded. The liver and kidney functions,
24-hour urine microalbumin, creatinine clearance rate, bone
mineral density, and thyroid function were also examined.
Then, the research objects were chosen according to the
inclusion and exclusion criteria. The venous blood of every
research object was collected after 12-hour overnight fasting
state, and levels of fasting blood glucose, fasting insulin,
HbA1c, serum creatinine (sCr), blood calcium (Ca), bonespecific alkaline phosphatase (Ostase), and parathyroid hormone (PTH) were detected in the clinical laboratory of Sir
Run Run Shaw hospital. Meanwhile, 4 mL of residual blood
sample was collected and centrifuged, and the serum was
kept in the fridge at the temperature of −20∘ C for tOC and
ucOC detection. Homeostasis model assessment for betacell function (HOMA-𝛽) was calculated to assess the basal
insulin secretion of pancreatic beta cells. The formula was
HOMA-𝛽(%) = fasting insulin × 20/(fasting blood glucose
− 3.5). Homeostasis model assessment for insulin resistance
(HOMA-IR) was calculated to estimate insulin sensitivity.
The formula was HOMA-IR = fasting blood glucose × fasting
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insulin/22.5. The unit of fasting blood glucose was mmol/L,
and the unit of fasting insulin was 𝜇U/mL. The height and
weight of the research objects were measured by a specialassigned person, and the body mass indexes (BMI) were
calculated.
2.3. Assay of OC. TOC was detected by radioimmunoassay.
The kit was provided by Beijing Atom HighTech Co., Ltd. The
product batch number was 201203. UcOC was detected by
enzyme-linked immunosorbent assay. The kit was provided
by the United States R&D company. The product batch
number was 10-25-931.
2.4. Statistical Method. Measurement data that conformed
to the normal distribution were compared by Student’s 𝑡test. Data which did not conform to the normal distribution
were converted to the normal distribution and compared.
Data of sex composition ratio and postmenopausal women
composition ratio were compared by chi-square test. The
correlations of OC and other indexes were analyzed by
Pearson correlation analysis. The correlations of HbA1c and
other indexes were analyzed by Pearson correlation analysis
and stepwise multiple regression analysis. 𝑃 < 0.05 by twotailed test was considered as significantly different between
the two groups. Data were processed with the software
package of SPSS 11.5.

3. Results
A number of 66 cases were finally included, consisting of
46 men and 20 women. Seventeen of the women were
postmenopausal. The principal characteristics of the objects
were displayed in Table 1. The average age of the female
objects was older than that of the male objects, but there
was no significant difference between the average ages of the
male and all the objects. The average HOMA-𝛽 of the female
objects was higher than that of the male objects.
3.1. Comparisons between Different Groups. Several parameters of bone and glucose metabolism were compared between
different groups. Comparisons among Groups HbA1c-H,
HbA1c-M, and HbA1c-L were displayed in Table 2. Comparisons between Groups tOC-H and tOC-L were displayed in
Table 3. Comparisons between Groups ucOC-H and ucOCL were displayed in Table 4.
3.2. Pearson Correlation Analysis. The Pearson correlation
analysis showed that tOC was positively correlated with
Ostase, negatively correlated with HbA1c (Figure 1), and not
related with fasting blood glucose, fasting insulin, HOMA-𝛽,
HOMA-IR, or ucOC. ucOC was negatively correlated with
fasting blood glucose (Figure 2), but not related with age,
HbA1c, fasting insulin, HOMA-𝛽, HOMA-IR, or tOC.
3.3. The Stepwise Multiple Regression Analysis of HbA1c and
Other Indexes. We took HbA1c as a dependent variable. Age,
BMI, course of DM, Ostase, Ca, sCr, fasting blood glucose,
fasting insulin, HOMA-𝛽, HOMA-IR, ucOC, and tOC were
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Table 1: The principal characteristics of the research objects.
Parameters
Age (year)
Height (cm)
Weight (kg)
BMI (kg/m2 )
Course of DM (month)
sCr (𝜇mol/L)
Ca (mmol/L)
Ostase (𝜇g/L)
PTH (ng/L)
HbA1c (%)
Fasting blood glucose (mmol/L)
Fasting insulin (𝜇IU/mL)
HOMA-𝛽 (%)
HOMA-IR
tOC (ng/mL)
ucOC (pg/mL)

All the objects (𝑛 = 66)
51.9 ± 13.3
164.76 ± 8.56
65.92 ± 11.50
24.16 ± 3.09
67.8 ± 53.7
72.4 ± 12.5
2.37 ± 0.13
13.98 ± 4.09
36.41 ± 10.95
9.6 ± 2.3
7.92 ± 1.81
6.04 ± 3.06
33.56 ± 22.99
2.13 ± 1.27
4.08 ± 0.95
19.91 ± 9.76

The male objects (𝑛 = 46)
49.8 ± 13.0
168.80 ± 6.45∗
69.74 ± 9.97
24.43 ± 2.91
56.2 ± 49.9
78.0 ± 11.0∗
2.37 ± 0.13
13.34 ± 3.21
38.69 ± 15.53
9.3 ± 2.3
8.11 ± 1.64
5.74 ± 3.16
28.37 ± 15.82
2.10 ± 1.36
4.03 ± 0.91
21.04 ± 12.66

The female objects (𝑛 = 20)
57.1 ± 12.0#
156.10 ± 5.49∗∗##
57.45 ± 9.79∗∗##
23.48 ± 3.29
92.3 ± 54.6#
60.6 ± 9.2∗∗##
2.37 ± 0.11
15.33 ± 5.35
35.89 ± 10.00
9.9 ± 2.1
7.90 ± 2.61
6.56 ± 2.60
43.74 ± 31.91#
2.23 ± 0.98
4.31 ± 1.06
21.16 ± 10.53

∗∗

𝑃 < 0.01 when compared with all the objects. ∗ 𝑃 < 0.05 when compared with all the objects. ## 𝑃 < 0.01 when compared with the male objects. # 𝑃 < 0.05
when compared with the male objects.

Table 2: Comparisons among Groups HbA1c-L, HbA1c-M, and HbA1c-H.
Parameters
Age (year)
BMI (kg/m2 )
sCr (𝜇mol/L)
Ca (mmol/L)
Ostase (𝜇g/L)
PTH (ng/L)
Postmenopausal ratio
Fasting blood glucose (mmol/L)
Fasting insulin (𝜇IU/mL)
HOMA-𝛽 (%)
HOMA-IR
tOC (ng/mL)
ucOC (pg/mL)

HbA1c-L (𝑛 = 11)
46.5 ± 9.6
24.22 ± 2.54
71.1 ± 9.9
2.42 ± 0.14
12.35 ± 3.63
40.71 ± 12.30
10/10
6.81 ± 1.13
5.62 ± 2.99
36.15 ± 16.79
1.75 ± 1.23
4.54 ± 0.75
20.24 ± 11.70

HbA1c-M (𝑛 = 16)
54.5 ± 11.9
24.25 ± 3.37
73.8 ± 12.2
2.39 ± 0.13
13.82 ± 2.74
39.00 ± 10.77
16/16
8.37 ± 1.96∗
5.52 ± 2.05
27.95 ± 20.06
2.04 ± 0.86
4.20 ± 1.25
20.05 ± 8.90

HbA1c-H (𝑛 = 36)
52.5 ± 14.6
24.11 ± 3.20
72.1 ± 13.6
2.35 ± 0.12
14.55 ± 4.63
33.94 ± 10.22
33/36
8.06 ± 1.82∗
6.40 ± 3.46
35.26 ± 25.76
2.29 ± 1.42
3.89 ± 0.81∗
19.75 ± 9.77

The objects were divided into three groups, Group HbA1c-H (HbA1c ≥ 9%), Group HbA1c-M (7% ≤ HbA1c < 9%) and Group HbA1c-L (HbA1c < 7%).
∗
𝑃 < 0.05 when compared with Group HbA1c-L. # 𝑃 < 0.05 when compared with Group HbA1c-M.

selected as independent variables. The stepwise multiple
regression analysis showed that Ostase and tOC were both the
independent relevant factors affecting HbA1c levels, whether
the female objects were excluded or not (Table 5).

4. Discussion
4.1. tOC and Glucose Metabolism. The previous human studies demonstrated that poorly controlled blood glucose could
lead to reduced serum OC level in diabetic patients, while
serum OC would increase after blood glucose was controlled
[2]. The animal model study conducted by Lee et al. found
that OC gene knockout (OC−/− ) could lead to elevated
blood glucose and insulin levels, as well as decreased insulin
sensitivity [3], suggesting that OC could in turn regulate

glucose metabolism. Does OC have the similar function
in human body? The answer is uncertain, because the vast
majority of the present human studies are cross-sectional
studies.
Some studies on Caucasian and Asian populations [8–10]
showed that tOC level was significantly negatively correlated
with fasting blood glucose, fasting insulin, and HOMA-IR.
However, several Chinese studies showed that tOC was not
related to HOMA-IR [11, 12]. This study found that tOC
level of Group HbA1c-H was significantly different from
that of Group HbA1c-L, tOC was negatively correlated with
HbA1c and had no relationship with fasting blood glucose,
fasting insulin, or HOMA-IR, and tOC was an independent
associated factor of HbA1c. After excluding all the female
patients, we observed that the fasting blood glucose of Group
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Table 3: Comparisons between Group tOC-H and Group tOC-L.

Parameters
Gender (female/male)
Age (year)
BMI (kg/m2 )
Course of DM (month)
sCr (𝜇mol/L)
Ca (mmol/L)
Ostase (𝜇g/L)
PTH (ng/L)
Postmenopausal ratio
Fasting blood glucose (mmol/L)
Fasting insulin (𝜇IU/mL)
HbA1c (%)
HOMA-𝛽 (%)
HOMA-IR

All the objects
tOC-H (𝑛 = 35)
tOC-L (𝑛 = 31)
12/23
8/23
52.4 ± 11.5
51.2 ± 15.3
24.57 ± 2.86
23.77 ± 3.31
61.7 ± 51.2
72.9 ± 58.5
73.0 ± 11.5
72.3 ± 13.7
2.40 ± 0.11
2.35 ± 0.14
15.59 ± 3.99
16.05 ± 2.67
36.99 ± 11.35
36.86 ± 11.03
34/35
29/31
7.95 ± 2.10
8.28 ± 1.80
6.34 ± 3.25
5.78 ± 2.75
9.1 ± 2.3
10.0 ± 2.2
33.88 ± 20.44
30.30 ± 22.75
2.27 ± 1.40
2.08 ± 1.07

The male objects
tOC-H (𝑛 = 23)
tOC-L (𝑛 = 23)
/
/
49.1 ± 11.9
50.2 ± 14.4
24.58 ± 2.87
24.25 ± 3.06
53.8 ± 47.4
59.6 ± 54.2
78.3 ± 9.8
76.4 ± 10.9
2.40 ± 0.12
2.35 ± 0.15
14.50 ± 3.52
14.89 ± 2.44
36.87 ± 11.78
37.43 ± 11.61
/
/
7.61 ± 1.47
8.60 ± 1.73∗
6.21 ± 3.74
5.27 ± 2.50
8.7 ± 2.2
10.0 ± 2.3
32.23 ± 16.81
23.83 ± 13.58
2.19 ± 1.63
2.01 ± 1.08

The objects were divided into two groups according to the average level of tOC, Group tOC-H and Group tOC-L.
∗
𝑃 < 0.05 when compared with Group tOC-H.

Table 4: Comparisons between Group ucOC-H and Group ucOC-L.
Parameters
Gender (female/male)
Age (year)
BMI (kg/m2 )
Course of DM (month)
sCr (𝜇mol/L)
Ca (mmol/L)
Ostase (𝜇g/L)
PTH (ng/L)
Postmenopausal ratio
Fasting blood glucose (mmol/L)
Fasting insulin (𝜇IU/mL)
HbA1c (%)
HOMA-𝛽 (%)
HOMA-IR

All the objects
ucOC-H (𝑛 = 24)
ucOC-L (𝑛 = 42)
9/15
11/31
53.8 ± 12.8
50.8 ± 13.6
23.55 ± 2.84
24.55 ± 3.17
78.6 ± 66.0
60.6 ± 47.1
70.6 ± 13.9
73.8 ± 11.6
2.38 ± 0.14
2.38 ± 0.12
14.82 ± 3.82
13.50 ± 3.84
38.78 ± 10.89
39.15 ± 10.71
22/24
41/42
7.60 ± 2.27
8.37 ± 1.74∗
5.49 ± 2.66
6.40 ± 3.19
9.9 ± 2.5
9.3 ± 2.2
35.37 ± 27.83
30.55 ± 17.23
1.85 ± 1.04
2.36 ± 1.33

The male objects
ucOC-H (𝑛 = 16)
ucOC-L (𝑛 = 30)
/
/
53.4 ± 12.1
47.8 ± 13.3
22.93 ± 2.62
25.16 ± 2.84∗
64.7 ± 71.5
52.6 ± 36.4
78.9 ± 11.9
76.6 ± 9.4
2.36 ± 0.15
2.38 ± 0.13
14.27 ± 3.28
13.00 ± 3.13
34.75 ± 13.06
38.34 ± 10.78
/
/
7.38 ± 1.23
8.45 ± 1.74∗
4.67 ± 2.49
6.29 ± 3.40
9.7 ± 2.8
9.2 ± 2.1
25.65 ± 13.29
29.36 ± 16.89
1.59 ± 1.10
2.35 ± 1.44∗

The objects were divided into two groups according to the average level of ucOC, Group ucOC-H and Group ucOC-L. ∗ 𝑃 < 0.05 when compared with Group
ucOC-H.

tOC-L was significantly different from that of Group tOCH. These results suggested that decreased serum tOC was
related with long-term hyperglycemia but had little impact
on insulin resistance. The results of this study are similar to
those of the other two Chinese studies, but different from
those of the foreign studies. We think this may be caused by
the differences in study populations (with different disease
background and ages), races, genes, sunlight exposure, and
diet habits.
Moreover, this study showed that HbA1c was positively
correlated with Ostase while negatively correlated with blood
calcium. The correlations disappeared after excluding the
female objects. As we all know, the estrogen concentrations
in postmenopausal women are lower. As a result, the lowered

activity of vitamin D results in the decrease of blood calcium,
the enhancement of bone turnover, and the increase of Ostase
level. Therefore, we consider the phenomenon mentioned
above may be related to the estrogen interference. However,
the sample size became smaller after excluding the female
objects, which limited the credibility of this study. Further
researches are necessary to confirm the hypothesis above.
4.2. ucOC and Glucose Metabolism. Both in vivo and in
vitro studies have indicated that it was probably the ucOC
ingredient that played the leading role in lowering blood
sugar, promoting insulin synthesis, and improving insulin
resistance [3, 13]. Human studies in recent years have accumulated a small amount of ucOC data. These date, unlike the
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Table 5: Stepwise multiple regression analysis showing variables independently associated with HbA1c.
Independent variable
Ostase
tOC
Ostase
tOC

All the objects
The male objects
∗∗

Regression coefficient
0.253
−1.054
0.215
−1.108

𝑃 value
0.000∗∗
0.000∗∗
0.044∗
0.005∗∗

95% C.I. of the regression coefficient
0.121∼0.386
−1.624∼ −0.483
0.007∼0.424
−1.853∼ −0.362

𝑃 < 0.01, ∗ 𝑃 < 0.05. HbA1c was the dependent variable. C.I. represents confidence interval.
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Figure 1: Negative correlation between tOC and HbA1c (𝑟 = −0.277,
𝑃 = 0.028).
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indicators of glucose metabolism. These results suggested
that ucOC decrease was related to the fasting blood glucose
increase, but not related to the changes of insulin secretion
and insulin resistance, partly in line with the conclusions of
the aforementioned human studies.
Whether ucOC is able to improve insulin sensitivity is
the main disagreement between animal studies and human
studies. As a matter of fact, the human studies cited above
and this study are all cross-sectional studies, which are unable
to clarify the causality of serum osteocalcin variation and
glucose metabolism changes. Two retrospective studies of a
clinical trial [17] may be more persuasive. One study found
that elevated cOC level and reduced ucOC% (the percentage
of ucOC in OC) caused by vitamin K supplement might
improve insulin resistance but had no effects on the basal
secretion of insulin [4]. The other one also found that cOC
had a greater impact on insulin sensitivity than ucOC [5].
These human studies inspire us to further investigate the
mechanisms of different OC components on the regulation
of glucose metabolism in humans. Perhaps it is the cOC
rather than ucOC that plays a leading role in regulating
insulin sensitivity in humans, which is distinctive from the
mechanism in animals.
In addition, this study also found that HOMA-IR of
Group ucOC-L was significantly higher than that of Group
ucOC-H after excluding the female objects. But we were
unable to draw the conclusion that reduced ucOC levels were
related to the enhanced insulin resistance. Since the BMIs
of Group ucOC-H and Group ucOC-L were significantly
different after excluding the female patients, we considered
the higher HOMA-IR level in Group ucOC-L was related to
its higher mean BMI.
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5. Deficiencies and Limitations
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Figure 2: Negative correlation between ucOC and fasting blood
glucose (𝑟 = −0.278, 𝑃 = 0.027).

conclusions of animal studies, suggest that ucOC may have
some association with insulin secretion and decreased blood
glucose but have no relationship with insulin sensitivity [14–
16]. This study found that the fasting blood glucose of Group
ucOC-L was significantly higher than that of Group ucOCH, and ucOC was negatively correlated with fasting blood
glucose. But we failed to find any correlations between ucOC
and HbA1c, fasting insulin, HOMA-𝛽, HOMA-IR, and other

Most of the current studies about the relationship between
osteocalcin and glucose metabolism only detected tOC levels.
Data of ucOC are little. Our study investigates not only
the serum tOC concentrations, but also the ucOC levels,
accumulating more research data to help further explore the
mechanism of osteocalcin in glucose metabolism. However,
there are some deficiencies and limitations in this study.
First, the sample size is small, and there are no healthy
individuals served as normal controls. However, it is worth
mentioning that specimens of healthy individuals are being
collected as controls at present. Secondly, the correlation
analysis showed that there was no linear relationship between
tOC and ucOC, partly because of the different kits used for
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determining tOC and ucOC. Gundberg et al. thought that
serum ucOC was greatly impacted by serum tOC. Therefore
they recommended ucOC% to reflect the serum ucOC level
[18]. In this study, we could not calculate ucOC% because of
the difference in kits, which is a disadvantage for the accuracy
of analysis. Thirdly, we did not determine the serum cOC
levels. Some human studies showed that cOC had a greater
influence than ucOC on insulin sensitivity. Therefore, if tOC
and cOC levels and ucOC% are simultaneously determined,
the effects of different osteocalcin components on glucose
metabolism may be further explored. Lastly, this research
is a cross-sectional study, which cannot reveal the causal
relationship of glucose metabolism and bone metabolism.
Longitudinal studies are needed to further confirm whether
the change of osteocalcin level, as an initiating factor, has
some impact on insulin secretion and sensitivity.

6. Conclusions
By detecting and comparing the serum osteocalcin levels
and glucose metabolism indicators of 66 patients with type
2 diabetes, we found that the tOC levels of patients with
higher HbA1c were lower than those of the patients with
well-controlled blood glucose levels, the fasting glucose levels
were higher in male patients with lower tOC levels, tOC
and HbA1c were significantly negatively correlated, and tOC
was the independent associated factor affecting HbA1c level.
These results indicated that there was a significant correlation between decreased tOC level and aggravating glucose
metabolism disorder. In addition, we also collected data of
ucOC, from which we found significantly higher fasting
blood glucose levels in patients with lower ucOC levels.
ucOC level was significantly inversely correlated with fasting
blood glucose but was not associated with HOMA-IR. These
results indicated that ucOC reduction may be associated
with the aggravation of glucose metabolism disorders, but no
influence of ucOC on insulin sensitivity could be proved.
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The reference ranges of bone turnover markers (BTMs) were important during the treatment of osteoporosis, and the associations
with bone mineral density (BMD) were controversial. The aim of this study was to establish the reference ranges of N-terminal
procollagen of type l collagen (P1NP), osteocalcin (OC), and beta C-terminal cross-linked telopeptides of type I collagen (𝛽-CTX)
in Shanghai area and to investigate the relationships between BTMs and BMD in postmenopausal women. 2,799 subjects recruited
in Shanghai City were measured BTMs to establish the reference ranges. Additional 520 healthy postmenopausal women were also
measured BTMs, these women measured BMD in addition. BTMs were measured using the Roche electrochemiluminescence
system. We used the age range of 35 to 45-year-olds to calculate reference intervals. The reference range of OC was 4.91 to
13.90 ng/mL for women and 5.58 to 16.57 ng/mL for men, P1NP was 13.72 to 32.90 ng/mL for women and 16.89 to 42.43 ng/mL for
men, and 𝛽-CTX was 0.112 to 0.210 ng/mL for women and 0.100 to 0.378 ng/mL for men. BTMs significantly negatively correlated
with lumbar spine and femoral and total hip in postmenopausal women (Betastd = −0.157 ∼ −0.217, P < 0.001). We established the
normal reference ranges of P1NP, OC, and 𝛽-CTX in the Shanghai area. This study also found that BTMs correlated with BMD and
suggested that BTMs were the key determining factors of early BMD decreases.

1. Introduction
Bone mineral density (BMD) is used to diagnose osteoporosis
and to predict the risk of osteoporotic fracture in postmenopausal women [1, 2]; however, the limitations of BMD
measurements in assessing fracture risk have been documented, specifically that less than half of those who suffer a
fracture have BMD values in the osteoporotic range [2, 3]. van
Coeverden et al., as well as other researchers, confirmed that
bone turnover markers (BTMs) had an important impact on
bone mass, height, and other growth factors after the onset
of puberty in boys and girls [4–6]. A recent study demonstrated that BTMs were useful in fracture prediction and in
monitoring and evaluating drug intervention during clinical
treatment and that they reflected the tested individual’s bone
turnover rate in clinical trials [1, 7]. In addition, many studies

have found that BTMs can predict the risk of vertebral and
hip fractures [8–10] and that they can predict the risk of hip
fracture independent of hip BMD [9].
BTMs include several enzymes and their decomposition
products that come from bone cells and bone matrix components. Among BTMs that reflect the activity of osteoblast
cells are serum osteocalcin (OC) in form of N-terminal
midmolecule fragment (N-MID) and undercarboxylated
osteocalcin (UcOC), N-terminal procollagen of type l collagen (P1NP), and C-terminal procollagen of type l collagen
(P1CP). The P1NP that is by the N-terminal enzymatic
hydrolysis and is a specific marker that reflected in osteoblasts
activity. Its conversion rate is also higher than the soft tissue
sources, so the determination of the P1NP can reflect bone
formation. BTMs that reflect the activity of osteoclast cells
include cross-linked N-telopeptide of type l collagen (NTX),
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cross-linked C-telopeptide of type l collagen (CTX), tartrateresistant acid phosphatase (TRAP), and pyridinoline (Pyd).
Because it is not being degraded in the blood and excreted
by the kidneys, CTXs directly reflect bone matrix collagen
degradation. During mature collagen degradation, the Cterminal peptide 𝛼 aspartic acid is converted to 𝛽 aspartic
acid. So detection of 𝛽-CTX were reflected the state of bone
resorption.
Most reference ranges have been provided by commercial
laboratory kits using approximately 100–200 observations
[11]. Therefore, it is essential to establish a valid reference
range for clinical use. Once reference ranges for BTMs are
established, comparisons of BTMs between healthy individuals and osteoporotic patients can be performed. Until now,
there was no reference database of BTMs for the Chinese
population. Whereas most studies have measured BTMs and
BMD, age and other related factors have only been documented in small groups stratified by menopausal status,
gender, or puberty stage, but no large-scale reference database
has been compiled. One study indicated that there was no
significant bone loss in 30- to 45-year-old women who were
calcium balanced and of optimal bone health [12]. Therefore,
it is important to establish reference intervals stratified by
the known determinants of BTMs, such as age, sex, and
body mass index (BMI). In this study, we established a reference database of 𝛽-CTX, P1NP, and OC levels in healthy
Chinese men and women in Shanghai and investigated the
relationships between BTMs and BMD in postmenopausal
women.

2. Materials and Methods
2.1. Subjects. In total, 2,799 individuals aged 20–79 yrs (790
men and 2,009 women) were recruited in March 2009
from the local population in communities of Shanghai.
The inclusion criteria were as follows: (1) healthy men and
women according to the following excluding criteria; (2)
blood tests in this study were accorded with the laboratory
normal reference range. The following criteria were used to
exclude individuals from the study: (1) serious effects from
cerebrovascular disease; (2) diabetes mellitus; (3) chronic
renal disease and chronic liver disease; (4) evidence of other
metabolic or inherited bone diseases; (5) rheumatoid arthritis
or collagen disease; (6) recent major gastrointestinal disease;
(7) significant disease of any endocrine organ that would
affect bone mass; (8) hyperthyroidism; (9) any neurological
or musculoskeletal condition; and (10) any form of calcium
and vitamin-D therapy in three months or taking antiosteoporotic drugs (e.g., bisphosphonates, selective estrogen receptor modulators, and calcitonin). Postmenopausal
women who had experienced early menopause (before 45 yrs
of age) were excluded. This study was approved by the Ethics
Committee of the Shanghai Sixth People’s Hospital, Shanghai
Jiao Tong University.
In addition, 520 healthy postmenopausal women with
normal liver and kidney function were collected in communities of Shanghai. We carried BMD and the following BTMs
in 520 postmenopausal women.
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Age, body weight, height, and age of menarche and amenorrhea were recorded. All subjects were medically examined
and interviewed using a standardized questionnaire to collect
information on life style, smoking habits, the level of physical
activity during leisure time, and use of vitamins and medications. All healthy subjects included in the present study had
(1) normal blood counts and (2) normal results for liver and
kidney function tests.
2.2. Biochemical Markers. All biochemical markers were
measured at the same time point using a single lot of
reagents in one batch, following both the manufacturer’s
protocol and specialized assay laboratory quality control
procedures. Fasting blood samples were collected for the
measurement of the serum levels of calcium, phosphate,
albumin, glucose, insulin, cholesterol, triglycerides (TG),
blood urea nitrogen (BUN), creatinine (Cr), alanine aminotransferase (ALT), aspartate transaminase (AST), r-glutamyl
transpeptidase (r-GT), alkaline phosphatase (ALP), and B
ultrasound of the spleen, kidneys, hepatobiliary system, and
pancreas.
Serum 25-hydroxyvitamin D [25(OH)D], PTH, 𝛽-CTX,
OC in form of N-MID, and P1NP were measured using an
automated Roche electro-chemiluminescence system (Roche
Diagnostic Gmbh). The intra- and inter-assay coefficients of
variation (CVs) for 25(OH)D were 5.6% and 8.0%, respectively. The lower limit of detection for 25(OH)D was 4 ng/mL
(10 mmol/L). The intra- and interassay CVs were 1.4% and
2.9% for PTH, 2.5% and 3.5% for 𝛽-CTX, 2.9% and 4.0% for
OC, and 2.3% and 2.8% for P1NP, respectively.
2.3. BMD Measurement. 520 postmenopausal women’s BMD
(g/cm2 ) of the left proximal femur including the total hip,
the femoral neck, the trochanter, and Ward’s triangle was
measured using dual-energy X-ray absorptiometry (DXA) on
a Lunar Prodigy GE densitometer (Lunar Corp, Madison,
WI, USA). Both of the scanners were calibrated daily, and
the coefficient of variability (CV) values for the DXA measurements at L1-4, the total hip, and the femoral neck were
1.39%, 0.7%, and 2.22%, respectively, for the Lunar Prodigy.
The long-term reproducibility of the DXA data during the
trial, which was based on phantom measurements that were
repeated weekly, was 0.45%.
2.4. Statistical Analyses. The anthropometric characteristics
were presented as the means ± SD, and BTMs were presented
as geometric means with 95% confidence intervals (95% CI).
Data were analyzed using SPSS 11.0 (SPSS Inc., Chicago,
IL, USA). The BTMs ALP, OC, P1NP, PTH, and 𝛽-CTX
were determined to be not normally distributed by the
Kolmogorov-Smirnov test. The 95% reference interval for
each BTM examined was calculated as the mean ± 1.96 SD.
The CI for the lower and upper bounds of the reference
intervals was computed as the boundary ± 1.96 standard error
(SE). We performed multiple regression analysis between
BTMs and BMD, controlling age, height, weight, and years
since menopause (YSM).
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Table 1: Anthropometric characteristics and other variables in the
men and women aged 35–45 yr used to calculate the reference
intervals of the bone turnover markers.
Characteristics
Men (𝑛 = 226)
Women (𝑛 = 406)
Age (year)
39.8 ± 3.2 (35–45)
39.4 ± 3.2 (35–45)
Height (cm)
173.2 ± 5.9 (165.8–180.1) 162.0 ± 4.9 (153.7–172.5)
Weight (kg)
75.0 ± 12.5 (61.6–85.5)
58.3 ± 7.1 (44.7–68.3)
2
25.4 ± 3.1 (20.8–26.4)
22.2 ± 2.6 (17.9–24.6)
BMI (kg/m )
∗

Data are presented as the mean ± SD. Parenthesis for minimum and
maximum.

3. Results
3.1. Subject Characteristics. A total of 2,799 subjects were
screened for entry into the study by measuring indicators of liver and kidney function and blood calcium and
phosphorus: 148 failed the initial screening, leaving 2,651
subjects. 25(OH)D concentrations were divided into four
subgroups according to the following criteria: severely deficient (<10 ng/mL), deficient (10–20 ng/mL), insufficient (2030 ng/mL), and sufficient (≥30 ng/mL). The prevalence of
vitamin D insufficiency was 84% in males and 89% in females.
The prevalence of vitamin D deficiency was 30% in males
and 46% in females. Based on 25(OH)D concentrations, we
excluded the subject whose 25(OH)D concentrations were
<10 ng/mL in 2651 cases, leaving 705 males and 1836 females
last.
3.2. Reference Intervals. Recent studies containing data
from larger cohorts of healthy premenopausal women have
reported reference intervals for which the age range was 30–
45 yr [13–15]. Many factors affect bone turnover markers,
including age, weight, and gender. Therefore, we used the
age range of 35- to 45-year-olds year to minimize the effects
of such factors associated with preanalytical variability, and
using this cutoff, we were left with 406 women and 226
men from which to calculate reference intervals. 25(OH)D
concentrations of these subjects were 10 ng/mL and more. The
anthropometric characteristics of this group of subjects are
presented in Table 1. Table 2 reports the reference intervals
for the BTMs studied and includes the medians, geometric
means, and 95% reference intervals. The lower half of the
reference range (values falling between the lower limit of
the reference interval and the median) has been proposed
as a target for treatment [7]. This range for OC was 4.91 to
13.90 ng/mL in women and 5.58 to 16.57 ng/mL in men; for
P1NP, it was 13.72 to 32.90 ng/mL in women and 16.89 to
42.43 ng/mL in men; for 𝛽-CTX, it was 0.112 to 0.210 ng/mL
in women and 0.100 to 0.378 ng/mL in men. The geometric
means and 95% confidence intervals (95% CI) for age-specific
BTM values in healthy women and men are shown in Tables
3 and 4.
3.3. Effect of Age on Biochemical BTMs. Table 3 shows the
geometric means and SDs for the biochemical BTMs in
the Chinese women stratified by 5 yr increments. Agerelated changes in all biochemical BTMs were calculated by
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comparison with the BTM values for the reference intervals
group. The bone formation markers OC and P1NP decreased
with increasing age until the age of 44 and then abruptly
increased for women aged 50–59 yr. The bone resorption
marker 𝛽-CTX also decreased with increasing age until the
age of 44 before sharply increasing in women > 50 yrs old.
All BTMs began to decrease in women aged 70–74 yr.
The geometric means and 95% confidence intervals (95%
CI) of the age-specific BTMs in healthy men are shown in
Table 4. Age-related changes in all biochemical BTMs were
compared with the BTM values of the reference intervals
group. The bone formation markers OC and P1NP decreased
with increasing age until the age of 59 and then quickly
increased in men aged 60–69 yr. The bone resorption marker
𝛽-CTX also decreased with increasing age until the age of 54,
at which point it sharply increased in men > 60 yrs old.
3.4. Correlations between BTMs and BMD. In 520 postmenopausal women correlation between BTMs and BMD is
given in Table 5. All markers correlated with BMD in lumbar
spine, femoral neck, and total hip (Betastd = −0.155 ∼ −0.220,
𝑃 < 0.001). When adjusted for age, height, body weight, and
YSM, all the three OC, 𝛽-CTX, and P1NP also correlated with
BMD (Betastd = −0.157 ∼ −0.217, 𝑃 < 0.001).

4. Discussion
It is important to establish reference intervals for BTMs from
a sample of the healthy young population to use such markers
to correctly assess bone turnover in subjects of various ages.
In this study, we chose women aged 35–45 yrs for reference
interval calculations because these women have achieved
peak bone mass and are not yet perimenopausal. Women
under 30 yrs of age were excluded to reduce the chance
of including women with elevated bone turnover due to
skeletal immaturity. In addition, women over the age of 45
were excluded because several studies have demonstrated
that BTMs are increased in perimenopausal women because
of the estrogen deficiency that occurs after spontaneous
menopause in an increase in bone remodeling [16, 17]. It
has been recommended that normal reference ranges of
BTMs be established in large cohorts (approximately 100–200
subjects) of healthy 35- to 45-year-old premenopausal women
with normal BMD [11]. The present study has provided the
reference intervals of BTMs were in Chinese men; there are
no previous studies of these markers in healthy men, and an
age range for reference intervals has not been established.
According to Tables 3 and 4, which presents the means for
the BTMs within each 5 yr age group, we found that BTMs
were stable in the group aged 35 to 45 yr.
In the present study, the age-related analysis of all subjects
revealed a significant negative correlation between each of
the bone turnover markers and age. In women, the bone
formation markers OC and P1NP decreased with increasing
age until the age of 44 before sharply increasing in the 50to 59-year-old age group. The bone resorption marker 𝛽CTX also decreased with increasing age until the age of 44
and abruptly increased in women > 50 yrs old. We found

4

International Journal of Endocrinology
Table 2: Medians, geometric means, and 95% reference intervals for the bone turnover markers in 35–45-year-old subjects.

Measurement
ALP (U/L)
OC (ng/mL)
P1NP (ng/mL)
𝛽-CTX (ng/mL)
25(OH)D (ng/mL)
PTH (pg/mL)

Median
53.00
13.90
32.90
0.210
20.58
35.02

Women (𝑛 = 406)
Geometric mean
95% reference interval
54.80
29.55–82.04
15.05
4.91–22.31
35.22
13.72–58.67
0.241
0.112–0.497
20.98
10.97–32.15
37.30
15.52–66.78

Median
63.00
16.57
42.43
0.378
22.89
30.39

Men (𝑛 = 226)
Geometric mean
95% reference interval
63.87
35.52–94.16
18.01
5.58–28.62
44.01
16.89–65.49
0.400
0.100–0.612
23.55
11.11–34.43
33.92
14.61–63.22

Values were obtained from 35–45-year-old healthy men and women.

Table 3: Geometric means and 95% confidence intervals (95% CI) for the age-specific measurements of bone turnover markers in healthy
women.
Age
20–24
25–29
30–34
35–39
40–44
45–49
50–54
55–59
60–64
65–69
70–74
75–79
Reference valuea

Number
145
386
247
210
178
104
138
184
51
70
77
66
406

𝛽–CTX (ng/mL)
0.412∗ (0.354–0.470)
0.335∗ (0.304–0.367)
0.280∗ (0.230–0.313)
0.250 (0.221–0.284)
0.239 (0.201–0.271)
0.278∗ (0.221–0.310)
0.470∗ (0.399–0.541)
0.474∗ (0.407–0.540)
0.441∗ (0.307–0.584)
0.471∗ (0.356–0.585)
0.431∗ (0.297–0.565)
0.384∗ (0.284–0.482)
0.242 (0.218–0.297)

P1NP (ng/mL)
54.97∗ (47.87–62.06)
45.94∗ (41.38–50.49)
40.21∗ (35.78–44.63)
35.93 (31.72–40.13)
34.27 (30.50–38.04)
36.35∗ (31.10–41.58)
52.72∗ (45.54–56.90)
50.21∗ (43.85–56.57)
47.07∗ (34.78–59.36)
50.61∗ (38.11–63.11)
50.04∗ (37.94–62.13)
45.44∗ (35.60–54.47)
35.22 (30.67–40.10)

OC (ng/mL)
21.23∗ (18.72–22.47)
18.48∗ (17.19–19.77)
16.80∗ (15.33–18.26)
15.37 (13.95–16.78)
13.84 (12.48–15.27)
14.84∗ (12.88–16.79)
23.46∗ (20.44–26.46)
24.94∗ (22.19–27.68)
26.40∗ (20.28–32.60)
25.57∗ (22.90–28.22)
26.50∗ (20.82–32.17)
24.11∗ (18.85–29.37)
15.05 (13.81–16.59)

PTH (pg/mL)
37.20 (35.07–39.33)
35.70 (34.29–37.10)
36.45 (34.76–38.13)
38.10 (35.99–40.21)
38.55 (36.17–40.94)
38.99 (36.09–41.89)
35.83 (33.58–38.08)
36.50 (34.76–38.24)
37.92 (32.71–43.13)
36.13 (32.72–39.55)
35.57 (30.94–38.21)
36.25 (29.70–38.81)
37.30 (33.18–40.92)

All values are presented as the geometric means (95% CI).
∗
𝑃 < 0.05 versus reference values.
a
Reference values were calculated from the 35–45-year-old cohort as the geometric mean (95% CI).

that women aged 30 to 34 yrs had higher levels of 𝛽-CTX,
OC, and P1NP, which may suggest that they had not yet
reached skeletal maturity; therefore, we excluded this age
group when establishing the reference intervals. Previous
studies have found that bone turnover markers are negatively
associated with age [10, 18]; however, these particular studies
analyzed women aged 20 to 50 yrs and 20 to 40 yrs and
therefore did not include postmenopausal women or elderly
women. Glover et al. [19] reported that the median values
of serum P1NP and 𝛽-CTX were lower than those reported
as reference values in European premenopausal women. The
measured reference values for P1NP in the present study
were similar to those reported by de Papp et al. [14] in
American premenopausal women and by Adami et al. [20] in
Italian premenopausal women aged 35 to 45 yrs. In contrast,
the reference values for 𝛽-CTX in our study were lower
than those reported for American and Italian premenopausal
women [14, 20]. Wu et al. [21] also examined serum 𝛽-CTX,
serum bone ALP, and urinary BTMs in 289 premenopausal
Chinese women aged 30–49 yrs; the reported means were
5.18 ng/mL for OC, 17.8 U/L for bone ALP, and 0.250 ng/mL
for 𝛽-CTX [21]. Compared with Wu et al., we measured
higher levels of OC. As measured in our current study, the OC
levels in premenopausal (17.01 ng/mL) and postmenopausal

women (24.34 ng/mL) were remarkably higher than those
reported by Wu et al. (4.32 𝜇g/L and 9.14 𝜇g/L, resp.), whose
study included 555 women aged 35 to 60 yrs [22]. The
different results between the two studies were perhaps due
to the season during which they collected blood (May to
August). The P1NP level in the postmenopausal women of our
population was close to that in a previous study (52.0 (10.5–
492.7) ng/mL) in Beijing that included 1,724 postmenopausal
women (aged 47 to 108 yr) [23]. However, the serum 𝛽-CTX
level measured in our study was higher than that in the
same previous study (0.407 (0.036–2.140) ng/mL) [23]. The
dissimilar results from within the same country may be due
to differences in the age range of the subjects used to calculate
reference intervals, smoking habits, physical activities, or
other factors affecting BTMs.
In the cohort of men we studied, age-related changes
in BTMs were discovered. The bone formation markers OC
and P1NP decreased with increasing age until the age of
59 and then abruptly increased in the 60- to 69-year-old
group. The bone resorption marker 𝛽-CTX also decreased
with increasing age until the age of 54 and then sharply
increased in men > 60 yrs old. Elevated levels of bone markers
in young men reflect the active bone turnover that occurs
during the formation of peak BMD. We found that the age
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Table 4: Geometric means and (95% CI) for the age-specific measurements of bone turnover markers in healthy men.
Age
20–24
25–29
30–34
35–39
40–44
45–49
50–54
55–59
60–64
65–69
70–74
75–79
Reference valuea

Number
43
72
93
102
117
45
53
64
45
26
21
24
226

𝛽-CTX (ng/mL)
0.745∗ (0.464–1.024)
0.504∗ (0.415–0.551)
0.419∗ (0.353–0.482)
0.402 (0.333–0.470)
0.402 (0.318–0.485)
0.340∗ (0.252–0.428)
0.342∗ (0.267–0.414)
0.353∗ (0.278–0.427)
0.393∗ (0.276–0.508)
0.352∗ (0.218–0.485)
0.383∗ (0.167–0.598)
0.355∗ (0.208–0.501)
0.400 (0.310–0.479)

P1NP (ng/mL)
64.44∗ (41.81–87.05)
51.81∗ (43.42–60.20)
44.68∗ (38.25–51.10)
44.22 (37.64–57.01)
43.98 (36.78–51.78)
36.62∗ (29.37–43.88)
39.59∗ (32.23–46.93)
36.93∗ (30.62–43.23)
41.19∗ (31.63–50.13)
39.39∗ (27.48–50.87)
40.00∗ (26.65–53.33)
40.10∗ (25.60–54.69)
44.01 (37.27–52.97)

OC (ng/mL)
25.21∗ (17.57–28.86)
21.08∗ (18.12–24.06)
18.51∗ (15.97–21.05)
18.34 (15.66–21.02)
17.85 (14.89–20.79)
16.02∗ (11.97–20.05)
16.69∗ (13.72–19.65)
15.58∗ (13.07–18.09)
20.95∗ (16.32–25.66)
19.43∗ (12.28–25.51)
21.84∗ (15.95–27.73)
20.86∗ (14.72–27.00)
18.01 (14.91–20.97)

PTH (pg/mL)
31.77 (25.61–39.94)
34.73 (31.14–38.33)
34.06 (30.46–37.67)
35.51 (32.40–38.62)
35.09 (31.89–38.29)
30.01 (25.92–34.20)
34.60 (30.86–38.35)
35.80 (31.57–40.02)
36.94∗ (31.27–42.60)
37.44∗ (30.58–44.31)
37.45∗ (30.52–44.38)
36.34∗ (29.98–42.70)
33.92 (30.21–38.17)

All values are presented as the geometric means (95% CI).
∗
𝑃 < 0.05 versus reference values.
a
Reference values were calculated from the 35–45-year-old cohort as the geometric mean (95% CI).

Table 5: Standardized correlation coefficients (Betastd ) between BTMS and BMD in 520 postmenopausal women.
BTMs
𝛽-CTX
P1NP
OC

L1-4 BMD
Not adjusted
−0.155∗∗
−0.197∗∗
−0.191∗∗

Adjusted
−0.157∗∗
−0.201∗∗
−0.188∗∗

Femoral neck BMD
Not adjusted
Adjusted
−0.188∗∗
−0.182∗∗
∗∗
−0.169
−0.193∗∗
∗∗
−0.178
−0.176∗∗

Total hip BMD
Not adjusted
Adjusted
−0.207∗∗
−0.195∗∗
∗∗
−0.220
−0.217∗∗
∗∗
−0.209
−0.199∗∗

Data adjusted age, height, body weight, and YSM are given.
∗∗
𝑃 < 0.01.

at which BTMs decreased in men was about 10 yrs later than
in women. This finding is consistent with the fact that the
age of onset of osteoporosis in men is 10 yrs later than in
women, perhaps because women finish growing and achieve
peak BMD earlier than men [24]. The results of a study by
Szulc et al. were similar to ours: before 25 yrs of age, markers
of bone formation (OC, BAP, and P1NP) were high, but they
decreased and reached their lowest levels at the age of 56–
60 yrs [25]. To date, most studies have found a decrease in
BTMs in men until the age of 50–60 yrs [26]. However, the
number of young men studied was small and the age range
investigated began after peak values were achieved [27].
Previous reports have indicated that 25(OH)D levels are
negatively correlated with serum PTH, OC, P1NP, and 𝛽CTX in women and men [28, 29]. These reports noted that
patients with 25(OH)D insufficiency exhibit higher levels
of bone turnover than those with sufficient 25(OH)D levels
[29, 30]. However, most studies were carried out in elderly
osteoporotic women or less cared for young men and women.
Vitamin D insufficiency is associated with high levels of
BTMs (including OC, 𝛽-CTX, P1NP, and PTH) in young
individuals, so we also examined the 25(OH)D levels in our
35- to 45-year-old subjects to avoid its effect on BTMs. We
found that the level of 25(OH)D was 20.58 ng/mL in women
aged 35–45 yrs and 22.89 ng/mL in men of the same age. No
differences were found in 25(OH)D levels between the two

groups. The levels of 25(OH)D in 35- to 45-yr-old subjects
reflected vitamin D status in healthy Chinese adults.
The study found that OC, 𝛽-CTX, and P1NP and the
BMD of lumbar spine, femoral neck, and total hip were significantly negatively correlated. The effects remained after being
adjusted for age, height, weight, and YSM. After menopause,
an increased bone turnover is related to bone loss by an
imbalance between bone formation and bone resorption.
A number of studies have found significant relationship
between BTMs and bone mass [31, 32]. In contrast, Kawana
et al. [33] failed to report significant correlations between
ultrasound parameters and biochemical markers of bone
remodeling (osteocalcin, Pyr, and D-Pyr) in postmenopausal
women aged 48–57 years. Several studies have indicated
a potential relationship between BTMs and QUS in postmenopausal women [34]. This means that the combination
of bone resorption and bone formation markers is a good
predictor for loss of bone mass.
Our study has the following strengths: (1) the sample size
was large enough (greater than 600 men and 1,000 women)
to avoid sample error; (2) the random selection of women
from the local population, thereby covering a wide age-range
and being representative of the Chinese population; and (3)
the participants were well characterized and the exclusion
criteria were detailed and evidence based to ensure a more
precisely characterized sample population. Thus, numerous
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factors to minimize biological variability were considered and
controlled.
Certain limitations of this study must also be acknowledged. First, we did not measure BMD in 2,799 subjects (790
males and 2,009 females). Second, the purpose of this study
was to establish the reference intervals for BTMs, for which
we analyzed a sufficient number of young men and women;
however, compared with the number of young subjects, the
sample size of elderly subjects was not adequate, particularly
when examining elderly men. Finally, the cross-sectional
nature of the study design is a limitation.
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[5]

[6]

[7]

5. Conclusion
The present study provides reference interval values for BTMs
in healthy men and women. These reference ranges are based
on data showing that BTMs are stable between the ages of 35
and 45 yrs. These results will contribute to the appropriate
assessment of bone turnover in Shanghai area population
and offer a comparison to measurements obtained in other
populations. This study also found that BTMs correlated
with BMD in Chinese postmenopausal women and suggested
that BTMs were the key determining factors of early BMD
decreases.
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The objective of this study was to investigate the relationship between serum levels of OPG, TGF-𝛽1, and TGF-𝛽2 and BMD decrease
rate (BDR) in native Chinese women. This cross-sectional study was performed on 465 healthy native Chinese women aged 35–
80 years. Serum levels of OPG, TGF-𝛽1, and TGF-𝛽2 were determined. BDR was measured by DXA at the posteroanterior spine,
hip, and distal forearm. At all skeletal sites tested, there was a negative correlation between BDR and serum levels of both OPG
(𝑟 = −0.122 to –0.230, all P = 0.007–0.000) and TGF-𝛽2 (𝑟 = −0.100 to –0.173, all P = 0.029–0.000) and a positive correlation
between BDR and serum TGF-𝛽1 (𝑟 = 0.245 − 0.365, all 𝑃 = 0.000). After adjustment for age and BMI, there were no statistically
significant correlations between serum levels of OPG or TGF-𝛽2 and BDR. However, statistically significant correlations between
serum TGF-𝛽1 and BDR at the lumbar spine and ultradistal forearm remained. Multiple linear regression stepwise analysis showed
that serum OPG could explain 1.4–3.7% of BDR variation. Serum TGF-𝛽1 was a positive determinant of BDR and could explain
5.3–13.3% of BDR variation.

1. Introduction
Osteoprotegerin (OPG), transforming growth factor-𝛽1
(TGF-𝛽1) and TGF-𝛽2 are cytokines closely associated with
bone metabolism [1, 2]. OPG is one of the key cytokines
secreted by osteoblasts and plays an important role in the
bone remodeling balance [3]. OPG knockout can result in
severe osteoporosis in mice [4], and overexpression of OPG
can lead to osteopetrosis in OPG-transgenic mice [2, 5]. In
postmenopausal women, the circulating OPG level affects
bone turnover, changes in bone mass, and the prevalence of
vertebral fractures [6, 7]. TGF-𝛽 is very rich in bone tissue
[8, 9]. The ratio of TGF-𝛽1 and TGF-𝛽2 is about 4 : 1, and
there is 70% sequence homology between the two forms [10].
TGF-𝛽 could not only promote osteoblasts proliferation and
differentiation [11, 12], but also inhibit osteoclasts activity
[13, 14]. TGF-𝛽1 gene knockout cause osteopenia in mice
[15], while the mice with osteoporosis treated by TGF-𝛽
could increase BMD [16, 17]. TGF-𝛽1 gene mutation can lead
to low bone mass in human [18]. The studies demonstrated

that both TGF-𝛽1 and TGF-𝛽2 stimulate bone formation and
bone mineralization [19–21], but TGF-𝛽2 was more active
than TGF-𝛽1 in stimulating formation of a mass [19]. In vivo,
TGF-𝛽2 stimulated synthesis of TGF-𝛽1 in chondrocytes
and osteoblasts [19]. TGF-beta may act as a bone-coupling
factor linking bone resorption to bone formation [10]. TGF𝛽 is expressed by osteoblasts; it not only stimulates the
differentiation of osteoclasts and maintains their survival
[22], but also regulates bone formation and resorption [23].
After menopause, serum TGF-𝛽2 is increased in women
with osteoporosis and shows a positive correlation with bone
resorption markers [24].
Bone mineral density (BMD) decrease rate (BDR) [25]
is an important parameter measured by dual-energy X-ray
absorptiometry (DXA). When we used the Hologic DXA
bone densitometer to measure BMD; BDR can be calculated
by a peak reference (PR%) value in measurement report.
Using the GE-Lunar DXA bone densitometer, the young
adult mean (YAM%) represents the BMD. BDR means that
compared to the peak BMD in reference databases, the

2
percentage of BMD reducing or bone loss percentage in
subjects. BDR is an important index closely related to the
diagnosis of osteoporosis in Chinese [26] and Japanese
[27]. The relationship between the cytokines OPG, TGF-𝛽1
and TGF-𝛽2 and BDR in native Chinese women remains
unknown. To investigate this relationship, DXA was used to
measure both BMD and BDR at the lumbar spine, proximal
femur, and distal forearm in 465 healthy native Chinese
women aged 35–80 years. Serum levels of OPG, TGF-𝛽1, and
TGF-𝛽2 were also determined, and their relationships with
BDR were analyzed.

2. Material and Methods
2.1. Study Participants. Four hundred and sixty-five healthy
Chinese women aged 35–80 years were randomly selected
between September 2007 and May 2010. These volunteers,
all residents of Changsha and surrounding regions, were
recruited by public health organizations (i.e., health stations/clinics) that provide health care for local residents. All
subjects were screened by a detailed questionnaire, history,
and physical examination. Women were excluded from the
study if they had a condition affecting bone metabolism
such as disease of the kidney, liver, parathyroid or thyroid, diabetes mellitus, oligomenorrhea or menopause at
<40 years, hyperprolactinemia, oophorectomy, rheumatoid
arthritis, ankylosing spondylitis, a malabsorption syndrome,
a malignant tumor, hematologic disease or previous pathological fracture. Subjects were also excluded if they had
been receiving glucocorticoids, estrogens, thyroid hormone,
fluoride, bisphosphonate, calcitonin, thiazide diuretics, barbiturates, antiseizure medications, vitamin D- or calciumcontaining drugs, as were those who smoked or consumed
alcohol or caffeine. The study involved 142 premenopausal
women, 58 perimenopausal women (last menses <12 months
before the study started) and 265 postmenopausal women
(last menses >12 months before the study started); of the
latter, the mean (± SD) age at menopause was 48.3±3.83 years
(range 41–57 years) and the median duration of menopause
was 11.0 years (range 1–40 years). The study was approved of
the Ethical Committee of Xiangya Medical College, Central
South University, China, and all participants provided written
consent to participate.
2.2. Markers Measurement. Fasting morning (7–9 AM) blood
samples were collected and centrifuged within 1 h and
stored at −70∘ C until analysis. We measured serums TGF-𝛽1
and TGF-𝛽2 concentrations with a sensitive enzyme-linked
immunosorbent assay (ELISA) kit (DRG International, Inc.,
Highway, Mountainside, NJ, USA) and OPG with an ELISA
kit (Biomedica Gruppe, Vienna, Austria) and quantified the
results using a 𝜇Quant Universal Microplate Spectrophotometer (Bio-Tek Instruments, Inc., Winooski, VT, USA).
The minimum detectable concentration was 0.14 pmol/L for
OPG, 0.002 𝜇g/L for TGF-𝛽1 and 0.01 𝜇g/L for TGF-𝛽2. The
intra- and interassay CVs were 6.4% and 8.2% for OPG,
3.8% and 8.8% for TGF-𝛽1, and 5.9% and 8.9% for TGF𝛽2. BMD and BDR were measured with a DXA fan-beam
bone densitometer (Hologic Delphi A; Hologic, Bedford,
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MA, USA) at the posteroanterior (PA) spine (L1–L4); the
left hip, including the femoral neck (FN) and total hip; and
the radius + ulna ultradistal (RUUD) of the nondominant
forearm. The in vivo deviations in precision of two repeated
BMD measurements in 33 subjects, determined by the root
mean square coefficient of variation method [28], were 0.83%
for the PA spine, 1.88% for the FN, 0.88% for the total hip,
and 2.21% for the RUUD. A control spine phantom scan
performed each day had a long-term (>13 years) coefficient
of variation (CV) of <0.45%.
2.3. Statistical Analysis. All calculations were performed
using SPSS V17.0 for Windows software (SPSS, Inc., Chicago,
IL, USA). The geometric mean and SD were used for serums
OPG, TGF-𝛽1, and TGF-𝛽2 because these did not follow a
logarithmic normal distribution. All subjects were stratified
by 10-year age groups, and serums OPG, TGF-𝛽1, and TGF𝛽2, and BDR at the various skeletal sites were reported as the
mean ± SD for each group. The mean values of the different
parameters from each group were compared for significant
differences and assessed using one-way analysis of variance
whenever significant. The relationship between serums OPG,
TGF-𝛽1, and TGF-𝛽2 with BDR at the various skeletal sites
was evaluated by linear regression and Pearson’s correlation
analysis. BDR was calculated using the formula BDR(%) =
subjects’ PR(%) − 100% [25]. Peak BMD was calculated
from the BMD reference database previously established and
continuously improved by us [29]. Multiple linear regression
was used to determine the influence of OPG, TGF-𝛽1, and
TGF-𝛽2 on BDR.

3. Results
3.1. Basic Characteristics of the Subjects. The characteristics of
the subjects are summarized in Table 1. Height and TGF-𝛽1
were significantly higher in the premenopausal period than
in the perimenopausal period and after menopause, whereas
serum levels of OPG and TGF-𝛽2 were markedly lower in
the premenopausal period than in the perimenopausal period
and after menopause. Height and weight were higher in the
perimenopausal period than after menopause. Table 2 shows
the serum levels of the age-related cytokines and the BDR
at the various skeletal sites. From 35 to 44 years, serums
OPG and TGF-𝛽2 were at their lowest levels, whereas TGF𝛽1 was at its highest. From 45 to 54 years, serum OPG was
at its highest level. Above 45 years, there were no significant
differences in TGF-𝛽1 or TGF-𝛽2 between any age group.
Compared with the 35–44-year group, there was a significant
increasing trend of BDR with age in subjects above 45 years of
age. In subjects aged ≥65 years, the mean BDR at the RUUD
was −34.1%, which was markedly higher than that at the other
skeletal sites.
3.2. Correlations between BDR and Cytokines. Figure 1 shows
scatter plots and correlations between the cytokine levels and
the BDR at the different skeletal sites. There were obvious
negative correlations between serum levels of both OPG
and TGF-𝛽2 and BDR, and marked positive correlations
between serum TGF-𝛽1 and BDR. Table 3 shows Pearson’s
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Table 1: Demographics and clinical characteristics of the study subjects.
Factor measured

Premenopausal
(𝑛 = 142)

Perimenopausal
(𝑛 = 58)

Postmenopausal
(𝑛 = 265)

Age (years)
Height (cm)
Weight (kg)
BMI (kg/m2 )
OPG (pmol/L)a
TGF-𝛽1 (𝜇g/L)a
TGF-𝛽2 (𝜇g/L)a

40.8 ± 3.50
156.2 ± 5.38b
56.9 ± 7.38c
23.3 ± 2.68
2.67 ± 1.86b
39.0 ± 1.60b
11.5 ± 1.28b

48.0 ± 2.95
154.2 ± 5.05c
57.1 ± 8.03c
24.0 ± 3.03
4.11 ± 1.96
27.1 ± 1.67
13.0 ± 1.36

59.7 ± 7.30
151.9 ± 4.54
54.3 ± 8.46
23.5 ± 3.34
4.40 ± 1.85
24.0 ± 1.52
14.3 ± 1.32

BMI: body mass index, OPG: osteoprotegerin, and TGF-𝛽: transforming growth factor-beta.
a
Values are geometric mean ± SD.
b
𝑃 = 0.045–0.000 compared with perimenopausal and postmenopausal.
c
𝑃 = 0.002–0.000 compared with postmenopausal.

Table 2: Age-related serums OPG, TGF-𝛽1, and TGF-𝛽2 and BDR at different skeletal sites in native Chinese women.
Age (year)
Parameter
OPG (pmol/L)a
TGF-𝛽1 (𝜇g/L)a
TGF-𝛽2 (𝜇g/L)a
PA-BDR (%)
FN-BDR (%)
Hip-BDR (%)
RUUD-BDR (%)

35–44
(𝑛 = 128)

45–54
(𝑛 = 146)

55–64
(𝑛 = 117)

≥65
(𝑛 = 74)

2.61 ± 1.88b
38.9 ± 1.64b
11.9 ± 1.32b
−1.72 ± 11.3b
−3.07 ± 12.5b
−2.34 ± 12.2b
−1.02 ± 9.62b

4.76 ± 1.84c
25.2 ± 1.63
14.2 ± 1.33
−13.1 ± 13.8c
−10.2 ± 14.5c
−9.96 ± 13.7c
−9.61 ± 13.6c

4.09 ± 1.87
25.0 ± 1.52
14.0 ± 1.34
−23.6 ± 10.8
−21.1 ± 11.1d
−18.6 ± 10.8d
−24.1 ± 10.9d

3.77 ± 1.88
24.9 ± 1.44
13.6 ± 1.31
−26.3 ± 11.4
−27.4 ± 9.85
−25.0 ± 10.1
−34.1 ± 10.3e

OPG: osteoprotegerin, TGF-𝛽: transforming growth factor-beta, BDR: bone mineral density decrease rate, PA: posteroanterior spine, FN: femoral neck, Hip:
total hip, and RUUD: radius + ulna ultradistal.
a
Values are geometric mean ± SD.
b
𝑃 = 0.012–0.000 compared with 45–54, 55–64 and ≥65-year age groups.
c
𝑃 = 0.049–0.000 compared with 55–64 and ≥65-year age groups.
d
𝑃 = 0.011–0.000 compared with ≥65-year age group.
e
𝑃 = 0.003–0.000 compared with other sites in the same age group.

correlation coefficients and partial correlation coefficients for
the cytokines and BDRs at the different skeletal sites. There
were notable positive correlations between serums OPG and
TGF-𝛽2, and marked negative correlations between serum
TGF-𝛽1 and serum levels of both OPG and TGF-𝛽2. After
controlling for age and body mass index (BMI), the partial
correlation coefficients for both OPG and TGF-𝛽2 with BDR
were no longer statistically significant. However, the partial
correlation coefficients for serum TGF-𝛽1 with BDR at the PA
spine and RUUD remained statistically significant.
3.3. Association between BDR and Cytokines. Figure 2 display
comparisons between the cytokines. When serum OPG was
grouped by quartile, the BDRs at the PA spine, hip, and
RUUD in Q1 and Q2 were significantly higher than those in
Q3 and Q4. At the FN, the mean BDR was lowest in Q3 and
markedly lower than in Q1 and Q2. When serum TGF-𝛽1 was
grouped by quartile, the BDR in Q4 was notably higher than
that in Q1, Q2, and Q3. The BDRs in Q1 and Q2 were lower,
but there were no significant differences between them. When

serum TGF-𝛽2 was grouped according to quartile, the BDR
was maximal in Q1, markedly higher than in Q2, Q3, and Q4.
Using serum levels of OPG, TGF-𝛽1, and TGF-𝛽2 as
independent variables and the BDRs at the different skeletal
sites as dependent variables, multiple linear regression stepwise analysis was conducted (Table 4). The results show that
OPG could explain 1.4–3.7% of the variation in BDR at each
skeletal sites. The influence of OPG on BDR was lowest at the
FN (1.4%) and greatest at the RUUD (3.7%). TGF-𝛽1 was a
positive determinant of BDR at each skeletal site, explaining
about 5.3–13.3% of BDR variation. The influence of TGF-𝛽1
was lowest at the FN (5.3%) and greatest at the PA spine
(13.3%). TGF-𝛽2 had no influence on BDR at any skeletal site
according to this analysis.

4. Discussion
Our research confirmed the presence of marked negative correlations between serum levels of both OPG and TGF-𝛽2 and
BDR in native Chinese women; thus, the BDR was lower with
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Table 3: Correlation coefficients (𝑟) for serums OPG, TGF-𝛽1, and TGF-𝛽2 with BDR at various skeletal sites in native Chinese women.

Marker
TGF-𝛽1
TGF-𝛽2
PA-BDR
FN-BDR
Hip-BDR
RUUD-BDR

OPG
𝑟
−0.270a
0.433a
−0.230a
−0.122a
−0.148a
−0.205a

TGF-𝛽1
P-r
−0.215a
0.399a
−0.044
0.066
0.040
−0.024

TGF-𝛽2

𝑟

P-r

𝑟

P-r

−0.237a
0.365a
0.245a
0.276a
0.344a

−0.172a
0.183a
0.014
0.080
0.104a

−0.173a
−0.110a
−0.100a
−0.145a

−0.030
0.026
0.040
0.020

Pearson’s correlation coefficients (r) and partial correlation coefficients (P-r) after adjustment for age and body mass index are shown.
OPG: osteoprotegerin, TGF-𝛽: transforming growth factor-beta, BDR: bone mineral density decrease rate, PA: posteroanterior spine, FN: femoral neck, Hip:
total hip, and RUUD: radius + ulna ultradistal.
a
𝑃 = 0.036–0.000.

Table 4: Multiple linear regression analysis of OPG, TGF-𝛽1, and TGF-𝛽2 with BDR at various skeletal sites in native Chinese women.
Dependent
PA-BDR
FN-BDR
Hip-BDR
RUUD-BDR

OPG
𝛽
−0.179a
−0.127a
−0.138a
−0.202a

TGF-𝛽1
𝑅2 C (%)
2.9
1.4
1.7
3.7

𝛽
0.309a
0.190a
0.229a
0.266a

TGF-𝛽2
𝑅2 C (%)
13.3
5.3
7.4
10.8

𝛽
—b
—b
—b
—b

𝑅2 C (%)
—b
—b
—b
—b

Serums OPG, TGF-𝛽1, and TGF-𝛽2 were independent variables; BDRs were dependent variables.
OPG: osteoprotegerin, TGF-𝛽: transforming growth factor-beta, BDR: bone mineral density decrease rate, 𝑅2 C: R square change, PA: posteroanterior spine,
FN: femoral neck, Hip: total hip, and RUUD: radius + ulna ultradistal.
a
𝑃 = 0.012–0.000.
b
Independent was excluded in this analysis.

higher circulating levels of OPG or TGF-𝛽2 and higher with
lower levels of these cytokines. There was a notably positive
correlation between serum TGF-𝛽1 and BDR, indicating that
the BDR was higher with higher circulating levels of TGF𝛽1 and lower with lower levels of this cytokine. The partial
correlation coefficients for OPG and TGF-𝛽2 levels with BDR
were insignificant at all skeletal sites, suggesting that these
correlations are affected by both age and BMI and weaken
or disappear when these influences are excluded. The partial
correlation coefficients for TGF-𝛽1 and BDR at the PA spine
and RUUD remained statistically significant, demonstrating
that, though the correlations between TGF-𝛽1 and BDR at
these skeletal sites were affected by both age and BMI, they
remained close. These findings also imply that the correlation
between circulating TGF-𝛽1 and BDR differed between the
various skeletal sites.
The results illustrate that the serum levels of OPG were the
highest in women aged 45–54 years because they are in the
rapid bone loss period of early postmenopause (the average
age of menopause is 48.3 ± 3.83 years in this group) (Table 2).
The increasing serum levels of OPG may be a compensatory
defense mechanism for resistance to rapid bone loss [30].
Previous research on the general population has shown that,
after menopause, increased serum OPG is related to increased
risks for osteoporosis and vertebral fracture in women [6].
However, Ueland et al. [31] found no correlations between
OPG genetic polymorphisms or changes in serum OPG and
morbidity from osteoporosis in elderly Australian women.

Another study showed that serum OPG in women was
positively correlated with bone turnover markers including TRACP-5b, osteocalcin, and C-terminal cross-linked
telopeptide [32]. The authors suggest that circulating OPG
might help to prevent bone mass loss in women. After
menopause, the bone mass loss rate might be lower in women
with higher OPG levels, thereby increasing the strength of the
hip [33]. A longitudinal study with a large sample size found
that bone loss rate in women was related to circulating OPG
levels; similar to the results of our study, the higher the serum
OPG, the greater the bone loss rate [34]. The main reason
for inconsistent results demonstrated from different research
groups may be related to the difference of race, age, and the
sample quantity of subjects. Other studies have demonstrated
that, in patients with hyperthyroidism [35] or enteritis [36],
increased serum OPG might prevent excessive bone mass
loss. Considering the finding that serum OPG is significantly
decreased in adipose women in the perimenopausal period
[37], the authors suggested that circulating OPG might have
no protective effect on bone mass loss in these patients.
Research on large samples of the general female population
verified that common TGF-𝛽1 genetic polymorphisms had no
influence on various bone turnover markers, BMD, or bone
mass loss [38]. Nonetheless, many studies have shown that
changes of both TGF-𝛽1 [18, 39–44] and TGF-𝛽2 [24] are
related to bone turnover velocity. For instance, serum TGF𝛽1 was increased and bone loss rate decreased in women
with the TT genotype of the TGF-𝛽1 gene [39], while the
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Figure 1: Scatter plots of serums OPG, TGF-𝛽1, and TGF-𝛽2 concentration versus BDR at various skeletal sites in native Chinese women.
OPG: osteoprotegerin, TGF-𝛽: transforming growth factor-beta, BDR: bone mineral density decrease rate, PA: posteroanterior spine, FN:
femoral neck, and RUUD: radius + ulna ultradistal.

prevalence of brittle fracture was increased in women with
the TC genotype [40]. Early studies demonstrated that TGF𝛽1 is a downstream factor of estrogen [13] and that TGF-𝛽1 is
involved in the vitamin D signaling pathway [45], which plays
an important role in the local regulation of bone metabolism.
New research suggests that TGF-𝛽1 genetic polymorphism is
associated with vitamin D and has an important effect on the
incidence of osteoporotic vertebral fracture after menopause
[46].
Our research demonstrated obvious differences in BDR
related to cytokine levels. For serum OPG (Figure 2), BDRs at
the PA spine, hip, and RUUD were significantly higher in Q1
and Q2 than in Q3 and Q4. For serum TGF-𝛽1, the pattern of
BDR was opposite to that for OPG; namely, BDR was minimal
in Q1 and Q2 (lower TGF-𝛽1) and maximal in Q4 (higher

TGF-𝛽1) at every skeletal site. The BDR decrease with TGF𝛽1 level increase is similar to other research results [15]. In
TGF-𝛽1 knockout mice, the bone mass in tibia metaphysis
decreased by 30%, and BMD and bone strength decreased
markedly [15]. Furthermore, the regulation of TGF-𝛽1 levels
in bone cells exhibited biphasic characteristics. Low concentrations of TGF-𝛽1 and TGF-𝛽2 increased the RANKL/OPG
ratio due to the upregulation of these proteins in the
osteoblasts/stromal cells and increased the differentiation of
osteoclasts [47]. However, opposite effects were observed in
the presence of high concentrations of TGF-𝛽1 and TGF𝛽2 [47]. Recent studies have demonstrated that TGF-𝛽1 is
mainly expressed by differentiated osteoblasts and that it
is deposited in the bone matrix [48]. TGF-𝛽2, in contrast,
is mainly expressed by the precursors of osteoblasts. These
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Figure 2: BDRs at different skeletal sites in native Chinese women displayed by quartiles of serums OPG, TGF-𝛽1, and TGF-𝛽2 concentrations.
OPG: osteoprotegerin, TGF-𝛽: transforming growth factor-beta, Q1: first quartile, Q2: second quartile, Q3: third quartile, Q4: fourth quartile,
PA: posteroanterior spine, BDR: bone mineral density decreased rate, FN: femoral neck, Hip: total hip, and RUUD: radius + ulna ultradistal.

𝑃 = 0.045–0.000 compared with Q3 and Q4; Δ 𝑃 = 0.010–0.000 compared with Q3.

findings suggest that BDR in native Chinese women might
be affected by changes in the circulating levels of cytokines
including OPG, TGF-𝛽1, and TGF-𝛽2 and variations between
different parts of the skeleton. We still found that TGF-𝛽1 was

independent determinant of BDR in our study population.
TGF-𝛽1 level could explain of 5.3–13.3% of the BDR variation.
The influence of TGF-𝛽1 on BDR was 2.9–4.6 times than that
of OPG, with the two having opposite effects.
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5. Conclusions
This study investigated correlations between serum levels of
OPG, TGF-𝛽1, and TGF-𝛽2 and BDR at various skeletal sites
in native Chinese women, with results indicating that changes
in circulating TGF-𝛽1 and OPG are related to BDR. TGF-𝛽1
was a positive determinant of BDR.
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Osteoporosis is a serious social issue nowadays. Both the high morbidity and its common complication osteoporotic fracture load a
heavy burden on the whole society. The adipose tissue is the biggest endocrinology organ that has a different function on the bone.
The adipocytes are differentiated from the same cell lineage with osteoblast, and they can secrete multiple adipokines with various
functions on bone remolding. Recently, several novel adipokines have been identified and investigated thoroughly. In this paper,
we would like to highlight the complicated relation between the bone metabolism and the novel adipokines, and it may provide us
with a new target for prediction and treatment of osteoporosis.

1. Introduction
Bone is the principal structural connective tissue that supports the whole body and protects the delicate organs
inside. It also serves as an endocrine organ that plays a
pivotal role in the regulation of the mineral homeostasis.
Being modulated by multiple factors, the bone tissue keeps
continuously undergoing biological processes of regeneration
by osteoblast and absorption by osteoclast. Respectively,
osteoblasts originate from the bone marrow mesenchymal
stem cells (MSCs) which are a series of polypotential cells
while osteoclasts are raised from the hematopoietic lineage
mainly located in the blood and the bone marrow. The normal
differentiation, proliferation and maturation of these two
cells are the prerequisite of bone homeostasis. Actually, in
a healthy bone, there is an elaborate balance between the
number and activity of these two cells which is maintained
by various systemic hormones and local factors such as
the parathyroid hormone, 1,25-dihydroxy vitamin D3, and
loading effect. This balance promises the normal bone turn
over and remolding, and once the balance is broken down
and the absorption overrides the regeneration, osteoporosis
occurs.

Fat is the biggest endocrine organ in human body, it severs
as an important part in the energy restoration and nutrition
metabolism. It also has a complex connection with the bone.
A common phenomenon is that, with aging, the fat tissue in
the bone marrow increased while the bone mass decreased.
Actually, both the adipocyte and osteoblast are originated
from the same cell lineage: MSCs. The differentiation trend
to preadipocytes or preosteoblasts is competitive and being
inhibited by each other. However, growing evidence suggests
the fat tissue may have a more complicated effect on the
bone tissue which is realized by adipokines. Previously,
several studies have demonstrated that TNF-𝛼 and IL-6 were
involved in bone metabolism through mutiple pathways like
the TGF-𝛽, RANKL/RANK pathway, STATs, and so forth [1–
3]. Recently, lots of grand new adipokines were discovered,
such as adiponectin, leptin, and vaspin. These adipokines
might participate in the bone metabolism through different
mechanisms. Here, we get a review on the relationship
between this novel adipokines and bone metabolism.

2. Adipokines and Bone Metabolism
Novel adipokines, including adiponectin, leptin, resistin,
chemerin, omentin, vaspin, and visfatin, participate in wildly
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physiological and pathophysiological procedure ranging
from the eating behavior modulation, fatty acid oxidation,
and energy expenditure, and so forth [4]. And also the relationship between the adipokines and the bone metabolism is
very close and received a highly attention in both the clinical
and biological researches.
2.1. Adiponectin and Bone Metabolism. Adiponectin, also
known as GBP28 (gelatin-binding protein of 28 kDa) or
apM1 (adipose most abundant gene transcript 1), is secreted
predominantly by differentiated adipocytes and widely participated in multiple metabolic procedure including bone
metabolism.
It has a great effect on promoting the bone regeneration
by affecting both of the two processes in osteogenesis: the
differentiation of MSCs to preosteoblasts as well as the
osteoblasts proliferation and maturation.
MSCs are a series of pluripotency and self-renewing cell;
it can competitively differentiate into osteoblast, adipose cells,
and chondrocyte under different conditions. Studies showed
that adiponectin could promote the osteogenic differentiation while it could inhibit the adipocyte formation. In this
procedure, cyclooxygenase-2 (COX2) is a key factor. Lee
and his colleagues found that, through the COX2-dependent
manner, adiponectin could promote the osteogenic differentiation of the MSCs by increasing the expression of alkaline
phosphatase (ALP), osteocalcin (OC), and type 1 collage
(Col-I) [5]. Meanwhile Yokota found that also by the COX2dependent manner, adiponectin could inhibit the adipose differentiation of both MSCs and cloned stromal preadipocytes
[6]. To some extent, reducing the number of adipocyte could
increase that of osteoblast due to the competitive relation
of these two cells during differentiation. So, adiponectin
could promote the MSCs osteogenic differentiation both
directly and indirectly. Moreover, adiponectin stimulates the
proliferation, maturation, and mineralization of osteoblasts.
Kanazawa and colleague found that after 24-hour incubation with adiponectin, BrdU incorporation was significantly
enhanced in MC3T3-E1 cells, this result showed a positive
effect of adiponectin on proliferation [7]. Also, Huang and
colleagues found that incubating with adiponectin could
induce the expression of bone morphogenetic protein-2
(BMP-2) in osteoblasts by the p38 signal pathway [8].
Moreover, Oshima and colleagues found that MC3T3-E1 cells
incubated with 3 𝜇g/mL recombinant adiponectin showed a
dose-dependent increasing expression of Col-I, OC mRNA
and ALP activities in a 12-day culture [9].
Besides the positive modulation on osteoblasts, adiponectin also has a negative effect on osteoclasts. In Oshima’s
study, they found that adiponectin inhibited the M-CSF
and RANKL induced osteoclastic differentiation of both
mouse macrophages and human CD14+ mononuclear cells
and therefore suppressed the bone-resorption activity of
osteoclasts. In the osteoclastic precursor RAW264 cells,
adiponectin was able to inhibit the TLR4-mediated NF-𝜅B
activity and the subsequent osteoclastogenesis [10]. Interestingly, Luo et al. found that the suppressed effect was
time depended. The sustained release of adiponectin by
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matrigel controlled-release system, instead of short-term
administration, had the ability to suppress the osteoclastic
activity, and this effect worked in both in vitro and in vivo
studies [11]. Another in vivo study showed that the increase
of adiponectin expression by adenovirus could increase
trabecular bone mass, accompanied with reduction in the
number of osteoclasts and plasma cross-linked N-telopeptide
of type I collagen (NTx) level [9]. In summary, adiponectin
can increase the bone mass by promoting bone formation and
impeding bone absorption.
Also, adiponectin has a promoting effect on chondrocytes. Adiponectin at 0.5 𝜇g/mL can increase chondrocyte
proliferation, proteoglycan synthesis, and matrix mineralization which were reflected by the upregulation of type II
collagen, aggrecan, Runx2, and ALP activity [12].
Adiponectin has a great impact on promoting bone mass
in vitro; however, during the clinical epidemiological survey,
the results are contradictory as whether serum adiponectin
concentration and bone mineral density (BMD) are associated. Several researches showed that the serum adiponectin
level had no relation with the BMD both in premenopausal
and postmenopausal woman. Also they found that serum
adiponectin levels were not significantly different between
the patients with osteoporotic fractures and nonosteoporotic
fractures [13–16]. However, most of the researches showed
a negative correlation between adiponectin and BMD [17–
23]. In a META analysis including 59 studies, a great inverse
correlation between adiponectin levels and BMD independent of gender and menopausal status was found. Moreover,
overexpression of adiponectin can be recognized as a highrisk predictor for vertebral fractures in men [24].
It is a little tricky that there is a positive relationship
between adiponectin and bone metabolism in the biological
research while there is a negative correlation in the clinical
investigation. The following reasons may account for these
discrepancies.
First, the serum adiponectin concentration is affected by
multiple factors, like the age, gender, race, smoking, diabetes
status, hormone levels, and so on [19, 25–28]. For instance,
in healthy people, the serum adiponectin concentration
is 14.2 ± 8.6 𝜇g/mL [29], but in diabetic men is 6.31 ±
4.10 𝜇g/mL and in diabetic women is 9.08 ± 7.32 𝜇g/mL [27].
Although the researches had adjusted for the age, gender, and
other elements, they all have their own limitations that may
influence the results.
What’s more, the convincing way to study the relation between adiponectin and bone cells is measuring
the adiponectin concentration in the bone marrow plasma
instead of serum. The effect of the cytokines and hormones
in bone marrow microenvironment exerts influence directly
on MSCs and osteoblast. Several findings suggested that
adiponectin had a paracrine role on bone marrow and
mesenchymal progenitor cells. However, all the studies we
mentioned before were talking about the serum adiponectin
concentration and BMD, but the relationship between bone
marrow plasma adiponectin and BMD is still not clear. We
cannot simply consider that the serum adiponectin concentration is the same as that in bone marrow. In fact, in Berner’s
study, the adiponectin protein level in bone marrow plasma
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was much higher than that in serum or bone marrow cells,
and the difference between these two levels diminished with
aging [30]. However, Modder showed in his research that
the adiponectin levels were higher in peripheral when compared to bone marrow plasma in healthy postmenopausal
women [31]. Unfortunately, the relation between normal
people or osteoporosis patients still needs to be elucidated.
So, if we are able to measure the adiponectin in the bone
marrow plasma and analyze its correlation with BMD, we
may get a consistent result. Neverthless, according to the
previous investigation, serum adiponectin concentration was
negatively correlated with the BMD. This negative relation
has profound clinical significance as serum adiponectin
levels still can work as a predictor of osteoporosis in some
certain population. However, further researches are still
needed.
2.2. Leptin and Bone Metabolism. Leptin is a 16-kDa protein
hormone that is primary being secreted by the white fat tissue.
As early as 1994, the researchers in Rockefeller University had
already found and cloned this adipokine. During the past 20
years, groundbreaking studies about leptin had been finished.
Now we can tell various cells such as the undifferentiated bone marrow MSCs, hematopoietic cells, adipocytes,
and osteoblasts, osteoclast express leptin receptor. Also,
researches have already demonstrated its important role in
appetite modulation, energy consumption, and body weight
regulation. As early as 1999, Thomas et al. had already found
that leptin could promote osteogenesis differentiation in bone
marrow MSCs [32]; however, the function of leptin on bone
formation is still controversial.
According to the in vitro studies and in vivo investigation,
leptin acts a protective role on bone mass. On one hand,
Xu et al. found that leptin could stimulate the proliferation
and osteoblastic differentiation of both BMSCs and dental
stem cells [33, 34]. And for the osteoblast and chondrocyte,
leptin also was a promoter in the proliferation [35]. Moreover,
in the fracture rat, the serum leptin is greatly increased
after the injury indicated a positive relationship between the
leptin and bone regeneration [36, 37]. On the other hand,
incubating with leptin could decrease the osteoclastic activity
of both human peripheral blood mononuclear cells (PBMCs)
and murine spleen cells [38]. And during the fetal growth
and development, there was a negative correlation between
the concentration of serum leptin and bone resorption
marker cross-linked carboxy-terminal telopeptide of type I
collagen (ICTP) [39]. Moreover, van der found that, in the
leptin deficient mice, the number of osteoclasts in peripheral
blood was increased while cortical bone parameters were
decreased in an age-related way [40]. These results all indicated that leptin might increase bone formation and decrease
bone resorption with the overall effect of increasing bone
mass.
However, in vivo interventional studies, the situation
is much more complicated. Unlike the other adipokines
which lay effect on bone only through endocrinology way,
leptin affect the bone metabolism through two mechanisms:
the endocrinology system and nervous system. Correspondingly, there were two administration ways to study the
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signaling pathway involved: subcutaneously injection and
intracerebroventricular (ICV) injection.
In the subcutaneously model, studies indicated a stimulative role of leptin exerted on bone formation. Giving
leptin to pregnant mice at the early stage of pregnancy
could greatly increase the baby mice’s ossification centers by activating the differentiation and proliferation of
both chondrocyte and osteoblast [41]. Also, in the leptin
receptor-deficient db/db mice, a decline in bone growth,
osteoblast-lined bone perimeter and bone formation rate
were observed, and those phenoma could be reversed after
following subcutaneous administration of leptin [42]. Leptin
also can increase the bone mineral apposition rate and
bone mineral content in mice [43]. These all illuminated
a positive association between the leptin and the bone
formation.
Nevertheless, in the ICV model, the effect of leptin is
still unclear. Although Bartell found that culture of isolated
bone marrow MSCs from the mice after ICV leptin injection
showed an increase of the bone formation and BMD along
with decrease of osteoclastogenesis [44], it is more widely
accepted that the nervous system exerts negative effect
on bone downstream of leptin administration. Ducy et al.
found that the leptin inhibited bone formation through the
nervous system [45]. Moreover, because leptin did not have
receptors on hypothalamus, its function was mainly realized
by decreasing the serotonin level. Serotonin is a neurotransmitter which is synthesized and released by brainstem, and it
could bind to its receptor Htr2c and led to the activation of
the sympathetic nervous system [46]. And also in Elefteriou’s
study, they found that the sympathetic nervous system would
release noradrenaline after the administration of leptin. The
noradrenaline would bind to its receptor Adrb2 (beta2adrenergic receptors) which would lead to the production
of RANKL (Receptor Activator of Nuclear Factor Kappa B
Ligand) in osteoblasts and then activate the osteoclasts and
decrease bone mass as the final result [47]. However, about
how the nervous system works downstream of leptin is still
insufficiently elucidated.
According to 20 papers about the relation between serum
leptin and BMD published during 2007–2012 [23, 48–66], 17
of them showed no correlation between this two elements
after adjusted for the age, gender, or hormonal level among
others. For the rest of the three papers, one paper showed
a positive correlation among prepubertal girls (48 cases)
[54] while another showed that leptin is inversely associated
to BMD in Brazilian obese adolescents (109 cases) [61].
And the last one showed that Leptin was positively related
with the whole body and femoral BMD in postmenopausal
nondiabetic elderly women (63 cases) [23]. However, they
are not very trustful for their limited cases and the certain group they faced. So simply from the epidemiological
aspect, there is no correlation between leptin and BMD,
and also leptin is not an independent predictor for fracture
risk.
In summary, the leptin exerts a rather complicated and
inconsistent effect on bone metabolism from both biological
and epidemical aspects, so we still need to carry more
researches to unveil the truth.
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2.3. Resisten and Bone Metabolism. Resisten, also known as
adipose tissue-specific secretory factor (ADSF) or C/EBPepsilon-regulated myeloid-specific secreted cysteine-rich
protein (XCP1), was initially identified as a factor produced by adipocytes and named for its ability to induce
insulin resistance [67]. Although it is widely expressed in
myocytes, hepatocytes, adipocytes, MSCs, preosteoclasts, and
osteoblasts, the expression level is much higher in bone marrow compared to other tissues [68]. That indicates that the
resistin may play an important role in the bone metabolism.
Actually, according to the recent researches, the answer is
positive.
It can stimulate the proliferation of osteoblasts through
the PKC and PKA-dependent way [69]. However, on the
maturation of the osteoblasts, resisten only has a weak effect.
It only can mildly increase the mRNA expressions of Col-I
after the administration of 7 days whereas those of Runx2,
osterix, OC, and ALP were no significant difference from
untreated cells. Although its effect on osteoblasts is weak,
resistin has a strong effect on the osteoclastogenesis by greatly
increasing the number of osteoclast and activating the NF-𝜅B
promoter [69]. So, resisten is a negative factor for the bone
mass which is consistent with the epidemiological studies that
the serum resisten concentration is negatively correlated with
the whole body BMD in Chinese men and postmenopausal
women as well as the lumbar spine BMD in male adult
[17, 52].
2.4. Visfatin and Bone Metabolism. Visfatin, which is also
known as pre-B cell colony-enhancing factor (PBEF) or
nicotinamide phosphoric acid RNA transferase (Nampt),
is isolated as a novel adipokine preferentially expressed in
visceral adipose tissue when compared to subcutaneous fat.
Researchers also found a high expression of visfatin in bone
marrow plasma, and this finding demonstrated a potential
possibility that visfatin might modulate bone metabolism
[70]. Later, this assumption was proved by our previous study:
Visfatin could stimulate human osteoblast proliferation and
increase the expression of osteogenic marker Col-I in a
dose- and time-dependent manner. And it also could cause
an increase in mineralization of osteoblasts [71]. On the
other side, treatment with visfatin inhibitor FK866 reduced
osteogenesis by reducing ALP activity and bone nodule
formation in primary cultured BMSC [72]. Moreover, visfatin
might be a negative regulator in osteoclastogenesis. Visfatin
suppresses the differentiation of CD14+ monocytes into
multinucleated TRAP+ osteoclasts dose dependently [73].
Nevertheless, there is no relation with bone mineral density
that was found during the clinical investigation [52, 63, 74,
75]. However, in Anastasilakis’ research, they found that
visfatin could be a predictor of acute phase reaction (APR)
caused by intravenous zoledronate treatment, for instance,
lower visfatin levels at baseline accompanied with higher risk
for APR [76]. This founding is very profound for the clinical
usage of diphosphate.
2.5. Vaspin and Bone Metabolism. Vaspin was a recently identified adipokine, playing a protective role in many metabolic

International Journal of Endocrinology
diseases, ranging from diabetes mellitus to atherosclerosis.
The researches about vaspin were mainly focused on the
insulin resistance [77], hepatitis disease [78, 79], and cardiovascular disease [80, 81]. Presently, our previous study
showed that the vaspin could inhibit the apoptosis of the
osteoblasts [82]. However, no report about its function in
osteogenesis, osteoclastogenesis as well as the relation with
BMD was published.
2.6. Chemerin and Bone Metabolism. Chemerin is also
a kind of adipokines that can modulate the adipogenesis
and osteogenesis. Its modulation function mainly stands
on the adipogenesis aspect. Expression and secretion of
chemerin dramatically increased during adipocytes differentiation. And knock-down chemerin or chemerin like receptor
1 (CMKLR1) expression could abrogate adipocytes differentiation and increased osteoblast marker gene expression
and mineralization after osteoblastic stimulations [83]. So,
chemerin actually is a negative regulator during osteogenesis
for its facilitating role in adipogenesis.
2.7. Omentin-1 and Bone Metabolism. Omentin-1 is a novel
34 kDa adipokine with a great function on the glucose
metabolism and insulin resistance, and it is recognized as
a biomarker of metabolic disorders [84, 85]. Also, it has an
important function on bone metabolism.
Our previous study found that omentin-1 inhibited
osteoblastic differentiation while it had no direct effect on
osteoclastic differentiation in vitro. What’s more, in the ovary
ectomized mice, overexpression of omentin-1 by adenovirus
led to a decline of the serum OC, tartrate-resistant acid
phosphatase-5b, and RANKL/OPG ratios, and a lower BMD
was observed too [86].
Also, the negative relation was found in epidemic survey.
Omentin-1 level was negatively correlated with BMD in
the anorexia nervosa girls [87] and Iranian postmenopausal
women [74]. However, since this conclusion was deduced
from limited groups instead of large population, we still need
more data to confirm this potential negative relation.

3. Future
Osteoporosis is now a worldwide problem that bothers a
lot of patients. According to the investigation, the estimated
number of people with osteoporosis is approximately 10–12
million in the United States [88]. And in Austria about 5.9%
of men and 22.8% of women over 50 years old face the osteoporosis problem [89]. This situation is even more serious in
developing countries. The FRACTURK study showed that the
prevalence of osteoporosis at the femoral neck was 7.5% and
33.3% in men and women aged 50 years or more in Turkey
[90]. And in China, the data showed that the prevalence of
osteoporosis at least one site in Chinese women was 23.9 ±
13.3% in the age between 50 and 59 while the prevalence
increased with aging [91]. So, osteoporosis becomes a serious
social problem and called for more attention.
Current drugs admitted by the U.S. Food and Drug
Administration (FDA) for osteoporotic treatment include
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Table 1: Relation between adipokines and bone metabolism.
Adipokines
Adiponectin

Leptin

Resistin

Visfatin
Vaspin
Chemerin
Omentin-1

Osteogenic
Promotes the MSCs
osteogenesis and osteoblast
maturation [5–9]
Stimulate osteogensis both in
vitro studies and
subcutaneous injection animal
model [19–25]
Stimulates proliferation and
weakly promotes the
osteoblasts maturation [51]
Stimulates human osteoblast
proliferation, maturation, and
mineralization [52, 53]
Inhibits the apoptosis of
osteoblast [57]
Negative effect by greatly
promoting the adipogenesis of
the MSCs [58]
Inhibits the osteoblastic
differentiation [59]

Osteoclastic
Inhibits the osteoclastogenesis
and osteoclastic activity [9–11]

Relationship with BMD
Negative related with the BMD; a
predictor of osteoporotic fractures
in certain population [11–18]

Inhibits the osteoclastogenesis
and osteoclastic activity
[26–31]

No relationship was found after
adjust for age, gender and hormone
[17, 32–50]

Strongly increases the number
and activity of osteoclast [51]

Negative related with certain
population [11, 36]

Inhibits the formation of
osteoclast [54]

No relationship was found
[36, 47, 55, 56]

No paper published

No paper published

No paper published

No paper published

No paper published

Not clear, need more data [56, 60]

Alendronate, Risedronate, Zoledronic acid, and Teriparatide.
The first three drugs belong to the diphosphonate, the first
line therapy of osteoporosis. The function of diphosphonate
is mainly focused on the inhibition of the osteoclast and
decrease of the bone resorption. It can only slow down the
bone decline instead of reversing it. And Teriparatide, the
human recombinant parathyroid hormone 1–34, has been
demonstrated to be a new and promising way for severe
osteoporosis treatment for its function on bone regeneration.
It can increase the BMD, decrease the fracture risk, and
improve the clinical symptoms such as the back pain in
osteoporosis patients [92–94]. So, it is recommended for
patients with severe osteoporosis. According to the study,
Diphosphonate reduced vertebral fractures by 40% to 70%
and nonvertebral fractures by 20% to 35% while Teriparatide
reduced vertebral fractures 65% and nonvertebral fractures
53% [95].
What’s more, there are some other second line drugs for
osteoporosis treatment such as selective estrogen receptor
modulators (SERMs), calcitonin and denosumab. Although
we have plenty of drugs in using, the situation of osteoporosis
treatment that is not optimistic. According to the investigation, 15 million osteoporosis patients in Japan were bothered
by osteoporosis while only 20% of them were under treatment
[96]. Situation in Switzerland is even worse: every other
woman and every fifth man aged 50 years or older will suffer
an osteoporotic fracture during her or his remaining lifetime
[97]. The low under treatment rate and high osteoporotic
fracture rate are warning us that there is a long way for
osteoporosis prevention and treatment.
Fat tissue, as the biggest endocrinology organ, draws an
important impact on the bone metabolism not only by the

loading effect but also the adipokines. Those adipokines form
a complex network to regulate the bone regeneration and
resorption as we mentioned before (see in Table 1). Most of
them have a positive effect on bone formation while some of
them could also inhibit or stimulate the osteoclast activation
as well. That provides us a future possible target for new
osteoporosis drugs.
Moreover, during the clinical investigation, some
adipokines, such as adiponectin or resisten, were found
to have a positive or negative relation between the serum
concentration and BMD, and this provides us with a future
predictor of osteoporosis risk or osteoporotic fracture risk
in some certain population. And the negative correlation
between visfatin and acute phase reaction (APR) caused
by intravenous zoledronate treatment is of great clinical
importance too.
In summary, it has a great meaning to study the adipokine
and the relation with bone metabolism. Although to date
some results may be conflicting and most of the study is still
in the lab, there is a promising future for the adipokines, the
new therapeutic target and predictor.
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An essential task in a genomic analysis of a human disease is limiting the number of strongly associated genes when studying
susceptibility to the disease. e goal of this study was to compare computational tools with and without feature selection for
predicting osteoporosis outcome in Taiwanese women based on genetic factors such as single nucleotide polymorphisms (SNPs).
To elucidate relationships between osteoporosis and SNPs in this population, three classi�cation algorithms were applied: multilayer
feedforward neural network (MFNN), naive Bayes, and logistic regression. A wrapper-based feature selection method was also used
to identify a subset of major SNPs. Experimental results showed that the MFNN model with the wrapper-based approach was the
best predictive model for inferring disease susceptibility based on the complex relationship between osteoporosis and SNPs in
Taiwanese women. e �ndings suggest that patients and doctors can use the proposed tool to enhance decision making based on
clinical factors such as SNP genotyping data.

1. Introduction
e World Health Organization (WHO) has de�ned osteoporosis as a skeletal disorder characterized by diminished
bone strength resulting in increased fracture risk [1]. Bone
strength is determined by interacting somatic and genetic
factors [2]. Reported somatic factors include aging [2–5],
menopause [5, 6], and body mass index (BMI) [4, 5, 7, 8]. To
identify the genetic determinants of osteoporosis, an earlier
study by the �rst author of this paper [9] investigated how
the incidence of low bone mineral density (BMD) in Taiwanese women is aﬀected by interactions among eleven single
nucleotide polymorphisms (SNPs) in nine genes known
to be involved in osteoporosis [10–16], including tumor
necrosis factor-alpha (TNF𝛼𝛼), transforming growth factorbeta 1 (TGFB1; TGF𝛽𝛽1), Osteocalcin, parathyroid hormone
(PTH), interleukin 1 receptor antagonist (IL1_ra), heat shock

70 kDa protein 1-like (HSPA1L; HSP70 hom), heat shock
70 kDa protein 1B (HSPA1B; HSP70-2), calcitonin receptor
(CTR), and bone morphogenetic protein-4 (BMP-4). Generally, several hormones, cytokines, and cell signaling-related
proteins were chosen. For example, CTR, which is a receptor
for the linear polypeptide hormone calcitonin, reduces blood
calcium and suppresses the eﬀects of PTH [17]. e hormonal
function of osteocalcin is to release insulin from the pancreas
[18]. e cytokine family includes TNF𝛼𝛼, TGF-𝛽𝛽, BMP4
(protein of TGF-𝛽𝛽 superfamily), and IL-1RA (protein of
interleukin 1 cytokine family) whereas cell-signaling proteins
include HSP70 hom and HSP70-2. Studies of the interactions
among these hormones (e.g., [9] and references therein)
indicate that osteoporosis is an endocrinological problem.
Several gene polymorphisms may cooperatively contribute to the development of osteoporosis in Taiwanese
women. Accumulating evidence reveals that SNPs are
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T 1: Panel of 11 SNPs [9].

SNP
1
2
3
4
5
6
7
8
9
10
11
a
b

Gene

rs number

TNF𝛼𝛼-857
TGF𝛽𝛽1-509
Osteocalcin
TNF𝛼𝛼-308
PTH (BstB I)
PTH (Dra II)
IL1_rab
HSP70 hom
HSP 70-2
CTR
BMP-4

rs1799724
rs1800469
rs1800247
rs1800629
rs6254
rs6256
VNTRa
rs2227956
rs1061581
rs1801197
rs17563

1
TT
TT
CC
AA
GG
AA
A1A1b
CC
GG
CC
CC

Genotype
2
TC
TC
CT
AG
AG
AC
A1A2
CT
AG
CT
CT

3
CC
CC
TT
GG
AA
CC
A1A4
TT
AA
TT
TT

VNTR: various number of tandem repeat.
IL1_ra genotype: A1: 410 bp; A2: 240 bp; A4: 325 bp.

potential genetic markers for predicting osteoporosis outcome in Taiwanese women [9]. Chang et al. [19] also proposed a novel odds ratio-based genetic algorithm (OR-GA)
method of using odds ratios for quantitatively measuring
the disease risk associated with various SNP combinations
to determine the susceptibility to osteoporosis in Taiwanese
women. Taiwanese women who are carriers of risk alleles in
two or more of these SNPs are likely to be at increased risk
of osteoporosis because several partial de�ciencies in these
pathways may severely diminish bone density. erefore,
SNPs may indicate risk of osteoporosis in Taiwanese women
and may be useful in clinical association studies to determine
the genetic basis of disease susceptibility.
e risk of osteoporosis is likely to be higher than normal
in carriers of risk alleles in two or more of these SNPs
because several partial de�ciencies in these pathways may
substantially decrease bone density. erefore, interacting
polymorphisms may aﬀect osteoporosis risk. In [9], the
eﬀects of age, BMI, and genetic factors on BMD were
evaluated in pre- and postmenopausal Taiwanese women
were evaluated. Eleven interacting polymorphisms in nine
genes were studied in terms of their eﬀects on the incidence
of low BMD (Table 1). Combinations of SNPs were evaluated
for genotype associations in women with osteoporosis. e
�ndings showed that speci�c SNP combinations may be
risk factors for postmenopausal osteoporosis in Taiwanese
women. In addition to these speci�c SNP combinations, BMI
and age also showed independent associations with BMD in
postmenopausal Taiwanese women.
Although an apparent association between SNPs and
osteoporosis has been identi�ed in Taiwanese women, a continuing challenge in genomics studies of Taiwanese women
populations lies in identifying signi�cant genes. Exhaustive
computation over the model space is infeasible if the model
space is very large, as there are 2p models with p SNPs [20, 21].
Feature selection techniques are designed to �nd responsible
genes and SNPs for certain diseases. By selecting a small
number of SNPs with signi�cantly larger eﬀects compared to
other SNPs and by disregarding SNPs of lesser signi�cance,

researchers can focus on the most promising candidate genes
and SNPs for use in diagnosis and therapy [21, 22].
In [9], combined polymorphisms in diﬀerent genomic
regions were evaluated for associations with BMD variation.
e �ndings showed that a combination of several gene polymorphisms contributes to the development of osteoporosis
in Taiwanese women. However, that study did not report a
subset of SNPs that can be used to predict osteoporosis outcome in this population. erefore, the current study used the
same dataset used in [9] to elucidate the relationship between
osteoporosis and SNPs in Taiwanese women in a performance
comparison of three diﬀerent classi�cation algorithms with
wrapper-based feature selection [23]: multilayer feedforward
neural network (MFNN) [24–28], naive Bayes [29], and
logistic regression [30]. e MFNNs have proven particularly
eﬀective for nonlinear mapping based on human knowledge
and are now attracting interest for use in solving complex
classi�cation problems [24]. An MFNN containing layers of
simple computing nodes, which is analogous to brain neural
networks, has proven eﬀective for approximating nonlinear
continuous functions and for revealing previously unknown
relationships between given input and output variables [25,
26]. e unique structure of MFNNs enables them to learn by
using algorithms such as backpropagation and evolutionary
algorithms [31, 32]. Potential medical applications of MFNNs
include solving problems in which the relationship between
independent variables and clinical outcome are poorly understood [33]. Because MFNNs are capable of self-training
with minimal human intervention, many studies of large
epidemiology databases have, in addition to conventional
statistical methods, used MFNNs for further insight into the
interrelationships among variables. A naive Bayes classi�er
assumes that the presence (or absence) of a particular feature
of a class is unrelated to the presence (or absence) of any other
feature, given the class variable. Depending on the precise
nature of the probability model, naive Bayes classi�ers can
be trained very eﬃciently in a supervised learning setting.
e classi�er obtained by using this set of discriminant
functions and by estimating the relevant probabilities from
the training set is o�en called the naive Bayesian classi�er
because, if the the attributes are “naively” assumed to be
independent given the class, direct application of the Bayes
theorem easily con�rms that this classi�er is optimal in terms
of minimi�ing the misclassi�cation rate or �ero-one loss [34,
35]. Logistic regression is a statistical method of predicting
the outcome of a variable that is categorical (i.e., it can have
several diﬀerent categories) and is dependent on one or more
predictor variables. A logistic function can be used to model
the probabilities describing the possible outcome of a single
trial as a function of explanatory variables. Logistic regression
is typically used to measure the relationship between a
categorical dependent variable and one or more continuous
independent variables by converting the dependent variable
to probability scores [36].
e wrapper-based feature selection method [23], in
which the feature selection algorithm acts as a wrapper
around the classi�cation algorithm, was also used to identify
an SNP subset with suﬃcient predictive power to distinguish
between high- and low-risk alleles. In the wrapper-based
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T 2: Demographic data for study subjects.
Factor

Range

Age (year)

27–83
Postpremenopausal/
Menopause
Prepremenopausal
BMI (kg/m2 )
17.22–35.49
BMD
High/low

Descriptive statistics
𝜇𝜇 𝜇 𝜇𝜇𝜇𝜇𝜇; 𝜎𝜎 𝜎 𝜎𝜎𝜎𝜎𝜎

247 (83.73%)/48 (16.27%)
𝜇𝜇 𝜇 𝜇𝜇𝜇𝜇𝜇; 𝜎𝜎 𝜎𝜎𝜎𝜎𝜎𝜎
112 (37.97%)/183 (62.03%)

BMI: body mass index; BMD: bone mineral density.

approach, the function used to evaluate feature subsets uses
the classi�cation algorithm itself to perform a best-�rst
search for a good subset [23]. Starting from an empty feature
set, it searches forward for potential feature subsets by performing greedy hillclimbing augmented with a backtracking
technique [37]. e wrapper-based feature selection method
is applied here because Huang et al. [21] showed that it
may be superior to hybrid approaches combining chi-square
and information-gain methods reported in the literature. A
comprehensive literature review shows no attempts to predict
osteoporosis outcome in Taiwanese women using genetic
factors (SNPs) and the three above mentioned classi�cation
algorithms with wrapper-based feature selection method.
is study therefore compared performance in three
classi�cation algorithms: MFNN, naive Bayes, and logistic
regression, with and without wrapper-based feature selection
techniques. Identifying the genes and SNPs associated with
Taiwan population of women with osteoporosis would enable
researchers to focus on the candidate genes and SNPs that
are most promising for use in diagnosis and therapy. e
results of our studies could be generalized to SNP searches
in genetic studies of human disorders and to development of
new molecular diagnostic/prognostic tools. However, before
routine application of genomic analysis in clinical practice,
genetic markers must be validated in prospective clinical
trials.

2. Materials and Methods
2.1. Subjects. e dataset in this study, which included SNPs,
age, menopause, and BMI, was the same dataset used in
a previous study by the �rst author of this paper [9]. e
𝑇𝑇-score was calculated according to WHO classi�cations
using a locally derived reference range provided by the
manufacturer. e subjects were divided into two BMD
groups according to 𝑇𝑇-score [38–40]. Subjects with 𝑇𝑇-score >
−1 were enrolled in the high BMD group, and those with
𝑇𝑇-scores ≤ −1 were enrolled in the low BMD group. e
overall dataset was derived from 295 cases, including (i) 247
postmenopausal cases (83.73%) and 48 prepremenopausal
cases (16.27%); (ii) 112 high BMD cases (37.97%) and 183
low BMD cases (62.03%). Table 2 presents the demographic
characteristics of the study subjects. Post-menopause was
de�ned as the absence of menstruation for >6 months or age
≥ 50 years [9]. Clinical data used for diagnosis were further
converted into numerical form, that is, 1 for “high BMD” and
0 for “low BMD.”

3
2.2. Candidate Genes. Table 1 shows the 22 SNPs analyzed in
this study, which were the same as those analyzed previously
by the �rst author of this paper [9]. Table 1 shows that the nine
candidate genes included TNF𝛼𝛼, transforming growth factorbeta 1 (TGF𝛽𝛽1), osteocalcin, parathyroid hormone (PTH),
interleukin 1 receptor antagonist (IL1_ra), HSP, calcitonin
receptor (CTR), bone morphogenetic protein-4 (BMP-4),
and three genotypes per locus.
2.�. C�assi�cati�n �����it��s. e three families of classi�cation algorithms used as the basis for comparisons in this
study were MFNN, naive Bayes, and logistic regression. ese
classi�ers were implemented using the Waikato Environment
for Knowledge Analysis (WEKA) soware [37].
An MFNN is an arti�cial neural network (ANN) model in
which connections between the units do not form a directed
cycle [24–28, 30]. From an algorithmic perspective, the
underlying process of an MFNN can be divided into retrieving and learning phases [24]. Assume an 𝐿𝐿-layer feedforward
neural network with 𝑁𝑁𝑙𝑙 units at the 𝑙𝑙th layer. In the retrieving
phase, the MFNN iterates through all layers to produce the
retrieval response {𝑎𝑎𝑖𝑖 (𝐿𝐿𝐿𝐿 𝐿𝐿𝐿𝐿𝐿 𝐿𝐿 𝐿 𝐿 𝐿𝐿𝐿𝐿 } at the output
layer based on test pattern inputs {𝑎𝑎𝑖𝑖 (0), 𝑖𝑖 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖0 },
the known weights 𝑤𝑤𝑖𝑖𝑖𝑖 of the network, and the nonlinear
activation function 𝑓𝑓𝑖𝑖 (e.g., sigmoid function). In the learning
phase of this MFNN, the backpropagation algorithm [30]
and evolutionary algorithms [31, 32] are used in the learning
scheme. e backpropagation algorithm is used as a simple
gradient descent approach. e weight updating mechanism
is a backpropagation of corrective signals from the output
layer to the hidden layers. e goal is iteratively selecting
a set of weights 𝑤𝑤𝑖𝑖𝑖𝑖 (𝑙𝑙𝑙 for all layers such that the squared
error function 𝐸𝐸 can be minimized by a pair of input training
patterns {𝑎𝑎𝑖𝑖 (0), 𝑖𝑖 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖0 } and target training patterns
{𝑡𝑡𝑗𝑗 ,𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝐿𝐿 }.
Mathematically, the iterative gradient descent formulation for updating each speci�c weight 𝑤𝑤𝑖𝑖𝑖𝑖 (𝑙𝑙𝑙 can be expressed
by the following equation:
𝑤𝑤𝑖𝑖𝑖𝑖 (𝑙𝑙) ⟵ 𝑤𝑤𝑖𝑖𝑖𝑖 (𝑙𝑙) − 𝜂𝜂

𝜕𝜕𝜕𝜕
,
𝜕𝜕𝜕𝜕𝑖𝑖𝑖𝑖 (𝑙𝑙)

(1)

where 𝜂𝜂 is the learning rate and 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑖𝑖𝑖𝑖 (𝑙𝑙𝑙 can be eﬀectively
calculated through a numerical chain rule by backpropagating the error signal from the output layer to the input layer.
Structurally, however, an MFNN is a spatial and iterative
neural network with several layers of hidden neuron units
between the input and output neuron layers. e basic
function of each neuron is the linear basis function, and
activation is modeled with a non-decreasing and diﬀerentiable sigmoid function. is approach uses an MFNN to
model osteoporosis outcome. Inputs contain the information
about clinical factors, for example, SNPs, that are needed
for the database. Outputs contain the information about the
osteoporosis outcome.
In summary, the MFNN is trained �rst by repeatedly
providing input-output training pairs and by executing the
backpropagation learning algorithm. Aer this training process is complete, the MFNN is tested by sending testing data
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F 1: Flowchart of wrapper-based approach to feature subset selection [23].
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F 2: State space search for feature subset selection [23].

inputs (i.e., SNPs) to the network. e forward propagation
of the MFNN reveals the osteoporosis outcome for a speci�c
case so that causes can be inferred from eﬀects. Here, the
default WEKA parameters were used, that is, hidden layer
neurons = 6, learning rate = 0.3, momentum variable = 0.2,
and training time = 500.
Second, all features in naive Bayes, which is the simplest
Bayesian network, are assumed to be conditionally independent [34]. Let (𝑋𝑋1 , 𝑋𝑋2 , … , 𝑋𝑋𝑝𝑝 ) be features (i.e., SNPs) used to
predict class 𝐶𝐶 (i.e., disease status, 1 = high BMD or 0 = low
BMD). Given a data instance with genotype (𝑥𝑥1 , 𝑥𝑥2 , … , 𝑥𝑥𝑝𝑝 ),
the best prediction of the disease class is given by class 𝑐𝑐,
which maximizes the conditional probability Pr(𝐶𝐶 𝐶 𝐶𝐶 𝐶
𝑋𝑋1 = 𝑥𝑥1 , 𝑋𝑋2 = 𝑥𝑥2 , … , 𝑋𝑋𝑝𝑝 = 𝑥𝑥𝑝𝑝 ). Bayes theorem is used
to estimate the conditional probability Pr(𝐶𝐶 𝐶 𝐶𝐶 𝐶 𝐶𝐶1 =
𝑥𝑥1 , 𝑋𝑋2 = 𝑥𝑥2 , … , 𝑋𝑋𝑝𝑝 = 𝑥𝑥𝑝𝑝 ), which is decomposed into a
product of conditional probabilities.
ird, the logistic regression generates the coeﬃcients for
the following formula used for logit transformation of the
probability of a patient having a characteristic of interest:
logit(𝑝𝑝𝑝𝑝 𝑝𝑝0 + 𝑏𝑏1 𝑥𝑥1 + 𝑏𝑏2 𝑥𝑥2 + ⋯ + 𝑏𝑏𝑘𝑘 𝑥𝑥𝑘𝑘 [41]. e formula used
to calculate the probability of the characteristic of interest in
this study is 𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝−logit(𝑝𝑝𝑝 ), where 1 = high BMD and
0 = low BMD.

2.4. Feature Selection. e wrapper-based feature selection
approach [23], in which a feature selection algorithm acts
as a wrapper around a classi�cation algorithm, was used to
�nd a subset of SNPs that maximizes the performance of
the prediction model. Figure 1 shows that, in the wrapper
approach, the feature subset is selected by using a black box
classi�cation algorithm (i.e., selection is performed using
the interface alone and does not require knowledge of the
algorithm). To search for a good subset, the feature subset
selection algorithm includes the classi�cation algorithm itself
in the evaluation function. e accuracy of the deduced
classi�ers is estimated using accuracy estimation techniques.
e search space is organized such that each state represents
a feature subset. For 𝑛𝑛 features, each state has 𝑛𝑛 bits, and each
bit indicates whether a feature is present (1) or absent (0). To
determine the connectivity between the states, this study used
operators that add or delete a single feature from each state,
where the states correspond to the search space commonly
used in stepwise method [23]. Figure 2 shows an example of
the state space and operators obtained by stepwise method
in a four-feature problem. e size of the search space for 𝑛𝑛
features is O(2𝑛𝑛 ) [23]. e classi�cation algorithms are used
to calculate a performance measure for each of 16 diﬀerent
subsets.
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F 3: In the wrapper-based feature selection approach, genetic factors are evaluated independently of multilayer feedforward neural
network (MFNN), naive Bayes, and logistic regression.

T 3: Results of repeated 10-fold cross-validation experiment
using multilayer feedforward neural network (MFNN), naive Bayes,
and logistic regression without feature selection.
Algorithm

AUC

Sensitivity

Speci�city

Number of SNPs

MFNN
Naive Bayes
Logistic
regression

0.489
0.462

0.400
0.296

0.629
0.612

11
11

0.485

0.333

0.615

11

AUC: area under the ROC curve.

erefore, the wrapper-based approach conducts a best�rst search for a good subset by including the classi�cation
algorithm itself (MFNN, naive Bayes, or logistic regression)
in the feature subset evaluation [23]. To search for potential
feature subsets, the best-�rst search starts from an empty
feature set and searches forward by greedy hillclimbing
augmented with a backtracking technique [37]. Figure 3
shows how MFNN, naive Bayes, and logistic regression were
applied in the wrapper-based approach.
2.5. Evaluating Predictive Performance. e performance of
the prediction models was measured in terms of receiver
operating characteristic (ROC) and area under the ROC
curve (AUC) [42]. e AUC of a classi�er can be interpreted
as the probability of the classi�er ranking a randomly chosen
positive example higher than a randomly chosen negative
one [42]. Most researchers have now adopted AUC for
evaluating the predictive capability of classi�ers since AUC
is a better performance metric compared to accuracy [42].
is study used the AUC value for performance comparison
of diﬀerent prediction models using the same dataset. e
higher the AUC, the better the learning performance [43].
Other calculations included sensitivity, the proportion of
correctly predicted responders out of all tested responders,
and speci�city, the proportion of correctly predicted nonresponders out of all tested nonresponders.
To investigate the generalization of the prediction models
produced by the above algorithms, the repeated 10-fold crossvalidation method was used [44]. First, the whole dataset

was randomly divided into ten distinct parts. e model
was then trained with nine-tenths of the data and tested
by the remaining tenth of data to estimate its predictive
performance. is procedure was repeated nine more times.
Each time, a diﬀerent tenth of the data was used as testing
data, and a diﬀerent nine-tenths of the data were used as
training data. Finally, the average estimate over all runs
was reported by running the above regular 10-fold crossvalidation 100 times with diﬀerent splits of data. In repeated
10-fold cross-validation testing, the performance of all models was evaluated with and without feature selection.

3. Results
Tables 3 and 4 summarize the results of the repeated 10-fold
cross-validation experiments for MFNN, naive Bayes, and
logistic regression using SNPs with and without feature selection. First, the AUC, sensitivity, and speci�city were calculated for the three predictive models without wrapper-based
feature selection. Table 3 shows that the average AUC values
for the MFNN, the naive Bayes, and the logistic regression
prediction models were 0.489, 0.462 and 0.485, respectively.
In terms of AUC, the the MFNN model (AUC = 0.489)
outperformed the naive Bayes (AUC = 0.462) and logistic
regression (AUC = 0.485) models.
A repeated 10-fold cross-validation experiment was performed to compare performance in the three wrapper-based
predictive algorithms. Table 4 shows that the MFNN, the
naive Bayes, and the logistic regression models had average
AUC values of 0.631, 0.569, and 0.620, respectively. In terms
of AUC, the MFNN model (AUC = 0.631) outperformed
both the naive Bayes model (AUC = 0.569) and the logistic regression model (AUC = 0.620). Each wrapper-based
model selected 3 to 8 SNPs (Table 4). Out of 11 SNPs, the
wrapper-based MFNN model identi�ed only 4: rs1800469
(TGF𝛽𝛽1-509), VNTR (IL1_ra), rs2227956 (HSP70 hom), and
rs1801197 (CTR).
e classi�ers were also compared with and without
feature selection. Feature selection using the wrapper-based
approach clearly improved performance in the MFNN,
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T 4: Results of repeated 10-fold cross-validation experiment using multilayer feedforward neural network (MFNN), naive Bayes, and
logistic regression with wrapper-based feature selection approach.
Algorithm
MFNN
Naive Bayes
Logistic regression

AUC
0.631
0.569
0.620

Sensitivity
0.579
0
0.407

Speci�city
0.689
0.620
0.623

Number of SNPs
4 (rs1800469, VNTR, rs2227956, rs1801197)
3 (rs1800469, rs1800247, rs1801197)
8 (rs1800469, rs1800629, rs6254, rs6256, rs2227956, rs1061581, rs1801197, rs17563)

AUC: area under the ROC curve.

the naive Bayes, and the logistic regression. Overall, the
MFNN classi�er with the wrapper-based approach demonstrated superior prediction performance (AUC = 0.631)
compared to the other models. Additionally, the MFNN
classi�er with wrapper-based feature selection required fewer
SNPs (𝑛𝑛 𝑛 𝑛) compared to the MFNN classi�er without
feature selection (𝑛𝑛 𝑛 𝑛𝑛).
Table 4 shows that the AUCs did not signi�cantly diﬀer
between the MFNN model with wrapper-based feature selection (AUC = 0.631) and the logistic regression model with
wrapper-based feature selection (AUC = 0.620). However,
the MFNN classi�er with wrapper-based feature selection
required fewer SNPs (𝑛𝑛 𝑛 𝑛) compared to the logistic
regression classi�er with wrapper-based feature selection
(𝑛𝑛 𝑛 𝑛), that is, by selecting a small number of SNPs with
signi�cantly larger eﬀects compared to other SNPs and by
disregarding relatively insigni�cant SNPs, the MFNN model
with wrapper-based feature selection successfully identi�ed
a subset of four major SNPs that could be used to predict
osteoporosis outcome in the study population (rs1800469
(TGF𝛽𝛽1-509), VNTR (IL1_ra), rs2227956 (HSP70 hom),
and rs1801197 (CTR)). Aer con�rming that the MFNN
model outperforms the logistic regression model, the next
objective was �nding the candidate genes and SNPs that
are most promising for diagnosing osteoporosis, designing
therapies, and predicting outcome in the studied population
of Taiwanese women with osteoporosis.

4. Discussion
is study compared three classi�cation algorithms, including MFNN, naive Bayes, and logistic regression with and
without feature selection in terms of accuracy in predicting osteoporosis outcome in a population of Taiwanese
women. Accounting for models is not a trivial task because
even a relatively small set of candidate genes obtains a
large number of possible models [20]. For example, the
11 candidate SNPs studied yielded 211 possible models.
e three classi�ers were chosen for comparison because
they cover varying techniques with diﬀerent representational
models such as probabilistic MFNN, naive Bayes, and logistic
regression models [43]. e proposed procedures can also
be implemented using the publicly available soware WEKA
[37] and are thus easily applicable in genomic studies.
To the best of our knowledge, this study is the �rst to
propose the use of three classi�cation algorithms, including
MFNN, naive Bayes, and logistic regression, and wrapperbased feature selection method for modeling osteoporosis

outcome in Taiwanese women based on genetic factors such
as SNPs.
In this paper, the wrapper-based feature selection
approach was used to �nd a subset of SNPs that maximizes
the performance of the prediction model according to how
feature selection search is incorporated in the classi�cation
algorithms. e results showed that the MFNN classi�er with
wrapper-based approach was superior to the other tested
algorithms and achieved the greatest AUC with the smallest
number of SNPs when distinguishing between high and low
BMD in Taiwanese women. ese results suggest that MFNN
model is a good method of modeling complex nonlinear
relationships among clinical factors and the responsiveness
of osteoporosis outcome in Taiwanese women. e wrapperbased approach does not require knowledge of the classi�cation algorithm used in the feature selection process, in which
features are optimized by using the classi�cation algorithm as
part of the evaluation function [21, 23]. Another advantage of
the wrapper-based method is its inclusion of the interaction
between feature subset search and the classi�cation model
[21]. However, the risk of over-�tting is high when using the
wrapper-based method [21, 45]. In the current study, use of
the wrapper-based feature selection approach to assess high
and low BMD individuals revealed a panel of genetic markers,
including TGF𝛽𝛽1-509, IL1_ra, HSP70 hom, and CTR, which
were more prominent compared to other markers observed
in the examined Taiwanese women population with osteoporosis.
A noted limitation of this study is that, due to the small
sample size, the AUC values were too low (<0.7) to obtain
good dataset classi�cations. A dataset based on a larger
sample size is needed for improved accuracy. erefore,
further prospective clinical trials are recommended to determine whether the observed outcome associations with these
candidate genes are reproducible in a larger population of
Taiwanese women with osteoporosis.

5. Conclusion
is study used an MFNN methodology with wrapper-based
feature selection method to predict osteoporosis outcome in
Taiwanese women based on clinical factors such as SNPs.
e trained MFNN model showed good responsiveness in
inferring osteoporosis outcome. e �ndings suggest that
patients and doctors can use the proposed tool to enhance
decision making based on clinical factors such as SNP genotyping data. However, genetic markers require validation in
further prospective clinical trials before routine clinical use
of genomic analysis for predicting osteoporosis outcome.
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Male osteoporosis is a health problem which deserves more attention as nearly 30% of osteoporotic fractures happen in men aged
50 years and above. Although men do not experience an accelerated bone loss phase and testosterone deficiency is not a universal
characteristic for aged men, osteoporosis due to age-related testosterone deficiency does have a negative impact on bone health
status of men. Observations from epidemiological studies indicate that elderly men with higher testosterone can preserve their
BMD better and thus are less prone to fracture. Observations on men with estrogen resistance or aromatase deficiency indicate
that estrogen is equally important in the maintenance of bone health status. This had been validated in several epidemiological
studies which found that the relationships between estrogen and bone health indices are significant and sometimes stronger than
testosterone. Studies on the relationship between quantitative ultrasound and bone remodeling markers suggest that testosterone
and estrogen may have diﬀerential eﬀects on bone, but further evidence was needed. In conclusion, both testosterone and estrogen
are important in the maintenance of bone health in men.

1. Introduction
Male osteoporosis is a health issue that deserves more
attention. Although men do not experience a phase of
accelerated bone loss similar to menopause of women,
their bone health status declines gradually with age [1, 2].
The incidence of osteoporotic fracture in men increased
exponentially after their seventies, which was relatively late
compared to women in which the increase transpired as early
as in their fifties [3, 4]. As a result of this late manifestation
of osteoporosis and a relatively shorter life span compared to
their female counterpart, it was generally thought that male
osteoporosis was a rare disease condition [5]. However, the
incidence of male osteoporosis proved otherwise. According
to an estimation by Johnell and Kanis, in the year 2000, 39%
of the global incidence of osteoporotic fractures happened
in men. The incidence in men aged 50 years and above was
39% vertebral fractures, 30% hip fractures and 25% wrist
fractures [6].
Apart from that, male fracture patients seldom receive
treatment for osteoporosis. The morbidity and mortality
of male fracture patients are higher compared to female

patients. The Dubbo Osteoporosis Study indicated that the
5-year mortality rate for male fracture patients aged 60
years and above was higher compared to females, and the
mortality rate after a second fracture also exceeded that of
females [7]. In the Canadian Multicenter Osteoporosis Study,
it was reported that male fracture patients suﬀered from
inability to take care of themselves and immobility [8]. Male
osteoporosis also causes substantial economic burden to the
health care system. According to estimation by Burge et al.,
men contributed to 24% of osteoporotic fractures in the
United States, and it translated to an economic loss of 4.1
billion USD. The cost of osteoporosis will continue to rise as
a result of increase in life span and in fracture incidence [9].

2. Testosterone and Bone Health Status in Men
Androgens are C-19 steroids produced by the testes and
adrenal glands, while testosterone (T) is the most abundant
androgen found in the body of men. Testosterone is bound
by sex hormone-binding globulin (SHBG) and albumin in
the blood. The bond between T and albumin is weak and
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dissociates readily when T reaches target cells. Hence, the
amount of T bound to albumin and the truly unbound T
(free fraction) is termed bioavailable T. The bond between T
and SHBG is strong, thus preventing the entry of T into
target cells. Testosterone can be converted into 5a-dihydrotestosterone (DHT) found in peripheral tissues. It can be
catalyzed by the aromatase enzyme estradiol. Testosterone
and DHT bind with androgen receptors while estradiol binds
with estrogen receptors. Both of these receptors can be found
in bone tissue [1, 10].
In vitro studies demonstrated that androgen could
increase the proliferation and decrease the apoptosis of
osteoblast via regulation of protein kinase B [11]. It also
played a vital role in the process of mineralization, which is
the late diﬀerentiation stage of osteoblast [12, 13]. Androgen
also prevented parathyroid-induced osteoclast formation
[14] and decreased bone resorption activity of osteoclast via
deactivation of lysosomal enzymes [15]. Interleukin-1 (IL-1)
and parathyroid-induced prostaglandin E-2 production was
also hindered by androgen [16]. It exhibited similar eﬀects
on IL-6 production in bone marrow stromal cells [17].
The importance of androgen on bone health in men can
be observed in orchidectomized and genetically modified
(androgen receptor knockout/ARKO) rat model. A study
showed that the femoral bones for both rat models were
characterized by low bone mineral density (BMD) and
low trabecular bone volume. The rats also had lower
cross-sectional midfemoral shaft area, cortical area, cortical
thickness, and periosteal perimeter compared to normal
rats. This could contribute to low bone formation rate,
mineralizing rate, and periosteal osteoblast number in these
rats [18]. In a study by Yarrow et al., orchidectomized young
male rats exhibited reduced trabecular volume, number, and
width, increased osteoid surface, and trabecular separation
one month after orchidectomy, and the condition was
reversed by supraphysiological testosterone injection [19].
In ARKO mice, thinning of trabecular bone and lowering
of mineralization rate happened in young mice [20]. This
indicated that androgen acted through the androgen receptor
to exhibit its anabolic eﬀects on bone. These animal studies
consolidate the theory that androgen and its receptors are
important in the maintenance of the male skeletal system.
Osteoporosis is also a common characteristic for hypogonadal men, regardless of their age and the type of hypogonadism. Testosterone was proven to increase the BMD of
hypogonadal men, regardless of the type of hypogonadism
[21, 22]. Suppression of bone resorption markers in patients
receiving testosterone treatment was seen after a 6-month
treatment period [21]. A study by Benito et al. indicated that
apart from BMD, improvements in micromagnetic imaging
indices such as bone volume fraction, trabecular thickness,
topological erosion index, and surface-to-curve ratio were
observed in hypogonadal males receiving T therapy [23].
The significance of androgen on bone health in men was
also seen in prostate cancer patients who have undergone
androgen deprivation therapy (ADT). A review by Diamond
et al. reported that the BMD of patients receiving ADT
showed greater reduction rate compared to normal males.
For example, the BMD reduction rate at the femoral neck
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for patients receiving ADT was 1.8%–2.3% per year, which
was higher compared to normal men at 0.7% per year [24].
Prostate cancer patients who received ADT and survived
five years following treatment had higher bone fracture risk
compared to patients who did not receive ADT [25]. Besides
that, the prevalence rates of osteoporosis and osteopenia are
also higher in prostate cancer patients who received ADT
compared to normal men. In a study by Bruder et al., 53%
of the ADT-receiving patients with a mean age of 77 years
were osteoporotic [26]. Judging from these observations on
T-deprived men, it was evident that T was important in
maintaining the integrity of the male skeletal system.

3. Age-Related Testosterone Deficiency and
Bone Health Status of Men
The decline of T in men is gradual, and subnormal T level
is not a universal characteristic for aged men. There are
aged men who are in their eighth decade but still possessing
bioavailable T level within the normal reference range of
young men [27]. Thus, terms such as partial androgen deficiency, late-onset hypogonadism, and testosterone deficiency
syndrome have been used to describe hypogonadism that
developed in aged men [28]. The Baltimore Longitudinal
Aging Study found that the prevalence of hypogonadism
among men aged 50 years and above was 12% for the age
group 50–59 years, 19% for the age group 60–69 years,
28% for the age group 70–79 years, and 49% for the age
group 80 years and above (reference range for T was based
on total T value of men aged 21–45 years) [29]. In studies
comparing middle-aged men to elderly men or young men
to elderly men, a linear decline in T levels, especially free
and bioavailable T, was a common finding regardless of study
types (cross-sectional or longitudinal) (refer to Table 1) [30–
32].
The age-related decline in testosterone level was
attributed to two factors, which were the degeneration of
Leydig’s cells and the increase of SHBG level with age. In rat
models, age increment was related to the decline of weight
of the testes, volume of Leydig’s cells, and T production by
Leydig’s cells [45]. Leydig’s cells in aged rats were found
to be less responsive towards luteinizing hormone (LH)
stimulation and possess less hormone receptors compared
to control rats [46]. The binding of LH to its receptor
also produced relatively less cAMP in old rats compared to
young rats [46]. A genetic study revealed that expression
of genes responsible for cholesterol metabolism (Scavenger
Receptor class B member 1 (SR-B1) and carboxylesterase ES10), steroidogenesis (cytochrome P450scc and cytochrome
P450c17), and antioxidant enzymes (copper-zinc superoxide
dismutase and glutathione transferase) was reduced in aged
rats compared to young rats [47]. From these results, it is
reasonable to envisage that Leydig’s cell degeneration is the
result of a combination of various factors such as failure
of the oxidative stress barrier, which leads to suppression
of cAMP generation and damage to T producing enzymes.
This causes a decreased response towards LH stimulation and
subsequently the lowering of testosterone production.
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Table 1: Epidemiological studies on the relationship between sex hormones and bone health status in men.
Researcher

Study and subject involved

Khosla et al.
(1998) [33]

Rochester Epidemiology Study.
280 men aged 25–85 years.

van den Beld
et al. (2000) [34]

403 men aged 73–94 years.

Amin et al.
(2000) [35]

Framingham Study. 405 men
aged 68–96 years.

Szulc et al.
(2003) [36]

MINOS Study. 792 men
consisting of two groups. Group
1 aged 19–40 years and Group 2
aged 51–85 years.

Khosla et al.
(2005) [37]

Rochester Epidemiology Study.
314 men aged 22–91 years.

Mellström et al.
(2006) [38]

MrOS Study Sweden. 2908 men
with a mean age of 75.4 years.

Araujo et al.
(2008) [39]

Boston Area Health Study. 832
men aged 30–79 years.

LeBlanc et al.
(2009) [40]

MrOS Study USA. 1436
Caucasian and 446 minorities
aged 65 years and above.

Travison et al.
(2009) [41]

Boston Area Health Study. 808
men aged 30–79 years.

Paller et al.
(2009) [42]

The Third National Health and
Nutrition Survey USA. 623 men
aged 20-90 years.

Venkat et al.
(2009) [43]

350 Indian male military recruits
aged 21–55 years.

Woo et al.
(2011) [44]

MrOS Hong Kong. 1158 Chinese
men aged 65 years and above.

Epidemiological observations showed that age-related
decline of free and bioavailable T was greater than total T
[30]. This is direct result of the increase of SHBG level with
age. In normal young men, a rise in SHBG is usually followed
by a feedback mechanism, in which the body would increase

Findings
Testosterone and estrogen (estradiol and estrone) correlated
significantly with BMD of subjects at multiple sites. In a multiple
stepwise regression model, estrogen was the only significant predictor
of proximal femoral BMD.
Testosterone and estradiol (total, free, and bioavailable fractions)
were significantly associated with total body, femoral neck, ward and
trochanteric BMD.
Total estradiol had a positive and significant relationship with BMD
of subjects while the relationship between testosterone and BMD was
not significant.
The reduction of free testosterone and free testosterone index showed
a significant relationship with inability to perform functional tests
and risk of fall. Men with lower BMD also had lower free testosterone.
Sex hormones (bioavailable testosterone and estradiol) had
significant relationship with several volumetric BMD and structural
indices as assessed using pQCT. Subendocortical area showed
significant and negative relationship with testosterone. This indicated
that testosterone exhibited antiresorptive eﬀect in subendocortical
area. Estrogen exhibited significant relationship with vBMD and
structural indices particularly at cortical sites.
Free testosterone level below the overall median was predictive of
fracture after 50 years of age while free estradiol level at the lowest
10th percentile could predict fracture. Free testosterone and estradiol
had significant relationship with BMD of subjects at multiple sites.
Only estradiol levels correlated significantly with femoral neck, hip,
ultradistal radius, and spine BMD after adjustment for confounders
was performed. Testosterone did not correlate with BMD
significantly.
Men with low bioavailable estradiol, low bioavailable testosterone,
and high SHBG had significantly higher risk for nonvertebral
fracture.
Estradiol levels had significant relationship with several hip strength
parameters, especially cross-sectional area. It was suggested that
anthropometric factors were the mediating factor in this relationship.
Men with the lowest quartile of free testosterone had 4-time odds of
suﬀering from osteopenia. Subjects with the lowest quartile of free
estradiol had 70% odds of suﬀering from osteopenia. The
relationship between testosterone and bone health status was more
obvious in aged men, but the relationship between estradiol and bone
health status was apparent in younger men.
Spine BMD had significant relationships with estradiol and
testosterone (total, free, and bioavailable fraction) although the
strength of the relationship was lower for testosterone. Femoral BMD
was associated with estradiol but not testosterone levels.
Free testosterone level correlated significantly with femoral and hip
BMD, but the percentage of changes of BMD in 4 years was
significantly associated with estradiol, not testosterone. Men in the
lowest quartile for bioavailable and free testosterone and estrogen
were more prone to fracture.

the T production to maintain the optimal level of free T.
However, this feedback mechanism fails in aged men because
their Leydig’s cells are unable to synthesize suﬃcient T. As
a result, the level of unbound T drops gradually [1, 27].
The increase of SHBG had been linked to age-related decline
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of growth hormone and insulin-like growth factor-1, as
a negative association was found between these factors in
cross-sectional studies [48, 49]. However, a direct link has
not been validated.
The age-related decline in testosterone levels poses
negative implications on bone health status of aged men.
A study on American men aged 20–90 years by Paller et al.
found that those with free T level at the lowest quartile had
the highest probability to be osteopenic [42]. A study by
Van Den Beld et al. also found that there was a positive
and significant association between T levels (total, free, and
bioavailable fraction and androgen index) and BMD in a
population of aged men [34]. This suggested that aged men
with higher T levels were better able to maintain their BMD.
The Swedish Osteoporotic Fractures in Men (MrOS) Study
discovered that there was a negative relationship between
free testosterone and previous fracture history after the fifth
decade of life in a population of aged men [38]. These
findings were also found in non-Western populations. The
Hong Kong MrOS study found a positive and significant
relationship between femoral and vertebral BMD and free
T in a population of Chinese men aged 65 years and above.
The researchers also suggested that free T level at the lowest
quartile was predictive of bone fracture [44]. This could be
due to an increased incidence of fall and a decrease in body
functional capacity related to T level [36]. A study by Khosla
et al. found that bioavailable T was associated with the subendocortical area in men, which was an index of endocortical
resorption. The relationship was strongest at the femoral
neck and in the aged population compared to the young
population [37]. However, discrepancies existed among
diﬀerent studies, in which some found no relationship
between bone health status of men and total T level [42, 44].
There were even some studies which stated that all T levels
were not related to male BMD [39]. Besides, the relationship
between T and BMD was not consistent at diﬀerent testing
sites. For example, Venkat et al. found that T was related to
BMD at the vertebrae but not at the femora [43].

4. Estrogen and the Male Skeletal System
The estrogen level in men was shown to be higher than
in postmenopausal women [33, 50]. The estrogen hormone
in men is produced via conversion of T to estrogen via
the aromatase enzyme (cytochrome 19) [1]. About 15%
of the estrogen in men originates from the testes while
the other 85% comes from peripheral tissue inclusive
of bone. Furthermore, aromatase enzyme was found in
osteoblasts, osteocytes, chondrocytes, and adipocytes but not
in osteoclasts [51]. Therefore, it is reasonable to postulate
that estrogen produced in the bone of men has paracrine
or intracrine function. Estrogen had been found to reduce
apoptosis, oxidative stress, and nuclear factor kappa B (NFκB) activity in osteoblasts and increase apoptosis and hinder
diﬀerentiation of osteoclasts [52].
The traditional notion that estrogen is only important in
maintenance of the female skeletal system while testosterone
is vital for the male skeletal system is now challenged by
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several experiments of nature. Smith et al. reported a young
man with a rare condition of estrogen resistance due to
mutation in the gene coding for the estrogen receptor. The
patient also had low BMD and incomplete closure of the
epiphyseal plate [53]. Later, Morishima et al. reported a
young osteoporotic man with elevated bone remodeling
makers who suﬀered from aromatase deficiency due to a
mutation in the genes coded for CYP19 [54]. Estrogen
replacement was reported to successfully increase the BMD
and T-score of patients with aromatase deficiency and
to normalize their bone remodeling marker levels, which
subsequently led to closure of the epiphyseal plate and
increase in bone age [55–58]. In a report by Bouillon et
al., the BMD increment in a young man with aromatase
enzyme deficiency after receiving estrogen replacement
therapy was due to increase in bone size, without any
significant changes in volumetric BMD [59]. This shows that
estrogen is as important as androgen in inducing periosteal
apposition.
Animal studies also proved that estrogen was important
in the maintenance of bone health. A study in male mice
with deletion of the aromatase gene showed that after
maturation, the male mice had a lower femoral bone mass
compared to wild type mice. This was attributed to increased
bone resorption in the trabecular bone of the genetically
modified mice. In aged animals, significant reductions
in cortical and trabecular bone mass were observed in
genetically modified mice compared to wild type [60].
Other researchers also showed that deletion of the aromatase
gene in mice resulted in higher endosteal bone resorption,
higher osteoclast number, and lower trabecular bone volume
[61].
The age trend for estrogen in men is inconclusive. Several
epidemiological studies found a decreasing trend with age
[33, 34] while other studies found no significant changes
[62] or a significant elevation with age [63]. Regardless
of this, estrogen was found to be associated significantly
with bone health status of elderly men in several large
epidemiological studies. The Framingham Study discovered
that aged men with higher estradiol level had higher BMD,
and the diﬀerence in BMD between the first quartile and the
fourth quartile was equivalent to 10 years of aging on bone
[35]. Positive and significant relationships between estradiol
level and several hip strength parameters, especially crosssectional area of bone, were also observed in the Boston
Bone Health Study [41]. Using QCT techniques, Khosla
et al. discovered that E was significantly correlated with
volumetric BMD and structural parameters, especially at
cortical sites [37]. The American MrOS study also discovered
that aged men with estradiol levels at the lowest quartile
had significantly higher risk for nonvertebral fracture [40].
According to The Third National Health and Nutrition
Survey of the United States, estradiol levels were found to be
associated with BMD in older male population but not in
the young population [42]. Hence, from these observations,
estrogen seems to prevent deterioration of bone health status
in elderly men but not in young men, particularly at the
cortical sites. The findings of these epidemiological studies
are summarized in Table 1.
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5. Differential Effects of
Testosterone and Estrogen
Bone health status can also be examined using methods other
than BMD and QCT measurements. In a study using calcaneal quantitative ultrasound parameters as determinants
of bone health status, both bioavailable T and bioavailable
E were found to be associated with bone health status of
men, but the eﬀects of association of bioavailable E were
stronger than bioavailable T. In the same study, bioavailable
E had significant relationship with broadband attenuation
of sound (BUA) but not with speed of sound (SOS) [64].
Another study by Chin et al. on Malaysian men found that
the relationships between T measurements and SOS were
significant but the relationships between E measurements
and SOS were not [65]. Since BUA and SOS reflected
diﬀerent physical properties of bone [66], this might imply
T and E influenced diﬀerent bone properties. However, this
hypothesis is yet to be validated.
In a remarkable experimental study by Falahati-Nini
et al., relative contributions of T and E in regulating bone
remodeling in elderly men were assessed. It was found
that E significantly contributed to suppression of bone
resorption, but the contribution of T was insignificant. On
the other hand, both T and E were found to have significant
contribution towards bone formation [67]. This was in line
with the cross-sectional observation of Fatayerji and Eastell
in which T and E were significantly correlated with bone
formation markers in a group of men aged 20–79 years [68].

6. Conclusion
Both E and T are indispensable for the maintenance of bone
health status in men. The significance of these sex hormones
on bone health was clearly depicted in male patients who
suﬀered from deficiency of either hormones due to hormone
deprivation therapy or genetic mutation. These observations
challenge the traditional view that testosterone is the sole
determinant of bone health status in men. It is still unclear
whether they act synergistically or independently in the
maintenance of skeletal integrity in men. More studies
should be conducted to establish the role of T and E in
regulating bone health in men.
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Postmenopausal osteoporosis is the commonest cause of osteoporosis. It is associated with increased free radical activity induced
by the oestrogen-deficient state. Therefore, supplementation with palm-oil-derived tocotrienols, a potent antioxidant, should be
able to prevent this bone loss. Our earlier studies have shown that tocotrienol was able to prevent and even reverse osteoporosis due
to various factors, including oestrogen deficiency. In this study we compared the eﬀects of supplementation with palm tocotrienol
mixture or calcium on bone biomarkers and bone formation rate in ovariectomised (oestrogen-deficient) female rats. Our results
showed that palm tocotrienols significantly increased bone formation in oestrogen-deficient rats, seen by increased double-labeled
surface (dLS/Bs), reduced single-labeled surface (sLS/BS), increased mineralizing surface (MS/BS), increased mineral apposition
rate (MAR), and an overall increase in bone formation rate (BFR/BS). These eﬀects were not seen in the group supplemented
with calcium. However, no significant changes were seen in the serum levels of the bone biomarkers, osteocalcin, and cross-linked
C-telopeptide of type I collagen, CTX. In conclusion, palm tocotrienol is more eﬀective than calcium in preventing oestrogendeficient bone loss. Further studies are needed to determine the potential of tocotrienol as an antiosteoporotic agent.

1. Introduction
Osteoporosis is an important age-related disease constituting
a major health problem especially among postmenopausal
women. In women, the rate of bone loss increases dramatically after menopause or ovariectomy due to oestrogen
deficiency. Thus, there is an increased rate of activation of
remodeling sites resulting in the decrease of both trabecular
and cortical bones. In addition, oestrogen deficiency has
been associated with oxidative stress because oestrogen is
an antioxidant with radical-scavenging properties. The levels
of lipid peroxidation (LPO) and hydrogen peroxide (H2 O2 )
were increased and enzymatic antioxidants like superoxide
dismutase (SOD), glutathione peroxidase (GPx), glutathione
S transferase (GST) were decreased in the femur of ovariectomized rats [1]. Oxidative stress has been shown to stimulate osteoclast diﬀerentiation and function as well as inhibit

osteoblast diﬀerentiation. Glutathione peroxidase 1 (Gpx1)
is the main antioxidant enzyme expressed in osteoclasts and
is responsible for the degradation of hydrogen peroxide.
Its overexpression in the osteoclastic cell line RAW264.7
prevents RANKL-induced osteoclastogenesis [2]. Hydrogen
peroxide is essential for oestrogen deficiency bone loss and
osteoclast formation, suggesting a crucial role for hydrogen
peroxide in osteoclast formation. 17β-estradiol stimulates
Gpx1 expression in bone-marrow-derived osteoclasts, and
oestrogen deficiency was a key step in the reactive oxygen
species (ROS-) mediated stimulation of TNFα expression,
leading to enhanced osteoclastogenesis and bone resorption
[3]. Plasma total oxidative status (TOS) and oxidative stress
index (OSI) value were significantly higher, and plasma
total antioxidant status (TAS) level was lower in patients
than in healthy controls (P < 0.001 for all). There was
a significant negative correlation between OSI and bone
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mineral density (BMD) in lumbar and femoral neck region
(r = 0.63, P < 0.001; r = 0.40, P = 0.018). These findings
indicated that increased osteoclastic activity and decreased
osteoblastic activity may be associated with an imbalance
between oxidant and antioxidant status in postmenopausal
osteoporosis [4]. Our own earlier studies showed that
ferric nitrilotriacetate (Fe-NTA), a strong oxidising agent,
increased osteoclast number and reduced osteoblast number
in rat femoral bone. Trabecular thickness was also lower in
the group treated with Fe-NTA, compared to the normal
control [5]. In light of these findings, it is hypothesized that
antioxidants can prevent postmenopausal bone loss.
Palm oil vitamin E consists of tocopherols and tocotrienols. Each of them has four stereoisomers respectively,
namely, α-, β-, γ-, and δ-tocopherols (T) and tocotrienols
(T3). Tocopherols contain a saturated phytol side chain in
the chroman ring and a saturated hydrocarbon chain. On
the other hand, tocotrienols contain three double bonds in
the side chain and an unsaturated hydrocarbon chain. Palm
tocotrienol at the dose of 100 mg/kg body weight significantly reduced the thiobarbituric acid reactive substances
(TBARSs) level in the femur with a significant increase
in glutathione peroxidase activity compared to the agematched control group. These were not observed in the αtocopherol group. This indicated that tocotrienol has better
antioxidant activity in bone than α-tocopherol [6]. Our
earlier studies have shown that tocotrienol was able to prevent and even reverse osteoporosis in oestrogen deficiency,
testosterone deficiency, glucocorticoid excess, and nicotine
exposure [7–13]. The dose of tocotrienol, 60 mg/kg, had been
established as the optimum dose for bone protection which
we have established in our previous studies [5, 13–15].
Calcium is the most abundant mineral in the body.
It is highly consumed through diet. The richest source
of calcium includes cheeses and low-fat dairy products
such as milk, yogurt, and tau-fu. It is essential for the
development and maintenance of strong bones and teeth.
Calcium supplementation has been used as treatment for
osteoporosis. In adults with a baseline calcium intake of
500–900 mg/day, increasing or supplementing this intake by
a further 500–1000 mg/day has a beneficial eﬀect on bone
mineral density [16].
Quantitative changes in bone turnover can be assessed
easily and noninvasively by the measurement of serum and
urinary biochemical markers; the most sensitive markers
include serum osteocalcin, bone specific alkaline phosphatase, the N-terminal propeptide of type I collagen for
bone formation, and the crosslinked C-(CTX) and N-(NTX)
telopeptides of type I collagen for bone resorption [17].
In this study we assayed serum osteocalcin and CTx. The
serum cross-linked C-telopeptide of type I collagen (CTX) is
a marker of osteoclast activity and is used to assess the level
of bone resorption. These peptide fragments are detected
by the radioimmunoassay technique. Serum osteocalcin
is a major noncollagenous protein that is synthesized by
osteoblasts. It plays an important role in the regulation of
bone growth and in the correct deposition of the minerals
in the matrix. Its expression follows the proliferative phase
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of osteoblastic diﬀerentiation, so it can be considered a
marker of mature osteoblasts. Bone histomorphometry is
the quantitative study of the microscopic organization and
structure of bone tissue by computer-assisted analysis of
images formed by a microscope. Bone histomorphometry
contains three sets of parameters, namely, structural, static,
and dynamic parameters. In this study we studied the
dynamic bone histomorphometry which measures the rate
of bone growth over time [18].
The aim of this study was to compare between the eﬀects
of palm tocotrienols and calcium supplementation on bone
metabolism ovariectomised (oestrogen-deficient) rats. The
results of this study will indicate whether the tocotrienols are
better than calcium as supplements to prevent osteoporosis
in the postmenopausal state.

2. Materials and Methods
2.1. Animals and Treatment. Thirty-two female SpragueDawley rats (four months old) weighing between 180 and
200 g were obtained from the Laboratory Animals Resource
Unit, Universiti Kebangsaan Malaysia. The rats were randomly assigned into groups of sham-operated (SHAM),
ovariectomised-control (OVC), ovariectomised and given
60 mg kg−1 of tocotrienol mixture (OV+T), and ovariectomised and given 1% calcium in drinking water ad libitum
(OV+Ca). Each group has eight rats. Two to three rats were
kept in a cage under 12-hour natural light/dark cycles. All
rats received normal rat chow from Gold Coin (Port Klang,
Selangor, Malaysia). Calcium content of the rat chow as given
by the supplier was between 0.8 1.2% [14].
All the groups except the Ovx+Ca group were given
deionised water ad libitum. The palm tocotrienol mixture
was a gift from Carotech Bhd. (Ipoh, Malaysia) consisting of
α-tocotrienol 24.67%, γ-tocotrienol 38.955%, δ-tocotrienol
4.55%, and α-tocopherol 20.11%. It was diluted in olive
oil (Bertolli, Italy) and given via oral gavage at the dose
of 60 mg kg−1 body weight daily at 9 am for 8 weeks.
Calcium supplementation was administered as 1% calcium
in drinking water ad libitum [19]. For measurement of
dynamic histomorphometric parameters, the bone samples
were double labelled by intraperitoneal injections of a
fluorochrome, calcein, at 9 days and 2 days before sacrifice
[18]. The fluorochrome was incorporated into the active
formation sites in the bone and can be visualised as
fluorescent lines by fluorescent microscopy.
A baseline control group (BC) of eight rats was given the
calcein injections upon receipt and sacrificed without any
treatment. The right femora were dissected and prepared for
dynamic histomorphometric studies.
2.2. Blood and Bone Sampling. Blood samples were collected
before the start and after eight weeks of treatment from the
retroorbital vein after anesthetizing the rats with ether. After
3 hours in room temperature, the blood was centrifuged at
3000 rpm for 10 min and the serum was stored at −70◦ C.
The left femora were dissected out and fixed with 70%
alcohol.
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Figure 1: Single-labeled surface (sLS/BS). BC: baseline control
group. Sham: sham-operated rats given deionised water and vehicle
olive oil. OVC: ovariectomised rats given deionised water and
vehicle olive oil. Ov+Ca: ovariectomised rats given 1% calcium
in deionised water and vehicle olive oil. Ov+T: ovariectomised
rats given deionised water and palm tocotrienol. Same alphabet
indicates significant diﬀerence between the groups (P < 0.05).

which is the duration of time between the calcein injections.
The measurements were performed at the metaphyseal
region which is rich in trabecular bone. This secondary
spongiosa area is located 3 to 7 mm from the lowest point of
the growth plate and 1 mm from the lateral cortex, excluding
the endocortical region [21].
2.5. Statistical Analyses. The Kolmogorov-Smirnoﬀ tests
were used for normality testing. Following that the KruskalWallis andMann-Whitney U tests were used for comparison
between treatment groups since the data were not normally
distributed. To compare data between before and after
treatment, the Wilcoxon Rank Sign test was used. Data
analysis was carried out using the Statistical Package for
Social Sciences (SPSSs) version 19.0 software. The results
were expressed as mean values ± standard error of the mean
(SEM).
This study was approved by Universiti Kebangsaan
Malaysia Animal Ethics Committee (UKMAEC) certificate
no: FP/FAR/2010/NAZRUN.

3. Results
2.3. Bone Biochemical Markers. Bone biochemical markers
of serum osteocalcin and C-terminal telopeptide of type
1 collagen (CTX) were measured before and after the
treatment using an ELISA reader (VERSAmax, Sunnyvale,
USA). The kits used were rat osteocalcin ELISA (Biomedical
Technologies, Herlev, Denmark) and Ratlaps ELISA CTX-1
(Nordic Biosciences, IDS, UK).
2.4. Bone Histomorphometry. The dynamic bone histomorphometric parameters were measured according to The
American Society of Bone Mineral Research Histomorphometry Nomenclature Committee 1987 [18]. The left femora
were dissected out and fixed with 70% ethanol. After one
week, the femora were cut sagittally at the epiphyseal and
metaphyseal area. The femora were then embedded in methyl
methacrylate (Osteo-Bed Bone Embedding Kit; Polysciences,
USA) and sectioned at 9 μm thickness using a microtome
(Leica RM2155, Wetzlar, Germany). The unstained bones
were analyzed using an image analyzer Pro-Plus (Media
Cybernetics, Silver Spring, MD, USA) and a fluorescence
microscope (Nikon Eclipse 80 μ, Japan). The dynamic bone
histomorphometric parameters include single-labeled surface/bone surface (sLS/BS), double-labeled surface/bone surface (dLS/BS), mineralizing surface/bone surface (MS/BS),
bone formation rate/bone surface (BFR/BS), and Mineral
Apposition Rate (MAR). The primary parameters are the
single-labeled surface (sLS) and double-labeled surface
(dLS). The dLS represented bone growth in seven days, while
the sLS was actually two calcein labels superimposed on
each other due to insignificant bone growth. The sLS/BS and
dLS/BS parameters are obtained using the Weibel grid as
described by Freere and Weibel [20]. The other parameters
were derived as follows: MS/BS = [dLS + 1/2 sLS]/BS and
BFR/BS = [dLS + 1/2 sLS X MAR]/BS. The MAR was
calculated by obtaining the mean interlabel distance using
the Pro Plus image anaylzer and dividing it by seven days,

3.1. Dynamic Bone Histomorphometry. sLS indicates that
there was poor bone growth, such that the two calcein labels
were superimposed on each other. Figure 1 showed that
increased percentage of sLS in the OVC group, while both
calcium and tocotrienol significantly reduced the percentage
of sLS.
dLS indicates bone growth. The interlabel distance
indicates bone growth in seven days. Ovariectomy did not
significantly change the percentage of dLS compared to
BC and Sham. However, tocotrienol significantly increased
percentage of dLS more than all the other groups (Figure 2).
No significant diﬀerences were seen between groups in
the percentage of MS/BS. (Figure 3).
The MAR was higher in the Ov+T group compared
to all the other groups. Calcium supplementation to the
ovariectomised rats (Ov+Ca) did not increase the MAR
(Figure 4).
BFR was higher in the Ov+T group compared to all the
other groups. The Ov+Ca group did not diﬀer from the OVC
group (Figure 5).
The CTX levels were significantly lower in all the
groups after treatment. However, there were no significant
diﬀerences before and after treatment for all the groups
(Figure 6).
There were no significant diﬀerences in serum osteocalcin levels seen between groups as well as within groups
(Figure 7).

4. Discussion
During early adulthood, bone mass is stable until
menopause. For about the first five years after menopause,
women lose bone mass at the rate of about 2% to 3% per
year and then continue to lose about 1% of bone mass per
year to the end of life. Hence, postmenopausal women are
prone to osteoporosis [16].
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Figure 2: Double-labeled surface (dLS/BS). BC: baseline control
group. Sham: sham-operated rats given deionised water and vehicle
olive oil. OVC: ovariectomised rats given deionised water and
vehicle olive oil. Ov+Ca: ovariectomised rats given 1% calcium
in deionised water and vehicle olive oil. Ov+T: ovariectomised
rats given deionised water and palm tocotrienol. Same alphabet
indicates significant diﬀerence between the groups (P < 0.05).

Figure 4: Mineral apposition rate (MAR). BC: baseline control
group. Sham: sham-operated rats given deionised water and vehicle
olive oil. OVC: ovariectomised rats given deionised water and
vehicle olive oil. Ov+Ca: ovariectomised rats given 1% calcium
in deionised water and vehicle olive oil. Ov+T: ovariectomised
rats given deionised water and palm tocotrienol. Same alphabet
indicates significant diﬀerence between the groups (P < 0.05).
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Figure 3: Mineralising surface (MS/BS). BC: baseline control
group. Sham: sham-operated rats given deionised water and vehicle
olive oil. OVC: ovariectomised rats given deionised water and
vehicle olive oil. Ov+Ca: ovariectomised rats given 1% calcium
in deionised water and vehicle olive oil. Ov+T: ovariectomised
rats given deionised water and palm tocotrienol. No significant
diﬀerence was seen between the groups at P < 0.05.

Early reports by others showed that calcium supplementation in postmenopausal women for two months was shown
to be eﬀective in preventing osteoporosis. Markers of bone
turnover were reduced [22]. In the present study, calcium
supplementation was given to ovariectomised rats. However,
no improvement in the dynamic histomorphometry was
observed. The position statement on calcium and bone
health by the Australian and New Zealand Bone and Mineral
Society, Osteoporosis Australia, and the Endocrine Society
of Australia states that the eﬀect of calcium supplementation

OV + T

Groups

Figure 5: Bone formation rate (BFR/BS). BC: baseline control
group. Sham: sham-operated rats given deionised water and vehicle
olive oil. OVC: ovariectomised rats given deionised water and
vehicle olive oil. Ov+Ca: ovariectomised rats given 1% calcium
in deionised water and vehicle olive oil. Ov+T: ovariectomised
rats given deionised water and palm tocotrienol. Same alphabet
indicates significant diﬀerence between the groups (P < 0.05).

on bone health is modest, as shown by increases in BMD and
reductions in excessive bone turnover. However, the relative
risk reduction for osteoporotic fracture is likely to be no
more than 10%–20%. Although inadequate calcium intake is
likely to be deleterious to bone, calcium intake significantly
above the recommended level is unlikely to achieve additional
benefit for bone health [16]. This is in agreement with our
study which did not find any significant improvement in
bone formation in rats supplemented with calcium.
Palm vitamin E contains a mixture of tocopherols and
tocotrienols but with a higher percentage of tocotrienol.
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Figure 6: Serum C-terminal telopeptide of type 1 collagen (CTX).
Sham: sham-operated rats given deionised water and vehicle
olive oil. OVC: ovariectomised rats given deionised water and
vehicle olive oil. Ov+Ca: ovariectomised rats given 1% calcium in
deionised water and vehicle olive oil. Ov+T: ovariectomised rats
given deionised water and palm tocotrienol. ∗ indicates significant
diﬀerence before and after treatment (P < 0.05).

Figure 7: Serum osteocalcin. Sham: sham-operated rats given
deionised water and vehicle olive oil. OVC: ovariectomised rats
given deionised water and vehicle olive oil. Ov+Ca: ovariectomised
rats given 1% calcium in deionised water and vehicle olive
oil. Ov+T: ovariectomised rats given deionised water and palm
tocotrienol. No significant diﬀerence was seen between the groups
at P < 0.05.

Our preparation consisted of 80% tocotrienol and only
20% tocopherol. Our previous animal studies found that
both tocotrienols and tocopherols were able to prevent the
decline in bone density due to various factors. However,
the tocotrienols were found to have better eﬃcacy in some
studies [10, 13, 23]. In fact, tocotrienol was also shown
to improve bone biomechanical strength better than αtocopherol [15]. This may be because tocotrienol demonstrated better antioxidant properties in bones compared to
α-tocopherol [6]. A study by Fujita et al. [24] found that αtocopherol actually increases bone resorption by stimulating
osteoclast fusion, an eﬀect that was not shown by αtocotrienol. This eﬀect of α-tocopherol was thought not to
be due to its antioxidant properties, since other antioxidants,
including α-tocotrienol, simultaneously tested, did not show
that eﬀect. In this study, our preparation was mainly
tocotrienol, and it showed significantly better eﬀects on bone
formation in oestrogen-deficient rats compared to calcium.
Therefore, we postulate that the beneficial eﬀects were due to
the tocotrienol component and not α-tocopherol, since our
previous studies showed that α-tocopherol was less eﬀective.
Furthermore, the study of Fujita et al. [24] indicated that
α-tocopherol was harmful to bone. Thus, it is important to
remove the α-tocopherol component from palm vitamin E,
leaving only the beneficial tocotrienols in place.
In this study, the dynamic histomorphometry clearly
showed that tocotrienols increased bone formation and
reduced bone resorption. However, no significant changes
in the serum bone biomarkers were seen even though CTX
was significantly lower in all the groups after treatment

compared to before treatment was started. This may be
because serum biomarkers are subject to circadian rhythm,
therefore variation in serum levels may contribute to the
insignificant results seen. Another reason may be that bone
remodeling is a dynamic process, thus serum biomarkers
are in a constant state of fluctuation. Furthermore, the
technique may not be sensitive enough to detect small
changes in nanograms per milliliter. The antiosteoporotic
eﬀects of tocotrienol are better illustrated in the dynamic
histomorphometric parameters since findings in bone are
more stable and lasting compared to serum findings. Similar
biomarker findings were seen in our previous study [25].
There were several limitations in the current study which
should be noted. The rats in group OV+Ca were treated
with 1% calcium in drinking water, ad libitum daily for two
months. One gram of calcium was powdered and mixed with
99 mL of deionised water which the rats drank when needed.
In this way, the amount of calcium consumption could not
be quantified. However, this method was selected since it did
not cause any trauma to the animals. This is unavoidable
since the tocotrienol and vehicle were administered by daily
oral gavage. To administer calcium in this way will mean
two oral gavages in a day which might traumatize the
animal too much. We have successfully used this mode of
administration of calcium in our earlier studies [14, 26,
27]. In addition, Sanders et al. [16] mentioned that the
benefits of calcium treatment are more consistent in late
postmenopausal women than in perimenopausal women,
perhaps because of greater variation in the rate of bone
loss amongst perimenopausal women. In the present study,
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the menopausal state in rats was induced by ovariectomy.
After two weeks of ovariectomy, treatment with calcium
was started. Therefore these ovariectomised rats may be
considered to be in the early postmenopausal state. This may
contribute to the results seen in our study, which showed that
calcium supplementation did not significantly aﬀect bone
resorption and formation.
In conclusion, tocotrienols increased bone formation
rate in oestrogen-deficient ovariectomised rats, while calcium did not. Further studies are needed to determine the
potential of tocotrienol as an antiosteoporotic agent.
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