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Introduction

Over the past 4 decades, obesity has become a major threat 
to public health worldwide (1). The Global Burden of 
Metabolic Risk Factors of Chronic Diseases Collaborating 
Group examined 9.1 million adults between 1980 and 2008 
and reported that the global prevalence of obesity nearly 
doubled with approximately 1.5 billion adults having body 
mass index (BMI) of 25 or more (34%) and 500 million 
adults characterized as obese in 2008 (2). In a more recent 
analysis, the Global Burden of Disease Study 2013 revealed 

that the proportion of adults with BMI 25 or more, 
increased from 29% to 37% in men, and from 30% to 38% 
in women during 1980 to 2013 (3). 

Obesity and osteoporosis are two of the most common 
chronic disorders with high prevalence rates, associated 
with increased morbidity and mortality (4). Research on the 
relationship between BMI/obesity and bone metabolism 
often yields contradictory results. Earlier studies showed 
that low body weight and recent weight loss were risk 
factors for osteoporosis and fractures, implying a positive 
correlation between body weight (or BMI) and bone mass 
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(5,6). In agreement with this observation, obesity was 
commonly thought to be advantageous for maintaining 
healthy bones and high bone mineral density was observed 
in overweight individuals attributed to increased skeletal 
loading (7). In contrast, recent studies showed high risk 
of fracture and osteoporosis in people with high BMI 
(8,9). Patients with obesity had higher risk of fracture in 
humerus, ankle, and upper arm, compared to subjects 
with normal weight (7). Such statement was confirmed 
in the Osteoporotic Fractures in Men (MrOS) study, as 
obesity was shown to be a major risk factor for osteoporotic 
fractures (10). As well, in the Global Longitudinal study of 
Osteoporosis in Women (GLOW), obesity was associated 
with increased risk of ankle and upper leg fractures in 
postmenopausal women (11). In patients with type 2 
diabetes mellitus (T2DM) characterized by obesity plus 
insulin resistance, the observed normal or high bone mass 
was accompanied by a greater risk of fractures (12).

Such paradox may be explained in part by the interplay 
between obesity and impaired bone metabolism, which 
is highly influenced by abnormal local fat deposition and 
secretions. As a consequence, the pattern of regional fat 
deposition into the subcutaneous and visceral compartments 
represents a stronger predictor of disease risk than overall 
fat mass (13,14). Recently, a new pathophysiological 
mechanism as emerged describing how the increased fat 
within the bone marrow, affects osteoblast differentiation 
and function, increases osteoclastic activity and disturbs 
mineralization (15). Furthermore, as adipose tissue is a 
highly dynamic organ with crucial endocrine and metabolic 
roles, cytokines (usually referred as adipokines) including 
leptin (16), adiponectin (17), omentin (18), etc., such 
production by adipose tissue is highly suspected to influence 
homeostasis between bone and fat.

Here, we review the interaction between adipose tissue 
and bone health by assessing the different deposition of 
adipose tissue and the influence of adipokines in bone 
metabolism.

Role of different deposition of adipose tissue 
interacting with bone homeostasis

The adipose function varies according to the fat deposition 
location and typically two main locations for adipose tissue 
are considered: subcutaneous and visceral deposition. 
Compared with subcutaneous adipose tissue (SAT), visceral 
adipose tissue (VAT) is more cellular, vascular, innervated 
and employs more inflammatory and immune cells, lesser 

pre-adipocyte differentiating capacity and higher ratio of 
large adipocytes (19). Recently, the role of marrow adipose 
tissue (MAT) in bone metabolism was discussed (20). 
An inverse relationship between MAT and bone mineral 
density has been observed in several studies (21-23). 

Subcutaneous vs. VAT

Obesity was initially assumed as a protection factor 
against fracture while clinical evidence was not consistent. 
Travison et al. (24) enrolled 1,171 men aged 30–79 years 
in a cross-sectional study, and BMD, bone material in 
cross-sections, bending strength, and propensity to buckle 
under compression were tested using dual energy X-ray 
absorptiometry (DXA). Fat mass and BMI had a negative 
association with hip strength after monitoring lean mass. 
The protective effect of BMI in preventing fracture was 
attributed to increased muscle mass accompanying elevated 
BMI rather than to adipose tissue. Similar conclusions were 
drawn with sexually mature adolescents and young adults 
aged 13 to 21 years (25). Following studies further suggested 
that fat mass was negatively related with bone mass in 
African and Chinese women (26,27). Zhang et al. (28)  
enrolled 347 Chinese obese females and 339 Chinese obese 
males and found that increased central body fat had an 
inverse association with total and leg BMD in females but 
not in males. 

The complex relation between bone and adipose tissue 
was further explored by the different deposition of fat mass 
between SAT and VAT (29). The cross-sectional dimensions, 
and polar and principal moments of the femur, were 
obtained by computed tomography (CT) in 100 healthy  
women from USA, aged 15–25 years (29). Results showed 
that subcutaneous fat had a positive predictive value with 
femoral cross-sectional area, cortical bone area, principal 
moment maximum, principal moment minimum, and polar 
moment, but a negative effect was observed between visceral 
fat and all femoral bone phenotypes measured. Thus, 
although subcutaneous fat was beneficial to bone structure, 
visceral fat functions as a pathogenic fat depot. This was 
confirmed in a large cross-sectional study of 8,833 patients 
aged 18–64.9 years who underwent thoracic or abdominal 
CT scans; VAT areas, SAT areas, trabecular bone densities, 
and cortical bone densities at vertebral levels T7 to L5, were 
measured (30). Statistical significant correlations between 
VAT and decreased densities of cortical and trabecular 
bones were reported even after adjustment for age, sex, 
and BMI. Similarly, Campos et al. (31) performed a study 
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including 125 postpubertal obese adolescents (45 boys and 
80 girls) and found a negative relationship between BMD 
and insulin resistance, visceral fat, leptin concentration 
and visceral/subcutaneous fat ratio. A positive association 
between BMD and subcutaneous fat was found only in 
boys. To go further, the effect of fat distribution (visceral/
subcutaneous) on bone quality and microarchitecture was 
investigated in 1,474 postmenopausal Korean women (32). 
The researchers reported that trabecular bone score (TBS) 
was not associated with total fat mass but it was negatively 
associated with trunk fat mass. Moreover, it was positively 
related with leg and gynoid fat mass and negatively related 
with android fat mass. Using linear regression models 
fed with age, BMI, and physical activity, they concluded 
that android fat, in contrast to gynoid fat, was inversely 
associated with TBS. In 228 healthy Chinese men aged 
from 38 to 89 years, android fat (and not gynoid, trunk, or 
limbs fat) showed significant inverse association with TBS. 
Furthermore, visceral fat was described as pathogenic fat 
harmful to TBS (33). Cohen et al. (34) enrolled 40 healthy 
premenopausal women to investigate the effects of obesity 
on bone resorption or formation. Bone density and trunk 
fat was measured by DXA while bone microarchitecture, 
stiffness, remodeling, and marrow fat were assessed in 
labeled transiliac bone biopsies. They concluded that 
premenopausal women with trunk adiposity had inferior 
bone quality, lower trabecular bone volume fraction and 
stiffness and noticeably lower bone formation. 

 MAT—a new view and target

Recently, MAT has drawn much attention from researchers 
assessing bone homeostasis. Bone marrow is the only 

place where bone and fat lie adjacent to each other (21). 
Additionally, a mesenchymal progenitor can be found in 
the marrow that is able to generate osteoblasts, adipocytes, 
and myocytes (35). There is widespread support for the 
hypothesis that bone marrow mesenchymal stromal cells 
(BMSCs) enter only one lineage in a mutually exclusive 
manner and that this ‘choice’ is determined by an orderly 
fashion during maturation, which was controlled by specific 
transcription factors and hormones (36). The increase of 
MAT in metabolic disorders of low bone mass and the 
observation that osteoblasts and adipocytes derive from 
a common pool of mesenchymal progenitors, implies a 
balanced tradeoff between bone and fat mass, with the 
increased formation of adipocytes occurring at the expense 
of osteoblasts leading to lower bone mass (Figure 1) (4).

In patients with type 1 diabetes, high MAT was observed, 
which was accompanied with abnormal cortical bone 
geometry and high risk of fracture (37,38). In two mice 
models of spontaneous and induced type 1 diabetes, the 
proximal tibia exhibited marked increase in both MAT 
number and levels of adipocyte mRNA markers such as 
peroxisome proliferator-activated receptor gamma (PPARG) 
and fatty acid binding protein (FABP) 4 mRNA, along 
with decrease of mineral density and bone volume fraction 
mostly in trabecular and to a lesser extend in cortical bone, 
as well as in osteocalcin mRNA (39). PPARG is a ligand-
dependent transcription factor that regulates genes involved 
in lipid and glucose homeostasis, including FABP4. In turn, 
FABP4 binds fatty acids and the FABP4/fatty acid complex 
activates PPARG in the nucleus under a positive feedback 
loop. Treatment with a PPARG antagonist, bisphenol 
A diglycidyl ether (BADGE), prevented accumulation 
of marrow adiposity but not bone loss in diabetes (40) 
while BADGE treatment in wildtype adult mice resulted 
in increased bone formation and decreased marrow 
adipogenesis (41). 

In patients with type 2 diabetes, normal or high BMD 
together with elevated risk of fracture was observed; in 
contrast, high MAT was not detected (42,43). Recently, the 
altered composition of MAT in patients with type 2 diabetes 
was linked with bone fragility and diabetes (44). Sixty-nine 
postmenopausal women (36 subjects with spinal and/or 
peripheral fragility fractures and 33 non-fracture controls) 
were screened by magnetic resonance spectroscopy of the 
lumbar spine (LS); the BMD was determined using DXA 
of the hip and LS and quantitative computed tomography 
(QCT) of the LS. Diabetic individuals with fractures 
featured the lowest marrow unsaturation but the highest 
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Figure 1 Bone-fat interaction in the bone marrow microenvironment. 
MSC, Mesenchymal stromal cells; OB, osteoblast.
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saturation. No association of marrow fat content with 
diabetes or fracture was observed. Yu et al. (45) studied 21 
adults with morbid obesity, 8 of whom had T2DM and 
found that subjects with T2DM had higher volumetric 
BMD (vBMD) of the femoral neck and higher total MAT 
at the LS and femoral metaphysis compared to non-
diabetic controls. Lipid unsaturation index (evaluated as 
olefinic protons to total lipid content ratio) was significantly 
lower at the femoral diaphysis in T2DM. LS vBMD was 
inversely correlated with LS MAT. An inverse association 
between SAT and diaphyseal MAT was observed while no 
associations were found for VAT (45).

In patients with osteoporosis, increased MAT was 
reported for the first time by Meunier et al. (46). A recent 
cross-sectional study of the Age Gene/Environment 
Susceptibility-Reykjavik cohort found that high MAT was 
negatively correlated to trabecular BMD in women, and 
positively correlated to common vertebral fractures in  
men (47). Both osteoporosis and osteopenia were associated 
with low proportion of unsaturated lipids, as assessed by 
proton magnetic resonance spectroscopy (1H-MRS) (48). 
In rodent models, aging was associated with significant 
marrow adiposity, and this finding has been linked to low 
trabecular bone mineral density in rodents (49) as well as in  
humans (47), suggesting a mutually exclusive process.

Adipokine—relationship between adipose tissue 
and bone homeostasis

Adipose tissue represents a dynamic and complex organ 
with endocrine, metabolic and immune regulatory roles. 

As a secretory organ, the characteristics of adipose tissue 
depend on the fat depots (visceral, subcutaneous or 
marrow) and the cellular composition (mature adipocytes, 
stromal-vascular cells, and nonfat immune cells including 
macrophages) (50). Hypertrophic adipocytes were related 
to dysregulated adipokine and chemokine production (51). 
In obese individuals, adipokines have been implicated in the 
pathogenesis of inflammation and insulin resistance. Thus, 
leptin, resistin, chemerin, and visfatin-1, were overexpressed, 
while adipokines with anti-inflammatory properties, such as 
adiponectin and omentin, were decreased (52,53). 

Roles of leptin in bone metabolism

Leptin is one of the most important cytokines secreted from 
adipose tissue and its role is widely mentioned in energy 
homeostasis and regulation of energy expenditure. In recent 
years, we have realized that leptin also plays a major role in 
neuroendocrine regulation and bone metabolism (54,55). 
Leptin production has shown a positive correlation with BMI 
and fat mass (56). In mice with double null mutations in leptin 
gene (ob/ob mice) and leptin receptors (db/db), high bone 
mass phenotype was observed compared to wild type mice 
(57,58). Also, central administration of leptin gene therapy 
was able to correct skeletal abnormalities in ob/ob mice (59) 
suggesting that hypothalamic leptin has a definite role in 
normalizing bone growth. Recent studies showed that leptin 
has different effects on different parts of the skeleton. In ob/
ob mice, enhanced bone formation was observed in vertebral 
length, lumbar bone mineral density as well as increased 
trabecular bone volume (60). However, bone formation of 
appendicular region was decreased, with shorter femora, lower 
BMD, reduced cortical thickness and trabecular bone volume 
when compared to wild type mice (61).

Leptin has an impact on bone homeostasis via central 
and peripheral pathway (Figure 2) (54). In the central 
nervous system, leptin regulates bone formation via the 
sympathetic nervous system (SNS) and ventromedial 
hypothalamus (VMH) (62) targeting osteoblasts but not 
osteoclasts. When leptin binds to its receptor on VMH 
neurons (Ob-Rb), signals are transmitted to osteoblasts 
via two sympathetic signal pathways (63): one of them 
suppresses osteoblast proliferation through downregulation 
of c-myc and increased expression of cyclin D and the other 
one promotes the resorption effects of osteoclasts through 
increased expression of the receptor activator of NF-B 
ligand (RANKL) through protein kinase A (PKA)-activating 
transcription factor (ATF)4 pathway (64). The 2-adrenergic 
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receptor (Adrb2) is the vital receptor receiving the 
sympathetic signals from VHM. Two distinct downstream 
pathways transduce the signal: First, Adrb2 uses the 
transcription factor cAMP-response element binding 
protein (CREB) to regulate gene expression (65). Through 
CREB, sympathetic signaling activates the molecular clock 
and Ap-1 genes. The former inhibits the expression of the 
transcription factor c-myc and thereby downregulating 
the expression of Cyclin D1, which, in the end, leads 
to the suppression of osteoblasts proliferation (66).  
Second, following the activation of Adrb2, the specific 
ATF4 is phosphorylated by the PKA (64); ATF4 moves 
into the nucleus, bounds to the corresponding sequence to 
form the protein–DNA complex, and drives the increased 
expression of the RANKL. The latter bound to its receptor, 
RANK, on the surface of hematopoietic precursor cells, 
stimulates osteoclast differentiation and maturation in the 
presence of macrophage colony stimulation factor (M-CSF), 
and consequently enhances bone resorption (67).

Peripheral leptin is synthesized and released into 
circulation by fat tissue. Leptin influences BMSCs, 
osteoblasts, osteoclasts, and chondrocytes (68). High 
affinity leptin receptors are present in human BMSCs 
(69,70). Leptin is able to enhance BMSC proliferation and 
differentiation of these progenitor cells into the osteoblastic 
lineage inhibiting their differentiation into adipocytes (71). 
Also, leptin affects autophagy in BMSCs, which protects 
BMSCs from apoptosis through AMPK and mTOR 
pathway (72,73). Leptin promotes osteoblasts proliferation, 
de novo collagen synthesis and in vitro mineralization, as 
well as cell survival and transition into preosteocytes (74).  
Leptin may also assist the osteoblastic signaling to 
osteoclasts (74). At the same time, leptin can inhibit 

osteoclast generation in vitro by increasing the expression 
of osteoprotegerin and decreasing the receptor activator of 
RANKL in stromal cells (75). Burguera et al. (76) reported 
that peripheral leptin administration had a protective effect 
on ovariectomy-induced bone loss in rats by increasing 
osteoprotegerin mRNA in osteoblasts. Martin et al. (77) 
presented that peripheral administration of leptin could 
prevent tissue-induced bone loss in rats through inhibition 
of bone resorption and delayed prevention of bone 
formation decreasing rate. Hamrick et al. (78) found that 
leptin administered peripherally could also lead to adipocyte 
apoptosis and increased bone formation in transgenic  
ob/ob mice. 

Roles of adiponectin in bone metabolism

Circulating adiponectin levels are negatively correlated 
with decreased BMI in obese subjects (79). Adiponectin 
prevents inflammation, oxidation and fibrosis in adipose 
tissue through the inhibition of the NF-kB pathway (80), 
which controls the expression of tumor necrosis factor- 
(TNF-), interleukin-6 (IL-6), monocyte chemoattractant 
protein-1 (MCP-1), vascular cell adhesion molecule-1 
(VCAM-1), intercellular adhesion molecule-1 (ICAM-1), 
and endothelial-leukocyte adhesion molecule 1 (ELAM-1)  
expression (50). In addition, adiponectin primes human 
monocyte into anti-inflammatory M2 macrophages as well 
as from “harmful” Th1/17 to “beneficial” Th2/Treg by 
inhibiting TLR4-mediated NF-kB activation (81).

On bone mass accrual, adiponectin exerts its influence 
through two opposite mechanisms, one local on osteoblasts 
and one central on the SNS (Figure 3) (82). In osteoblasts, 
it directly increases RANKL expression and decreases 
forkhead box protein FoxO1 activity in a PI3 kinase-
dependent manner. However, these effects are rapidly 
masked due to the more powerful and central role of 
adiponectin. Indeed, adiponectin exerts its effect in the 
brain on the sympathetic tone, inhibiting the activity of the 
SNS, followed by increasing bone formation and bone mass, 
decreasing energy expenditure and blood pressure (82). 
As a consequence, adiponectin indirectly inhibits RANKL 
expression and increases FoxO1 activity, which results in 
osteoblast proliferation and increased bone formation, bone 
mass, and circulating osteocalcin levels (82). This is why 
young knockdown adiponectin−/− mice exhibited high bone 
mass and bone formation factors (83). Remarkably, the two 
opposite modes of action of adiponectin target the same 
molecules but differences are related to the effect on Cyclin 
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D1. Indeed, in osteoblasts, adiponectin directly inhibits 
osteoblast proliferation and Cyclin D1 accumulation while 
through its central signaling adiponectin indirectly favors 
osteoblast proliferation and Cyclin D1 accumulation. 

Other adipokines involved in bone metabolism

Resistin is mainly produced by articular white adipose 
tissue and participates in adipogenesis, insulin resistance 
and inflammatory processes. Fasting plasma levels of 
resistin were significantly correlated with femur BMD in 
patients with osteoporosis (84). The plasma visfatin levels 
were positively correlated to BMD L2–L4 in men with 
metabolic syndromes (85). High concentrations of visfatin 
underexpress factors like SOX9 and type II collagen which 
are considered essential for the maintenance of chondrocyte 
phenotype (86). Omentin-1 induces human osteoblast 
proliferation via the PI3K/Akt signaling pathway (87). 
Omentin-1 in synovial fluid might be proved as a potential 
biomarker for the degenerative process and symptomatic 
severity of knee osteoarthritis (88).

Conclusions

The complex relationship between fat and bone can be 
differentiated into systemic and local interaction (89). 
The systemic interaction between fat and bone refers to 
adipokines released by peripheral adipose tissue (such as 
subcutaneous and visceral) and affect bone metabolism 
either in a negative or positive manner (90,91). In contrast, 
the local interaction refers to the fat interaction with bone 
cells within the bone marrow (20,92).

The role of adipokines in regulating bone metabolism 
is not completely clear. Leptin, one of the most important 
adipokines for bone, regulates bone homeostasis via central 
signaling while it can directly regulate osteoblastogenesis 
and marrow adipogenesis via peripheral action. On the 
other hand, adiponectin, has the inverse effect of leptin on 
bone metabolism but also functions through central and 
peripheral pathways. However, the role of some adipokines 
(such as resistin, visfatin and omentin-1) in bone metabolism 
has not been fully investigated yet. The interactions among 
different adipokines are also poorly understood.

Moreover, the role of local adipose tissue remains 
a challenging question for many reasons: first, the 
classification of MAT and its function is not clear since 
the negative association of high marrow adiposity and 
low bone mass is convoluted and varies with age. Second, 

the relationship between MAT and white adipose depots 
(including SAT and VAT) is highly complex because bone 
marrow adipocytes tend to accumulate when white fat 
depots are depleted. Nevertheless, the precise effects of 
SAT/VAT vs. MAT on bone metabolism are still under 
investigation. Third, the origin of MAT and how these cells 
interact with osteoblasts and hematopoietic elements is 
largely unknown. 

In conclusion, although obesity and different depots of 
fat clearly affect bone homeostasis through multiple detailed 
pathways, the exact involved mechanisms still need further 
investigation.
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