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Bone mineral, adipose tissue and energy metabolism are interconnected by a complex and multilevel series
of networks. Calcium and phosphorus are utilized for insulin secretion and synthesis of high energy
compounds. Adipose tissue store lipids and cholecalciferol, which, in turn, can influence calcium balance and
energy expenditure. Hormones long-thought to solely modulate energy and mineral homeostasis may
influence adipocytic function. Osteoblasts are a target of insulin action in bone. Moreover, endocrine
mediators, such as osteocalcin, are synthesized in the skeleton but regulate carbohydrate disposal and insulin
secretion. Finally, osteoblasts and adipocytes originate from the same mesenchymal progenitor. The mutual
crosstalk between osteoblasts and adipocytes within the bone marrow microenvironment plays a crucial role
in bone remodeling. In the present review we provide an overview of the reciprocal control between bone
and energy metabolism and its clinical implications.
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Introduction circulation. This process requires significant substrate to
generate ATP for osteoclasts to resorb bone, and for

Significance of the energy-skeletal remodeling relation- osteoblasts to synthesize collagen.

ship Until recently, energy metabolism was analyzed in

lonized calcium (Ca?*), the principal cation in the specialized and restricted functional tissues (1-3). In

skeleton, is a key element for the maintenance of cell that scheme, the liver was the central site for glucose

membrane stability and permeability. Circulatory levels produc?ion, muscles were relatgd to adaptatiqn by
of ionized calcium are rigidly maintained independently alternating their use of substrates (i.e., free fatty acids or
of fed or fast state, as well as rest or exercise. The  9lucose, depending on the fed state), the adipose tissue
skeleton, the rigid structure necessary for posture and ~ Was an inert site for fat deposition and the central
movement, is the storage depot and ultimate source of ~ Nervous system (CNS) was considered the preferential
calcium for other homeostatic functions. Bone modeling  Sité for glucose disposal. Moreover, regulation was
and remodeling require significant energy for the thought to be restricted to classical endocrine tissues
skeleton to grow and to maintain strength. The activity ~ (Pancreas, adrenal and pituitary), CNS and the

of bone renovation elicited by osteocytes, osteoclasts ~ @utonomous nervous system. That fractional view
and osteoblasts allows the hard tissue to combine neglected the contribution of other active sites, such as

flexibiity and the capacity to support continuous the gastrointestinal tract (4) and bone (5, 6), to the

mechanical stress, with the release of calcium into the disposal of energy, and reflected an incomplete
understanding of the complex network connecting
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modified mice (Figure 1), revealed the omnipresence of

endocrine tissue in the control of the energy metabolism.

The interplay between bone cells and adipocytes, and
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the interaction of the skeleton with the central and
autonomic nervous system are so intense and so diverse
that it has only been recently that the networks involved
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Figure 1 Evidence of the interrelationship between bone and adipose tissue obtained through the use of genetically modified mice. vdr null= vitamin D

receptor null mouse, FGF23 null= Fibroblast growth factor-23 null mouse, leptin null= leptin null mouse, esp null= osteotesticular protein tyrosine

phosphatase null mouse, ocn null= osteocalcina null mouse and ob  AIR= insulin receptor deletion specifically in osteoblast.

in mineral balance have been delineated.

Friedman and colleagues, using contemporary (gene
silencing) and classical (parabiosis) methodologies,
showed that leptin, an adipokine, controlled energy
expenditure, reproductive capacity and appetite
through both central and peripheral pathways (7, 8).
Subsequently, the Karsenty group proposed that leptin
modulated bone remodeling through a central relay in
the brain stem and hypothalamus (9, 10). These obser-
vations revolutionized the field of bone biology and
raised new and important questions that started with fat
as an endocrine organ.

The amount, location and type of adipose tissue
influences both intermediary metabolism and skeletal
remodeling. While rare lipoatrophic disorders are associ-
ated with insulin resistance (11, 12), dyslipidemia and
decreased glucose tolerance, the same combination of
symptoms occurs with excessive accumulation of
adipose tissue (13, 14). Moreover, triglyceride storage in
adipocytes triggers a complex series of events, including
adipokine and cytokine secretion that can attract
inflammatory cells to the interstitum (15, 16). Previous
studies in mice have shown that the expression of macro-
phage chemo-attractant proteins rises significantly follow-
ing one week of a high fat diet (17). It is not surprising,
therefore, to consider skeletal changes that may occur
when adipose tissue becomes an endocrine organ. In
the present review, we review the intense relationship
between mineral and energy metabolism, bone and
adipose tissue, and the sharing of endocrine/paracrine
modulators by both calcified and soft tissue.
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Calcium, phosphorus, calciotropic hormones and
fibroblast growth factor 23 (FGF-23): relationship to
energy metabolism

Calcium and phosphorus

The major elements of mineral metabolism, calcium and
phosphorus, are tightly linked to intermediary meta-
bolism (18, 19). In several cells, intracellular calcium
works as a second messenger, mediating the effect of
membrane signals on the secretion from neurons,
exocrine tissue and endocrine glands (e.g. insulin and
epinephrine). Circulating calcium levels are tightly con-
trolled through the mineral hormones, PTH, 1,25-
dihydroxyvitamin D and calcitonin. It is recognized that
calcium and the cAMP messenger system are related,
and both are integrated in such a way that the net
cellular response to a given stimulus is determined by a
complex interplay between these systems. For example,
in the pancreatic p-cell, cytoplasmic calcium levels rise
as a direct consequence of glucose metabolism, via
closure of KATP channels, triggering Ca?* entry and
subsequent Caz*-mediated exocytosis of insulin granules
(20). A recent study tested an experimental model of
the metabolic syndrome, submitting rats to a high
ingestion of carbohydrate by drinking water supple-
mented with sucrose in 20% solution (21). After 24 weeks,
the rats exhibited central obesity, hyperinsulinemia,
insulin resistance and increased blood pressure. KATP
channels, in isolated patches of B cells from those rats,
had an increased sensitivity to ATP in comparison to
controls. However, the authors observed increased
variability in calcium flow compared with cells from
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control animals. The authors hypothesized that the
decrease in calcium flow may represent a feature of
cell subpopulations as they became exhausted by the
long-term high sucrose diet (21). Other studies observed
increased intracellular ionized calcium in platelets, red
blood cells and adipocytes of type 2 diabetic patients.
Additionally, an association between increased intrace-
llular ionized calcium and decreased insulin-stimulated
uptake of glucose was observed in rat adipocytes.
Taken together, disturbances in calcium may be
associated with disorders in insulin secretion and in insulin
resistance (22).

Phosphorus is a major component of important
organic molecules including nucleic acids, cyclic
nucleotides, phospholipids and a number of inter-
mediaries in energy metabolism. In contrast to calcium,
the circulatory levels of phosphorus vary widely and are
influenced by age, sex, diet, pH and a set of hormones
(23). Almost all the phosphorous in humans is found in
bone, and only a 0.1% exists as inorganic phosphate
anions in extracellular fluids. However, the regulation of
serum phosphate is particularly important, since
alterations in phosphorous homeostasis are involved in
metabolic disorders. Indeed, maintaining phosphate
balance is of crucial biological importance; acute
hypophosphatemia can cause myopathy, cardiac
dysfunction, and hematological abnormalities, while
chronic hypophosphatemia affects bone mineralization,
leading to rickets and osteomalacia. On the other hand,
hyperphosphatemia is associated with secondary
hyperparathyroidism, a common feature of patients
with chronic renal disease.

Recent observational data have linked phosphate
levels and phosphate-regulatory factors with morbidity
and mortality, suggesting an intriguing link between the
phosphate axis and the ageing processes (24). In fact, it
has been verified that changes in phosphate concen-
tration affect diverse processes such as glucose
metabolism, insulin sensitivity, and oxidative stress. Diet
restriction has been known to suppress aging and
extend life span in experimental organisms (e.g., fruit flies,
rodents, and nonhuman primates) (25). Although
phosphorus is a mineral which exists abundantly in
nature, its tightly controlled regulatory circuit may
influence longevity. In support of that hypothesis is the
existence of two calciotropic hormones (PTH and
FGF-23), with a powerful effect on urinary loss of phos-
phorus. In mammals, a low phosphate diet causes
changes in metabolism similar to those induced by diet
restriction. Animals under diet restriction reduce blood
insulin levels to adapt to reduced carbohydrate
availability and alter the expression of insulin-responsive

genes, which leads to changes in glucose metabolism,
including increased gluconeogenesis and decreased
glycolysis (26). In comparison, while a low phosphate
diet does not reduce blood insulin levels, it also alters the
expression of insulin-responsive genes in an identical
manner to that induced by diet restriction, leading to
increased gluconeogenesis and decreased glycolysis
(27). Interestingly, hypophosphatemia can induce
moderate insulin resistance through mechanisms that
have not been delineated (28). However, increased
insulin resistance does not necessarily translate into Type
2 diabetes or a shorter life span.

In addition to its involvement in glucose metabolism
and insulin sensitivity, inorganic phosphate has been
shown to increase oxidative stress both in vivo and in
vitro. Human vascular endothelial cells cultured in high
phosphate medium have higher levels of cellular
reactive oxygen species (ROS) than those cultured in
normal phosphate medium (29). Hyperphosphatemia
has been causally associated to poor outcomes in
chronic kidney disease (CKD). Indeed, recent studies
have identified hyperphosphatemia as a major risk of
death in CKD patients, even when the blood levels of
phosphate are within the normal range (30). A
comprehensive discussion of the metabolic effects of
hyperphosphatemia is beyond the scope of the present
review; our intention is merely to call attention to the
connection between energy metabolism and mineral
metabolism.

Calciotropic hormones and FGF-23

Obesity, a complex metabolic disorder acquired as a
consequence of genetic and environmental factors, is
phenotypically characterized by an increased pro-
portion of fat mass and an array of metabolic, hormonal,
and inflammatory disorders. This ominous combination is
often a prelude to diabetes mellitus, cardiovascular
disease and surprisingly bone fragility. Obese patients
also have significant alterations in their mineral meta-
bolism. First, adipose tissue sequestrates vitamin D,
decreasing substrate availability for the synthesis of
25-hydroxyvitamin D (25-OHD) (31, 32). PTH and calcitriol
(1,25-(OH)2D) are usually elevated in obese patients (33).
Not surprisingly, since serum 25-OHD is the most appro-
priate parameter for the diagnosis of hypovitaminosis D,
there is a negative correlation between 25-OHD
circulatory levels and insulin resistance (34). Moreover,
several observational studies have demonstrated an
inverse relationship between serum 25-OHD and Type 2
diabetes mellitus. However, observational studies and
meta-analyses are insufficient to elucidate the role of
vitamin D deficiency, as cause or consequence of
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obesity and insulin resistance.

Different experimental approaches have been used
to show that the most biologically active metabolite of
vitamin D, 1,25-(OH)2D ultimately has adipogenic activity.
Severe vitamin D resistance or deficiency in mice
(vitamin D receptor and cyp27B1 knockout mice) leads
to a lean phenotype and a better metabolic response
to a diabetogenic diet than wild type mice (35-37).
Moreover, one allele deletion of the VDR gene is
sufficient to determine a lean phenotype in male mice,
though it has no impact on bone mass (38), suggesting
that moderate insensitivity to calcitriol has greater
impact on energy metabolism than on bone mass in
male mice. Wong et al constructed a transgenic mouse
equipped with the expression of human VDR specifically
in adipocytes (aP2-h VDRTg). In contrast to VDR null
mice, which have a lean phenotype, the transgenic
aP2-h VDRTg shows excessive weight gain, without an
increment in food intake. The increase in fat mass was
mainly due to a markedly reduced energy expenditure,
which was correlated with decreased locomotive
activity and reduced fatty acid B-oxidation and lipolysis
in adipose tissue of the transgenic mice (39). The
expression of carnitine palmitoil transferase 1 and 2
(involved in the transport of long chain fatty acid to the
mitochondria for B-oxidation), hexokinase (the first step
of glucose phosphorilation), UCP2 and UCP3 (involved in
adaptive thermogenesis) genes were significantly
reduced in white adipose tissue of those transgenic
mice (39). In accordance with these experiments,
clinical investigations have shown that high calcium
favors weight loss maintenance when compared to a
isocaloric normocalcemic diet (40, 41). Zemel hypo-
thesized that the inhibition of 1,25-(OH).D synthesis by
increased calcium intake is directly involved in the
limitation of weight gain (41). In a previous study, Zemel
et al showed that 1,25-(OH)2D, by increasing Ca2+ in the
cytosol, stimulates lipogenesis and inhibits lipolysis. The
increase of (Ca?*) within murine and human adipocytes
also stimulates the expression and activity of fatty acid
synthase (FAS), a step-limiting enzyme in lipogenesis
(42-44) (Figure 2).

In sum, vitamin D is a key molecule for mineral homeo-
stasis due to its essential action on the intestine pro-
moting calcium and phosphorus absorption, stimulating
bone remodeling and modulating PTH and FGF-23
synthesis. Additionally, vitamin D is a pleiotropic hor-
mone; its nuclear receptor is ubiquitously distributed
throughout the organism. Further study is necessary to
delimit the physiological role of vitamin D on energy
metabolism and the ultimate effect of vitamin D
metabolites on the emergence of obesity and the
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Figure 2 Leptin the adipocyte-derived peptide for the modulation of
energy expenditure also stimulates the endocrine production of FGF-23 by
osteocytes. FGF-23 acts directly on the kidney provoking urinary loss of
phosphorus and decreases the synthesis of 1,25-(OH)2D. The calciotropic
hormone 1,25-(OH)2D for the stimulation of calcium and phosphorus

absorption, stimulates lipogenesis in the adipose tissue.

metabolic syndrome.

PTH serum levels are commonly elevated in obese
patients and there are data showing a positive
correlation between body mass index and PTH serum
levels (45-47). Importantly, the association of PTH, with
body weight seems to occur independently of vitamin D
status. Grethen et al recently evaluated patients
scheduled for bariatric surgery and observed increased

serum levels of PTH and FGF-23 and decreased
circulatory levels of 1,25-(OH).D. Additionally, they
verified the absence of a significant relationship

between PTH and 25-OHD (47). On the other hand,
there was a significant correlation between PTH and
leptin, and multiple regression analysis demonstrated
that serum leptin was the highest predictive serum
variable for PTH with Ca providing only a small negative
predictive value. There are no experiments that fully
support or refute the causal effect of leptin on PTH
secretion. There are studies showing that obese patients
with primary hyperparathyroidism have greater circu-
latory levels of PTH and tumor size than non-obese
patients, indicating that leptin might stimulate para-
thyroid cell mass (48, 49).

In addition to the adipose tissue-PTH-leptin connection,
there is another relevant link between PTH and energy
metabolism; there may be an association between
diabetes mellitus and primary hyperparathyroidism (19,
28, 50). Epidemiological studies suggest there is a higher
prevalence of diabetes mellitus in primary hyperpara-
thyroidism; patients harboring primary hyperpara-
thyroidism have a three-fold higher rate of Type 2
diabetes than the expected prevalence in a general
population (51). Both hypercalcemia and hypophos-
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phatemia may lead to insulin resistance in primary
hyperparathyroidism. Interestingly, there is no improve-
ment in glucose tolerance after successful parathy-
roidectomy in PHPT (52). Therefore, PTH, the primordial
hormone for the maintenance of calcium homeostasis,
concomitantly influences energy metabolism.

FGF-23 is an endocrine hormone secreted by osteo-
cytes and osteoblasts. The classical effects of FGF-23 on
the kidney and the parathyroid glands are mediated by
its binding to FGF receptors (FGFRs) complexed to the
co-receptor klotho. The primary physiological actions of
FGF-23 are to stimulate phosphaturia by down-
regulating luminal expression of sodium-phosphate
co-transporters in the proximal tubule and thereby
reduce systemic levels of 1,25-dihydroxyvitamin D by
directly inhibiting the renal 1-o hydroxylase (Figure 2)
and stimulate the catabolic 24-hydroxylase, and inhibit
parathyroid hormone (PTH) secretion (53, 54, 55).
Therefore, FGF-23 is a component of an endocrine
feedback loop between bone and kidney, lowering
circulating phosphate through a direct renal phospha-
turic effect and an indirect mechanism (down-
regulating intestinal calcium and phosphorus absorption
via suppression of 1,25-(OH):Ds production) (56).
Silencing of FGF-23 function in gene-targeted (FGF-23)
mice results in a complex phenotype characterized by
severely impaired bone mineralization, hypercalcemia,
hyperphosphatemia, highly elevated serum 1,25-
(OH)2Ds levels due to increased renal la-hydroxylase
expression, shortened life span, growth retardation,
hypogonadism, emphysema, vascular calcifications,
extensive soft tissue calcifications, atrophy of the
intestinal villi, skin, thymus, and spleen, together with
hypoglycemia and profoundly increased peripheral
insulin sensitivity (57). Similarly to FGF-23-, klotho-deficient
mice have extremely high serum levels of 1,25-(OH)2D3
and share a similar metabolic phenotype (58). Reducing
vitamin D activity in klotho mutant mice by feeding
them a vitamin D-deficient diet has resulted in the
disappearance of ectopic calcifications, gain of fertility
and, most importantly, prolonged survival, suggesting
that the premature aging-like features in klotho mutant
mice are downstream events resulting from increased
activity of vitamin D. Furthermore, when vitamin D
activity was genetically ablated from Fgf-23 null mice by
deleting the la-hydroxylase (CYP27B1l) gene, most of
the premature aging-lke features in Fgf-23 null mice
were rescued (59).

Experimental models do not encompass all the altera-
tions observed in humans showing disorders in FGF-23
secretion. For example, circulating FGF23 is positively
associated with disease progression, heart hypertrophy

and mortality in CKD. In addition, a recent study in two
large cohorts of elderly subjects in Sweden reported a
strong association between circulating FGF23 and
obesity, as well as adverse lipid metabolism (60).
Although, the authors had no compelling evidence for
the causal link of FGF-23 with obesity, they call attention
to several aspects of the metabolic effect of FGF-23. First,
phosphate-lowering therapy with sevelamer in CKD
patients leads to an improved blood lipid profile,
including higher HDL and lower LDL, which speculatively
could be attributed to a reduction in net serum
phosphate balance in addition to intestinal binding of
bile salts (61). Second, the authors observed associations
between FGF-23 and fat mass and FGF-23 with serum
leptin (58). Leptin inhibits the overall production of
25-OHD 1la-hydroxylase (CYP27B1) and 24-hydroxylase
(CYP24) in the kidneys of ob/ob mice, and also corrects
hypercalcemia and hyperphosphatemia in these
animals (62). In addition, it was found that mouse renal
tubule cells did not show suppression of 1a-hydroxylase
mMNA expression after exposure to leptin, suggesting that
leptin regulates this mRNA via some other mechanism
(62). Leptin can directly stimulate FGF-23 synthesis by
bone cells in ob/ob mice, suggesting that inhibition of
renal 1,25-(OH)2D3 synthesis in these mice is at least
partially due to elevated bone production of FGF-23.
This hypothesis was reinforced by Tsuji et al (2010),
verifying that exposure to leptin (200 ng-mL1) for 24
hours stimulated FGF-23 expression in primary cultured
rat osteoblasts (63). Additionally, they also observed that
administration of leptin (4 mg-kg!i.p. at 12-hour intervals
for 2 days) in ob/ob mice markedly increased the serum
FGF-23 concentration, while significantly reducing the
serum levels of calcium, phosphate, and 1,25-(OH)D
(63).

Collectively, the above mentioned evidence substan-
tiates the interdependence of the endocrine control of
mineral and energy metabolism, as well as bone and
adipose tissue. While calciotropic hormones and FGF-23
are finely tuned to the control of mineral metabolism,
they also impact and are influenced by hormonal
factors directly involved in the modulation of energy
metabolism.

Bone and energy metabolism

Bone and body composition

Epidemiologic studies indicate that there is an inter-
action between body fat and bone mass, leading to an
initial perception of a positive role of adiposity on bone
strength (64). However, despite a considerable body of
areal BMD data, there remains controversy as to
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whether fat has a positive or detrimental effect on bone
in both the pediatric and adult populations. There are a
number of cross-sectional studies suggesting that fat
mass may have a negative effect on bone during
childhood and adolescence (65, 66). However, there
remains a need for longitudinal studies of the relation-
ship between fat and bone from childhood to adult-
hood to determine whether there are key stages during
which excessive fat limits bone mass accrual. The
detrimental effect of excessive mechanical loading on
bone from excess fat mass in children has been based
on the increased risk of slipped capital femoral epiphysis
(67) and tibia vary in obese children (68). But, major
concerns that excess fat mass may have a detrimental
effect on bone mass acquisition in children originated
from observations that obese children were over-
represented in fracture groups in studies that sought to
evaluate the prevalence of fractures in children (69-71).
Cross-sectional studies in different age groups have also
alluded to a potential change in the relationship
between fat and bone from early childhood into
adolescence. The Avon Longitudinal Study of Parents
and Children (ALSPAC) project from Bristol in the UK is a
long-term health research project that enrolled more
than 14 000 mothers during pregnancy in 1991 and 1992,
and subsequently studied the health and development
of their children (72). Cross-sectional analysis of the
relationship between fat mass and bone in this cohort of
children at 9.9 years demonstrated a strong positive
relationship between total body fat mass and total body
(minus the skull) bone mass and area, before and after
adjustment for height and lean mass. However, as girls
progressed through puberty, the positive relationship
between fat and bone mass was attenuated and
subsequently reversed; the same relationship was not
observed in boys as there were an insufficient number of
boys who had progressed far enough into puberty to
qualify (72). There are other studies suggesting that an
increase in fat mass, particularly intra-abdominal
adiposity, may be detrimental to the growing skeleton,
particularly during the pubertal period (73-75).

In adults, low body weight has detrimental effects on
bone mass and is associated with enhanced fracture
risk (76). Additionally, rapid weight loss leads to bone loss
in sites that support weight, such as lumbar spine and
proximal femur, but also in regions free of mechanical
stress (i.e., 1/3 radius) (77, 78). However, closer examina-
tion of the changes in body composition and in the
hormonal profiles of the adipose tissue in obesity leads to
some degree of ambiguity. For example, several studies
have shown that the rate of fracture in obese
postmenopausal women is far greater than would be
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predicted by normal or high bone mineral density often
seen in obese patients (79).

In an audit of postmenopausal women presenting
with low trauma fracture to a Fracture Liaison Service,
the prevalence of obesity was 28% (80), whilst in the
Global Study of Osteoporosis in Women (GLOW) the
incidence of low trauma fractures was similar in obese
and non-obese postmenopausal women (79). The
distribution of fracture sites differ between obese and
non-obese women; fractures of the leg, ankle, and
humerus being reported more commonly in obese
women whereas fractures of the hip, wrist and pelvis are
less prevalent in this group (81, 82). The Study of
Osteoporotic Fractures BMD of 1377 examined obese
postmenopausal women encompassing patients from
the cohort with and without nonvertebral fractures. The
results showed that obese postmenopausal women who
sustained nonvertebral fractures had significantly lower
BMD on average than obese women without fracture,
and were more likely to have a past history of fracture
(83).

Visceral adipose tissue (VAT), which has been tied to
insulin resistance, has also been evaluated in relation to
bone mass. Although, previous study suggested a
positive correlation between visceral and BMD (84),
recently published data indicate a detrimental effect of
VAT on bone mass. In attempt to circumvent imprecise
measurement of visceral fat, Russel et al used MRI to
accurately assess visceral fat in 30 adolescent girls (85).
VAT was found to be a negative predictor of bone mass.
Another study, with adolescent girls, supported the
negative effect of visceral fat on BMD (86). In Korean
healthy men and women, it was found that visceral fat,
measured by computed tomography, was inde-
pendently and negatively associated with bone mass
(87). Aligned with these studies, Bredella et al evaluated
in 68 obese (BMI=36.7t4.2kg-m?) premenopausal
women the differential effects of abdominal fat depots
and muscle on trabecular BMD of the lumbar spine (88).
Quantitative computed tomography (QCT) was used to
assess body composition and lumbar trabecular BMD.
There was an inverse association between BMD and VAT,
independent of age and BMI (88). Finally, in unpublished
work, Shane and colleagues have shown that trunk fat,
as measured by DXA, was inversely related to trabecular
bone volume fraction and bone formation rate by
histomorphometry (Cohen, 2012 submitted).

While the stereotype of androgenic and gynecoid
patterns of obesity drew attention to visceral and subcu-
taneous fat as unhealthy and healthy adipose tissue, it is
clear that white fat accumulation in other sites may also
have adverse effects (89). For instance, intra muscular
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fat impairs muscle performance, and is directly involved
in myocyte insulin resistance (90-92). However, two other
types of adipose tissue impact energy metabolism and
bone homeostasis. The brown adipose tissue (BAT),
enriched with iron-mitochondria for non-shivering
thermogenesis, is directly connected to temperature
control in neonates. Recent evidence indicates its
persistence in some adults (93, 94) and a positive
relationship between BAT volume and bone mass (95).
The other adipose depot, bone marrow, is involved in
bone remodeling by its effects, direct or indirect, on
marrow mesenchymal stem cell differentiation.

Postmenopausal, senescence and glucocorticoid-
induced osteoporosis are all associated with low bone
mass and marrow adipose tissue (MAT) accumulation
(96). Not surprisingly, aging, menopause and hypercor-
tisolism are associated with gain of adipose tissue,
especially in the visceral depot. Nonetheless, there are
other circumstances that infuence bone marrow micro-
environmental changes, including hematopoietic, skele-
tal and adipogenic tissues. The transition of the hemato-
poietic marrow “red marrow” to one enriched in adipo-
cytes, “yellow marrow”, takes place early in life, during
bone accrual. Consequently, bone mass gain is not
ireconcilable with adipogenesis in the bone marrow
(97). Indeed, in appropriate physiological conditions,
bone marrow adipocytes might be part of a favorable
condition for bone mass formation by supporting ‘local’
energy utilization and secreting paracrine factors to
stimulate osteoblast activity (98). Noteworthy, growth
spurt occurs in a coordinated process that allows overall
acquisition of bone, lean and fat mass.

During caloric restriction in young mice, and anorexia
nervosa in humans, marrow adipose tissue increased in
contraposition to the catabolic state in other compart-
ments. Eckuland et al described unequivocal augment-
tation of marrow fat in a group of adolescents with
anorexia nervosa in comparison to a control group (99).
In another study, the investigation of the hormonal/
metabolic profile of patients with anorexia nervosa
showed normal insulin sensitivity and increased levels of
serum adiponectin in relation to normal weight control
women (100). The relevance of marrow fat expansion in
conditions of negative caloric balance still is speculative;
a comprehensive discussion has been recently
published by Devlin (2010) (101).

Cellular interactions

The bone marrow is a complex microenvironment, com-
prising of different cell types (e.g., macrophages, adipo-
cytes, fibroblasts), which together secrete a specialized
extracellular matrix. Critical for hematopoietic stem cell

(HSC) maintenance, osteoblasts line the inner surface of
the trabecular bone (102). When osteoblast-HSC con-
tact is lost, the HSCs progress to form myeloid and
lymphoid progenitors (103). The lymphoid lineage pro-
duces B, T and NK cells, whereas the myeloid lineage
produces granulocytes, erythrocytes and platelets (101).
By age 20, the appendicular skeleton is nearly all
converted from red to fatty yellow marrow. In the axial
skeleton, hematopoiesis continues into adulthood, but
there is fatty infiltration of the vertebral bodies with aging
(101). Changes in mammalian HSCs may affect the
progression of MSCs into osteoblasts or adipocytes (104,
105, 106). For example, low bone mass is a feature of
individuals with hemolytic anemia, a clinical condition
associated with enhanced marrow adiposity (107-109).

Osteoblasts and adipocytes share a common
progenitor cell, the mesenchymal stromal cell, (MSC),
which also serves as a source of progenitors for marrow
fibroblasts, chondrocytes, and supporting stroma for
hematopoietic cells (110, 111). Lineage allocation of
marrow MSCs towards either adipocytes or osteoblasts is
a finely tuned event in which lineage-specific trans-
cription factors (such as Runx2 and Osterix for osteo-
blasts and PPARy2 for adipocytes) play critical roles.
Importantly, in some but not all situations, lineage
allocation of MSCs towards either of these cell types is
considered to be mutually exclusive; i.e. activation of
PPARy2 leads to enhanced adipogenesis at the expense
of osteoblastogenesis and is associated with reduced
expression and function of osteogenic transcription
factors such as DIx5, Msx2, Runx2 and Osterix (112, 113).
In line with this, suppression of PPARy is reported to
stimulate osteoblastogenesis and represses adipo-
genesis (114). These observations are also consistent with
the findings from aged mice models, where marrow
adiposity is increased, bone mass is reduced, and there
is enhanced PPARy2 expression (115). Following the
expansion of preadipocytes, MSCs differentiate into
mature adipocytes under the tight control of multiple
transcription factors, including C/EBPB/6 and PPARy.
Among these, PPARy, a nuclear receptor and
transcription factor, plays a central role in adipogenesis,
as evidenced by the finding that the loss of PPARy in
mouse embryonic fibroblasts leads to a complete
absence of adipogenic capacity (116).

Surrounding trabecular bone, bone marrow is laden
with multipotent stem cells. Indeed, most progenitor and
differentiated cells originate in bone marrow, and
directly or indirectly, contribute to overall energy meta-
bolism. For example, enucleated erythroid cells are
specialized to transport oxygen, a crucial component
for aerobic oxidation of energetic substrates in the
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mitochondria. Osteoclasts can secrete inflammatory
factors, which could induce insulin resistance. Surprisingly,
osteoclasts contain more mitochondria than any other
cell type, supporting the premise that energy utilization is
an essential element in bone remodeling. Although less
attention has focused on energy utilization in osteoblasts,
itis clear that substrate utilization is essential for a step up
in mitochondrial biogenesis during collagen synthesis.
Moreover, differentiation of MSCs into osteoblasts is
related to increased oxidative phosphorylation, as ATP is
essential for collagen matrix synthesis.

Leptin and osteocalcin: fat-bone cross-talk

Exclusively produced by adipocytes, leptin secretion is
positively correlated with adipose tissue mass. Leptin
crosses the blood-encephalic barrier to stimulate its
receptor in the hypothalamus, thereby triggering
complex actions related to energy modulation, pubertal
onset and control of bone remodeling. Mice with
congenital absence of leptin (ob/ob mice) or the leptin
receptor (db/db mice) exhibit a complex phenotype,
including obesity and high bone mass in the vertebrae
(117, 118). This occurs despite hypogonadism and
hypercortisolism, conditions that would tend to lower
bone mass in mice.

The combination of increased bone mass with leptin
deficiency or resistance, respectively, in ob/ob and
db/db mice serves as a basis to conclude that leptin
acts centrally to inhibit the accumulation of bone mass
through the sympathetic nervous system. In accor-
dance with this observation there are studies showing: 1)
mice harboring a mutation that leads to a partial gain of
function in leptin signaling exhibit normal appetite, but
an osteoporotic phenotype (119, 120); 2) neuron-
specific deletion of Lepr induces the bone phenotype of
ob/ob mice, whereas an osteoblast-specific deletion has
no such effect (117, 119), 3) the skeletal phenotype of
ob/ ob mice can be corrected by leptin administration
into the third ventricle (121), and 4) chemical lesion of
neurons in the ventromedial hypothalamus recapitu-
lates the bone changes observed in leptin-deficient
mice (10). On the other hand, there are other studies
showing that leptin has a peripheral effect of direct
stimulation of bone formation. In vitro, it was demons-
trated that leptin stimulates osteoblastic bone formation
(122) and decreases osteoclastogenesis (123). In support
of that data, it was demonstrated in vivo by the
experimental administration of leptin in rodents, that
leptin increases bone mass (124). In the clinical field, the
peripheral beneficial effect of leptin may be defended
by the increased levels of leptin in obese patients, which
usually show high bone mass, and decreased leptin in
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young women with anorexia nervosa. Although these
are important results, obesity and anorexia nervosa are
complex disorders characterized by several hormonal
disturbances. Thus, it is hard to attribute the bone profile
in obesity and anorexia nervosa to alterations only in
serum levels of leptin.

While leptin is the adipocyte messenger for the con-
nection between adipose tissue and bone, osteocalcin
is the molecule that communicates signals from bone to
adipose tissue. Osteocalcin is a small noncollagenous
peptide produced predominantly by osteoblasts.
Osteocalcin is carboxylated post-translationally on three
glutamic acid residues in a vitamin K-dependent
manner by the enzyme gamma c-carboxylase. The
product, the amino acid c-carboxyglutamic acid, has
the capacity to bind to calcium. Decarboxylation
decreases the hydroxyapatite-binding affinity of osteo-
calcin. Undercarboxylated osteocalcin that enters the
circulation regulates energy metabolism, through
increases in B-cell proliferation, insulin secretion and
insulin sensitivity.

Insulin response in target tissues is strongly dependent
on its capacity to trigger the tyrosine kinase activity of its
own receptor. Moreover, insulin signaling may be
negatively modulated by the existence of intracellular
tyrosine phosphatase (125). Esp encodes a tyrosine
phosphatase, osteotesticular protein tyrosine phos-
phatase (OST-PTP), and is expressed in a limited number
of cells (e.g., osteoblasts, sertoli cells and embryonic
stem cells). The silencing of Esp provokes hypoglycemia
due to hyperinsulinemia, with increased serum levels of
C-peptide associated with normal glucagon concen-
trations (126). In addition to increased glucose tolerance
and insulin sensitivity, these mice exhibited an increase in
mitochondrial area and mitochondrial proteins, such as
Mcad, acyl-coA, UCP-2, PGCla and NFR1, in the
gastrocnemius muscle, compatible with augmented
mitochondrial activity in Esp” mouse (127). Esp’- mice
show a lean phenotype, which most likely occurs as
consequence of increased levels of adiponectin.

In addition to enhanced circulatory levels of adipo-
nectin, Esp’/- mice also have increased serum levels of
undercarboxylated osteocalcin. In view of the finding
that the expression of the osteocalcin gene and the
serum levels of osteocalcin were normal in these mice, it
seems that OST-PTP acts on the decarboxylation of
osteocalcin and its entry into the bloodstream. In
contrast to the Esp”’”- mice, the deletion of the
osteocalcin gene confers a decrease in insulin secretion
and an increase in circulatory glucose levels. Ocn”-
mice have an impairment in insulin sensitivity and a
decreased number of pancreatic p-cells. Moreover, the
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metabolic phenotype of Esp”-is completely reversed by
crossing those mice with mice lacking one allele of Ocn
(125). As expected, administration of recombinant
uncarboxylated osteocalcin to Ocn”- mice corrected
the glucose intolerance and insulin secretion.

Finally, the connection between bone and energy
metabolism can further be exemplified by studies show-
ing bone loss in experimental and clinical states of
insulinopenia, such as diabetes mellitus type 1 (DM1). In
both cases, low serum levels of osteocalcin or
decreased osteocalcin expression in bone reflect
impaired bone formation and a fundamental defect in
osteoblasts function during states of insulin deficiency. As
noted, additional evidence of bone regulation by insulin
has been acquired through specific genetic deletion of
insulin receptors in osteoblasts (128). Insulin receptor
silencing resulted in low bone mass and was associated
with increased expression of Twist2 and decreased
expression of osteocalcin and Runx2 (129). The trans-
criptional factor Twist2 acts as a cellular inhibitor of
Runx2; the latter is a key determinant of osteoblast
differentiation.

Conclusion

The skeleton utilizes energy for remodeling and growth,
whereas adipose tissue stores major nutrients necessary
for ultimate fuel consumption. Similarly, although osteo-
blasts and adipocytes arise from the same multipotent
progenitor, the former utilizes energy and has enhanced
oxidative phosphorylation, while the latter stores energy
and has reduced substrate requirements. Not surprisingly,
the main hormones directly involved in the control of
mineral and energy metabolism actually are molecules
that also interconnect hard and soft tissues. A complex
signaling network between osteoblasts and adipocytes
participates closely in the modulation of energy
metabolism and bone remodeling, respectively. Under-
standing bone-fat interactions requires a comprehen-
sive analysis of the physiology of skeleton, its regulatory
role in intermediary metabolism, and its utilization of
energy. This aspect of bone biology promises that more
provocative data will emerge showing the integrative
role of the skeleton in metabolic homeostasis.
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