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Abstract
Obesity and diabetes are currently a major health problem worldwide with growing in prevalence. Obesity and diabetes induce secondary diseases with various
pathophysiologic states including cardiovascular disease, neural disturbance, kidney disease, cancer and osteoporosis. Bone homeostasis is maintained through a
delicate balance between osteoblastic bone formation and osteoclastic bone resorption. Aging and numerous pathological processes induce decrease in osteoblastic bone
formation and increase in osteoclastic bone resorption, leading to osteoporosis with decrease in bone mass. Osteoblasts and adipocytes differentiate from a common
precursor cell in the bone marrow mesenchymal stem cells. Type 1 and obese type 2 diabetes have been associated with increased fracture risk. Nutritional chemical
factors are found to prevent diabetic osteoporosis. Zinc, Satsuma mandarin orange (Citrus unshiu MARC.) β-cryptoxanthin and plant component p-hydroxycinnamic
acid was found to reveal stimulatory effects on osteoblastic bone formation and suppressive effects on osteoclastic bone resorption, thereby increasing bone mass.
These factors were found to improve type 1 diabetic bone loss in vivo. Moreover, p-hydroxycinnamic acid suppressed adipogenesis in bone marrow cells in vitro. Such
functional food factors may improve bone loss implicated with type 1diabetes and obese type 2 diabetes.

Introduction
Obesity and diabetes are currently a major health problem
worldwide with growing in prevalence. The incidence of metabolic
disease, including type 2 diabetes with obesity, is increased to epidemic
levels [1,2]. Obesity and diabetes induce secondary diseases with
various pathophysiologic states, which are important in clinical aspects
including cardiovascular disease, neural disturbance, kidney disease,
cancer and osteoporosis [3,4]. Diabetes is frequent in the elderly
and therefore frequently coexists with osteoporosis. The incidence
of metabolic disease including obesity and obese type 2 diabetes
has increased to epidemic levels in recent years [2]. Obesity and
osteoporosis are now thought to be closely related and to share several
features. Low body weight has long been recognized as a risk factor for
fracture in the elderly. Attention has only recently turned to fractures
in overweight or obese individuals. In Western societies, mean body
weight has increased dramatically in older people, and a similar trend
exists in Asia.
One of these shared features is that osteoblasts and adipocytes
differentiate from a common precursor cell in the bone marrow, the
mesenchymal stem cells [5,6]. The pluripotency of mesenchymal stem
cells is well known, and their ability to differentiate into osteoblasts,
adipocytes, chondrocytes and myoblasts has been described extensively
[7-14]. There is an inverse relationship between differentiation of
mesenchymal stem cells to osteoblasts and adipocytes. Osteoporosis
including obesity and diabetes are associated with bone marrow
adiposity, which greatly produces tumor necrosis factor-α (TNF-α),
an inflammatory cytokine [15-17]. TNF-α is found to suppress
osteoblastogenesis and mineralization [18,19].
Thus, obesity, diabetes and osteoporosis are closely implicated. It
is important to prevent and treat these diseases in clinical aspects. We
found that some functional food chemical factors, novel osteogenic
factors, reveal improvement effects on diabetic conditions associated
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with osteoporosis using animal models. This review has been written to
outline our recent advances that have been made concerning preventive
effects of novel osteogenic factors on bone loss that is induced in type
1 diabetes.

Implication with obesity, diabetes and osteoporosis
Obesity is based on stimulation of adipogenesis. Bone marrow
mesenchymal stem cells are multipotent cells, which among other
cell lineages, give rise to adipocytes and osteoblasts. Bone marrow
mesenchymal stem cells are multipotent stromal cells, which among
other cell lineages, that can differentiate into a variety of cell types
including osteoblasts (bone cells), chondrocytes (cartilage cells),
myoblasts (heart cells) and adipocytes (fat cells) [5,6]. This occurs
through cross talk between complex signaling pathways including
those derived from bone morphogenic proteins (BMPs), winglesstype
MMTV integration site (Wnt) proteins, hedgehogs, delta/jagged
proteins, fibroblastic growth factors, insulin, insulin-like growth
factors, and transcriptional regulators of adipocyte and osteoblast
differentiation including peroxisome proliferators-activated receptorgamma (PPARγ) and runt-related transcription factor 2 (Runx2)
[7-14]. Insulin, which is secreted by feeding, stimulates adipogenesis
from bone marrow mesenchymal stem cells. In addition, bone marrow
adiposity and mature adipocytes with obesity greatly produces tumor
necrosis factor-α (TNF-α), an inflammatory cytokine [17]. This TNF-α
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may cause insulin resistance that leads to type 2 diabetes [21,22].
Differentiation of bone marrow mesenchymal stem cells may be
involved in the development of osteoporosis.
Osteoporosis, which bone mass is dramatically reduced with
menopause and aging [20], has also been shown to induce in obesity,
diabetes (type I and II) and inflammatory disease [21,22]. Type 1 and
type 2 diabetes have been associated with increased fracture risk.
Osteoporosis and obesity are now thought to be closely related and
to share several features [5,6]. One of shared features for obesity with
osteoporosis is that osteoblasts and adipocytes differentiate from a
common precursor cell in the bone marrow mesenchymal stem cells.
Secondary causes of osteoporosis including obesity and diabetes are
associated with bone marrow adiposity that greatly produces TNF-α
[4,5].
Various hormones and cytokines, which include leptin,
adiponectin, insulin, epinephrine, cortisol, glucagon, TNF-α and
other factors, are well known as key molecules that relate to obesity
and diabetes. Disturbance of these factors may play an important role
in pathophysiologic conditions of obesity and diabetes. More recently,
regucalcin, which is a suppressor protein of intracellular signaling
systems, has been proposed to be a key molecule in obesity and diabetes
associated with osteoporosis [23]. In addition, regucalcin has been
demonstrated to stimulate adipogenesis in mouse bone marrow cell
culture in vitro [24], suggesting an involvement as a stimulatory factor
in adipogenesis. Thus findings may support the view that osteoporosis
are implicated with obesity and diabetes.

Bone homeostasis and osteoporosis
Bone is a dynamic tissue that undergoes continual adaptation
during vertebrate life to attain and preserves skeletal size, shape
and structural integrity and to regulate mineral homeostasis. Bone
homeostasis, which maintains bone mass, is skillfully regulated through
a delicate balance between osteoblastic bone formation and osteoclastic
bone resorption [25-27]. Osteoblasts are differentiated from bone
marrow mesenchymal stem cells and stimulate bone formation
and calcification. Osteoclasts are developed from hematopoietic
progenitors and promote bone resorption. Physiologic process of
bone turnover through these bone cells underpins development and
maintenance of the skeletal system. Bone remodeling and modeling
underpin development and maintenance of the skeletal system [25].
Bone modeling is responsible for growth and mechanically induced
adaptation of bone, and it requires that the processes of bone formation
and bone removal (resorption). Process of bone remodeling that makes
bone unique among organs and tissues, and add so many levels of
complexity with respect to interactions along remodeling sequence by
systemic influences (hormones), stress action (physical activity/weight
bearing), and growth factors and cytokines produced by the bone cells
or factors that come from nearby cells in the marrow tissues.
Numerous pathological processes have the capacity to disrupt this
equilibrium by leading to conditions where the rate of bone resorption
outpaces and the rate of bone formation, leading to osteoporosis [20].
Osteoporosis is a disease characterized by loss in bone density and
bone strength and deterioration of bone microarchitecture, resulting
in increased risk for bone fractures. The most dramatic expression of
osteoporosis is represented by fractures of the proximal femur for which
the number increases as the population ages [20]. Osteoporosis is a
common metabolic disease and generally affects people at an advanced
age and suffering from other chronic diseases. It is more common in
women and a significant loss of bone mass after menopause begins.
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Bone mass is dramatically reduced after menopause, which depresses
secretion of ovarian hormone (estrogen) in women [20]. Deficiency
of estrogen advances osteoclastic bone resorption. This is very
important as a primary osteoporosis. Postmenopausal osteoporosis is
the archetypal osteoporotic condition in women after menopause and
leads to bone destruction through complex and diverse metabolic and
biochemical changes.
Osteoporosis is a major cause of increased morbidity and mortality
affecting the aging population. It has been estimated that osteoporosis
affects at least 200 million women worldwide, one third of women aged
between 60 and 70 years and two thirds over 80 years [28,29]. In 1995,
incidence of osteoporotic fractures in the U.S. was about 1.5 million,
of which 750 000 vertebral fractures, 250,000 hip fractures, 250,000
fractures in the wrist fracture and 250 000 other locations. According
to a recent World Health Organization report, osteoporosis has become
a global health problem with a disease incidence and mortality rate
similar to that of cardiovascular diseases, diabetes and cancer [3,4].
Osteoporosisis is widely recognized as a major public health threat.

Bone loss in obese type 2 diabetes
A high-fat diet appears to consistently induce impaired glucose
tolerance with glucose levels reaching approximately 200 mg/dL [3032]. Impaired glucose tolerance in C57BL/6J, which this mouse is the
best-studied model of diet-induced obesity [30], appears to result from
poor insulin secretion [33], but insulin resistance also develops with
increasing age and concomitant exposure to a high-fat diet. Impaired
glucose tolerance is more severe in males than females [33]. The
C57BL/6J mouse appears to have adverse effects on trabecular bone
components [34], and recent evidence suggests that the effect of the
high-fat diet is more pronounced in skeletally immature compared
to skeletally mature mice [35-37]. Lower trabecular bone volumes
are primary the result of increased osteoclast resorption as indicated
by serum biomarkers and histomorphotometry [35-37], though bone
formation is also decreased [38]. Interestingly, recent data indicate
that whereas body weight and fasting glucose levels can return to
normal after a return to a normal diet, trabecular bone loss prior to
skeletal maturity may not be recoverable without some other types
of intervention [34]. The potential implications of those results are
obvious considering the childhood obesity problem in the United States
and other countries [30].
The spontaneous obese ob/ob mouse is a model of severe obesity
resulting from a spontaneous inactivating mutation in the leptin gene
[39,40]. Ob/ob mice are used as a general model for insulin resistance
with obesity. There is also a lack of complete β-cell failure in the
model, indicating that diabetes is not very severe [41]. Weight of ob/ob
mice increases rapidly starting at 2 weeks of age, and can reach up to
three fold the weight of wild-type controls [41]. Hyperphagia, insulin
resistance and hyperinsulinemia are all evident at 3 to 4 weeks of age,
with obesity evident by 4 weeks [40]. Even after obvious hyperglycemia
detected at 4 weeks, blood glucose levels continue to increase until
reaching a peak at 12 to 20 weeks of age with glucose levels reaching up
to 400 mg/dL [41]. Because leptin directly influences bone metabolism,
the skeletal phenotype of the ob/ob mouse is not attributed solely to the
observed metabolic changes. Moreover, many studies showed a complex
skeletal phenotype with ob/ob having higher trabecular bone mass in
the lumbar vertebrate, but lower trabecular and cortical bone mass in
the long bones [42-44], as well as shorter femurs compared to control.
Furthermore, ob/ob mice have decreased biomechanical properties (eg,
maximum load) as determined by three-point bending of the femur
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[42-44]. This mouse also have lower bone mass and markedly reduced
bone formation in vertebrate and long bones compared to wild-type
controls, and this deficiency can be corrected with leptin treatment [30,
42-45].
The TallyHo mouse is a polygenic model of early onset, naturally
occurring type 2 diabetes mellitus and obesity [30,46]. The genetic
background is mixed, but is 86% homologous with SWR mice. TallyHo
mice are fatter and weigh more than controls by 4 weeks of age [47,48].
Body weight continues to increase with age, but obesity in these mice
is less severe than some other diabetic models [49]. Increased plasma
triglycerides, cholesterol, and fatty acid levels are noticeable from 4 to
8 weeks of age [49]. Diabetes is present only in male mice [47]. Other
characteristics of the TallyHo mouse include enlarged pancreatic islets,
hyperleptinemia, and poor wound healing [48,49]. Investigations of the
skeletal phenotype in TallyHo mice have utilized two different control
strains [47,50]. Won et al. used C57BL/6J mice to show that male
TallyHo have reduced BMD at 8 and 12 weeks of age [47]. TallyHo also
exhibited reduced serum osteocalcin, and lower osteoblastogenic and
higher osteoclastogenic gene expression patterns in bone marrow cells
compared to C57BL/6J [50]. Devlin et al., using SWR mice as controls,
showed that despite their greater body weight male TallyHo mice have
reduced total body BMD as well as lowest trabecular bone volume at the
distal femur. Femoral three-point bending showed that male TallyHo
mice have a higher maximum load but less postyield deformation than
SWR control [50].
As described above, there is growing evidence that abnormality and
bone loss are induced in animal models for obesity and type 2 diabetes.
Thus, osteoporosis is implicated with obesity and diabetes.

phosphorus concentrations [52,53]. Moreover, calcium content,
alkaline phosphatase activity and deoxyribonucleic acid (DNA) content
in the femoral-diaphyseal and -metaphyseal tissues were significantly
reduced in diabetic rats [52,53]. The change in these serum and bone
components of STZ-diabetic rats was found to improve after the oral
administration of zinc acexamate. This preventive effect was also
observed by the administration of zinc acexamate for 7 days [53]. This
study demonstrates that the oral administration of zinc acexamate has
preventive effects on diabetic condition and bone loss in type 1 diabetes
in vivo.
Effects of β-cryptoxanthin: β-cryptoxanthin, a carotenoid, has been
demonstrated to stimulate osteoblastic bone for mation and suppress
osteoclasti bone resorption in vitro and in vivo [54]. β-Cryptoxanthin
was found to prevent bone loss in animal models for type 1 diabetes
using STZ-treated rats [55]. Rats received a single subcutaneous
administration of STZ (60 mg/kg body weight), and then the animals
were orally administered of β-cryptoxanthin (50 or 100 μg /kg body
weight) once daily for 7 or 14 days. Administration of STZ caused a
significant decrease in body weight and a significant increase in serum

Suppression

Suppression

Prevention of type 1 diabetic bone loss with novel
osteogenic factors
Anti-resorptive agents have been used the preferred standard
of clinical care for the amelioration of bone loss in osteoporosis.
However, clinical compounds that stimulate bone formation are under
development. Novel analogues, which are synthesized from bioactive
chemicals derived from food factors, may be developed as new drugs
that reveal potent-osteogenic effects for the treatment of osteolysis,
which is induced in various diseases including inflammation, obesity
and diabetes. Development of osteogenic factors, which target the
differentiation of bone marrow mesenchymal stem cells, may be
importance in biomedical osteoporosis treatment. We found novel
osteogenic factors including zinc compound, Satsuma mandarin
orange (Citrus unshiu MARC.) β-cryptoxanthin, and plant component
p-hydroxycinnamic acid as shown in Figure 1. These factors were found
to reveal preventive effects on diabetic condition and bone loss that are
induced in animal models for type 1 diabetes.
Effect of nutritional zinc: Nutritional zinc has been demonstrated
to stimulate osteoblastic bone for mation and suppress osteoclasti bone
resorption in vitro and in vivo [51]. We found that zinc acexamate
reveals a potential anabolic effect on bone and that prevents bone loss
in type 1 diabetic model rats induced by streptozotocin (STZ) [52,53].
Rats received a single subcutaneous administration of STZ (60 mg/kg
body weight), and the animals were orally administered once daily for
7, 14 and 21 days with zinc acexamate (25, 50 or 100 mg/kg). Bone
loss in the femoral- metaphyseal tissues induced by STZ administration
is shown in Figure 2. Administration of STZ caused a significant
increase in serum glucose, triglyceride and calcium concentrations
and a significant decrease in body weight, serum zinc and inorganic
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Figure 1. Zinc acexamate, β-cryptoxanthin and p-hydroxycinnamic acid (HCA) stimulates
osteoblastic bone formation and suppresses osteoclastin bone resorption, thereby increasing
bone mass. These factors were found to prevent bone loss induced in type 1 diabetic animal
model. HCA was found to suppress adipogenesis from bone marrow mesenchymal stem
cells, suggesting its preventive effects on obesity.

Normal

Diabetes

Figure 2. Bone loss is induced in type 1 diabetic animal models. Rats received a single
subcutaneous administration of STZ (60 mg/kg body weight), which induces type 1
diabetes, and 21 days later the animals were killed. Bone mineral density was dramatically
decreased in the femoral-metaphyseal tissues of rats treated with streptozotocin that
causes type 1 diabetes. Bone mineral density was analyzed using a peripheral quantitative
computed tomography.
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glucose, triglyceride, and calcium concentrations, indicating a diabetic
state [55]. These alterations were prevented by the administration of
β-cryptoxanthin for 14 days. Administration of β-cryptoxanthin to
normal rats for 14 days did not have a significant effect on body weight
or on serum glucose, triglyceride, and calcium concentrations [55].
Calcium content, alkaline phosphatase activity, and DNA content in
the femoral-diaphyseal and -metaphyseal tissues were significantly
decreased in STZ-diabetic rats [55]. These decreases were significantly
prevented by the administration of β-cryptoxanthin (50 or 100 μg/
kg) for 14 days. Administration of β-cryptoxanthin to normal rats
for 14 days caused a significant increase in calcium content, alkaline
phosphatase activity, and DNA content in the femoral-diaphyseal and
-metaphyseal tissues [55]. Thus, β-cryptoxanthin was found to reveal
preventive effects on diabetic condition and bone loss in type 1 diabetic
model rats.
Effects of p-hydroxycinnamic acid: Cinnamic acid, a flavonoid, is
present in many plant and fruits. The flavonoid p-hydroxycinnamic
acid is an intermediate-metabolic substance in plant and fruits, and
it is synthesized from tyrosine. Among cinnamic acid and its related
compounds (cinnamic acid, p-hydroxycinnamic acid, ferulic acid,
caffeic acid and 3, 4-dimethoxycinnamic acid), p-hydroxycinnamic
acid has been shown to have specific-anabolic effects on bone in vitro
[56]. p-hydroxycinnamic acid was found to stimulate osteoblastic bone
formation and to inhibit osteoclastic bone resorption in vitro [57,58].
Oral administration of p-hydroxycinnamic acid was found to reveal
preventive and restorative effects on hyperglycemia, hyperlipidemia
and bone loss in type 1 diabetic rats induced by treatment with STZ
in vivo [59], demonstrating that this factor reveals preventive and
restorative effects on diabetic states. Rats received a single subcutaneous
administration of STZ (60 mg/kg body weight), and then the animals
were orally administered p-hydroxycinnamic acid (2.5, 5, or 10 mg/kg
body weight) once daily for 14 days [59]. STZ administration caused a
significant decrease in body weight and a significant increase in serum
glucose, triglyceride, and calcium levels, indicating a diabetic state. These
alterations were prevented by the administration of p-hydroxycinnamic
acid [59]. Calcium content in the femoral-diaphyseal and -metaphyseal
tissues was significantly decreased in STZ-diabetic rats [59]. This
decrease was prevented after the administration of p-hydroxycinnamic
acid [59]. Alkaline phosphatase activity and DNA content in the
diaphyseal and metaphyseal tissues was decreased in STZ-diabetic
rats [59]. These decreases in STZ-diabetic rats were prevented after
the administration of p-hydroxycinnamic acid [59]. Thus, intake of
p-hydroxycinnamic acid was found to reveal preventive effects on bone
loss in type 1 diabetic model animals and that reveals partial restrative
effects on serum biochemical findings in the diabetic state.
Interestingly, p-hydroxycinnamic acid was found to stimulate
osteoblastogenesis and suppress adipogenesis using culture systems
with mouse bone marrow cells and mouse 3T3-L1 preadipocytes in vitro
[60]. Bioactive flavonoid p-hydroxycinnamic acid, a novel osteogenic
factor, may reveal preventive and therapeutic effects on osteoporosis
associated with obese type 2 diabetes.

Prospect
Obesity and diabetes induce secondary diseases with various
pathophysiologic states, which are important in clinical aspects
including cardiovascular disease, neural disturbance, kidney
disease, cancer and osteoporosis. Diabetes is frequent in the elderly
and therefore frequently coexists with osteoporosis. Drugs, which
improve osteoporosis implicated with obesity and diabetes, have been
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poorly understood. Moreover, clinical compounds that stimulate
bone formation are under development. Novel analogues, which are
synthesized from bioactive chemicals derived from food factors, may
be developed as new drugs that reveal potent-osteogenic effects for the
treatment of osteolysis, which is induced in various diseases including
inflammation, obesity and diabetes. Development of osteogenic
factors, which target the differentiation of bone marrow mesenchymal
stem cells, may be importance in treatment of obesity, diabetes and
osteoporosis.
We found that diabetic states and bone loss in type 1 diabetes
were improved by the intake of zinc compound, β-cryptoxanthin and
p-hydroxycinnamic acid, which is novel osteogenic factors. These
factors may be a useful tool in the prevention and improvement of
diabetic osteoporosis, and development as new drugs will be expected
in clinical aspects.
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