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In the latest years, a growing body of evidence has con-

nected metabolic syndrome and obesity to bone loss and

osteoporosis [1], thereby challenging the conventional

view that excessive body weight protects against osteopo-

rosis through increased mechanical load to the skeleton and

enhanced cortical bone deposition [2]. In a parallel way,

available data suggest that excess body weight may be

detrimental to the skeleton, and that excessive adipose

tissue plays a key role in this relationship [3]. Within this

frame of research, recent studies focused on the relation-

ship between bone health and non-alcoholic fatty liver

(NAFLD), the hepatic manifestation of the metabolic

syndrome, which recognizes in altered adipose tissue

adipokine secretion a key pathogenic factor [4]. The two

published studies on endocrine add importantly to the

existing literature on the association between NAFLD and

osteoporosis. First, ultrasonographic NAFLD was linked to

low bone mass in a large cohort of Korean postmenopausal

women, independently of age, BMI, smoking status, alco-

hol intake, and metabolic syndrome [5]. Second, the effect

of a multidisciplinary weight-losing regimen on NAFLD,

bone mineral density (BMD), and adipokine profile was

assessed in post-puberal obese adolescents: weight loss

improved NAFLD, BMD, insulin resistance, and plasma

lipids. Importantly, bone mineral content changes were

related to a reduction in insulin resistance and plasma

leptin levels [6]. Consistent with these data, a recent cross-

sectional study, connected the histological severity of

NAFLD to the degree of BMD changes in obese children

[7].

Together with existing literature, these data strengthen

the view that adipose tissue, the bone, and the liver are

functionally interrelated organs and cooperate in regulating

bone remodeling, glucose homeostasis, lipid and energy

metabolism, through hormonal mediators that are only

lately being unraveled (Table 1). As an example, insulin

activates the osteoblast insulin receptor to increase bone

formation and resorption and release of undercarboxylated

osteocalcin into the systemic circulation, and adipose tis-

sue-derived adipokines leptin and adiponectin can alter

bone remodeling by either stimulating resorption or sup-

pressing bone formation.

Reciprocally, the bone may be not only a target of vis-

ceral adipose tissue-released mediators, but also a meta-

bolically active regulator of energy balance through the

secretion of hormone and peptide signals, including under-

carboxylated osteocalcin, a bone-specific secreted protein

that enhances pancreatic b-cell viability and function, increases

insulin and adiponectin secretion, and reduces fat mass

and lipolysis [3, 8, 9] (Table 1). Perhaps the best evidence

of the complex relationship between bone health and

energy metabolism is provided by two lines of data: the

first is represented by the experiments of Fulzele et al. [10],

where mice harboring selective osteoblast deletion of the

insulin receptor developed insulin resistance, obesity, fatty

liver, and osteopenia, alterations that were all reversed by

the administration of osteocalcin. The second line of evi-

dence is exemplified by the thiazolidinedione (TZD) par-

adigm. TZDs are peroxisome proliferator-activated

receptor(PPAR)-c agonists that effectively ameliorated

liver histology, glycemic control, and insulin resistance in

NASH and diabetes [11], but are associated with bone loss

and increased risk of fractures, particularly in diabetic

females [12, 13]. In vitro studies demonstrated that PPAR-c
agonists activators reallocate the fate of bone marrow
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mesenchymal stem cells to adipocytes rather than to oste-

oblasts, eventually promoting bone marrow adiposity and

bone loss, changes that spontaneously occur in diabetic

animals [14, 15]. The TZD paradigm clearly demonstrates

that the tight connection between energy metabolism and

skeletal remodeling begins early in the bone marrow, with

lineage allocation of mesenchymal stem cells to adipocytes

or osteoblasts, and highlights the need for a more complete

understanding of energy utilization and skeletal remodeling

to bring any potential agents into the future clinical

armamentarium. While awaiting new molecular targets to

be evaluated in preclinical studies, several considerations

can be drawn from the few available human data and may

guide current clinical practice. Interventions ameliorating

liver disease, metabolic profile, and bone mineralization,

including lifestyle-induced weight loss, should be encour-

aged and pursued as first-line treatments in all NAFLD

patients [9]. Within lifestyle factors, increasing attention is

being devoted to understand the role of nutritional defi-

ciencies, including insufficient vitamin D intake, which is

much more common than traditionally thought and is being

associated to extraskeletal metabolic disorders, including

obesity, diabetes, and NAFLD, independently of traditional

risk factors [16–20]. The knowledge of the exact role and

mechanisms whereby vitamin D and other oligoelements

may affect intermediate metabolism and insulin sensitivity

may lead to simple, feasible, and effective measures tar-

geting both bone and metabolic health [21, 22].
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Table 1 Main mediators of the hormonal loop between the bone, adipose tissue, the liver, and the pancreas

Mediator Source cell Target cell Biological action Effect

Insulin Pancreatic

b-cell

Osteoblast : Bone formation and resorption

: Undercarboxylated osteocalcin secretion

Undercarboxylated

osteocalcin

Osteoblast Pancreatic b-cells : b-Cell viability and function Preserved insulin

secretion

Adipocyte : Adiponectin secretion Increased insulin

sensitivity

Leptin Adipocyte Hypothalamic

ventro-medial

nucleus

: b-Adrenergic sympathetic tone ? ; osteoblast

proliferation and activity (b2 receptor-mediated)

Bone loss

Osteoblast : Insulin-like growth factor binding protein (IGFBP)-2 : Insulin sensitivity

Hepatic stellate cell : Activity and collagen deposition : Hepatic fibrogenesis

Adiponectin Adipocytes Osteoblast : Osteoblast activity (paracrine action) : Bone deposition

Hepatocyte : Fatty acid oxidation ; Steatosis

: Insulin sensitivity

; Fatty acid synthesis

; Cell apoptosis ; Hepatic

necroinflammation

Hepatic stellate cell ; Activity and collagen deposition ; Fibrogenesis

Vitamin D Diet skin Pancreatic b-cells : b-Cell viability and function Preserved insulin

secretion

Hepatocytes Modulation of farnesoid X receptor (FXR) and liver X

receptor(LXR)-a expression

: Insulin sensitivity and

fatty acid oxidation

Modulation of cytochrome CYP7A1 expression Altered bile acid

homeostasis

Hepatic stellate cells ; Activity and collagen deposition ; Fibrogenesis

Adipocytes ; Secretion of proinflammatory cytokines Interleukin

(IL)-1b, IL-6, tumor necrosis factor(TNF)-a
; Systemic inflammation
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