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So far, the connections between obesity and skeleton have been extensively explored,
but the results are inconsistent. Obesity is thought to affect bone health through a
variety of mechanisms, including body weight, fat volume, bone formation/resorption,
proinflammatory cytokines together with bone marrow microenvironment. In this review,
we will mainly describe the effects of adipokines secreted by white adipose tissue on
bone cells, as well as the interaction between brown adipose tissue, bone marrow
adipose tissue, and bone metabolism. Meanwhile, this review also reviews the evidence
for the effects of adipose tissue and its distribution on bone mass and bone-related
diseases, along with the correlation between different populations with obesity and bone
health. And we describe changes in bone metabolism in patients with anorexia nervosa
or type 2 diabetes. In summary, all of these findings show that the response of skeleton
to obesity is complex and depends on diversified factors, such as mechanical loading,
obesity type, the location of adipose tissue, gender, age, bone sites, and secreted
cytokines, and that these factors may exert a primary function in bone health.
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INTRODUCTION

Bone is a living tissue with metabolic functions. The size and shape of bones are accurately
modeled and reshaped over a lifetime to ensure skeletal structure and integrity (Xie et al,
2014; Li et al., 2017). During bone remodeling, bone can coordinate the activities of osteoblasts,
osteocytes, and osteoclasts, thus maintaining the dynamic coupling balance of bone metabolism,
in which osteoblasts (bone formation) and osteoclasts (bone resorption) play pivotal roles in bone
metabolism. Bone marrow mesenchymal stem cells (BMSCs) have the ability to differentiate into
osteoblasts and adipocytes, which is also a dynamic balance (Li et al., 2015; Li C.J. et al., 2018). In
addition, bones exhibit the characteristics of endocrine organs, which secrete a variety of hormones
to participate in the endocrine cycle throughout the body. For instance, bone can secrete estrogen,
androgens, follicle suppressant and other sex hormones to participate in the reproductive process,
cellular senescence, and osteoporosis (OP). Moreover, bone marrow fat cells can also secrete a
series of adipokine including adiponectin, leptin through autocrine, and paracrine, which play an
important regulatory role in local and systemic metabolism of bone marrow. There are however
many metabolic osteopathy, including OP, bone tumor, and inflammatory arthritis, where this fine
equilibrium is disrupted (Sun et al., 2019).
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Overweight and obesity are identified as abnormal or excessive
fat accumulation that can lead to impaired health. Body mass
index (BMI) is a simple ratio of height to weight that is
often used to distinguish between overweight and obesity
adults. The WHO defines overweight as having a BMI of
25 to <30 kg/m2 and obesity as >30 kg/mz. In addition,
obesity can be divided into three grades, namely obese class
I (30 to <35 kg/mz), class II (35 to <40 kg/mz), and
class III (>40 kg/mz) (Barba et al, 2004; Di Angelantonio
et al, 2016). However, the diversity of Asian countries is
mainly manifested in ethnic and cultural subgroups, degree of
urbanization, social and economic conditions, and nutritional
transformation. And compared with white people of the
same age, sex, and BMI, Asians typically have a higher
percentage of body fat. Therefore, the BMI cut-off points
for overweight and obesity may be more applicable in Asian
countries (Barba et al., 2004). Overweight and obesity are
associated with risk and prognosis for certain disease states
(Dalamaga and Christodoulatos, 2015).

The prevalence of obesity and obesity-related diseases is on
the rise worldwide due to the socioeconomic and demographic
transitions. The link between adiposity and bone health has
been extensively studied, but the impact of obesity on bones
has long been a subject of debate. This review will discuss the
correlation between adiposity and bone-related diseases from
multiple perspectives.

EXTRAMEDULLARY ADIPOSE TISSUE
AND BONE

Adipose tissue consists mainly of fat cells that have accumulated
in large numbers, which are divided into fat lobules by thin
layers of loose connective tissue and widely distributed in the
subcutaneous and around the internal organs. It is not only
involved in body construction and energy storage, but is also
a vital endocrine organ. Adipose tissue has an effect on insulin
sensitivity, blood pressure level, endothelial function, fibrinolytic
activity and inflammatory response, and participates in a variety
of important pathophysiological processes.

Adipose tissue exerts a primary function in obesity and related
diseases. According to different functions, adipose tissue can
be divided into white adipose tissue (WAT), brown adipose
tissue (BAT), and beige adipose tissue. WAT is an energy-
storing tissue that regulates energy metabolism by secreting
cytokines and hormones. Excessive accumulation of WAT in
the body can cause obesity and obesity-related diseases. BAT,
however, is an energy-consuming organization that is involved
in non-shivering heat and diet-induced heat production. Both
thermogenic mechanisms are due to the exclusive expression of
uncoupled protein-1 (UCPI) in the mitochondria of brown fat
cells, resulting in the uncoupling of fatty acids and ATP oxidation,
ultimately causing energy dissipation in the form of heat (Del
Mar Gonzalez-Barroso et al., 2001; Carobbio et al., 2017; Huang
et al., 2020). Thus, BAT can be capable of fighting obesity. Beige
fat is more widely distributed than the typical brown fat, which
is concentrated in the interscapular storage of rodents and in

the supraclavicular and mediastinal areas of humans (Frontini
and Cinti, 2010; Wiedmann et al., 2017). Beige fat also possesses
an innate ability to metabolize energy as heat release by non-
shivering thermogenesis (Zhang et al., 2018).

Leptin Secreted by White Adipose Tissue
and Bone

White adipose tissue has a main endocrine function secreting
many adipokines, especially leptin and adiponectin. These latest
findings suggest that adipokines are closely related to metabolic
diseases such as obesity, insulin resistance and diabetes, and
play an important regulatory role in bone disease (Conde
et al, 2011). Particularly, leptin and adiponectin have been
shown to act directly on certain bone cells, including BMSCs,
osteoblasts, and osteoclasts. Consistent evidence suggests that
leptin has a direct anabolic effect on osteoblasts. Astudillo
et al. (2007) observed that leptin can promote the proliferation
of bone marrow stromal cells, differentiation into osteoblasts,
and form mineralized nodules, but prevent the differentiation
into adipocytes. Thomas (1999) have also shown that leptin
leads to dose-dependent increases in mRNA and protein levels
of alkaline phosphatase (ALP), osteocalcin (OC), and type I
collagen. Gordeladze et al. (2002) found that continuous exposure
of leptin to ilium osteoblasts contributed to collagen synthesis,
cell differentiation, and in vitro mineralization, together with cell
survival and transition to preosseous cells.

Additionally, leptin may increase local bone mass and may
contribute to the link between bone formation and bone
resorption. Holloway et al. (2002) found that after adding human
macrophage colony stimulating factor (HM-CSF) and human
soluble NF-Kappab ligand receptor activator (SRANKL) to bone
culture, leptin can inhibit the formation of human peripheral
blood mononuclear cells (PBMCs) and mouse spleen cells to
osteoclasts. Leptin increased mRNA and protein expression
of osteoprotegerin (OPG, a protein that inhibits osteoclast
formation) in PBMC, suggesting that its inhibition may be
realized through the RANKL/RANK/OPG pathway (Holloway
et al., 2002). Leptin effectively attenuated trabecular bone loss,
trabecular structure change and periosteal bone formation.
Leptin also significantly reduced RANKL mRNA levels which
mainly regulates osteoclast development in cultured human bone
marrow stromal cells (Burguera et al., 2001; Reid et al., 2018).

In addition to having a direct anabolic effect on osteoblasts,
leptin also indirectly affects bones. Numerous studies have shown
that in mice lacking leptin or leptin receptors, spinal trabecular
volume increases, vertebral bone mass increases, while femur
bone mass decreases and femur bone marrow fat increases
sharply (Ducy et al., 2000; Steppan et al., 2000; Hamrick et al.,
2004). Remarkably, Steppan et al. (2000) found, compared with
the control group, leptin administration significantly increased
femur length, systemic bone area, bone mineral density (BMD)
and bone mineral content in leptin-deficient mice (ob/ob mice).
This conclusion has been confirmed in other studies as well
(Hamrick et al., 2005; Bartell et al., 2011; Philbrick et al., 2017).
In summary, the role of leptin in skeleton remains a highly
controversial area.
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Adiponectin Secreted by White Adipose

Tissue and Bone

Adiponectin, the most common adipokine in plasma, has
important metabolic and anti-inflammatory effects and is rapidly
becoming a valuable marker for treatment in metabolic diseases.
The role of adiponectin in certain bone cells including osteoblasts
and osteoclasts, has been extensively studied. Human adiponectin
promoted bone formation of primary human maxillary BMSCs
through the APPL1-P38 MAPK pathway (Pu et al,, 2016). Also,
adiponectin induced osteogenesis of MSCs through adipoR1-
mediated phosphorylation of P38 MAPK. Then, p38 MAPK
phosphorylated c-Jun, which enhanced COX-2 (cyclooxygenase-
2) expression and ultimately lead to an increase in BMP2
expression (bone morphogenetic protein 2, a strong osteogenic
cytokine) (Lee et al., 2009; Huang et al., 2010). Similarly, Luo et al.
(2005) demonstrated that adiponectin promoted osteoblastic
proliferation, leading to increased alkaline phosphatase (ALP)
activity, generation of type I collagen and OC, and increase in
mineralized substrates in a dose-dependent and time-dependent
manner. The increase of ALP, type I collagen, and OC is a
marker of osteoblast differentiation and maturation, while matrix
mineralization is a marker of osteoblastic phenotype. This study
also provided evidence that adiponectin induced the proliferation
and differentiation of human osteoblasts, which was realized
through AdipoR/JNK pathway, while the differentiation was
realized through AdipoR/P38 pathway (Sowa et al., 2002; Noth
et al., 2003; Luo et al., 2005).

Adiponectin also directly regulates osteoclast function.
Adiponectin down-regulated expression of osteoclast regulators
such as acid tartrate — resistant phosphatase and cathepsin K.
Adiponectin also enhanced osteoclast apoptosis and reduced
osteoclast precursor cells survival/proliferation (Tu et al., 2011;
Pal China et al., 2018).

Significantly, like leptin, in vivo studies showed that
the regulation of bone metabolism by adiponectin is also
contradictory. Several studies reported that compared with wild-
type mice, adiponectin knockout mice showed lower bone
mineralization and bone density (Shinoda et al., 2006; Naot
et al., 2016). But, others have shown that lack of adiponectin
exert a protective effect on skeleton. Pal China et al. (2018)
found KO mice prevented trabecular bone loss in mice caused
by ovariectomy, and showed better bone quality (Williams et al.,
2009). Taken together, the data from in vitro and in vivo studies
fail to provide any definitive conclusions about the relationship
between leptin, adiponectin and bone. And, white adipocytes can
not only synthesize and secrete hormones including adiponectin
and leptin, but also secrete proinflammatory factors such as
TNF-a, IL-6, which may negatively regulate bone metabolism,
further complicating the relationship between obesity and bone
(Fruhbeck et al., 2001).

Brown Adipose Tissue and Bone

It is well known that BAT not only exists in newborns, but
also exists in adults, and gradually decreases with age. In fact,
Ponrartana et al. (2012) have observed a significant correlation
between BAT volume and cross-sectional bone size, regardless

of gender. Moreover, recent findings suggest that BAT activity
is positively correlated with skeletal metabolism. In contrast,
some previous studies have shown that BAT can secrete fibroblast
growth factor 21 (FGF21) and increase plasma FGF21 levels.
Wei et al. showed that in animal models, transgenic mice
overexpressing FGF21 had a lower bone mass phenotype, while
mice given the drug dose of FGF21 also had a lower bone mass,
because of reduced bone formation and significantly increased
bone absorption (Wei et al., 2012). Also, Fazeli et al. (2015)
found that FGF21 was negatively correlated with trabecular
microstructural parameters, such as trabecular number (TbN),
in patients with anorexia nervosa (AN). Recently, plasma FGF21
level was found to be negatively correlated with bone density in
femoral neck and Ward’s triangle of hip region (Hao et al., 2018).
Taken together, these data reveal that FGF21 is a major negative
regulator of bone mass.

Interestingly, as an endocrine organ, bone can also secrete
a variety of bioactive substances to control energy metabolism
in adipose tissue. OC, a small molecular protein secreted by
osteoblasts, is a classic indicator of bone formation. Li Q. et al.
(2018) wverified the specific role of OC in thermogenesis of
brown adipocytes. Their study showed that the OC signaling
pathway directly promoted the activation of the Gprc6a Tcf7
Ucpl promoter through the positive feedback of the interaction
between the Wnt3a Tcf7 and the WNT/B-catenin pathway
(Li Q. et al., 2018).

In addition, bone regulates browning and energy metabolism
via the expression of peroxisome proliferator-activated receptor
(PPAR) in mature osteoblasts and osteocytes. Several studies
have confirmed that, in bone, PPAR plays a negative regulatory
role in bone formation by inhibiting osteoblast generation and
promoting osteoclast activity. Specific ablation of PPAR in mature
osteoblasts and osteocyte mice (OCY-PPAR-/-) was found to
induce high-bone mass and low fat mass phenotypes, as well as
increase fat browning and energy comsumption. Moreover, Ocy-
PPARy-/- could partly prevent the dysmetabolism caused by high
fat intake (Brun et al., 2017). Interestingly, BMP7 levels were
also higher in Ocy-PPARYy-/- mice in conditioned medium and
serum. BMP7, derived from osteocytes, is believed to promote
browning and reduce steatosis through endocrine mechanisms
(Kinoshita et al., 2007; Sugimoto et al., 2007; Tseng et al., 2008;
Boon et al., 2013).

Collectively, these results indicate that bone and adipose tissue
can interact to regulate bone metabolism and energy metabolism,
which provides a new idea for the exploration and development
of treatment methods for bone-related diseases.

BONE MARROW ADIPOCYTES AND
BONE

Bone marrow adipose tissue (BMAT), which accounts for about
8% of total fat mass, is an important fat depot in the adult body
and exerts a significant function in bone homeostasis and energy
metabolism throughout the body (Tencerova et al., 2019). BMAT
is thought to be negatively correlated with bone density and bone
integrity, so it may be an important regulator of bone turnover
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(Fazeli et al., 2013). Studies have shown that BMAT in the lumbar
spine is an independent predictive factor of fracture (Wehrli
et al., 2000). BMAT is distinct from WAT and BAT. Excessive
accumulation of lipids interferes with the normal function of
cells and tissues, a condition known as lipotoxicity (Carobbio
etal., 2017; Piccolis et al., 2019). Lipotoxicity is caused primarily
by bone marrow fat through the secretion of adipokines and
free fatty acids (mainly palmitate). In bone marrow, lipotoxicity
is mainly manifested by the toxic effect of palmitate on bone
cells, especially osteoblasts (Al Saedi et al., 2020). Exposure to
adipocyte secretory factors can reduce the ability of BMSC to
differentiate into bone cells, but also promote fat formation, a
phenomenon that may be explained by a variety of mechanisms,
including oxidative stress and proinflammatory mediators (TNF-
a and IL-6) and adipokines (Horowitz et al, 2017; Singh
et al., 2018). Furthermore, Elbaz et al. (2010) observed that,
by co-culturing normal human osteoblasts (NHOst) with pre-
differentiation adipocytes in the absence of a fatty acids
synthase inhibitor (cerulenin), the differentiation and functional
levels of NHOst were significantly reduced due to the lower
mineralization and decreased expression of ALP, osterix, OC, and
Runx2 (Elbaz et al., 2010). Actually, some evidences, indicates
that palmitate has negative effects on osteoblast differentiation,
bone nodule formation and mineralization.

Apart from BMSC and osteoblasts, osteoclasts are also
affected by bone marrow fat to increase bone resorption and
decrease bone mass (Singh et al., 2018). Takeshita et al. (2014)
found that, during the differentiation of marrow stromal cells
into adipocytes, RANKL expression was induced, along with
the down-regulation of osteoprotegerin. The early adipogenic
transcription factors C/EBPP and C/EBPS could bind to the
RANKL promoter and ultimately stimulate RANKL gene
transcription (Takeshita et al, 2014; Paccou et al, 2015;
Hardouin et al., 2016).

Overall, these findings point to metabolic differences between
bone marrow fat and peripheral fat that may be related to the
development of therapeutic strategies for metabolic bone disease.

ANOREXIA NERVOSA, OBESITY, AND
BONE

Anorexia nervosa is a major mental disorder that mainly
affects women. Patients are unable to maintain normal weight
due to extreme self-imposed starvation, which is typical of
chronic malnutrition (Kaye et al., 2020). Bone loss is almost
the most common feature in many comorbidities associated
with this disease.

Interestingly, compared with normal-weight women, anorexic
patients showed less subcutaneous adipose tissue (SAT) and
visceral adipose tissue (VAT), but more BMAT (Bredella et al.,
2009). Previous studies have shown that increased BMAT level
has clinical significance and is related to bone density and bone
strength. In the above content, we mentioned that bone marrow
fat can inhibit bone formation and promote bone resorption. In
addition, marrow fat content increased in elderly patients with
OP and was inversely correlated with bone density in healthy

white women, and also in obese women (Justesen et al., 2001;
Shen et al., 2007; Bredella et al., 2011b). Similarly, in ovariectomy
animals, loss of bone mass was often accompanied by abnormal
accumulation of bone marrow fat (Bredella et al., 2009; Li S.
etal., 2018; Beekman et al., 2019). Given the negative correlation
between marrow fat and BMD, BMAT may be an important risk
factor for low bone density and increased fracture risk in patients
with AN. For example, increased BMAT and decreased bone
density and bone strength were observed in AN in women and
adolescents (Singhal et al., 2018; Fazeli et al., 2019). Moreover,
bone marrow fat in L4 vertebral body, femoral metaphyseal and
diaphyseal increased markedly in women with AN. Importantly,
marrow fat content had a highly significant negative association
with BMD in multiple bone sites including the lumbar spine, hip
and whole body (Bredella et al., 2009). One reason may be that
osteoblasts and fat cells are derived from the mesenchymal stem
cells in the bone marrow, the increased adipogenic differentiation
may lead to a decreased osteogenic differentiation in BMSCs.

However, studies have shown that in patients recovering
from AN, BMAT levels in L4 vertebrae are similar to those
in healthy controls (Fazeli et al, 2012). BMAT positively
correlated with VAT in overweight/obese women, while no
such association was observed in underweight women (Bredella
et al, 2011b; Polineni et al, 2020). These data may indicate
that BMAT is a dynamic depot, which may play different roles
under the condition of insufficient and adequate nutrition.
In addition, since hypercortisolemia and hypoestrogenism are
both characteristics of AN, these factors may result in marrow
adiposity (Putignano et al., 2001). In summary, during chronic
starvation, while other fat stores are used as energy sources, this
adipose tissue storage is retained, suggesting that it may have
significant functions. And, studying this paradox may lead to a
better understanding of the function of bone marrow fat.

TYPE 2 DIABETES, OBESITY AND BONE

Diabetes is a chronic disease characterized by neuropathy,
nephropathy and retinopathy, with type 2 diabetes mellitus
(T2DM) as the predominant type. The patient presents
primarily with insulin resistance, and relative insulin deficiency
(Compston, 2018; Su et al., 2019). This has been accompanied by
a sharp rise in the incidence of obesity, an important determinant
of type 2 diabetes. Abnormal accumulation of fat both inside
and outside adipose tissue not only results in structural and
functional disorders (insulin resistance) of adipose tissue itself,
but also affects muscles, liver, and pancreas (Tsatsoulis et al.,
2013; de Araujo et al, 2017). The bone disease of type 2
diabetes remains a mystery because the mechanism by which
diabetes affects the bone is multifactorial, including factors such
as obesity, hyperinsulinemia and insulin-like growth factors
(IGFs). The effect of insulin on bone metabolism is controversial.
Studies in vitro have reported that insulin signals in osteoblasts
can promote bone absorption (Ferron et al., 2010). Consistent
with in vitro results, Srikanthan et al. also confirmed that
insulin resistance, especially hyperinsulinemia, may adversely
affect femoral neck strength (Srikanthan et al., 2014). However,
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other in vivo studies show that insulin stimulates osteoblasts
to proliferate and increases the histologic markers of bone
formation (Shanbhogue et al., 2016). Furthermore, in the early
stages of diabetes, obesity and hyperinsulinemia often occur
together, and it is challenging to identify the unique contribution
of obesity and hyperinsulinemia to bone health.

It is believed that IGFs is associated with the pathogenesis
of diabetic complications. In addition, serum IGF-I level was
decreased in patients with poor blood glucose control (Thrailkill,
2000; Kanazawa et al., 2012). IGF I is thought to have anabolic
effects on bone. Circulating IGF-I activates bone remodeling and
plays an anabolic role in bone tissue (Johansson et al., 1992;
Zhang et al., 2002). Some clinical studies have suggested that
low serum IGF-I level is related to a higher risk of fractures
independent of BMD in patients with type 2 diabetes (Ardawi
et al., 2013; Miyake et al., 2017). Serum IGF-I level was found
to be significantly negatively correlated with the prevalence
of vertebral fractures in postmenopausal women with type 2
diabetes (Kanazawa et al., 2011, 2018). Based on the above
evidence, the reduced serum IGF-I may be involved in diabetes-
induced bone fragility and can be used to assess the risk of
fracture in patients with T2DM.

In addition to the factors described above, the effects of
hypoglycemic drugs on bone metabolism should also be taken
into account. Most studies have shown that sulfonylureas and
metformin have protective or neutral effects on fracture risk
(Vestergaard et al,, 2005; Kahn et al, 2006; Monami et al,
2008; Borges et al., 2011). In contrast, thiazolidinediones activate
PPARy, which in turn stimulate adipogenesis and inhibit
osteogenesis (Gimble et al., 1996; Lecka-Czernik, 2017). Studies
have reported an increased risk of fracture in patients taking
thiazolidinedione (Dormuth et al., 2009; Zhu et al., 2014).
Incretin hormones are considered to have the potential to treat
type 2 diabetes. For instance, glucagon-like peptide-1 (GLP-
1) targets primarily pancreatic B cells, where it stimulates
insulin production, which helps control blood glucose levels
(Baggio and Drucker, 2007). More recently, there has been
growing evidence that incretins may also be beneficial for
skeletal strength. GLP-1 plays a key role in bone homeostasis,
inhibiting bone resorption and stimulating bone formation in
response to nutrient intake (Shanbhogue et al., 2016). Indeed,
GLP-1 receptor knockdown in mice can result in dramatic
changes in trabecular and cortical microstructures, as well as
adverse effects on bone tissue material properties (Mabilleau
et al, 2013; Mansur et al., 2015, 2016). Thus, the effect on
bone health should be considered when selecting hypoglycemic
drugs to avoid inducing or exacerbating fractures and bone
diseases in patients.

OBESITY AND BONE-RELATED
DISEASES

Osteoporosis

Osteoporosis is a skeletal metabolic disorder with multiple
causes, characterized by bone loss, microstructure degeneration,
increased brittleness, reduced bone strength, and increased risk

of fracture. Therefore, OP seriously affects the quality of life and
living standards of patients (Khaliq et al., 2016; Pagnotti et al.,
2019; Yang et al., 2019).

Bone mineral density is a commonly used indicator in the
diagnosis of OP, which is performed by dual energy X-ray bone
absorptiometry (DEXA). In addition, BMD can also be used to
track changes in OP and evaluate the efficacy of OP drugs.

Numerous studies strongly suggest that, abdominal obesity,
hypertension, dyslipidemia and dysglycemia are all considered as
components of metabolic syndrome (MS) and are closely related
to OP (Muka et al., 2015). Obesity may lead to an increase in
bone density because it is associated with higher 17p-estradiol
levels and higher mechanical loads, which may protect bones
(Nelson and Bulun, 2001). Qiao et al. (2020) observed that
adult obese patients had higher BMD in the lumbar spine and
femoral neck than those of healthy weight. In general, obesity
is negatively correlated with femoral neck OP, suggesting that
obesity is a protective factor for OP (Qiao et al., 2020). Kim
etal. (2010) found, however, that after adjusting for confounders,
bone density was significantly lower in men over 40 and in
postmenopausal women with MS. Moreover, the BMD decreased
with the increase of MS components. Among MS indicators,
waist circumference as a diagnostic criterion for abdominal
obesity is the most critical factor leading to this negative
correlation. Waist circumference was an important contributor
in this association, suggesting that visceral fat may contribute to
bone loss. The negative correlation between fat mass and bone
density further supports this hypothesis, especially in men (Kim
et al., 2010). Furthermore, pro-inflammatory molecules TNEF-
and IL-6 released from visceral fat play a key role in regulating
bone resorption and participating in the pathogenesis of OP
(Nanes, 2004; Roy et al., 2016).

Vitamin D is known to play a major role in the development
and maintenance of bones and muscles in the body because of
its ability to regulate the absorption of calcium and phosphorus.
Low levels of vitamin D in the body are considered a potential
risk factor for OP and bone fractures. Serum vitamin D deficiency
prevents the intestinal tract from absorbing Ca** from diet,
eventually leading to elevated levels of parathyroid hormone
(PTH) secretion. Oversecretion of PTH induces osteoclast
formation, inhibits osteogenesis, and maintains optimal blood
calcium and phosphorus levels required for metabolic processes
and neuromuscular function (Roy, 2013). Recent studies have
found that the serum 25(OH)D of obese people is lower than that
of normal weight people, which is negatively correlated with body
weight, BMI, and fat mass (Fassio et al., 2018).

It is worth noting that recently, Li et al. proposed that
obesity may lead to low serum 25(OH)D, high serum leptin
and high bone density (Snijder et al., 2005; Konradsen et al,,
2008; Felson, 2010). In this context, femoral neck and spine
BMD were positively correlated with BMI and fat mass index.
Recombinant human (Rh) leptin in the treatment of BMSCs
significantly facilitated bone formation. In addition, leptin down-
regulated CYP24A1 and up-regulated CYP27B1, CYP27A1, and
VDR, all of which play key roles in vitamin D metabolism In
summary, this study confirmed the relationship between obesity,
vitamin D metabolism and osteoblastic development, and the
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direct effect of leptin on vitamin D metabolism and osteoblastic
differentiation of BMSCs may protect bone under the effect of
low serum 25(OH)D in obese people (Lim et al., 2019; Li J. et al.,
2020).

Fractures

Osteoporosis, sarcopenia, and obesity are commonly associated
with aging. Obviously, fall-related injuries and fractures are the
major causes of disability and death among the elderly, seriously
affecting their quality of life and survival (Rapp et al., 2010;
Sanchez-Riera et al., 2014).

Studies have shown that fat accumulation may contribute
to the deterioration of muscle and bone, thereby promoting
the development of sarcopenia and OP (Ilich et al, 2014).
Additionally, more and more studies have confirmed that
sarcopenia is not only closely related to low bone density, but also
an important risk factor for fractures (Tarantino et al., 2015).

Obesity was previously deemed to be a protective factor for
OP or brittle fractures because patients affected by obesity have
more soft tissue to protect bone tissue. That is, the positive impact
of mechanical load caused by body weight. But recent research
suggests that obesity may increase the risk of certain fractures
types (Cao and Picklo, 2015; Scott et al., 2016). Obesity may be a
protective factor for hip fracture in adults and significantly reduce
the risk of hip fracture (Tang et al., 2013). This view was driven in
part by the positive correlation between BMD and BMI. Similar
results were seen in obese patients with proximal femoral and
vertebral fractures (De Laet et al., 2005).

The association between obesity and fracture in
postmenopausal women may be site-dependent. Compared
with normal/underweight women, obesity may prevent hip and
pelvic fractures, but it increases the risk of proximal humerus
fractures. Some non-spinal fractures, such as proximal humerus
fractures, upper leg fractures, and ankle fractures, are at higher
risk (Compston et al., 2011; Prieto-Alhambra et al., 2012).

In principle, obesity does not completely prevent fractures,
and there are some specific site effects on fractures. In fact,
obese people are more likely to fall and break bones than people
of normal weight. Especially when BMI is over 30, obesity has
limited protection against fractures and may even increase the
risk of fractures (Kang et al., 2015).

Osteoarthritis

Osteoarthritis (OA) is the most common degenerative joint
disease that affects any joint in the elderly, especially the knee
joint. OA is characterized by the progressive deterioration of
articular cartilage and structural changes throughout synovial
joints, such as synovial membrane, knee meniscus, adipose tissue,
periarticular ligaments, and subchondral bone (Brandt, 2006;
Loeser et al., 2012; Hunter and Bierma-Zeinstra, 2019). Clinical
and animal studies have revealed that age-related OA is related
to many factors including age, sex, trauma, and obesity. Among
these factors, obesity is one of the most influential and modifiable
risk factors (Bijlsma et al., 2011).

Actually, a growing body of evidence suggests a strong link
between obesity and inflammation. Adipose tissue has been
shown to regulate inflammatory immune responses in cartilage

People and animals affected by obesity exhibit higher serum
levels of TNF-a, IL-1 and IL-6, all from macrophages in adipose
tissue (Park et al.,, 2005; Ding, 2011). In parallel, the levels of
TNF-a, IL-1 and IL-6 in synovial fluid, synovial membrane,
subchondral bone and cartilage in patients with OA were
increased, confirming their important roles in the pathogenesis of
OA TNF-q, IL-6, and IL-1 are the cytokines produced by adipose
tissue to directly and negatively regulate cartilage. In addition,
TNF-a, IL-1, and IL-6 can promote the formation of other
factors, matrix metalloproteinases (MMPs) and prostaglandins,
while restrain the synthesis of proteoglycans and type II collagen.
Therefore, they play an important role in OA cartilage matrix
degradation and bone resorption. Moreover, TNF-a, IL-1, and IL-
6 may indirectly cause OA by regulating adiponectin and leptin
secreted by fat cells (Koskinen et al., 2011; Wang and He, 2018;
Tu et al.,, 2019).

Reyes et al. (2016) subsequently found that being overweight
or obese increased the risk of OA in all three joint areas (knees,
hips, and hands), especially the knees. Overweight, class I obesity
and class II obesity increased the risk of knee OA by 2-, 3. 1-, and
4.7-fold, respectively (Reyes et al., 2016).

Adipokines represent a new class of compounds that are
currently considered to be key molecules involved in the
pathogenesis of rheumatic diseases (Felson and Chaisson, 1997;
Scotece et al., 2011; Gremese et al., 2014; Feng et al., 2019).
Resistin is an adipokines closely related to obesity, local low-level
inflammation and MS (Rong et al., 2019). Alissa et al. (2020)
recently found that serum resistin levels were higher in patients
with primary knee arthritis than in healthy controls. In addition,
elevated serum resistin levels were positively correlated with
indicators of obesity, markers of inflammation, and WOMAC
Index (an indicator of the severity of OA symptoms) (Alissa
et al., 2020). Furthermore, Koskinen et al. (2011) believed that
the combination of leptin and IL-1 could promote the production
of MMP-1, MMP-3, and MMP-13 in human OA cartilage. The
effect of leptin on MMP-1, MMP-3, and MMP-13 was mediated
by transcription factor NF-kf, and protein kinase C and MAP
kinase pathways. Leptin concentration in synovial fluid was also
positively correlated with MMP-1 and MMP-3 levels in patients
with OA (Koskinen et al., 2011). The results showed that leptin
had catabolic effect on OA joints by increasing the production of
MMP in cartilage (Bao et al., 2010).

In addition, adiponectin has been reported to be involved in
the pathophysiological process of OA. Kang et al. (2010) reported
that the total amount of nitric oxide (NO) and the levels of
MMP-1, MMP-3, and MMP-13 were increased in adiponectin
stimulated OA chondrocytes compared with unstimulated cells.
NO is one of the main mediators of pro-inflammatory cytokines
acting on chondrocytes and also regulates different cartilage
functions, including chondrocyte phenotypic loss, apoptosis,
and extracellular matrix degradation (Otero et al., 2007). In
this study, adiponectin increased the expression of MMPs and
iNOS in human OA chondrocytes through AMPK and JNK
pathways, leading to the degradation of OA cartilage matrix
(Kang et al., 2010).

In summary, obesity not only increases the incidence of
OA, especially in weight-bearing joints such as knee joints,
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but also is related to non-weight-bearing joints such as finger
joints and wrist OA, suggesting that these metabolic mediators
lead to an increase in the incidence of OA in obese patients.
This may be because obesity increases the mechanical load of
articular cartilage, leading to its degradation, and fatty tissue
secretes metabolic factors (such as IL-1, TNF-A, adiponectin,
and leptin), leading to an increased prevalence of OA in obese
people (Oliveria et al., 1999; Grotle et al., 2008; Kalichman and
Kobyliansky, 2009).

Rheumatoid Arthritis

Rheumatoid arthritis (RA), the most common form of
inflammatory arthritis, is a chronic systemic autoimmune
disease characterized by aggressive symmetrical inflammation of
multiple joints (Kobayashi et al., 2010; Miossec, 2013; Minamino
et al., 2020). Epidemiological studies have shown that about 90%
of RA patients develop bone erosion within 2 years of onset,
resulting in joint deformity or even disability. Therefore, RA
has brought a heavy burden and great pain to affected families,
patients and even the whole society (Nam et al., 2017).

Overweight/obesity is associated with higher rates of chronic
autoimmune diseases and inflammatory diseases, including type
2 diabetes and RA (Zhang et al., 2014). There is evidence that
an increase in BMI is associated with an increased risk of RA
(Feng et al., 2019). As mentioned above, adipokines such as
adiponectin and visfatin have also been reported to play a key
role in the pathophysiology of autoimmune diseases (Coelho
et al., 2013). It has now been well established that patients with
RA show higher plasma adiponectin, leptin, and visfatin levels
compared with healthy controls (Otero et al., 2006). Visfatin is a
proinflammatory mediator that induces the production of TNF-
a, IL-1, IL-6, IL-8, and MMPs, which are typical manifestations
of RA joint inflammation (Brentano et al, 2007). Similarly,
adiponectin stimulated fibroblast-like synoviocytes (FLS) in
patients with RA to produce IL-6, IL-8, and PGE2 (Choi et al.,
2009; Lee and Bae, 2018). In addition, adiponectin increased the
production of VEGF and MMPs in RA FLS, which may induce
inflammation and joint destruction (Lee et al., 2014; Choi et al,,
2020; Figure 1).

Previous studies have shown that the frequency of circulating
T follicular helper cells (Tth) is significantly increased in RA
patients, which is positively correlated with disease activity
and anti-CCP autoantibody levels (Liu et al, 2012, 2015).
RA FLSs stimulated by AD (adiponectin) promoted the
production of Tfh cells. In addition, intra-articular injection
of AD aggravated synovitis and increased the frequency of
Tth cells in CIA mice treated with AD (Nurieva et al., 2008;
Liu et al., 2020).

Obesity is not only prevalent in RA patients, but also
associated with disease activity. Obesity reduces the chance of
RA remission and negatively affects disease activity and outcomes
reported by patients during treatment (Liu et al., 2017). Lee and
Bae (2018) observed that the levels of circulating adiponectin
and visfatin in RA patients were significantly higher than those
in the control group. The levels of visfatin in 28 joints were
positively correlated with disease activity score and CRP level
(Lee and Bae, 2018).

OBESITY TYPE AND BONE

On the one hand, obesity is divided into peripheral obesity
and abdominal obesity according to the distribution of fat in
the body. Abdominal fat is made up of abdominal wall fat
(SAT) and abdominal fat (VAT), also known as central obesity,
visceral obesity. Previous studies have shown that adipokins
are associated with bone metabolism, and that central obesity
can lead to osteopenia or OP because bone density decreases
with an increase in waist-to-hip ratio, an index of central
obesity (Mitsuyo et al., 2007). In one study, whole body bone
mineral content was positively correlated with HOMA-IR and
negatively correlated with the percentage of trunk fat, which is
a good representative of visceral fat, suggesting that abdominal
obesity may have an adverse effect on systemic bone parameters
(Krishnan et al., 2018).

Local fat is increasingly recognized as a determinant of
bone density, and this association may be mediated by
adipocytokines (Vicente et al., 2009). Russell et al. (2010)
proposed that VAT was a negative predictor of spine BMD,
apparent BMD, systemic BMD and bone mineral content for
obese adolescent girls aged 12-18 years (Katzmarzyk et al., 2012).
Importantly, VAT/SAT, adipokines, cytokines, E-selectin, and
adiponectin were negative predictors of bone density, while leptin
was positive. Consequently, VAT is an independent negative
determining factor of bone density in obesity (Jurimae et al., 2008;
Agbaht et al., 2009; Russell et al., 2010; Bredella et al., 2011a).

On the other hand, according to the different obesity
phenotypes, it can be divided into normal metabolic healthy
BMI, metabolic healthy obesity and metabolic abnormal obesity
(Karelis et al., 2004; Dobson et al., 2016). Marques Loureiro
et al. (2019) observed significantly increased deficiencies of
calcium, phosphorus, vitamin D, and PTH in the metabolically
unhealthy obese (MUHO) group compared to the metabolically
healthy obese (MHO) group. In summary, the MUHO phenotype
presents a higher risk of bone metabolism-related changes, which
may contribute to the development of metabolic bone disease
(Marques Loureiro et al., 2019; Figure 2).

DIFFERENT POPULATIONS WITH
OBESITY AND BONE

Children and Adolescents

While childhood obesity has always been a major health problem,
its prevalence has been on the rise. In addition, childhood
obesity may be associated with multiple complications, such
as hyperinsulinemia, hypertension, MS, and non-alcoholic fatty
liver disease (NAFLD; Oh et al.,, 2016). Childhood obesity may
affect the growth patterns of children and adolescents, according
to several studies Children influenced by obesity may develop
accelerated skeletal maturity and advanced bone age beyond their
actual age (Johnson et al., 2012; Marcovecchio and Chiarelli,
2013). A study of 232 children (aged 6-15 years) found that
the prevalence of advanced bone age increased significantly with
increased body weight, height, BMI, and waist circumference
percentiles (Oh et al., 2020).
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FIGURE 2 | Effects of factors secreted by adipose tissue on bone metabolism. Adipose tissue can secrete leptin, adiponectin, visfatin, TNF-a, IL-6, and IL-1 These
factors act on chondrocytes, osteoblasts, osteoclasts, respectively, to regulate bone formation and resorption, as well as cartilage degradation.

Instead, a study of young people with an average age Notably, Zhao et al. (2020) recently found that obesity had no
of 10-17 confirmed that obese children and adolescents had benefit for BMD in Chinese children aged 0-5 years. t BMD was
higher bone mass and density than their normal-weight peers  positively correlated with age, height/length, and inversely with
(Chaplais et al., 2018). BMI. The BMD gradually increased in the range within 21.2kg,
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but began to gain slowly and even decreased when the body
weight exceeded 21.2kg (Zhao et al., 2020).

As noted above, although there have been several studies on
the effects of fat mass on skeletal health in normal weight and
obese adolescents, the results remain controversial.

Postmenopausal Women

Osteoporosis is considered a major public health problem for
postmenopausal women. Low estrogen levels lead to rapid bone
loss in women five to seven years after menopause (Kanis et al.,
2008). Actually, some evidences, indicated that age and BMI
were important factors influencing BMD. The BMD of obese
postmenopausal women was higher than that of normal size
women, and the reduction of BMD of obese women can be
delayed by weight bearing (Méndez et al., 2013).

At the same time, Cherif et al. also observed that the left femur,
right femur, total hip joint, and overall bone density were higher
in obese women (Cherif et al., 2018).

In addition, adipokines secreted by fat are considered as
potential pathophysiological factors of OP. Several studies have
shown that leptin has significant effects on bone growth and bone
metabolism through central and peripheral pathways, and may
be involved in the occurrence of various bone diseases (Chen and
Yang, 2015). Studies have shown a positive correlation between
leptin levels and BMI. And higher BMI is associated with higher
bone density. However, obesity had no effect on adiponectin and
resistin secretion in postmenopausal women with OP, so leptin
was the only one of the adipokines studied to be considered as
a protective factor for bone tissue in postmenopausal women
(Pasco et al., 2001; Glogowska-Szelag et al., 2019).

Thus, the above results indicate that, adiposity may be
beneficial to bone density in postmenopausal women. The
protective effect of high body weight and BMI may be due
to hormonal influences in the body. Postmenopausal women
affected by obesity have more adipose tissue and more estrogen
conversion, resulting in higher estrogen levels in their bodies.

Elderly Patients With Obesity

Obesity, sarcopenia, and OP are common chronic diseases in
the elderly. Sarcopenia is a newly discovered age-related disease
related to lipid metabolism and insulin resistance. The main
diagnostic criteria for sarcopenia are reduced skeletal muscle
mass, muscle strength, and function. Older people continue to
lose muscle mass as they age, while body fat, especially visceral
fat, tends to rise, known as "sarcopenic obesity" (SO; Stenholm
etal., 2008; Arango-Lopera et al., 2013). A recent study found that
women with SO were more easy to show elevated blood glucose,
while men with SO were more likely to present with OP and
dyslipidemia (Du et al., 2019). On the other hand, muscles secrete
a set of cytokines called myokines, thereby regulating bone
metabolism. Myostatin, as a key myokine, has been reported for
its effect on bone. Myostatin can inhibit osteogenic differentiation
of BMSCs, as well as osteoblast differentiation and mineralization
(Hamrick et al., 2007; Chen et al., 2017). Likewise, myostatin may
inhibit osteogenesis by activating the RANKL signaling pathway,
thus showing an adverse impact on bone mass (Saad, 2020). In
addition, myostatin itself is an important autocrine/paracrine

factor that inhibits skeletal muscle growth (Rodriguez et al., 2014;
Cui et al., 2020). Thus, inhibition or blocking of the myostatin
signaling pathway may provide potential therapeutic targets for a
number of diseases, particularly in sarcopenia and OP.

Several studies have reported the links between BMD and body
fat and lean mass. When body weight was stratified into lean body
mass and fat mass, the increase in BMD was more pronounced for
lean body mass, whereas fat mass was only beneficial for men and
premenopausal women. Santos et al. also observed a more direct
relationship between lean body mass and bone density (total bone
density, femur, and spine), while sarcopenia was associated with
OP. Obesity was more likely to be a protective factor for OP in old
subjects aged 80 and over (Santos et al., 2018). At the same time,
Barrera et al. demonstrated the beneficial effects of high BMI on
femoral neck bone density in older adults. Men and women with
a BMI of more than 30 kg/m? had about a 33% risk of bone mass
loss compared to those with a normal BMI (Barrera et al., 2004).
In particular, obese people were reported to have higher bone
density, but they also showed damaged bone microstructures and
different fall patterns (Compston, 2013; Ilich et al., 2016).

HIGH-FAT DIET INDUCED OBESITY AND
BONE

Conclusions about the relationship between obesity and bone in
humans rely on statistical correlations or models, rather than
controlled trials. Therefore, the establishment of obesity mouse
model is helpful to study the effect of high-fat diet (HFD)-
induced obesity on bone metabolism. Studies have shown that
obese animals burn the same amount of energy, no matter
how much fat is in their diet (Brown et al., 2003; Tortoriello
et al., 2004; Relling et al., 2006). The mice provided a model for
studying the relationship between body size, obesity and skeletal
characteristics. High fat intake in rodents leads to obesity, and
several studies have shown a strong link between bone size,
strength and body size. However, mice are not always reliable
indicators of human pathophysiology. Human can enjoy more
colorful life style, more abundant food and more complicated
living environment. Moreover, patients with obesity often have
multiple complications, not just weight gain. These factors make
the relationship between obesity and bone more complex in
humans than in mice.

Cancellous Bone

The effects of a high-fat diet on cancellous bone in rodents
have been shown to be harmful. Previous studies have reported
that after 4, 8, and 12 weeks of HFD treatment, the trabecular
density of 6-week-old male C57BL/6] mice decreased with the
increase of adipocytes and trabecular degeneration. In addition,
in obese mice, serum leptin levels were associated with bone
trabeculae, but not cortical bone density, while adiponectin
and total cholesterol levels were not associated with bone mass
(Fujita et al., 2012). Scheller et al. (2016) also noted that bone
trabecular volume fraction, bone mineral content, and quantity
decreased after 12, 16, or 20 weeks of high-fat feeding compared
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with normal rat chow (ND) controls, and only partial recovery
after weight loss.

In addition, Inzana et al. (2013) found that femoral cancellous
metaphyseal bones were more susceptible to adverse effects of
high-fat diet before bone maturation, and had poor recovery
ability after dietary correction (low-fat diet, LFD).

A recent study conducted by Tian et al. showed that the bone
mass of femoral trabecular bone in C57BL/6] mice increased
significantly after 8 weeks of HFD, but decreased significantly at
16 and 24 weeks (Tian et al., 2017). In other words, after short-
term feeding, HFD may show a positive effect on bone mass,
however, after long-term feeding, bone mass was significantly
decreased in HFD mice.

Cortical Bone

However, the effects of diet induced obesity on cortical bone in
rodents are less clear, with positive, negative, and neutral results
reported. The femoral cortical thickness and cross-sectional area
of 4-week old male mice were increased after feeding HFD-DAG
(Diacylglycerol). HFD-DAG had obvious promoting effect on
bone and bone metabolism (Choi et al., 2015). In addition, Silva
et al. recently suggested that a high-fat diet had beneficial effects
on most femoral size and skeletal mechanical properties, as well
as radius size and stiffness (Silva et al., 2019). However, Ionova-
Martin et al. found that femur strength, hardness, and toughness
were significantly lower in both young and adult mice fed HFD
than in the control group (Ionova-Martin et al., 2011).

In contrast, Cao et al. concluded that feeding mice HFD for
14 weeks reduced proximal tibial cancellous bone mass in young
mice, but had no effect on cortical bone mass (Cao et al., 2009).
Halade et al. (2011) also revealed that mice fed corn oil (CO) for
6 months showed a 66% reduction in distal femoral trabecular
volume fraction, with no significant effect on cortical bone. To
sum up, in the above studies, the effect of HFD on cortical bone
was not as significant as that on cancellous bone.

It is generally believed that age-related OP has three main
processes. The first and most important process is reduction of
trabecular bone, the second is continuous bone resorption on
the cortical surface, and the third is cortical bone loss (Chen
et al., 2009). Similarly, the above studies indicate that the most
significant change in obesity-related bone loss is the reduction
of femoral trabecular bone Combined, these results suggest that
HFD could regulate the changes of trabecular and cortical bone
in different ways. This may be due to the fact that cancellous
bone generally responds more strongly to diet or drug therapy,
physiological conditions, or aging than cortical bone, because
cancellous bone is more active in remodeling because of its
larger surface to volume ratio than cortical bone (Morgan et al.,
2008). On the other hand, bearing capacity and mechanical stress
are important factors in determining cortical bone mass, while
trabecular bone density is affected by sex maturation related
hormones (Mora et al., 1994).

Bone Formation/Resorption

In addition to affecting bone structure, HFD can also have
significant effects on cell function. Bone mass reflects the
balance between bone formation and bone resorption and is

involved in the coordination and regulation of the number and
activity of osteoblasts and osteoclasts at the cellular level. The
RANKL/RANK/OPG signaling pathway plays a major role in
this regulation. A previous study showed that the expression
of RANKL, the ratio of RANKL to OPG, and the level of
serum TRAP in osteoblasts from HFD mice were increased,
suggesting that HFD can promote osteoclast activity and bone
resorption (Cao et al., 2009). Notably, Halade et al. reported that
in mice fed HFD, the accumulation of bone marrow adipocytes
resulted in significantly higher levels of pro-inflammatory factors,
leading to increased bone resorption. In addition, increased
expression of osteoclast-specific cathepsin K and RANKL and
decreased osteoblast-specific RUNX2/Cbfal in CO-feeding mice
also supported bone resorption (Halade et al., 2011).

Furthermore, Shu et al. (2015) revealed that the lower
trabecular volume, but increased osteoclast numbers could be
found in the femoral metaphyseal sections of HFD-fed mice
after 3, 6, and 12 weeks. The elevated osteoclast precursor
frequency, increased osteoclast formation, and bone resorption
activity, along with increased osteoclastogenic regulators such as
RANKL, TNFE and PPARY were seen in bone marrow cells from
HFD-fed mice. But, osteoblast function was also increased after
12 weeks of HFD (Shu et al., 2015). A possible explanation is
that mechanical load of body weight stimulates bone formation,
reduces apoptosis, and enhances proliferation and differentiation
of osteoblasts and osteocytes. Therefore, it was not surprising
that bone formation rates and osteoblast numbers increased in
this study, since HFD mice were significantly heavier than the
control group (Bonewald and Johnson, 2008). In conclusion, it is
reasonable to believe that the bone loss caused by HFD is mainly
related to the promotion of osteoclast differentiation and activity
by changing the bone marrow microenvironment.

Based on these findings, the effect of HFD is bipolar and may
be the result of a combination of body weight, fat mass, bone
formation/absorption, pro-inflammatory mediators and bone
marrow microenvironment. Obesity initially has a beneficial
effect on bones, possibly due to anabolic effects that increase
mechanical load. However, due to the development of metabolic
complications including systemic inflammation, the second stage
is followed by a reduction in bone formation (Lecka-Czernik
et al., 2015). As mentioned above, these results may support
the idea that as obesity rises, the benefits for bone health
are diminishing.

CONCLUSION

In conclusion, obesity or overweight is strictly related to bone
metabolism, although the correlation has not yet been fully
unified. Adipose tissue interacts with bone by secreting various
cytokines, so as to regulate bone health. Meanwhile BMAT also
exerts a crucial impact on bone density and bone microstructure.
In addition, human obesity is a complex problem that involves
not only excessive fat intake but also other nutrient consumption
imbalances such as vitamin D, calcium and phosphorus, which
are known to affect bone metabolism, further making it difficult
to determine the impact of obesity on human bone health.
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Moreover, while BMI is closely related to the gold standard
of body fat, it does not distinguish between lean and fat
mass, nor does it provide an indication of the distribution
of body fat. The loss of muscle mass in the elderly means
that BMI is also less accurate at predicting body fat in this
group. Therefore, determining whether obesity causes changes
in bone mass based on BMI is less accurate. Central obesity
measures, including waist circumference, waist-to-height ratio
and waist-to-hip ratio, are better predictors of visceral obesity,
bone-related disease and mortality than BMI. Simply put, all
of these findings indicate that skeletal response to obesity has
either a positive or negative effect on bone, suggesting that
the influence of obesity on bone metabolism is intricate and
depend on diverse factors, such as mechanical load by the weight,
obesity type, the location of adipose tissue, gender, age, and
bone sites, along with secreted cytokines, these factors may play
a major function for bone health. The effects of obesity on
bone metabolism and bone microstructure involve these multiple
factors, which may exert different regulatory mechanisms and
ultimately affect the skeletal health. The investigation of the
relationship between obesity and bone is conducive to finding

REFERENCES

Agbaht, K., Gurlek, A., Karakaya, J., and Bayraktar, M. (2009). Circulating
adiponectin represents a biomarker of the association between adiposity and
bone mineral density. Endocrine 35, 371-379. doi: 10.1007/s12020-009-9158-2

Al Saedi, A., Goodman, A. C., Myers, D. E., Hayes, A., and Duque, G. (2020).
Rapamycin affects palmitate-induced lipotoxicity in osteoblasts by modulating
apoptosis and autophagy. J. Gerontol. A Biol. Sci. Med. Sci. 75, 58-63. doi:
10.1093/gerona/glz149

Alissa, E. M., Alzughaibi, L. S., and Marzouki, Z. M. (2020). Relationship between
serum resistin, body fat and inflammatory markers in females with clinical knee
osteoarthritis. Knee 27, 45-50. doi: 10.1016/j.knee.2019.12.009

Arango-Lopera, V. E., Arroyo, P., Gutierrez-Robledo, L. M., Perez-Zepeda, M. U.,
and Cesari, M. (2013). Mortality as an adverse outcome of sarcopenia. J. Nutr.
Health Aging 17, 259-262. doi: 10.1007/s12603-012-0434-0

Ardawi, M. S., Akhbar, D. H., Alshaikh, A., Ahmed, M. M., Qari, M. H., Rouzi,
A. A, etal. (2013). Increased serum sclerostin and decreased serum IGF-1 are
associated with vertebral fractures among postmenopausal women with type-2
diabetes. Bone 56, 355-362. doi: 10.1016/j.bone.2013.06.029

Astudillo, P., Rios, S., Pastenes, L., Pino, A. M., and Rodriguez, J. P. (2007).
Increased adipogenesis of osteoporotic human-mesenchymal stem cells (MSCs)
characterizes by impaired leptin action&nbsp. J. Cell. Biochem. 103, 1054-1065.
doi: 10.1002/jcb.21516

Baggio, L. L., and Drucker, D. J. (2007). Biology of incretins: GLP-1 and GIP.
Gastroenterology 132, 2131-2157. doi: 10.1053/j.gastro.2007.03.054

Bao, J. P,, Chen, W. P, Feng, J., Hu, P. F,, Shi, Z. L., and Wu, L. D. (2010).
Leptin plays a catabolic role on articular cartilage. Mol. Biol. Rep. 37, 3265-3272.
doi: 10.1007/s11033-009-9911-x

Barba, C., Cavalli-Sforza, T., Cutter, J., Darnton-Hill, I, Deurenberg, P,
Deurenberg-Yap, M., et al. (2004). Appropriate body-mass index for Asian
populations and its implications for policy and intervention strategies. Lancet
363, 157-163. doi: 10.1016/s0140-6736(03)15268-3

Barrera, G., Bunout, D., Gattas, V., de la Maza, M. P, Leiva, L., and Hirsch, S.
(2004). A high body mass index protects against femoral neck osteoporosis in
healthy elderly subjects. Nutrition 20, 769-771. doi: 10.1016/j.nut.2004.05.014

Bartell, S. M., Rayalam, S., Ambati, S., Gaddam, D. R., Hartzell, D. L., Hamrick,
M., etal. (2011). Central (ICV) leptin injection increases bone formation, bone
mineral density, muscle mass, serum IGF-1, and the expression of osteogenic
genes in leptin-deficient ob/ob mice. J. Bone Miner. Res. 26, 1710-1720. doi:
10.1002/jbmr.406

new targets for the treatment of bone-related diseases, including
OP, fractures, RA, and OA.

AUTHOR CONTRIBUTIONS

JH wrote the manuscript. CH, WH, and MY revised the
manuscript. CL and XL were responsible for the guidance and
supervision. All authors contributed to the article and approved
the submitted version.

FUNDING

This work was supported by the National Key R&D Program
of China (grant 2019YFA0111900), the National Natural
Science Foundation of China (grants 81922017, 81873669, and
81802209), the Hunan Province Natural Science Foundation
of China (grant 2018]J3863), the Innovation Driven Project
of Central South University (grant 20170033010017), and the
Talent Plan of Xiangya Hospital in Central South University
(grants 35 and 41).

Beekman, K. M., Zwaagstra, M., Veldhuis-Vlug, A. G., van Essen, H. W., den Heijer,
M., Maas, M., et al. (2019). Ovariectomy increases RANKL protein expression
in bone marrow adipocytes of C3H/HeJ mice. Am. J. Physiol. Endocrinol. Metab.
317, E1050-E1054.

Bijlsma, J. W. J., Berenbaum, F., and Lafeber, F. P. J. G. (2011). Osteoarthritis:
an update with relevance for clinical practice. Lancet 377, 2115-2126. doi:
10.1016/s0140-6736(11)60243-2

Bonewald, L. F., and Johnson, M. L. (2008). Osteocytes, mechanosensing and Wnt
signaling. Bone 42, 606-615. doi: 10.1016/j.bone.2007.12.224

Boon, M. R, van den Berg, S. A., Wang, Y., van den Bossche, J., Karkampouna, S.,
Bauwens, M., et al. (2013). BMP7 activates brown adipose tissue and reduces
diet-induced obesity only at subthermoneutrality. PLoS One 8:¢74083. doi: 10.
1371/journal.pone.0074083

Borges, J. L., Bilezikian, J. P., Jones-Leone, A. R., Acusta, A. P., Ambery,
P. D, Nino, A. J., et al. (2011). A randomized, parallel group, double-
blind, multicentre study comparing the efficacy and safety of Avandamet
(rosiglitazone/metformin) and metformin on long-term glycaemic control and
bone mineral density after 80 weeks of treatment in drug-naive type 2 diabetes
mellitus patients. Diabetes Obes. Metab. 13, 1036-1046. doi: 10.1111/j.1463-
1326.2011.01461.x

Brandt, K. D. (2006). Yet more evidence that osteoarthritis is not a cartilage disease.
Ann. Rheum. Dis. 65, 1261-1264. doi: 10.1136/ard.2006.058347

Bredella, M. A., Fazeli, P. K., Miller, K. K., Misra, M., Torriani, M., Thomas, B. J.,
etal. (2009). Increased bone marrow fat in anorexia nervosa. J. Clin. Endocrinol.
Metab. 94, 2129-2136. doi: 10.1210/jc.2008-2532

Bredella, M. A., Torriani, M., Ghomi, R. H., Thomas, B. J., Brick, D. J.,
Gerweck, A. V., et al. (2011a). Determinants of bone mineral density in
obese premenopausal women. Bone 48, 748-754. doi: 10.1016/j.bone.2010.
12.011

Bredella, M. A., Torriani, M., Ghomi, R. H., Thomas, B. J., Brick, D. J., Gerweck,
A. V., et al. (2011b). Vertebral bone marrow fat is positively associated with
visceral fat and inversely associated with IGF-1 in obese women. Obesity (Silver
Spring) 19, 49-53. doi: 10.1038/0by.2010.106

Brentano, F., Schorr, O., Ospelt, C., Stanczyk, J., Gay, R. E., Gay, S., et al. (2007).
Pre-B cell colony-enhancing factor/visfatin, a new marker of inflammation in
rheumatoid arthritis with proinflammatory and matrix-degrading activities.
Arthritis Rheum. 56, 2829-2839. doi: 10.1002/art.22833

Brown, J. L., Spicer, M. T., and Spicer, L. J. (2003). Effect of high-fat diet on body
composition and hormone responses to glucose tolerance tests. Endocrine 19,
327-332. doi: 10.1385/end0:19:3:327

Frontiers in Cell and Developmental Biology | www.frontiersin.org

December 2020 | Volume 8 | Article 600181


https://doi.org/10.1007/s12020-009-9158-2
https://doi.org/10.1093/gerona/glz149
https://doi.org/10.1093/gerona/glz149
https://doi.org/10.1016/j.knee.2019.12.009
https://doi.org/10.1007/s12603-012-0434-0
https://doi.org/10.1016/j.bone.2013.06.029
https://doi.org/10.1002/jcb.21516
https://doi.org/10.1053/j.gastro.2007.03.054
https://doi.org/10.1007/s11033-009-9911-x
https://doi.org/10.1016/s0140-6736(03)15268-3
https://doi.org/10.1016/j.nut.2004.05.014
https://doi.org/10.1002/jbmr.406
https://doi.org/10.1002/jbmr.406
https://doi.org/10.1016/s0140-6736(11)60243-2
https://doi.org/10.1016/s0140-6736(11)60243-2
https://doi.org/10.1016/j.bone.2007.12.224
https://doi.org/10.1371/journal.pone.0074083
https://doi.org/10.1371/journal.pone.0074083
https://doi.org/10.1111/j.1463-1326.2011.01461.x
https://doi.org/10.1111/j.1463-1326.2011.01461.x
https://doi.org/10.1136/ard.2006.058347
https://doi.org/10.1210/jc.2008-2532
https://doi.org/10.1016/j.bone.2010.12.011
https://doi.org/10.1016/j.bone.2010.12.011
https://doi.org/10.1038/oby.2010.106
https://doi.org/10.1002/art.22833
https://doi.org/10.1385/endo:19:3:327
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Hou et al.

Obesity and Bone Health

Brun, J., Berthou, F., Trajkovski, M., Maechler, P., Foti, M., and Bonnet, N.
(2017). Bone regulates browning and energy metabolism through mature
osteoblast/osteocyte PPARgamma expression. Diabetes 66, 2541-2554. doi:
10.2337/db17-0116

Burguera, B., Hofbauer, L. C., Thomas, T., Gori, F., Evans, G. L., Khosla, S., et al.
(2001). Leptin reduces ovariectomy-induced bone loss in rats. Endocrinology
142, 3546-3553. doi: 10.1210/endo.142.8.8346

Cao, J. J., and Picklo, M. J. Sr. (2015). Involuntary wheel running improves but
does not fully reverse the deterioration of bone structure of obese rats despite
decreasing adiposity. Calcif. Tissue Int. 97, 145-155. doi: 10.1007/500223-015-
9992-6

Cao, J. J., Gregoire, B. R, and Gao, H. (2009). High-fat diet decreases cancellous
bone mass but has no effect on cortical bone mass in the tibia in mice. Bone 44,
1097-1104. doi: 10.1016/j.bone.2009.02.017

Carobbio, S., Pellegrinelli, V., and Vidal-Puig, A. (2017). Adipose tissue function
and expandability as determinants of lipotoxicity and the metabolic syndrome.
Adv. Exp. Med. Biol. 960, 161-196. doi: 10.1007/978-3-319-48382-5_7

Chaplais, E., Naughton, G., Greene, D., Dutheil, F., Pereira, B., Thivel, D., et al.
(2018). Effects of interventions with a physical activity component on bone
health in obese children and adolescents: a systematic review and meta-analysis.
J. Bone Miner. Metab. 36, 12-30. doi: 10.1007/s00774-017-0858-z

Chen, H., Zhou, X., Emura, S., and Shoumura, S. (2009). Site-specific bone
loss in senescence-accelerated mouse (SAMP6): a murine model for senile
osteoporosis. Exp. Gerontol. 44,792-798. doi: 10.1016/j.exger.2009.09.009

Chen, X. X, and Yang, T. (2015). Roles of leptin in bone metabolism and bone
diseases. J. Bone Miner. Metab. 33, 474-485. doi: 10.1007/s00774-014-0569-7

Chen, Y. S., Guo, Q., Guo, L. ], Liu, T., Wu, X. P,, Lin, Z. Y., et al. (2017). GDF8
inhibits bone formation and promotes bone resorption in mice. Clin. Exp.
Pharmacol. Physiol. 44, 500-508. doi: 10.1111/1440-1681.12728

Cherif, R., Mahjoub, F., Sahli, H., Cheour, E., Vico, L., Sakly, M., et al. (2018).
Positive Association of Obesity and insulin resistance with bone mineral density
in Tunisian postmenopausal women. J. Clin. Densitom. 21, 163-171. doi: 10.
1016/j.jocd.2017.05.015

Choi, H. M., Doss, H. M., and Kim, K. S. (2020). Multifaceted physiological roles
of adiponectin in inflammation and diseases. Int. J. Mol. Sci. 21:1219. doi:
10.3390/ijms21041219

Choi, H. M., Lee, Y. A, Lee, S. H,, Hong, S. J., Hahm, D. H., Choi, S. Y,
et al. (2009). Adiponectin may contribute to synovitis and joint destruction in
rheumatoid arthritis by stimulating vascular endothelial growth factor, matrix
metalloproteinase-1, and matrix metalloproteinase-13 expression in fibroblast-
like synoviocytes more than proinflammatory mediators. Arthritis Res. Ther.
11:R161.

Choi, H. S., Park, S. J., Lee, Z. H., and Lim, S. K. (2015). The effects of a high fat
diet containing diacylglycerol on bone in C57BL/6] mice. Yonsei Med. ]. 56,
951-960. doi: 10.3349/ymj.2015.56.4.951

Coelho, M., Oliveira, T., and Fernandes, R. (2013). Biochemistry of adipose tissue:
an endocrine organ. Arch. Med. Sci. 9, 191-200. doi: 10.5114/a0ms.2013.33181

Compston, J. (2013). Obesity and fractures. Joint Bone Spine 80, 8-10. doi: 10.1016/
j.jbspin.2012.07.016

Compston, J. (2018). Type 2 diabetes mellitus and bone. J. Intern. Med. 283,
140-153.

Compston, J. E., Watts, N. B., Chapurlat, R., Cooper, C., Boonen, S., Greenspan,
S., et al. (2011). Obesity is not protective against fracture in postmenopausal
women: GLOW. Am. J. Med. 124, 1043-1050. doi: 10.1016/j.amjmed.2011.06.
013

Conde, J., Scotece, M., Gomez, R., Lopez, V., Gomez-Reino, J. J., and Gualillo,
O. (2011). Adipokines and osteoarthritis: novel molecules involved in the
pathogenesis and progression of disease. Arthritis 2011:203901.

Cui, Y., Yi, Q,, Sun, W., Huang, D., Zhang, H., Duan, L., et al. (2020). Molecular
basis and therapeutic potential of myostatin on bone formation and metabolism
in orthopedic disease. Biofactors 71, 4361-4371.

Dalamaga, M., and Christodoulatos, G. S. (2015). Adiponectin as a biomarker
linking obesity and adiposopathy to hematologic malignancies. Horm. Mol.
Biol. Clin. Investig. 23, 5-20.

de Araujo, I. M., Salmon, C. E., Nahas, A. K., Nogueira-Barbosa, M. H,, Elias, J. Jr.,
and de Paula, F. J. (2017). Marrow adipose tissue spectrum in obesity and type
2 diabetes mellitus. Eur. J. Endocrinol. 176, 21-30. doi: 10.1530/eje- 16-0448

De Laet, C., Kanis, J. A., Oden, A., Johanson, H., Johnell, O., Delmas, P., et al.
(2005). Body mass index as a predictor of fracture risk: a meta-analysis.
Osteoporos. Int. 16, 1330-1338.

Del Mar Gonzalez-Barroso, M., Ricquier, D., and Cassard-Doulcier, A. M.
(2001). The human uncoupling protein—1 gene (UCP1): present status and
perspectives in obesity research. Obes. Rev. 1, 61-72. doi: 10.1046/j.1467-789x.
2000.00009.x

Di Angelantonio, E., Bhupathiraju, S. N., Wormser, D., Gao, P., Kaptoge, S.,
de Gonzalez, A. B., et al. (2016). Body-mass index and all-cause mortality:
individual-participant-data meta-analysis of 239 prospective studies in four
continents. Lancet 388, 776-786.

Ding, C. (2011). Metabolic triggered inflammation in osteoarthritis. Osteoarthritis
Cartilage 41, 90-91. doi: 10.1016/j.semarthrit.2011.06.009

Dobson, R., Burgess, M. L, Sprung, V. S., Irwin, A., Hamer, M., Jones, J., et al.
(2016). Metabolically healthy and unhealthy obesity: differential effects on
myocardial function according to metabolic syndrome, rather than obesity. Int.
J. Obes. (Lond.) 40, 153-161. doi: 10.1038/ij0.2015.151

Dormuth, C. R., Carney, G., Carleton, B., Bassett, K., and Wright, J. M. (2009).
Thiazolidinediones and fractures in men and women. Arch. Intern. Med. 169,
1395-1402. doi: 10.1001/archinternmed.2009.214

Du, Y., Wang, X,, Xie, H., Zheng, S., Wu, X., Zhu, X,, et al. (2019). Sex differences
in the prevalence and adverse outcomes of sarcopenia and sarcopenic obesity
in community dwelling elderly in East China using the AWGS criteria. BMC
Endocr. Disord. 19:109. doi: 10.1186/s12902-019-0432-x

Ducy, P., Amling, M., Takeda, S., Priemel, M., Schilling, A. F., Beil, F. T., et al.
(2000). Leptin inhibits bone formation through a hypothalamic relay: a central
control of bone mass. Cell 100, 197-207. doi: 10.1016/s0092-8674(00)81558-5

Elbaz, A., Wu, X,, Rivas, D., Gimble, J. M., and Duque, G. (2010). Inhibition of fatty
acid biosynthesis prevents adipocyte lipotoxicity on human osteoblasts in vitro.
J. Cell. Mol. Med. 14, 982-991. doi: 10.1111/j.1582-4934.2009.00751.x

Fassio, A., Idolazzi, L., Rossini, M., Gatti, D., Adami, G., Giollo, A., et al. (2018).
The obesity paradox and osteoporosis. Eat. Weight Disord. 23, 293-302.

Fazeli, P. K., Bredella, M. A., Freedman, L., Thomas, B. J., Breggia, A., Meenaghan,
E., et al. (2012). Marrow fat and preadipocyte factor-1 levels decrease with
recovery in women with anorexia nervosa. J. Bone Miner. Res. 27, 1864-1871.
doi: 10.1002/jbmr.1640

Fazeli, P. K., Faje, A. T., Bredella, M. A., Polineni, S., Russell, S., Resulaj, M., et al.
(2019). Changes in marrow adipose tissue with short-term changes in weight in
premenopausal women with anorexia nervosa. Eur. J. Endocrinol. 180, 189-199.
doi: 10.1530/eje-18-0824

Fazeli, P. K., Faje, A. T., Cross, E. ]., Lee, H., Rosen, C. J., Bouxsein, M. L., et al.
(2015). Serum FGF-21 levels are associated with worsened radial trabecular
bone microarchitecture and decreased radial bone strength in women with
anorexia nervosa. Bone 77, 6-11. doi: 10.1016/j.bone.2015.04.001

Fazeli, P. K., Horowitz, M. C., MacDougald, O. A., Scheller, E. L., Rodeheffer,
M. S., Rosen, C.J., et al. (2013). Marrow fat and bone-new perspectives. J. Clin.
Endocrinol. Metab. 98, 935-945.

Felson, D. T., and Chaisson, C. E. (1997). Understanding the relationship between
body weight and osteoarthritis. Baillieres Clin. Rheumatol. 11, 671-681. doi:
10.1016/50950-3579(97)80003-9

Felson, T. (2010). Effect of weight and body mass index on bone mineral density
in men and women: the Framingham study. J. Bone Miner. Res. 8, 567-573.
doi: 10.1002/jbmr.5650080507

Feng, X., Xu, X,, Shi, Y., Liu, X,, Liu, H., Hou, H,, et al. (2019). Body mass index
and the risk of rheumatoid arthritis: an updated dose-response meta-analysis.
Biomed. Res. Int. 2019:3579081.

Ferron, M., Wei, ., Yoshizawa, T., Fattore, A. Del, DePinho, R. A., Teti, A., et al.
(2010). Insulin signaling in osteoblasts integrates bone remodeling and energy
metabolism. Cell 142, 296-308. doi: 10.1016/j.cell.2010.06.003

Frontini, A., and Cinti, S. (2010). Distribution and development of brown
adipocytes in the murine and human adipose organ. Cell Metab. 11, 253-256.
doi: 10.1016/j.cmet.2010.03.004

Fruhbeck, G., Gomez-Ambrosi, J., Muruzabal, F. J., and Burrell, M. A. (2001).
The adipocyte: a model for integration of endocrine and metabolic signaling
in energy metabolism regulation. Am. J. Physiol. Endocrinol. Metab. 280, E827-
E847.

Fujita, Y., Watanabe, K., and Maki, K. (2012). Serum leptin levels negatively
correlate with trabecular bone mineral density in high-fat diet-induced obesity
mice. J. Musculoskelet. Neuronal Interact. 12, 84-94.

Gimble, J. M., Robinson, C. E., Wu, X,, Kelly, K. A, Rodriguez, B. R, Kliewer, S. A.,
et al. (1996). Peroxisome proliferator-activated receptor-gamma activation by
thiazolidinediones induces adipogenesis in bone marrow stromal cells. Mol.
Pharmacol. 50, 1087-1094.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

December 2020 | Volume 8 | Article 600181


https://doi.org/10.2337/db17-0116
https://doi.org/10.2337/db17-0116
https://doi.org/10.1210/endo.142.8.8346
https://doi.org/10.1007/s00223-015-9992-6
https://doi.org/10.1007/s00223-015-9992-6
https://doi.org/10.1016/j.bone.2009.02.017
https://doi.org/10.1007/978-3-319-48382-5_7
https://doi.org/10.1007/s00774-017-0858-z
https://doi.org/10.1016/j.exger.2009.09.009
https://doi.org/10.1007/s00774-014-0569-7
https://doi.org/10.1111/1440-1681.12728
https://doi.org/10.1016/j.jocd.2017.05.015
https://doi.org/10.1016/j.jocd.2017.05.015
https://doi.org/10.3390/ijms21041219
https://doi.org/10.3390/ijms21041219
https://doi.org/10.3349/ymj.2015.56.4.951
https://doi.org/10.5114/aoms.2013.33181
https://doi.org/10.1016/j.jbspin.2012.07.016
https://doi.org/10.1016/j.jbspin.2012.07.016
https://doi.org/10.1016/j.amjmed.2011.06.013
https://doi.org/10.1016/j.amjmed.2011.06.013
https://doi.org/10.1530/eje-16-0448
https://doi.org/10.1046/j.1467-789x.2000.00009.x
https://doi.org/10.1046/j.1467-789x.2000.00009.x
https://doi.org/10.1016/j.semarthrit.2011.06.009
https://doi.org/10.1038/ijo.2015.151
https://doi.org/10.1001/archinternmed.2009.214
https://doi.org/10.1186/s12902-019-0432-x
https://doi.org/10.1016/s0092-8674(00)81558-5
https://doi.org/10.1111/j.1582-4934.2009.00751.x
https://doi.org/10.1002/jbmr.1640
https://doi.org/10.1530/eje-18-0824
https://doi.org/10.1016/j.bone.2015.04.001
https://doi.org/10.1016/s0950-3579(97)80003-9
https://doi.org/10.1016/s0950-3579(97)80003-9
https://doi.org/10.1002/jbmr.5650080507
https://doi.org/10.1016/j.cell.2010.06.003
https://doi.org/10.1016/j.cmet.2010.03.004
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Hou et al.

Obesity and Bone Health

Glogowska-Szelag, J., Kos-Kudla, B., Marek, B., Nowak, M., and Sieminska,
L. (2019). Assessment of selected adipocytokines in obese women with
postmenopausal osteoporosis. Endokrynol. Pol. 70, 478-483. doi: 10.5603/ep.
a2019.0043

Gordeladze, J. O., Drevon, C. A, Syversen, U., and Reseland, J. E. (2002). Leptin
stimulates human osteoblastic cell proliferation, de novo collagen synthesis, and
mineralization: impact on differentiation markers, apoptosis, and osteoclastic
signaling. J. Cell. Biochem. 85, 825-836. doi: 10.1002/jcb.10156

Gremese, E., Tolusso, B., Gigante, M. R., and Ferraccioli, G. (2014). Obesity as a risk
and severity factor in rheumatic diseases (autoimmune chronic inflammatory
diseases). Front. Immunol. 5:576. doi: 10.3389/fimmu.2014.00576

Grotle, M., Hagen, K. B., Natvig, B., Dahl, F. A., and Kvien, T. K. (2008). Obesity
and osteoarthritis in knee, hip and/or hand: an epidemiological study in the
general population with 10 years follow-up. BMC Musculoskelet. Disord. 9:132.
doi: 10.1186/1471-2474-9-132

Halade, G. V., Jamali, A. El, Williams, P. J., Fajardo, R. J., and Fernandes,
G. (2011). Obesity-mediated inflammatory microenvironment stimulates
osteoclastogenesis and bone loss in mice. Exp. Gerontol. 46, 43-52. doi: 10.
1016/j.exger.2010.09.014

Hamrick, M. W., Della-Fera, M. A., Choi, Y. H., Pennington, C., Hartzell, D., and
Baile, C. A. (2005). Leptin treatment induces loss of bone marrow adipocytes
and increases bone formation in leptin-deficient ob/ob mice. J. Bone Miner. Res.
20, 994-1001. doi: 10.1359/jbmr.050103

Hamrick, M. W., Pennington, C., Newton, D., Xie, D., and Isales, C. (2004). Leptin
deficiency produces contrasting phenotypes in bones of the limb and spine.
Bone 34, 376-383. doi: 10.1016/j.bone.2003.11.020

Hamrick, M. W., Shi, X., Zhang, W, Pennington, C., Thakore, H., Haque, M., et al.
(2007). Loss of myostatin (GDF8) function increases osteogenic differentiation
of bone marrow-derived mesenchymal stem cells but the osteogenic effect is
ablated with unloading. Bone 40, 1544-1553. doi: 10.1016/j.bone.2007.02.012

Hao, R. H,, Gao, J. L, Li, M., Huang, W., Zhu, D. L., Thynn, H. N,, et al. (2018).
Association between fibroblast growth factor 21 and bone mineral density in
adults. Endocrine 59, 296-303. doi: 10.1007/s12020-017-1507-y

Hardouin, P., Rharass, T., and Lucas, S. (2016). Bone marrow adipose tissue: to
be or not to be a typical adipose tissue? Front. Endocrinol. (Lausanne) 7:85.
doi: 10.3389/fend0.2016.00085

Holloway, W. R., Collier, F. M., Aitken, C.J., Myers, D. E., Hodge, ]. M., Malakellis,
M., et al. (2002). Leptin inhibits osteoclast generation. J. Bone Miner. Res. 17,
200-209. doi: 10.1359/jbmr.2002.17.2.200

Horowitz, M. C., Berry, R, Holtrup, B., Sebo, Z., Nelson, T., Fretz, J. A,, et al.
(2017). Bone marrow adipocytes. Adipocyte 6, 193-204.

Huang, C. Y., Lee, C. Y., Chen, M. Y., Tsai, H. C., Hsu, H. C., and Tang, C. H. (2010).
Adiponectin increases BMP-2 expression in osteoblasts via AdipoR receptor
signaling pathway. J. Cell. Physiol. 224, 475-483. doi: 10.1002/jcp.22145

Huang, Y., Xiao, Y., Liu, Y., Guo, M., Guo, Q., Zhou, F., et al. (2020). MicroRNA-
188 regulates aging-associated metabolic phenotype. Aging Cell 19:¢13077.

Hunter, D. J., and Bierma-Zeinstra, S. (2019). Osteoarthritis. Lancet 393, 1745~
1759.

Ilich, J. Z., Kelly, O. J., and Inglis, J. E. (2016). Osteosarcopenic obesity syndrome:
what is it and how can it be identified and diagnosed? Curr. Gerontol. Geriatr.
Res. 2016:7325973.

Ilich, J. Z., Kelly, O. J., Inglis, J. E., Panton, L. B., Duque, G., and Ormsbee,
M. J. (2014). Interrelationship among muscle, fat, and bone: connecting the
dots on cellular, hormonal, and whole body levels. Ageing Res. Rev. 15, 51-60.
doi: 10.1016/j.arr.2014.02.007

Inzana, J. A., Kung, M., Shu, L., Hamada, D., Xing, L. P., Zuscik, M. J,, et al. (2013).
Immature mice are more susceptible to the detrimental effects of high fat diet
on cancellous bone in the distal femur. Bone 57, 174-183. doi: 10.1016/j.bone.
2013.08.003

Ionova-Martin, S. S., Wade, J. M., Tang, S., Shahnazari, M., Ager, J. W. III, Lane,
N. E,, et al. (2011). Changes in cortical bone response to high-fat diet from
adolescence to adulthood in mice. Osteoporos. Int. 22, 2283-2293. doi: 10.1007/
500198-010-1432-x

Johansson, A. G., Lindh, E., and Ljunghall, S. (1992). Insulin-like growth factor I
stimulates bone turnover in osteoporosis. Lancet 339:1619. doi: 10.1016/0140-
6736(92)91889-g

Johnson, W., Stovitz, S. D., Choh, A. C., Czerwinski, S. A., Towne, B., and
Demerath, E. W. (2012). Patterns of linear growth and skeletal maturation from

birth to 18 years of age in overweight young adults. Int. J. Obes. (Lond.) 36,
535-541.

Jurimae, J., Jurimae, T., Leppik, A., and Kums, T. (2008). The influence of ghrelin,
adiponectin, and leptin on bone mineral density in healthy postmenopausal
women. J. Bone Miner. Metab. 26, 618-623. doi: 10.1007/s00774-008-0861-5

Justesen, J., Stenderup, K., Ebbesen, E. N., Mosekilde, L., Steiniche, T., and Kassem,
M. (2001). Adipocyte tissue volume in bone marrow is increased with aging and
in patients with osteoporosis. Biogerontology 2, 165-171.

Kahn, S. E., Haffner, S. M., Heise, M. A., Herman, W. H., Holman, R. R,, Jones,
N.P,, etal. (2006). Glycemic durability of rosiglitazone, metformin, or glyburide
monotherapy. N. Engl. ]. Med. 355, 2427-2443. doi: 10.1056/nejmoa066224

Kalichman, L., and Kobyliansky, E. (2009). Hand osteoarthritis in Chuvashian
population: prevalence and determinants. Rheumatol. Int. 30, 85-92. doi: 10.
1007/500296-009-0920-9

Kanazawa, I, Notsu, M., Miyake, H., Tanaka, K., and Sugimoto, T. (2018).
Assessment using serum insulin-like growth factor-I and bone mineral density
is useful for detecting prevalent vertebral fractures in patients with type 2
diabetes mellitus. Osteoporos. Int. 29, 2527-2535. doi: 10.1007/s00198-018-
4638-y

Kanazawa, I., Yamaguchi, T., and Sugimoto, T. (2011). Serum insulin-like growth
factor-I is a marker for assessing the severity of vertebral fractures in
postmenopausal women with type 2 diabetes mellitus. Osteoporos. Int. 22,
1191-1198. doi: 10.1007/s00198-010-1310-6

Kanazawa, I, Yamaguchi, T., and Sugimoto, T. (2012). Effects of intensive
glycemic control on serum levels of insulin-like growth factor-I and
dehydroepiandrosterone sulfate in type 2 diabetes mellitus. J. Endocrinol. Invest.
35, 469-472.

Kang, D. H.,, Guo, L. F,, Guo, T., Wang, Y., Liu, T,, Feng, X. Y., et al. (2015).
Association of body composition with bone mineral density in northern
Chinese men by different criteria for obesity. J. Endocrinol. Invest. 38, 323-331.
doi: 10.1007/s40618-014-0167-5

Kang, E. H,, Lee, Y. ], Kim, T. K., Chang, C. B., Chung, J. H., Shin, K, et al.
(2010). Adiponectin is a potential catabolic mediator in osteoarthritis cartilage.
Arthritis Res. Ther. 12:R231.

Kanis, J. A., Burlet, N., Cooper, C., Delmas, P. D., Reginster, J. Y., Borgstrom,
F., et al. (2008). European guidance for the diagnosis and management of
osteoporosis in postmenopausal women. Osteoporos. Int. 19, 399-428. doi:
10.1007/500198-008-0560-z

Karelis, A. D., Brochu, M., and Rabasa-Lhoret, R. (2004). Can we identify
metabolically healthy but obese individuals (MHO)? Diabetes Metab. 30, 569
572. doi: 10.1016/s1262-3636(07)70156-8

Katzmarzyk, P. T., Barreira, T. V., Harrington, D. M., Staiano, A. E., Heymsfield,
S. B., and Gimble, J. M. (2012). Relationship between abdominal fat and bone
mineral density in white and African American adults. Bone 50, 576-579. doi:
10.1016/j.bone.2011.04.012

Kaye, W. H., Wierenga, C. E., Bischoff-Grethe, A., Berner, L. A, Ely, A. V., Bailer,
U. F,, et al. (2020). Neural insensitivity to the effects of hunger in women
remitted from anorexia nervosa. Am. J. Psychiatry. 177, 601-610. doi: 10.1176/
appi.ajp.2019.19030261

Khalig, A., Sayed, S. A., and Mahmood, A. (2016). Evaluating the risk of
osteoporosis through bone mass density. J. Ayub Med. Coll. Abbottabad 28,
730-733.

Kim, H. Y., Choe, J. W., Kim, H. K,, Bae, S. J., Kim, B. ], Lee, S. H,, et al. (2010).
Negative association between metabolic syndrome and bone mineral density in
Koreans, especially in men. Calcif. Tissue Int. 86, 350-358. doi: 10.1007/s00223-
010-9347-2

Kinoshita, K., Iimuro, Y., Otogawa, K., Saika, S., Inagaki, Y., Nakajima, Y., et al.
(2007). Adenovirus-mediated expression of BMP-7 suppresses the development
of liver fibrosis in rats. Gut 56, 706-714. doi: 10.1136/gut.2006.092460

Kobayashi, H., Giles, J. T., Polak, J. F., Blumenthal, R. S., Leffell, M. S., Szklo,
M., et al. (2010). Increased prevalence of carotid artery atherosclerosis in
rheumatoid arthritis is artery-specific. J. Rheumatol. 37, 730-739. doi: 10.3899/
jrheum.090670

Konradsen, S., Ag, H., Lindberg, F., Hexeberg, S., and Jorde, R. (2008). Serum 1,25-
dihydroxy vitamin D is inversely associated with body mass index. Eur. J. Nutr.
47, 87-91. doi: 10.1007/s00394-008-0700-4

Koskinen, A., Vuolteenaho, K., Nieminen, R., Moilanen, T., and Moilanen, E.
(2011). Leptin enhances MMP-1, MMP-3 and MMP-13 production in human

Frontiers in Cell and Developmental Biology | www.frontiersin.org

December 2020 | Volume 8 | Article 600181


https://doi.org/10.5603/ep.a2019.0043
https://doi.org/10.5603/ep.a2019.0043
https://doi.org/10.1002/jcb.10156
https://doi.org/10.3389/fimmu.2014.00576
https://doi.org/10.1186/1471-2474-9-132
https://doi.org/10.1016/j.exger.2010.09.014
https://doi.org/10.1016/j.exger.2010.09.014
https://doi.org/10.1359/jbmr.050103
https://doi.org/10.1016/j.bone.2003.11.020
https://doi.org/10.1016/j.bone.2007.02.012
https://doi.org/10.1007/s12020-017-1507-y
https://doi.org/10.3389/fendo.2016.00085
https://doi.org/10.1359/jbmr.2002.17.2.200
https://doi.org/10.1002/jcp.22145
https://doi.org/10.1016/j.arr.2014.02.007
https://doi.org/10.1016/j.bone.2013.08.003
https://doi.org/10.1016/j.bone.2013.08.003
https://doi.org/10.1007/s00198-010-1432-x
https://doi.org/10.1007/s00198-010-1432-x
https://doi.org/10.1016/0140-6736(92)91889-g
https://doi.org/10.1016/0140-6736(92)91889-g
https://doi.org/10.1007/s00774-008-0861-5
https://doi.org/10.1056/nejmoa066224
https://doi.org/10.1007/s00296-009-0920-9
https://doi.org/10.1007/s00296-009-0920-9
https://doi.org/10.1007/s00198-018-4638-y
https://doi.org/10.1007/s00198-018-4638-y
https://doi.org/10.1007/s00198-010-1310-6
https://doi.org/10.1007/s40618-014-0167-5
https://doi.org/10.1007/s00198-008-0560-z
https://doi.org/10.1007/s00198-008-0560-z
https://doi.org/10.1016/s1262-3636(07)70156-8
https://doi.org/10.1016/j.bone.2011.04.012
https://doi.org/10.1016/j.bone.2011.04.012
https://doi.org/10.1176/appi.ajp.2019.19030261
https://doi.org/10.1176/appi.ajp.2019.19030261
https://doi.org/10.1007/s00223-010-9347-2
https://doi.org/10.1007/s00223-010-9347-2
https://doi.org/10.1136/gut.2006.092460
https://doi.org/10.3899/jrheum.090670
https://doi.org/10.3899/jrheum.090670
https://doi.org/10.1007/s00394-008-0700-4
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Hou et al.

Obesity and Bone Health

osteoarthritic cartilage and correlates with MMP-1 and MMP-3 in synovial fluid
from OA patients. Clin. Exp. Rheumatol. 29, 57-64.

Krishnan, S., Anderson, M. P., Fields, D. A., and Misra, M. (2018). Abdominal
obesity adversely affects bone mass in children. World J. Clin. Pediatr. 7, 43-48.
doi: 10.5409/wjcp.v7.i1.43

Lecka-Czernik, B. (2017). Diabetes, bone and glucose-lowering agents: basic
biology. Diabetologia 60, 1163-1169. doi: 10.1007/s00125-017-4269-4

Lecka-Czernik, B., Stechschulte, L. A., Czernik, P. J., and Dowling, A. R. (2015).
High bone mass in adult mice with diet-induced obesity results from a
combination of initial increase in bone mass followed by attenuation in bone
formation; implications for high bone mass and decreased bone quality in
obesity. Mol. Cell. Endocrinol. 410, 35-41. doi: 10.1016/j.mce.2015.01.001

Lee, H. W,, Sang, Y. K,, Kim, A. Y,, Lee, E. J., Choi, J. Y., and Kim, J. B. (2009).
Adiponectin stimulates osteoblast differentiation through induction of COX2
in mesenchymal progenitor cells. Stem Cells 27, 2254-2262. doi: 10.1002/stem.
144

Lee, Y. A, Ji, H. I, Lee, S. H., Hong, S. ], Yang, H. I, Yoo, M. Chul, et al. (2014).
The role of adiponectin in the production of IL-6, IL-8, VEGF and MMPs in
human endothelial cells and osteoblasts: implications for arthritic joints. Exp.
Mol. Med. 46:e72. doi: 10.1038/emm.2013.141

Lee, Y. H., and Bae, S.-C. (2018). Circulating adiponectin and visfatin levels in
rheumatoid arthritis and their correlation with disease activity: a meta-analysis.
Int. J. Rheum. Dis. 21, 664-672. doi: 10.1111/1756-185x.13038

Li, C.J., Chai, Y., Wang, L., Gao, B., Chen, H., Gao, P., et al. (2017). Programmed
cell senescence in skeleton during late puberty. Nat. Commun. 8:1312.

Li, C. J., Cheng, P., Liang, M. K,, Chen, Y. S,, Lu, Q., Wang, J. Y., et al. (2015).
MicroRNA-188 regulates age-related switch between osteoblast and adipocyte
differentiation. Sci. Found. China 125, 22-22.

Li, C.J., Xiao, Y., Yang, M., Su, T, Sun, X., Guo, Q., et al. (2018). Long noncoding
RNA Bmncr regulates mesenchymal stem cell fate during skeletal aging. J. Clin.
Invest. 128, 5251-5266. doi: 10.1172/jci99044

Li, J., Gao, Y., Yu, T., Lange, J. K., LeBoff, M. S., Gorska, A., et al. (2020). Obesity
and leptin influence vitamin D metabolism and action in human marrow
stromal cells. J. Steroid. Biochem. Mol. Biol. 198:105564. doi: 10.1016/j.jsbmb.
2019.105564

Li, Q., Hua, Y., Yang, Y., He, X., Zhu, W., Wang, J., et al. (2018). T cell factor
7 (TCF7)/TCF1 feedback controls osteocalcin signaling in brown adipocytes
independent of the wnt/beta-catenin pathway. Mol. Cell. Biol. 38:e00562-17.

Li, S., Jiang, H., Wang, B., Gu, M., Zhang, N., Liang, W., et al. (2018). Effect
of leptin on marrow adiposity in ovariectomized rabbits assessed by proton
magnetic resonance spectroscopy. J. Comput. Assist. Tomogr. 42, 588-593. doi:
10.1097/rct.0000000000000725

Lim, H. S., Byun, D. W,, Suh, K. L, Park, H. K., Kim, H. J., Kim, T. H,, et al.
(2019). Is there a difference in serum vitamin D levels and bone mineral density
according to body mass index in young adult women? J. Bone Metab. 26,
145-150. doi: 10.11005/jbm.2019.26.3.145

Liu, R,, Li, X., Zhang, Z., Zhou, M., Sun, Y., Su, D,, et al. (2015). Allogeneic
mesenchymal stem cells inhibited T follicular helper cell generation in
rheumatoid arthritis. Sci. Rep. 5:12777.

Liu, R,, Wu, Q,, Su, D., Che, N., Chen, H., Geng, L., et al. (2012). A regulatory
effect of IL-21 on T follicular helper-like cell and B cell in rheumatoid arthritis.
Arthritis Res. Ther. 14:R255.

Liu, R., Zhao, P., Zhang, Q., Che, N., Xu, L., Qian, J.,, et al. (2020). Adiponectin
promotes fibroblast-like synoviocytes producing IL-6 to enhance T follicular
helper cells response in rheumatoid arthritis. Clin. Exp. Rheumatol. 38, 11-18.

Liu, Y., Hazlewood, G. S., Kaplan, G. G., Eksteen, B., and Barnabe, C. (2017).
Impact of obesity on remission and disease activity in rheumatoid arthritis: a
systematic review and meta-analysis. Arthritis Care Res. (Hoboken) 69, 157-165.
doi: 10.1002/acr.22932

Loeser, R. F., Goldring, S. R., Scanzello, C. R., and Goldring, M. B. (2012).
Osteoarthritis: a disease of the joint as an organ. Arthritis Rheum. 64, 1697-
1707. doi: 10.1002/art.34453

Luo, X. H., Guo, L. J., Yuan, L. Q., Xie, H., and Liao, E. Y. (2005). Adiponectin
stimulates human osteoblasts proliferation and differentiation via the MAPK
signaling pathway. Chin. J. Osteoporos. 309, 99-109. doi: 10.1016/j.yexcr.2005.
05.021

Mabilleau, G., Mieczkowska, A., Irwin, N., Flatt, P. R, and Chappard, D.
(2013). Optimal bone mechanical and material properties require a functional

glucagon-like peptide-1 receptor. J. Endocrinol. 219, 59-68. doi: 10.1530/joe-
13-0146

Mansur, S. A., Mieczkowska, A., Bouvard, B., Flatt, P. R., Chappard, D., Irwin,
N, et al. (2015). Stable incretin mimetics counter rapid deterioration of bone
quality in type 1 diabetes mellitus. J. Cell. Physiol. 230, 3009-3018. doi: 10.1002/
jcp.25033

Mansur, S. A., Mieczkowska, A., Flatt, P. R., Bouvard, B., Chappard, D., Irwin,
N,, et al. (2016). A new stable GIP-oxyntomodulin hybrid peptide improved
bone strength both at the organ and tissue levels in genetically-inherited type 2
diabetes mellitus. Bone 87, 102-113. doi: 10.1016/j.bone.2016.04.001

Marcovecchio, M. L., and Chiarelli, F. (2013). Obesity and growth during
childhood and puberty. World Rev. Nutr. Diet. 106, 135-141. doi: 10.1159/
000342545

Marques Loureiro, L., Lessa, S., Mendes, R., Pereira, S., Saboya, C. J., and Ramalho,
A. (2019). Does the metabolically healthy obese phenotype protect adults with
class III obesity from biochemical alterations related to bone metabolism?
Nutrients 11:2125. doi: 10.3390/nu11092125

Méndez, J. P., Rojano-Mejia, D., Pedraza, J., Coral-Vazquez, R. M., Soriano,
R., Garcia-Garcia, E,, et al. (2013). Bone mineral density in postmenopausal
Mexican-Mestizo women with normal body mass index, overweight, or obesity.
Menopause 20, 568-572.

Minamino, H., Katsushima, M., Yoshida, T., Hashimoto, M., Fujita, Y., Shirakashi,
M., et al. (2020). Increased circulating adiponectin is an independent disease
activity marker in patients with rheumatoid arthritis: a cross-sectional study
using the KURAMA database. PLoS One 15:€0229998. doi: 10.1371/journal.
pone.0229998

Miossec, P. (2013). Rheumatoid arthritis: still a chronic disease. Lancet 381,
884-886. doi: 10.1016/s0140-6736(12)62192-8

Mitsuyo, K., Soko, S., and Solomon, D. H. (2007). Bone mineral density in adults
with the metabolic syndrome: analysis in a population-based U.S. sample.
J. Clin. Endocrinol. Metab. 92, 4161-4164. doi: 10.1210/jc.2007-0757

Miyake, H., Kanazawa, I, and Sugimoto, T. (2017). Decreased serum
insulin-like growth factor-i is a risk factor for non-vertebral fractures
in diabetic postmenopausal women. Intern. Med. 56, 269-273.
doi: 10.2169/internalmedicine.56.7416

Monami, M., Cresci, B., Colombini, A., Pala, L., Balzi, D., Gori, F., et al. (2008).
Bone fractures and hypoglycemic treatment in type 2 diabetic patients: a
case-control study. Diabetes Care 31, 199-203. doi: 10.2337/dc07-1736

Mora, S., Goodman, W. G., Loro, M. L, Roe, T. F., Sayre, J., and Gilsanz, V.
(1994). Age-related changes in cortical and cancellous vertebral bone density
in girls: assessment with quantitative CT. AJR Am. J. Roentgenol. 162, 405-409.
doi: 10.2214/ajr.162.2.8310936

Morgan, E. F.,, Barnes, G. L., and Einhorn, T. A. (2008). “Chapter 1-the bone organ
system : form and function,” in Osteoporosis, eds R. Marcus, D. Feldman, and J.
Kelsey (Boston, MA: Elsevier Academic Press).

Muka, T., Trajanoska, K., Jong, K. D., Ling, O., Uitterlinden, A. G., Hofman,
A., et al. (2015). The association between metabolic syndrome, bone mineral
density, hip bone geometry and fracture risk: the Rotterdam study. PLoS One
10:e0129116. doi: 10.1371/journal.pone.0129116

Nam, J. L., Takase-Minegishi, K., Ramiro, S., Chatzidionysiou, K., Smolen, J. S.,
van der Heijde, D., et al. (2017). Efficacy of biological disease-modifying
antirheumatic drugs: a systematic literature review informing the 2016 update
of the EULAR recommendations for the management of rheumatoid arthritis.
Ann. Rheum. Dis. 76, 1113-1136. doi: 10.1136/annrheumdis-2016-210713

Nanes, M. S. (2004). Tumor necrosis factor-alpha: molecular and cellular
mechanisms in skeletal pathology. Gene 321, 1-15. doi: 10.1016/s0378-
1119(03)00841-2

Naot, D., Watson, M., Callon, K. E., Tuari, D., Musson, D. S., Choi, A. J., et al.
(2016). Reduced bone density and cortical bone indices in female adiponectin-
knockout mice. Endocrinology 157, 3550-3561. doi: 10.1210/en.2016-1059

Nelson, L. R., and Bulun, S. E. (2001). Estrogen production and action. J. Am. Acad.
Dermatol. 45(Suppl. 3), S116-S124.

Noth, U, Tuli, R, Seghatoleslami, R., Howard, M., Shah, A., Hall, D. ], et al. (2003).
Activation of p38 and Smads mediates BMP-2 effects on human trabecular
bone-derived osteoblasts. Exp. Cell Res. 291, 201-211. doi: 10.1016/s0014-
4827(03)00386-0

Nurieva, R. I, Chung, Y., Hwang, D., Yang, X. O., Kang, H. S., Ma, L., et al.
(2008). Generation of T follicular helper cells is mediated by interleukin-21

Frontiers in Cell and Developmental Biology | www.frontiersin.org

December 2020 | Volume 8 | Article 600181


https://doi.org/10.5409/wjcp.v7.i1.43
https://doi.org/10.1007/s00125-017-4269-4
https://doi.org/10.1016/j.mce.2015.01.001
https://doi.org/10.1002/stem.144
https://doi.org/10.1002/stem.144
https://doi.org/10.1038/emm.2013.141
https://doi.org/10.1111/1756-185x.13038
https://doi.org/10.1172/jci99044
https://doi.org/10.1016/j.jsbmb.2019.105564
https://doi.org/10.1016/j.jsbmb.2019.105564
https://doi.org/10.1097/rct.0000000000000725
https://doi.org/10.1097/rct.0000000000000725
https://doi.org/10.11005/jbm.2019.26.3.145
https://doi.org/10.1002/acr.22932
https://doi.org/10.1002/art.34453
https://doi.org/10.1016/j.yexcr.2005.05.021
https://doi.org/10.1016/j.yexcr.2005.05.021
https://doi.org/10.1530/joe-13-0146
https://doi.org/10.1530/joe-13-0146
https://doi.org/10.1002/jcp.25033
https://doi.org/10.1002/jcp.25033
https://doi.org/10.1016/j.bone.2016.04.001
https://doi.org/10.1159/000342545
https://doi.org/10.1159/000342545
https://doi.org/10.3390/nu11092125
https://doi.org/10.1371/journal.pone.0229998
https://doi.org/10.1371/journal.pone.0229998
https://doi.org/10.1016/s0140-6736(12)62192-8
https://doi.org/10.1210/jc.2007-0757
https://doi.org/10.2169/internalmedicine.56.7416
https://doi.org/10.2337/dc07-1736
https://doi.org/10.2214/ajr.162.2.8310936
https://doi.org/10.1371/journal.pone.0129116
https://doi.org/10.1136/annrheumdis-2016-210713
https://doi.org/10.1016/s0378-1119(03)00841-2
https://doi.org/10.1016/s0378-1119(03)00841-2
https://doi.org/10.1210/en.2016-1059
https://doi.org/10.1016/s0014-4827(03)00386-0
https://doi.org/10.1016/s0014-4827(03)00386-0
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Hou et al.

Obesity and Bone Health

but independent of T helper 1, 2, or 17 cell lineages. Immunity 29, 138-149.
doi: 10.1016/j.immuni.2008.05.009

Oh, M. S, Kim, S, Jang, J. H.,, Park, J. Y., Kang, H. S, Lee, M. S,, et al.
(2016). Associations among the degree of nonalcoholic fatty liver disease,
metabolic syndrome, degree of obesity in children, and parental obesity. Pediatr.
Gastroenterol. Hepatol. Nutr. 19, 199-206. doi: 10.5223/pghn.2016.19.3.199

Oh, M. S, Kim, S,, Lee, J., Lee, M. S., Kim, Y. J., and Kang, K. S. (2020). Factors
associated with advanced bone age in overweight and obese children. Pediatr.
Gastroenterol. Hepatol. Nutr. 23, 89-97. doi: 10.5223/pghn.2020.23.1.89

Oliveria, S. A., Felson, D. T., Cirillo, P. A., Reed, J. I, and Walker, A. M. (1999).
Body weight, body mass index, and incident symptomatic osteoarthritis of
the hand, hip, and knee. Epidemiology 10, 161-166. doi: 10.1097/00001648-
199903000-00013

Otero, M., Lago, R., Gomez, R., Lago, F., Dieguez, C., Gomez-Reino, J. J., et al.
(2006). Changes in plasma levels of fat-derived hormones adiponectin, leptin,
resistin and visfatin in patients with rheumatoid arthritis. Ann. Rheum. Dis. 65,
1198-1201. doi: 10.1136/ard.2005.046540

Otero, M., Lago, R., Gomez, R., Lago, F., Gomez-Reino, J. J., and Gualillo,
O. (2007). Phosphatidylinositol ~3-kinase, MEK-1 and p38 mediate
leptin/interferon-gamma synergistic NOS type II induction in chondrocytes.
Life Sci. 81, 1452-1460. doi: 10.1016/j.1fs.2007.09.007

Paccou, J., Hardouin, P., Cotten, A., Penel, G., and Cortet, B. (2015). The role of
bone marrow fat in skeletal health: usefulness and perspectives for clinicians.
J. Clin. Endocrinol. Metab. 100, 3613-3621. doi: 10.1210/jc.2015-2338

Pagnotti, G. M., Styner, M., Uzer, G., Patel, V. S., Wright, L. E., Ness, K. K,,
et al. (2019). Combating osteoporosis and obesity with exercise: leveraging cell
mechanosensitivity. Nat. Rev. Endocrinol. 15, 339-355. doi: 10.1038/s41574-
019-0170-1

Pal China, S., Sanyal, S., and Chattopadhyay, N. (2018). Adiponectin signaling and
its role in bone metabolism. Cytokine 112, 116-131. doi: 10.1016/j.cyto.2018.
06.012

Park, H. S., Park, J. Y., and Yu, R. (2005). Relationship of obesity and visceral
adiposity with serum concentrations of CRP, TNF-alpha and IL-6. Diabetes Res.
Clin. Pract. 69, 29-35. doi: 10.1016/j.diabres.2004.11.007

Pasco, J. A., Henry, M. J., Kotowicz, M. A,, Collier, G. R,, Ball, M. J., Ugoni, A. M.,
et al. (2001). Serum leptin levels are associated with bone mass in nonobese
women. J. Clin. Endocrinol. Metab. 86, 1884-1887. doi: 10.1210/jc.86.5.1884

Philbrick, K. A., Wong, C. P., Branscum, A. J., Turner, R. T., and Iwaniec,
U. T. (2017). Leptin stimulates bone formation in ob/ob mice at doses having
minimal impact on energy metabolism. J. Endocrinol. 232, 461-474. doi: 10.
1530/joe-16-0484

Piccolis, M., Bond, L. M., Kampmann, M., Pulimeno, P., Chitraju, C., Jayson,
C.B.K,, etal. (2019). Probing the global cellular responses to lipotoxicity caused
by saturated fatty acids. Mol. Cell 74, 32-44.e8.

Polineni, S., Resulaj, M., Faje, A. T., Meenaghan, E., Bredella, M. A., Bouxsein,
M., et al. (2020). Red and white blood cell counts are associated with bone
marrow adipose tissue, bone mineral density, and bone microarchitecture in
premenopausal women. J. Bone Miner. Res. 35, 1031-1039. doi: 10.1002/jbmr.
3986

Ponrartana, S., Aggabao, P. C., Hu, H. H., Aldrovandi, G. M., Wren, T. A., and
Gilsanz, V. (2012). Brown adipose tissue and its relationship to bone structure
in pediatric patients. J. Clin. Endocrinol. Metab. 97, 2693-2698. doi: 10.1210/jc.
2012-1589

Prieto-Alhambra, D., Premaor, M. O., Avilés, F. Fina, Hermosilla, E., Martinez-
Laguna, D., Carbonell-Abella, C., et al. (2012). The association between fracture
and obesity is site-dependent: a population-based study in postmenopausal
women. J. Bone Min. Res. 27, 294-300. doi: 10.1002/jbmr.1466

Pu, Y., Wu, H,, Ly, S., Hu, H,, Li, D., Wu, Y., et al. (2016). Adiponectin promotes
human jaw bone marrow stem cell osteogenesis. J. Dent. Res. 95, 769-775.
doi: 10.1177/0022034516636853

Putignano, P., Dubini, A., Toja, P., Invitti, C., Bonfanti, S., Redaelli, G., et al.
(2001). Salivary cortisol measurement in normal-weight, obese and anorexic
women: comparison with plasma cortisol. Eur. J. Endocrinol. 145, 165-171.
doi: 10.1530/eje.0.1450165

Qiao, D,, Li, Y., Liu, X,, Zhang, X., Qian, X., Zhang, H., et al. (2020). Association
of obesity with bone mineral density and osteoporosis in adults: a systematic
review and meta-analysis. Public Health 180, 22-28. doi: 10.1016/j.puhe.2019.
11.001

Rapp, K., Cameron, I. D., Kurrle, S., Klenk, J., Kleiner, A., Heinrich, S., et al.
(2010). Excess mortality after pelvic fractures in institutionalized older people.
Osteoporos. Int. 21, 1835-1839. doi: 10.1007/s00198-009-1154-0

Reid, L. R., Baldock, P. A., and Cornish, J. (2018). Effects of Leptin on the skeleton.
Endocr. Rev. 39, 938-959. doi: 10.1210/er.2017-00226

Relling, D. P., Esberg, L. B, Fang, C. X,, Johnson, W. T., Murphy, E. ],
Carlson, E. C,, et al. (2006). High-fat diet-induced juvenile obesity leads to
cardiomyocyte dysfunction and upregulation of Foxo3a transcription factor
independent of lipotoxicity and apoptosis. . Hypertens. 24, 549-561. doi:
10.1097/01.hjh.0000203846.34314.94

Reyes, C., Leyland, K. M., Peat, G., Cooper, C., Arden, N. K., and Prieto-Alhambra,
D. (2016). Association between overweight and obesity and risk of clinically
diagnosed knee, hip, and hand osteoarthritis: a population-based Cohort study.
Arthritis Rheumatol. 68, 1869-1875. doi: 10.1002/art.39707

Rodriguez, J., Vernus, B., Chelh, I, Cassar-Malek, I., Gabillard, J. C., Hadj Sassi,
A, et al. (2014). Myostatin and the skeletal muscle atrophy and hypertrophy
signaling pathways. Cell. Mol. Life Sci. 71, 4361-4371. doi: 10.1007/s00018-014-
1689-x

Rong, B., Feng, R, Liu, C,, Wu, Q., and Sun, C. (2019). Reduced delivery
of epididymal adipocyte-derived exosomal resistin is essential for melatonin
ameliorating hepatic steatosis in mice. J. Pineal Res. 66:¢12561. doi: 10.1111/
jpi.12561

Roy, B. (2013). Biomolecular basis of the role of diabetes mellitus in osteoporosis
and bone fractures. World J. Diabetes 4, 101-113. doi: 10.4239/wjd.v4.i4.101

Roy, B., Curtis, M. E., Fears, L. S., Nahashon, S. N., and Fentress, H. M. (2016).
Molecular mechanisms of obesity-induced osteoporosis and muscle atrophy.
Front. Physiol. 7:439. doi: 10.3389/fphys.2016.00439

Russell, M., Mendes, N., Miller, K. K., Rosen, C. J., Lee, H., Klibanski, A., et al.
(2010). Visceral fat is a negative predictor of bone density measures in obese
adolescent girls. J. Clin. Endocrinol. Metab. 95, 1247-1255. doi: 10.1210/jc.
2009-1475

Saad, F. A. (2020). Novel insights into the complex architecture of osteoporosis
molecular genetics. Ann. N. Y. Acad. Sci. 1462, 37-52. doi: 10.1111/nyas.14231

Sanchez-Riera, L., Carnahan, E., Vos, T., Veerman, L., Norman, R., Lim, S. S.,
et al. (2014). The global burden attributable to low bone mineral density. Ann.
Rheum. Dis. 73, 1635-1645.

Santos, V. R. D., Christofaro, D. G. D., Gomes, I. C., Junior, I. F. F., and Gobbo, L. A.
(2018). Relationship between obesity, sarcopenia, sarcopenic obesity, and bone
mineral density in elderly subjects aged 80 years and over. Rev. Bras. Ortop. 53,
300-305. doi: 10.1016/j.rboe.2017.09.002

Scheller, E. L., Khoury, B., Moller, K. L., Wee, N. K. Y., Khandaker, S., Kozloff,
K. M, et al. (2016). Changes in skeletal integrity and marrow adiposity during
high-fat diet and after weight loss. Front. Endocrinol. 7:102. doi: 10.3389/fendo.
2016.00102

Scotece, M., Conde, J., Gomez, R., Lopez, V., Lago, F., Gomez-Reino, J. J., et al.
(2011). Beyond fat mass: exploring the role of adipokines in rheumatic diseases.
ScientificWorldJournal 11, 1932-1947. doi: 10.1100/2011/290142

Scott, D., Chandrasekara, S. D., Laslett, L. L., Cicuttini, F., Ebeling, P. R., and Jones,
G. (2016). Associations of sarcopenic obesity and dynapenic obesity with bone
mineral density and incident fractures over 5-10 years in community-dwelling
older adults. Calcif. Tissue Int. 99, 30-42. doi: 10.1007/s00223-016-0123-9

Shanbhogue, V. V., Mitchell, D. M., Rosen, C. J., and Bouxsein, M. L. (2016). Type
2 diabetes and the skeleton: new insights into sweet bones. Lancet Diabetes
Endocrinol. 4,159-173. doi: 10.1016/s2213-8587(15)00283-1

Shen, W., Chen, J., Punyanitya, M., Shapses, S., Heshka, S., and Heymsfield, S. B.
(2007). MRI-measured bone marrow adipose tissue is inversely related to DXA-
measured bone mineral in Caucasian women. Osteoporos. Int. 18, 641-647.
doi: 10.1007/s00198-006-0285-9

Shinoda, Y., Yamaguchi, M., Ogata, N., Akune, T., Kubota, N., Yamauchi,
T., et al. (2006). Regulation of bone formation by adiponectin through
autocrine/paracrine and endocrine pathways. J. Cell. Biochem. 99, 196-208.
doi: 10.1002/jcb.20890

Shu, L., Beier, E., Sheu, T., Zhang, H., Zuscik, M. ]., Puzas, E. ], et al. (2015). High-
fat diet causes bone loss in young mice by promoting osteoclastogenesis through
alteration of the bone marrow environment. Calcif. Tissue Int. 96, 313-323.
doi: 10.1007/s00223-015-9954-z

Silva, M. J., Eekhoff, J. D., Patel, T., Kenney-Hunt, J. P., Brodt, M. D., Steger-May,
K., etal. (2019). Effects of high-fat diet and body mass on bone morphology and

Frontiers in Cell and Developmental Biology | www.frontiersin.org

December 2020 | Volume 8 | Article 600181


https://doi.org/10.1016/j.immuni.2008.05.009
https://doi.org/10.5223/pghn.2016.19.3.199
https://doi.org/10.5223/pghn.2020.23.1.89
https://doi.org/10.1097/00001648-199903000-00013
https://doi.org/10.1097/00001648-199903000-00013
https://doi.org/10.1136/ard.2005.046540
https://doi.org/10.1016/j.lfs.2007.09.007
https://doi.org/10.1210/jc.2015-2338
https://doi.org/10.1038/s41574-019-0170-1
https://doi.org/10.1038/s41574-019-0170-1
https://doi.org/10.1016/j.cyto.2018.06.012
https://doi.org/10.1016/j.cyto.2018.06.012
https://doi.org/10.1016/j.diabres.2004.11.007
https://doi.org/10.1210/jc.86.5.1884
https://doi.org/10.1530/joe-16-0484
https://doi.org/10.1530/joe-16-0484
https://doi.org/10.1002/jbmr.3986
https://doi.org/10.1002/jbmr.3986
https://doi.org/10.1210/jc.2012-1589
https://doi.org/10.1210/jc.2012-1589
https://doi.org/10.1002/jbmr.1466
https://doi.org/10.1177/0022034516636853
https://doi.org/10.1530/eje.0.1450165
https://doi.org/10.1016/j.puhe.2019.11.001
https://doi.org/10.1016/j.puhe.2019.11.001
https://doi.org/10.1007/s00198-009-1154-0
https://doi.org/10.1210/er.2017-00226
https://doi.org/10.1097/01.hjh.0000203846.34314.94
https://doi.org/10.1097/01.hjh.0000203846.34314.94
https://doi.org/10.1002/art.39707
https://doi.org/10.1007/s00018-014-1689-x
https://doi.org/10.1007/s00018-014-1689-x
https://doi.org/10.1111/jpi.12561
https://doi.org/10.1111/jpi.12561
https://doi.org/10.4239/wjd.v4.i4.101
https://doi.org/10.3389/fphys.2016.00439
https://doi.org/10.1210/jc.2009-1475
https://doi.org/10.1210/jc.2009-1475
https://doi.org/10.1111/nyas.14231
https://doi.org/10.1016/j.rboe.2017.09.002
https://doi.org/10.3389/fendo.2016.00102
https://doi.org/10.3389/fendo.2016.00102
https://doi.org/10.1100/2011/290142
https://doi.org/10.1007/s00223-016-0123-9
https://doi.org/10.1016/s2213-8587(15)00283-1
https://doi.org/10.1007/s00198-006-0285-9
https://doi.org/10.1002/jcb.20890
https://doi.org/10.1007/s00223-015-9954-z
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Hou et al.

Obesity and Bone Health

mechanical properties in 1100 advanced intercross mice. J. Bone Miner. Res. 34,
711-725. doi: 10.1002/jbmr.3648

Singh, L., Tyagi, S., Myers, D., and Duque, G. (2018). Good, bad, or ugly: the
biological roles of bone marrow fat. Curr. Osteoporos. Rep. 16, 130-137. doi:
10.1007/s11914-018-0427-y

Singhal, V., Tulsiani, S., Campoverde, K. J., Mitchell, D. M., Slattery, M., Schorr,
M., et al. (2018). Impaired bone strength estimates at the distal tibia and its
determinants in adolescents with anorexia nervosa. Bone 106, 61-68. doi:
10.1016/j.bone.2017.07.009

Snijder, M. B., Dam, R. M. V., Visser, M., Deeg, D. J. H., and Lips, P. (2005).
Adiposity in relation to vitamin D status and parathyroid hormone levels: a
population-based study in older men and women. J. Clin. Endocrinol. Metab.
90, 4119-4123. doi: 10.1210/jc.2005-0216

Sowa, H., Kaji, H., Yamaguchi, T., Sugimoto, T., and Chihara, K. (2002). Smad3
promotes alkaline phosphatase activity and mineralization of osteoblastic
MC3T3-El cells. J. Bone Miner. Res. 17, 1190-1199. doi: 10.1359/jbmr.2002.
17.7.1190

Srikanthan, P., Crandall, C. J., Miller-Martinez, D., Seeman, T. E., Greendale, G. A.,
Binkley, N., et al. (2014). Insulin resistance and bone strength: findings from
the study of midlife in the United States. J. Bone Miner. Res. 29, 796-803.
doi: 10.1002/jbmr.2083

Stenholm, S., Harris, T. B., Rantanen, T., Visser, M., Kritchevsky, S. B., and
Ferrucci, L. (2008). Sarcopenic obesity: definition, cause and consequences.
Curr. Opin. Clin. Nutr. Metab. Care 11, 693-700. doi: 10.1097/mco.
0b013e328312¢37d

Steppan, C. M., Crawford, D. T., Chidsey-Frink, K. L., Ke, H. Z., and Swick, A. G.
(2000). Leptin is a potent stimulator of bone growth in ob/ob mice. Regul. Pept.
92,73-78. doi: 10.1016/s0167-0115(00)00152-x

Su, T., Xiao, Y., Xiao, Y., Guo, Q., Li, C,, Huang, Y., et al. (2019). Bone
marrow mesenchymal stem cells-derived exosomal mir-29b-3p regulates aging-
associated insulin resistance. ACS Nano 13, 2450-2462.

Sugimoto, H., Yang, C., Lebleu, V. S., Soubasakos, M. A., and Kalluri, R. (2007).
BMP-7 functions as a novel hormone to facilitate liver regeneration. FASEB J.
21, 256-264. doi: 10.1096/fj.06-6837com

Sun, X., Guo, Q., Wei, W., Robertson, S., Yuan, Y., and Luo, X. (2019). Current
progress on microRNA-based gene delivery in the treatment of osteoporosis
and osteoporotic fracture. Int. J. Endocrinol. 2019:6782653.

Takeshita, S., Fumoto, T., Naoe, Y., and Ikeda, K. (2014). Age-related marrow
adipogenesis is linked to increased expression of RANKL. J. Biol. Chem. 289,
16699-16710. doi: 10.1074/jbc.m114.547919

Tang, X,, Liu, G, Kang, J., Hou, Y., Jiang, F., Yuan, W., et al. (2013). Obesity and
risk of hip fracture in adults: a meta-analysis of prospective cohort studies. PLoS
One 8:€55077. doi: 10.1371/journal.pone.0055077

Tarantino, U., Piccirilli, E., Fantini, M., Baldi, J., Gasbarra, E., and Bei, R. (2015).
Sarcopenia and fragility fractures: molecular and clinical evidence of the bone-
muscle interaction. J. Bone Joint Surg. Am. 97, 429-437. doi: 10.2106/jbjs.n.
00648

Tencerova, M., Okla, M., and Kassem, M. (2019). Insulin signaling in bone marrow
adipocytes. Curr. Osteoporos. Rep. 17, 446-454. doi: 10.1007/s11914-019-
00552-8

Thomas, T. (1999). Leptin acts on human marrow stromal cells to enhance
differentiation to osteoblasts and to inhibit differentiation to adipocytes.
Endocrinology 140, 1630-1638. doi: 10.1210/endo.140.4.6637

Thrailkill, K. M. (2000). Insulin-like growth factor-I in diabetes mellitus: its
physiology, metabolic effects, and potential clinical utility. Diabetes Technol.
Ther. 2,69-80. doi: 10.1089/152091599316775

Tian, L., Wang, C., Xie, Y., Wan, S., Zhang, K., and Yu, X. (2017). High fructose and
high fat exert different effects on changes in trabecular bone micro-structure.
J. Nutr. Health Aging 22, 361-370. doi: 10.1007/s12603-017-0933-0

Tortoriello, D. V., McMinn, J., and Chua, S. C. (2004). Dietary-induced obesity and
hypothalamic infertility in female DBA/2] mice. Endocrinology 145, 1238-1247.
doi: 10.1210/en.2003- 1406

Tsatsoulis, A., Mantzaris, M. D., Bellou, S., and Andrikoula, M. (2013). Insulin
resistance: an adaptive mechanism becomes maladaptive in the current
environment - an evolutionary perspective. Metabolism 62, 622-633. doi: 10.
1016/j.metabol.2012.11.004

Tseng, Y. H., Kokkotou, E., Schulz, T. J., Huang, T. L., Winnay, J. N., Taniguchi,
C. M., et al. (2008). New role of bone morphogenetic protein 7 in brown

adipogenesis and energy expenditure. Nature 454, 1000-1004. doi: 10.1038/
nature07221

Tu, M., Yang, M., Yu, N., Zhen, G., Wan, M., Liu, W,, et al. (2019). Inhibition
of cyclooxygenase-2 activity in subchondral bone modifies a subtype of
osteoarthritis. Bone Res. 7:29.

Tu, Q., Zhang, J., Dong, L. Q., Saunders, E., Luo, E., Tang, J., et al. (2011).
Adiponectin inhibits osteoclastogenesis and bone resorption via APPLI-
mediated suppression of Aktl. J. Biol. Chem. 286, 12542-12553. doi: 10.1074/
jbc.m110.152405

Vestergaard, P., Rejnmark, L., and Mosekilde, L. (2005). Relative fracture risk in
patients with diabetes mellitus, and the impact of insulin and oral antidiabetic
medication on relative fracture risk. Diabetologia 48, 1292-1299. doi: 10.1007/
s00125-005-1786-3

Vicente, G., James, C., Mo, A. O., Lee, D. C,, Dorey, F. ], and Mittelman, S. D.
(2009). Reciprocal relations of subcutaneous and visceral fat to bone structure
and strength. J. Clin. Endocrinol. Metab. 94, 3387-3393. doi: 10.1210/jc.2008-
2422

Wang, T., and He, C. (2018). Pro-inflammatory cytokines: the link between obesity
and osteoarthritis. Cytokine Growth Factor Rev. 44, 38-50. doi: 10.1016/j.
cytogfr.2018.10.002

Wehrli, F. W., Hopkins, J. A., Hwang, S. N., Song, H. K., and Haddad, J. G.
(2000). Cross-sectional study of osteopenia with quantitative MR imaging
and bone densitometry. Radiology 217, 527-538. doi: 10.1148/radiology.217.
2.r00nv20527

Wei, W., Dutchak, P. A., Wang, X., Ding, X., Wang, X., Bookout, A. L., et al. (2012).
Fibroblast growth factor 21 promotes bone loss by potentiating the effects of
peroxisome proliferator-activated receptor gamma. Proc. Natl. Acad. Sci. U.S.A.
109, 3143-3148. doi: 10.1073/pnas.1200797109

Wiedmann, N. M., Stefanidis, A., and Oldfield, B. J. (2017). Characterization of the
central neural projections to brown, white, and beige adipose tissue. FASEB J.
31, 4879-4890. doi: 10.1096/1j.201700433r

Williams, G. A., Wang, Y., Callon, K. E., Watson, M., Lin, . M., Lam, J. B,, et al.
(2009). In vitro and in vivo effects of adiponectin on bone. Endocrinology 150,
3603-3610.

Xie, H., Cui, Z., Wang, L., Xia, Z,, Hu, Y., Xian, L., et al. (2014). PDGF-BB
secreted by preosteoclasts induces CD31hiEmcnhi vessel subtype in coupling
osteogenesis. Nat. Med. 20, 1270-1278. doi: 10.1038/nm.3668

Yang, M., Guo, Q., Peng, H., Xiao, Y. Z., Xiao, Y., Huang, Y, et al. (2019). Kruppel-
like factor 3 inhibition by mutated IncRNA Reglcp results in human high bone
mass syndrome. . Exp. Med. 216, 1944-1964. doi: 10.1084/jem.20181554

Zhang, F., Hao, G., Shao, M., Nham, K., An, Y., Wang, Q., et al. (2018). An adipose
tissue atlas: an image-guided identification of human-like bat and beige depots
in rodents. Cell Metab. 27, 252-262.€3.

Zhang, M., Xuan, S., Bouxsein, M. L., von Stechow, D., Akeno, N., Faugere,
M. C,, et al. (2002). Osteoblast-specific knockout of the insulin-like growth
factor (IGF) receptor gene reveals an essential role of IGF signaling in bone
matrix mineralization. J. Biol. Chem. 277, 44005-44012. doi: 10.1074/jbc.m2082
65200

Zhang, Y., Liu, J.,, Yao, J., Ji, G., Qian, L., Wang, J., et al. (2014). Obesity:
pathophysiology and intervention. Nutrients 6, 5153-5183.

Zhao, Y., Qin, R., Ma, X,, Qin, Z,, Yang, Z., Hong, H., et al. (2020). Adiposity is not
beneficial to bone mineral density in 0-5 year old Chinese children: the Jiangsu
bone health study. Obes. Res. Clin. Pract. 14, 39-46. doi: 10.1016/j.0orcp.2019.
10.011

Zhu, Z. N, Jiang, Y. F., and Ding, T. (2014). Risk of fracture with
thiazolidinediones: an updated meta-analysis of randomized clinical trials. Bone
68, 115-123. doi: 10.1016/j.bone.2014.08.010

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Hou, He, He, Yang, Luo and Li. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

December 2020 | Volume 8 | Article 600181


https://doi.org/10.1002/jbmr.3648
https://doi.org/10.1007/s11914-018-0427-y
https://doi.org/10.1007/s11914-018-0427-y
https://doi.org/10.1016/j.bone.2017.07.009
https://doi.org/10.1016/j.bone.2017.07.009
https://doi.org/10.1210/jc.2005-0216
https://doi.org/10.1359/jbmr.2002.17.7.1190
https://doi.org/10.1359/jbmr.2002.17.7.1190
https://doi.org/10.1002/jbmr.2083
https://doi.org/10.1097/mco.0b013e328312c37d
https://doi.org/10.1097/mco.0b013e328312c37d
https://doi.org/10.1016/s0167-0115(00)00152-x
https://doi.org/10.1096/fj.06-6837com
https://doi.org/10.1074/jbc.m114.547919
https://doi.org/10.1371/journal.pone.0055077
https://doi.org/10.2106/jbjs.n.00648
https://doi.org/10.2106/jbjs.n.00648
https://doi.org/10.1007/s11914-019-00552-8
https://doi.org/10.1007/s11914-019-00552-8
https://doi.org/10.1210/endo.140.4.6637
https://doi.org/10.1089/152091599316775
https://doi.org/10.1007/s12603-017-0933-0
https://doi.org/10.1210/en.2003-1406
https://doi.org/10.1016/j.metabol.2012.11.004
https://doi.org/10.1016/j.metabol.2012.11.004
https://doi.org/10.1038/nature07221
https://doi.org/10.1038/nature07221
https://doi.org/10.1074/jbc.m110.152405
https://doi.org/10.1074/jbc.m110.152405
https://doi.org/10.1007/s00125-005-1786-3
https://doi.org/10.1007/s00125-005-1786-3
https://doi.org/10.1210/jc.2008-2422
https://doi.org/10.1210/jc.2008-2422
https://doi.org/10.1016/j.cytogfr.2018.10.002
https://doi.org/10.1016/j.cytogfr.2018.10.002
https://doi.org/10.1148/radiology.217.2.r00nv20527
https://doi.org/10.1148/radiology.217.2.r00nv20527
https://doi.org/10.1073/pnas.1200797109
https://doi.org/10.1096/fj.201700433r
https://doi.org/10.1038/nm.3668
https://doi.org/10.1084/jem.20181554
https://doi.org/10.1074/jbc.m208265200
https://doi.org/10.1074/jbc.m208265200
https://doi.org/10.1016/j.orcp.2019.10.011
https://doi.org/10.1016/j.orcp.2019.10.011
https://doi.org/10.1016/j.bone.2014.08.010
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Obesity and Bone Health: A Complex Link
	Introduction
	Extramedullary Adipose Tissue and Bone
	Leptin Secreted by White Adipose Tissue and Bone
	Adiponectin Secreted by White Adipose Tissue and Bone
	Brown Adipose Tissue and Bone

	Bone Marrow Adipocytes and Bone
	Anorexia Nervosa, Obesity, and Bone
	Type 2 Diabetes, Obesity and Bone
	Obesity and Bone-Related Diseases
	Osteoporosis
	Fractures
	Osteoarthritis
	Rheumatoid Arthritis

	Obesity Type and Bone
	Different Populations With Obesity and Bone
	Children and Adolescents
	Postmenopausal Women
	Elderly Patients With Obesity

	High-Fat Diet Induced Obesity and Bone
	Cancellous Bone
	Cortical Bone
	Bone Formation/Resorption

	Conclusion
	Author Contributions
	Funding
	References


