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Summary
Leptin, a cytokine-like hormone secreted by adipocytes, is known
to regulate food intake but has also emerged as a significant
factor in the regulation of bone mass. In humans, states of
energy deprivation with low serum leptin have been associated
with low bone mass. In mice, leptin deficiency led to increased
trabecular bone mass with overall decrease in cortical bone.
Leptin regulates bone metabolism indirectly in the hypothalamus
thereby activating the sympathetic nervous system (SNS). In
addition to the SNS,

hypothalamic neuropeptides, such as cocaine- and amphetamine-

leptin also interacts with various
regulated transcript, neuropeptide Y and/or neuromedin U, which
might modulate the effects of leptin on bone. In osteoblasts
sympathetic signaling is further gated by the transcriptional
factors called molecular clock. As a result, bone loss is
accelerated showing that the central effect of leptin seems to be
antiosteogenic. Additionally, leptin has a direct anabolic effect
within the bone driving the differentiation of bone marrow stem
cells into the osteoblastic cell lineage. Besides the interaction
between the central and peripheral pathways, the overall effect
of leptin on bone might be bimodal depending on leptin serum
concentrations. Regulatory pathways triggering osteoblast
activity might open new possibilities for anabolic treatment of

osteoporosis.
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Leptin, a fat-derived cytokine-like hormone, was
discovered in 1994 by Friedman and colleagues (Zhang et
al. 1994). A 16-kDa hormone, encoded by the OB gene,
is predominantly expressed in adipose tissue (Zhang ef al.
2005) and circulates as a free and as a protein-bound
entity. The protein sequence of leptin is considerably
conserved among different species, with the highest
homology found between human and chimpanzee
molecules (Zhang et al. 2005). According to structural
studies leptin belongs to the growth hormone four-helical
cytokine subfamily. The leptin receptor was identified in
the db locus of mouse chromosome 4 (Tartaglia et al.
1995). As a member of the IL-6 receptor family, the
leptin receptor contains an extracellular-binding domain,
a single transmembrane domain and a cytoplasmatic
signaling domain (Tartaglia et al. 1995). Intracellular
signaling is mediated through a non-covalently associated
tyrosine kinase of the JAK kinase family (Zhang et al.
2005). Alternate gene splicing results in five known
isoforms of the leptin receptor. The longest form of the
receptor (ObR) is the only isoform capable of complete
signal transduction. Conversely, the shorter isoforms of
the leptin receptor have been suggested to participate in
leptin clearance and/or to facilitate transport of leptin
across the blood-brain barrier (Zhang et al. 2005).

Food
controlled by leptin through an interaction with various

intake and energy expenditure are
neuropeptides in the hypothalamus. Neuropeptide Y
(NPY) and agouti-related peptide (AGRP) expressions
are inhibited, whereas pro-opiomelanocortin (POMC)
expression is stimulated by leptin with increased food
intake (Wardlaw 2001, Patel and Elefteriou 2007).

Moreover, leptin interacts with neuromedin U (NMU); a
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novel and recently identified hypothalamic neuropeptide
involved also in the regulation of appetite and locomotor
activity (Sato et al. 2007). Besides energy metabolism,
leptin demonstrates pleiotropic effects in such areas as
hematopoesis, blood pressure, T lymphocyte function,
reproduction and bone mass regulation (Zhang et al.
2005, Sirotkin et al. 2007).

Obese patients have a higher risk of coronary
but a
Conversely, moderate weight loss due to dieting in obese

artery disease, lower risk of osteoporosis.
women leads to bone loss (Ricci ef al. 2001). Six months
on a diet resulting in 5.5 % weight loss has been
associated with a 4.2 % decrease in whole body bone
mineral content (BMC) and a 4.0 % decrease in the hip in
women (Jensen et al. 2001). A study of 130 young
women with anorexia has shown a high prevalence of
density (BMD).
Regardless of history of estrogen use, weight was the

fractures and low bone mineral
strongest predictor of BMD at various skeletal sites
further demonstrating the connection between low weight
and bone mineral density (Grinspoon at al. 2000).
Several endocrine and paracrine factors play a role in the
fat-bone relationship. Adipose tissue is a source of
estrogens and a high fat mass is associated with elevated
insulin levels (Grodin et al. 1973, Reid 2002). Both
hormones contribute to bone formation. A number of
local cytokines secreted by the adipose tissue, including
leptin, have also been related to BMD variations (Reid
2002). Leptin represents one of the important functional
connections between fat and bone.

Leptin, mice knockout models and bone

Leptin-deficient (ob/ob) and leptin receptor-
deficient (db/db) mice are obese and hypogonadal (Ducy
et al. 2000a,b). Initial works on these mouse mutants
have also suggested high bone mass due to increased
bone formation. Intracerebroventricular (icv) infusion of
leptin caused bone loss in both leptin-deficient and wild
type (WT) mice. Based on these experiments leptin is
considered to be a potent inhibitor of bone formation
acting through the central nervous system. Further studies
have, however, demonstrated that the effect of altered
leptin action on bone was not uniform throughout the
skeleton and varied significantly between the axial and
appendicular regions (Hamrick 2004). Ob/ob mice had
significantly increased vertebral length, lumbar BMD and
trabecular bone volume compared to WT mice. In
contrast to the findings at the lumbar spine, leptin

deficient mice had significantly shorter femora with
lower BMD, cortical thickness and trabecular bone
volume compared to lean WT mice. The quadriceps
muscle volume of the ob/ob mice was 40 % less than
those of controls. Higher adipocyte number was detected
in the femora in leptin-deficient mice. Peripheral leptin
administration corrected both the bone marrow adipocyte
size and number in ob/ob mice (Hamrick et al. 2005).
The muscle hypoplasia and/or increased bone marrow
adipogenesis were found to contribute to the discrepant
effect of leptin deficiency with respect to cortical and
trabecular bone compartments. The lumbar spine is
mainly constituted of trabecular bone, whereas cortical
bone prevails at the appendicular skeleton contributing to
80 % of the total bone mass (Hamrick 2007, Baldock et
al. 2006).

Leptin might modulate sex-dependent skeletal
dimorphism. When leptin-deficient male and female mice
have been compared to their WT counterparts, a loss of
sex-specific bone characteristics was documented in the
2007).
Significant reductions in the periosteal and endosteal

male leptin knockout mice (Wang et al

circumference and/or total BMC at the femoral midshaft
have been seen in male but not in female ob/ob mice. The
loss of sex-related differences in these bone parameters
together with 5-fold higher serum free testosterone levels
in adult male ob/ob mice might suggest impaired
androgen signaling in bone. Leptin might, therefore,
function as an important modulator of androgens action
on bone.

Leptin, sympathetic nervous system and bone

In order to evaluate its central effect, leptin was
injected into the brain in the form of an icv infusion at a
rate that did not result in any detectable leak of leptin into
general circulation (Ducy et al. 2000a,b, Karsenty 2006).
Bone loss occurred in both wild-type mice and leptin-
deficient mice confirming that bone mass is partly
regulated via the central, hypothalamic relay (Ducy et al.
2000). However, bone formation was inhibited at lower
doses of leptin than those necessary to cause the loss of
body weight.

Ob/ob mice have low sympathetic activity,
which led to the assumption that the central effect of
leptin on bone is mediated by the sympathetic nervous
system (SNS) (Takeda et al. 2002) (Fig. 1a). Restoration
of sympathetic activity in leptin-deficient mice led to a
45 % decrease in bone mass without affecting appetite or



2008

Leptin and Bone S145

reproduction. On the other hand, a 3,-adrenergic receptor
(B-AR) knockout model had high bone mass. Unlike
ob/ob mice, 3,-AR-deficient mice had no other endocrine
abnormalities affecting bone metabolism, which further
supports the link between leptin and SNS. Noradrenalin
inhibited bone formation by binding to [,-ARs on
osteoblasts (Ducy et al. 2000a,b). Conversely, inhibition
of beta-adrenergic neurons resulted in leptin-resistant
high bone mass.

In addition, bone loss induced by ovariectomy in
rats was prevented in part by the administration of beta-
blocker propranolol (Takeda ez al. 2002). Patients taking
beta-blockers for hypertension had lower risk of fractures
(Schlienger et al. 2004, Pasco 2004). In a study by Reid
et al. (2005) women treated with beta-blockers had higher
BMD. However, statistical significance was eliminated
after the adjustment for body weight. The results of the
few  observational  studies  remain,  therefore,
contradictory. The potentially protective effect of beta-
blockers on the skeleton does not seem to be mediated
through [,-adrenergic signaling on osteoblasts because
the vast majority of hypertensive patients are treated by
2007).

Although [;-AR-deficient mice have normal bone

selective [;-blockers (Hamrick and Ferrari
phenotype, mice deficient for both the B;- and B,-ARs
show lower cortical bone volume. These double B-AR
knockouts also show low circulating levels of IGF-I.
Bi-adrenergic stimulation may therefore activate the
growth hormone/IGF-1 axis and thereby contribute to
cortical bone mass maintenance (Hamrick and Ferrari
2007, Patel and Elefteriou 2007).

Leptin and the molecular clock

In osteoblasts, sympathetic signaling is further
modulated by the molecular clock composed of the
transcriptional factors Per and Cry (Patel and Elefteriou
2007) (Fig. 1b). Molecular clock gene products contribute
to daily variation in bone marrow proliferation. Mice
lacking molecular gene Per2 were found to have high
bone mass phenotype due to increased bone formation
rate (Fu et al. 2005). Icv leptin infusion did not reverse
the high bone mass phenotype in Per2-deficient mice.
The data have supported the hypothesis that the
molecular clock acts downstream of [B,-AR to gate
sympathetic signaling in osteoblasts (Karsenty 2006).

In addition to bone formation, sympathetic
signaling also regulates bone resorption. Isoproterenol, a
surrogate of sympathetic signaling, increases expression

of RANKL in osteoblasts that results in the activation of
osteoclastogenesis (Karsenty 2006).

Leptin-regulated hypothalamic neuropeptides

In addition to leptin, other hypothalamic
peptides such as neuromedin U (NMU) and neuropeptide
Y (NPY) seem to be another link between food intake
and bone metabolism. Neuromedin U, an anorexigenic
neuropeptide, has been identified as a potent regulator of
bone formation (Hanada er al. 2004). Neuromedin U-
deficient mice (NMU-/-) showed a 30 % increased bone
formation with high bone mass including both trabecular
and cortical bone compared to WT mice (Sato et al.
2007). The bone phenotype was more prominent in male
NMU-/— mice. Beta-adrenergic agonist isoprote-renol
inhibited bone formation in WT mice, whereas in it had
no effect on osteoblast activity neuromedin U-deficient
mice. Leptin icv infusions did not lead to inhibition of
bone formation in NMU-deficient mice in spite of leptin-
induced weight loss. Moreover, expression of the
molecular clock genes (Perl/Per2) has been down-
regulated in NMU—/— mice. Thus, NMU, acting through
the CNS, affects the molecular clock in bone by an
unidentified mechanism and represents the first central
mediator of leptin-dependent regulation of bone mass
(Sato et al. 2007) (Fig. 1). Whereas a natural agonist for
the NMU receptor (NMU-R) decreased bone mass in WT
mice, a NMU-R antagonist may be a candidate for the
treatment of bone-loss disorders without inducing body
weight gain (Sato et al. 2007).

Continuous icv infusions of NPY decreased
bone volume in WT mice (Ducy et al. 2000a,b). NPY
represents another hypothalamic inhibitor of bone
formation. Mice lacking NPY?2 receptors had both higher
trabecular and cortical bone mass compared to WT mice
(Baldock et al. 2006). Hypothalamic-specific deletion of
Y2 receptors reproduced the bone phenotype, supporting
the central mechanism of the Y2 signaling (Fig. 1).
Central leptin signaling inhibits NPY production in
leptin-responsive NPY neurons (Allison et al. 2007).
Modulation of the NPY action stimulates osteoblast
activity, demonstrating this pathway to be anabolic
(Baldock et al. 2006, Patel and Elefteriou 2007).

Leptin stimulates the expression of another
hypothalamic neuropeptide, cocaine- and amphetamine-
regulated transcript (CART) (Kristensen et al. 1998).
Mice lacking CART have low bone mass due to an

increase in bone resorption stimulated by RANKL
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(Elefteriou et al. 2005). Unlike ob/ob mice, CART-
deficient mice are fertile and have a normal appetite. On
the other hand, mice models with CART overexpression,
such as melanocortin 4 receptor-deficient mice, have high
bone mass (Elefteriou et al. 2005). Leptin seems to
regulate bone resorption in two opposite ways. First,
leptin stimulates bone resorption through SNS and
RANKL pathway. Second, leptin inhibits bone resorption
through enhanced CART expression (Karsenty 2006)
Particular steps in the signaling pathway between the
hypothalamic CART and bone remodeling remain to be
elucidated (Fig. 1).

Direct leptin effects in bone microenvironment

Connection between fat and bone may occur
locally within the bone microenvironment. Bone marrow
stromal cells (BMSC) can differentiate into either
One of the
important factors driving the differentiation of the BMSC

adipocytes or osteoblast cell lineage.

into osteoblasts is transcription factor Cbfal (core
binding factor 1) (Nuttall e al. 2000). Leptin also inhibits
adipogenesis differentiation of BMSC and stimulates
differentiation of osteoblasts (Thomas et al. 2001)
(Fig. 1b). Moreover, leptin administered peripherally
resulted in adipose tissue apoptosis in mice (Hamrick et
al. 2005). On the other hand, mature adipocytes were able
to inhibit osteoblastic proliferation and action if both cell
types were co-cultured together. This suppressive effect
might be mediated through a factor secreted by
adipocytes (Maurin et al. 2000). States with low bone
mass, such as postmenopausal osteoporosis and
glucocorticoids-induced osteoporosis, are often accom-
panied by the increased bone marrow adipogenesis.
Wang et al. (2000) have demonstrated in culture and in a
mouse model that administration of dexamethasone
enhanced adipogenesis, while differentiation of BMSC to
osteoblasts was suppressed. In osteoporotic women the
number of adipocytes in the bone marrow was also higher
than in women with normal BMD (Justesen et al. 2001).
able to

stimulate leptin synthesis and secretion directly in the

Glucocorticoids are, however, significantly
adipose tissue (Leal-Cerro et al. 2001). On one hand,
bone marrow adipocytes may serve as a direct source of
leptin, which can stimulate a differentiation of BMSC
into the osteoblasts. On the other hand, some experiments
have shown that very high leptin levels led to BMSC
apoptosis (Kim et al. 2003). These tissue culture
experiments support the bimodal effect of leptin within

the bone microenvironment depending on the local,

paracrine leptin concentration.

The initial studies by Ducy et al. (2000a,b) have
not disclosed any long isoforms of the leptin receptors
(Ob-R) on osteoblasts. They have therefore reported that
leptin acted centrally as a very potent inhibitor of bone
formation. Although the long isoform of Ob-R is
abundantly expressed in the hypothalamus, particularly in
areas involved in the energy balance, the presence of the
leptin receptors has been detected in a large number of
(Zhang et al. 2005). BMSC,
osteoblasts, osteoclasts and chondrocytes also express

peripheral tissues
leptin receptors (Thomas ef al. 1999). In osteoblasts,
leptin acts through the osteoprotegerin (OPG)/RANKL
(Receptor Activator for Nuclear factor kB Ligand)
signaling pathway (Fig. 1b). Treatment with leptin
changes the OPG/RANKL expression profile favoring
OPG 2002).
osteoclastogenesis is very likely suppressed by leptin
through the OPG/RANKL pathway. In agreement with
the previous findings, Burguera ef al. (2001) have shown

(Holloway et al. Consequently,

that administration of leptin reduced ovariectomy-
induced bone loss in rats by increasing osteoprotegerin
mRNA in osteoblasts. Cornish et al. (2002) have found
that leptin given peripherally increased bone strength in
mice and also increased proliferation of osteoblasts
in vitro. Direct peripheral action of leptin on bone seems
to be, therefore, rather anabolic in contrast to central
antiosteogenic effect.

Dose dependent effects of leptin on bone

In tail-suspended rats, a model of disuse-induced
osteoporosis, leptin administered intraperito-neally at low
or high doses led to different bone phenotypes (Martin et
al. 2007). A low leptin dose compensated the decrease in
serum leptin levels observed with suspension and
prevented induced bone loss at both the trabecular and
cortical compartments. In contrast, a high dose of leptin
inhibited femoral bone growth and reduced bone mass by
decreasing bone formation rate and increasing bone
resorption. Moreover, a high dose of leptin induced a
decrease in body-weight, abdominal fat mass and serum
IGF-I levels. A deteriorated bone phenotype in high-dose
leptin-treated rats has been attributed in part to a leptin-
induced energy imbalance with related hormonal
changes. These experiments have demonstrated that
positive and negative leptin effects on bone depend on a
threshold  triggered by

concentration.

bimodal leptin  serum
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Fig. 1. Central (1a) and peripheral (1b) concept of leptin-dependent regulation of bone mass. 1a. In the VMH leptin binds to the leptin
receptors (ObR). In the nucleus arcuatus CART expression is stimulated by leptin. Via undefined intermediary steps RANKL expression is
decreased resulting in inhibition of bone resorption. Through GTG-sensitive neurons leptin activates sympathetic nervous system.
Noradrenaline binds to B,-AR on the osteoblasts. The effect of sympathetic signaling is further gated by transcriptional factors called
molecular clock and osteoblast proliferation is thus inhibited. Molecular clock is also under the control of NMU — another hypothalamic
peptide stimulated by leptin. In osteoblast SNS also stimulates RANKL expression and thus activates osteoclastogenesis. 1b. Leptin can
affect bone metabolism also directly by binding to the leptin receptor on BMSC. As a result, BMSC differentiate to osteoblasts, whereas
adipogenesis is inhibited. In BMSC and in osteoblasts leptin stimulates production of OPG and inhibits secretion of RANKL. Osteoclast
differentiation from bone marrow monocytes is therefore inhibited.

B-AR — beta-adrenergic receptor, BMM — bone marrow monocytes, BMSC — bone marrow stromal cells, CART — cocaine and
amphetamine regulated transcript, GH — growth hormone, GTG-sensitive neurons — gold-thioglucose-sensitive neurons, IGF-1 — insulin-
like growth factor 1, Mc4R — melanocortin 4 receptor, NMU — neuromedin U, NPY — neuropeptide Y, ObR — leptin receptors, OPG —
osteoprotegerin, RANKL — Receptor Activator for Nuclear Factor kB Ligand, SNS — sympathetic nervous system, VMH — ventromedial
hypothalamus, Y-R — receptors for NPY, ? — question marks indicate undefined intermediary steps that remain to be discovered.
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Serum leptin correlations with bone density
in clinical studies

Yamauchi et al. (2001) reported that plasma
leptin levels were positively correlated with bone mineral
density (BMD) values. Multiple regression analysis
revealed that the relationship was also significant for
whole body and femoral neck BMD even after the
adjustment for percentage of body fat and for age.
Moreover, leptin levels in plasma, but not in body fat
tissue, were significantly lower in women with vertebral
fractures than in those without fractures. Thomas et al.
(2001) have documented that serum leptin correlated with
BMD in women but not in men. Sato ef al. (2001) have
found a positive correlation between serum leptin and
calcaneus BMD in men, but the relationship became
inverse when adjusted for body weight. Pasco et al.
(2001) have
association between BMD and serum leptin in non-obese

demonstrated a significant positive
women. In a small study, Iwamoto et al. (2000) have
found correlations between serum leptin and bone
remodelling markers only in premenopausal women.
Correlations between BMD of the pelvis and/or left leg
were weak. Moreover, there was no relationship between
serum leptin and whole body BMD. In a cohort of young
men, leptin levels correlated with cortical circumference
of the tibia as measured by quantitative computer
tomography (QCT) (Lorentzon et al. 2006). Although a
number of studies have examined the relationship
between serum leptin and BMD in various cohorts, the
results remain conflicting. This fact reflects the
complexity of the leptin effect on bone with respect to
gender, specific bone compartments and/or skeletal

regions.

Leptin resistance and bone -
therapeutical implications

possible

The effect of leptin is curtailed with increased
age and higher BMI in both humans and laboratory
animals in spite of high serum leptin levels (Hamrick
2007).
resistance, is mediated either by impaired transport of

Under-responsiveness to leptin, or leptin
leptin through the blood-brain barrier, lower expression
of leptin receptors and/or by the inhibition of the
intracellular leptin signaling (Munzberg et al. 2005). In
plasma, leptin is bound to soluble leptin receptor (SLR),
the product of an alternate splicing of leptin receptor

mRNA or proteolytic cleavage (Zhang et al. 2005).

Whereas serum leptin levels correlate positively with
BMI, SLR is correlated negatively (Zhang et al. 2005,
Anderlova et al. 2006). The inverse relationship between
SLR and BMI reflects a feedback regulation between the
body weight and leptin or leptin receptor expressions.
Due to leptin resistance, the potential utility of
leptin is limited only to the states of energy deprivation
with
hypothalamic amenorrhea, anorexia nervosa, and weight

leptin deficiency, such as exercise-induced
loss. Leptin may therefore stimulate bone formation only
at younger ages, in individuals with very low BMI and/or
with very low leptin serum levels (Hamrick 2007).
Women with hypothalamic amenorrhea induced either by
exercise or by low body weight had very low serum
leptin levels (Welt et al 2004). Treatment with
recombinant human leptin for three months led to an
increase of osteocalcin, bone alkaline phosphates and
IGF-1, whereas urinary N-telopeptide did not change.
with
deficiency appeared to improve the growth hormone axis

Leptin  administration in individuals leptin
and markers of bone formation as documented in a recent

interventional trial (Welt et al. 2004).
Conclusions

An increasing number of published papers on
leptin and bone revealed a very complex relationship
between this fat-derived hormone, bone and the central
nervous system. Based on the current state of knowledge,
we can cautiously draw a few conclusions about leptin
and bone.

First, in humans, the states of energy deprivation
with low serum leptin levels have been associated with
low bone mass (Hamrick 2007). In leptin-deficient mouse
models, however, bone mass varied significantly between
the axial and appendicular regions (Hamrick 2004).
Lumbar spine BMD was high due to increased trabecular
bone mass in ob/ob mice, whereas appendicular BMD
was lower due to overall decrease in cortical bone.
According to so-called “adaptive theory”, preserved
trabecular bone may serve as a source of minerals to
maintain calcium-phosphate homeostasis in states of
caloric restriction (Khosla 2002).

Second, leptin regulates bone formation
indirectly by binding to its receptors located in the
hypothalamus and thereby activating SNS (Karsenty
2006). In addition to SNS, leptin also interacts with
various Sympathetic

hypothalamic  neuropeptides.

signaling in osteoblasts is further gated by transcriptional
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factors called molecular clock (Martin et al. 2007).
Expression of the molecular clock genes is partly under
the control of neuromedin U, an anorexigenic
hypothalamic neuropeptide (Sato et al. 2007). Bone loss
is accelerated in this way and the central effect of leptin
seems to be rather antiosteogenic. On the other hand,
of CART in the

hypothalamus resulting in high bone mass phenotype due

leptin  stimulates expression
to decreased bone resorption (Elefteriou et al. 2005).

Third, leptin additionally has a direct anabolic
effect within the bone microenvironment. Differentiation
of BMSC into the osteoblastic cell lineage and adipocyte
apoptosis is stimulated by leptin treatment (Thomas ez al.
1999, Hamrick 2007). Besides the interaction between the
central and peripheral pathways, the overall effect of
leptin on bone seems to be also modulated by its serum
concentration (Martin et al. 2007). Whereas initial
increases in leptin stimulate bone formation, higher levels
of leptin result in its inhibition.

Resistance to endogenous leptin increases both
with age and BMI (Hamrick 2007, Munzberg et al.
2005). Hence, the majority of postmenopausal women
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