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Abstract
Despite growing evidence for adipose tissue regulation of bone mass, the role of the adipokine
leptin in bone remodeling remains controversial. The majority of in vitro studies suggest leptin
enhances osteoblastic proliferation and differentiation while inhibiting adipogenic differentiation
from marrow stromal cells. Alternatively, some evidence demonstrates either no effect or a pro-
apoptotic action of leptin on stromal cells. Similarly, in vivo work has demonstrated both positive
and negative effects of leptin on bone mass. Most of the literature supports the idea that leptin
suppresses bone mass by acting in the brainstem to reduce serotonin-dependent sympathetic
signaling from the ventromedial hypothalamus to bone. However, other studies have found partly
or entirely contrasting actions of leptin. Recently one study found a significant effect of surgery
alone with intracerebroventricular administration of leptin, a technique crucial for understanding
centrally-mediated leptin regulation of bone. Thus, two mainstream hypotheses for the role of
leptin on bone emerge: 1) direct regulation through increased osteoblast proliferation and
differentiation and 2) indirect suppression of bone formation through a hypothalamic relay. At the
present time, it remains unclear whether these effects are relevant in only extreme circumstances
(i.e. models with complete deficiency) or play an important homeostatic role in the regulation of
peak bone acquisition and skeletal remodeling. Ultimately, determining the actions of leptin on the
skeleton will be critical for understanding how the obesity epidemic may be impacting the
prevalence of osteoporosis.
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1. Introduction
Bone remodeling is the process by which bone is resorbed by osteoclasts and then formed by
osteoblasts. Remodeling is constantly occurring in order to respond to physical demand on
bone and to maintain blood mineral homeostasis. Coupled remodeling is necessary for
maintaining bone density, but with age, remodeling becomes uncoupled such that bone
resorption outweighs formation and net bone loss occurs. Rapid bone loss in humans leads
to a greater risk of osteoporosis that ultimately results in greater morbidity and poor quality
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of life. Thus, understanding the mechanisms that underlie osteoporosis is necessary in order
to better treat patients and prevent fractures.

Bone marrow adiposity has been associated with low bone mass in age-related osteoporosis,
as well as osteoporosis secondary to diseases like anorexia nervosa and drugs such as
glucocorticoids [1–4]. Because adipocytes and osteoblasts arise from common precursors,
much attention has been given to this association with the idea that perhaps adipose tissue
plays a role (either positive or negative) in bone homeostasis. Additionally, it has recently
been postulated that thermogenic brown adipose tissue has a positive effect on bone and that
marrow adipocytes may have a more brown adipocyte-like phenotype in young healthy
animals, which declines with age [5, 6]. Obese individuals have increased white adipose
tissue and obesity increases fracture risk in women [7]. Thus, different types and depots of
adipose tissue could have differential effects on bone mass.

Leptin, a peptide hormone secreted by adipocytes, has been found to have both positive and
negative effects on bone mass. Despite the limited clinical evidence to support a significant
role of leptin in modulating bone mass (discussed in Section 4.0), there is a wealth of
evidence for modulation of bone mass by leptin from the rodent literature. Here, we describe
how leptin impacts bone mass by examining two hypotheses for its actions: 1) leptin
positively regulates bone formation through direct actions on bone and 2) leptin suppresses
bone formation and increases resorption through a hypothalamic relay. Importantly, despite
a growing body of literature, it remains difficult to compare studies conducted in different
laboratories because methodologies differ vastly (from sex and age of mice, to housing
conditions, to cell culture conditions and more). Notwithstanding the relative polarity of
these two perspectives, we will also discuss the levels of evidence that are inconsistent and
have yet to be reconciled.

2. Contradictory results from in vitro studies
Before discussing in vitro studies, it is important to note the normal ranges of serum leptin
concentrations. In children and adolescents, leptin ranges from 0.7–6.2 ng/ml on average,
depending on Tanner stage [8]. In adults, the average leptin ranges from 7.5 ± 9.3 ng/ml in
normal weight individuals to 31.3 ± 24.1 ng/ml in obese individuals (mean ± SD) [9]. In rats
and mice, serum leptin concentrations are similar to those of non-obese humans. Some, of
the following reports use leptin concentrations that are supraphysiologic and therefore
provide results from which it is difficult to draw meaningful conclusions. However, other
studies use leptin concentrations closer to physiologic levels or use loss of function models,
both of which contribute significantly to our understanding of the effects of leptin on bone
cell biology.

2.1. In vitro evidence that leptin promotes osteoblast proliferation and differentiation
The first published indication that leptin could be an important regulator of bone mass
surfaced in 1999 when Thomas et al. demonstrated that high levels of leptin (0.6–2.4 μg/ml)
concentration-dependently increased osteoblast differentiation and blunted adipocyte
differentiation from conditionally immortalized human marrow stromal cells (hMS2-12) in
vitro [10]. Another supraphysiologic study demonstrated that 100 ng/ml leptin increased 3H-
Thymidine incorporation into proliferating human osteoblasts derived from osteoarthritic
patients [11]. This feature was accompanied by increased mineralized nodules in mature
osteoblasts, increased mRNA expression of osteoblast differentiation markers, and a lower
ratio of BAX/BCL-2 expression [11]. Cornish et al. demonstrated that physiologically
relevantleptin concentrations as low as 1.6 ng/ml increased proliferation of rat calvarial
osteoblasts, which were also shown to express the leptin receptor [55]. More recently, using
a Cre-LoxP system, Scheller et al. deleted the long-form of the leptin receptor from bone
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marrow stromal cells in culture. Deletion of the leptin receptor delayed mineralization and
increased adipogenesis [12]. Despite the high concentrations of leptin in some studies,
others support a direct, positive effect of leptin on osteoblast proliferation and differentiation
in congruence with a negative effect on adipogenic differentiation (Figure 1A).

2.2. In vitro evidence for a negative or no effect of leptin on bone marrow stromal cells
In contrast to the above findings leptin concentrations as low as 16 ng/ml (10−8 M) induced
apoptosis of human bone marrow stromal cells (hBMSCs), which in turn reduced alkaline
phosphatase activity and osteocalcin secretion [13]. These cells which were obtained from
ribs during open thoracotomy in patients without any preexisting bone disease expressed
leptin receptor by RT-PCR. Kim et al. found that leptin reduced cell viability by formazan
dye formation, flow cytometry and nuclear morphology, and this cell death was dependent
upon increased activity of caspase-9 and caspase-3 [13]. Based on findings from various
inhibitor studies, they proposed that leptin signaling activates JAK/STAT1 and ERK/
cPLA2/Cytochrome c signaling to induce apoptosis of hBMSCs [13] (Figure 1B). Ducy et
al. failed to find leptin receptor expression after 27 cycles of RT-PCR in mouse calvaria,
long bones or primary osteoblasts [14]. Additionally, the group found neither an effect of 5-
day supraphysiologic 1.2 μg/ml leptin on mouse primary osteoblast differentiation nor a
difference between primary osteoblasts isolated from wild type and db/db (leptin receptor
deficient) mice[ 14].

Interestingly, both of the above experiments were performed in cultures with low fetal calf
serum: Kim et al. used 0.5% serum for 24 hours before and during leptin treatment and
Ducy et al. used 0.5% during 5-day leptin treatment. In contrast, the experiments outlined in
Section 2.1 were performed in standard serum conditions (i.e. 10% FCS) and leptin
treatment was of longer duration [10]. Because leptin is present in serum, using low serum
conditions would better control leptin concentrations, which is important for understanding
acute effects of leptin treatment (i.e. apoptosis, changes in signaling, gene expression). On
the other hand, the outcomes of longer experiments examining the effects of leptin on
collagen synthesis and mineralization may be altered by the choice of low serum conditions.
Low serum (2%) conditions have been shown to be beneficial for adipogenic differentiation
[15] and are detrimental for osteoblast differentiation in general. Ideally, an experiment
should examine osteoblast proliferation, differentiation and apoptosis with varying
concentrations of leptin, and low and high serum conditions. A suitable serum concentration
should be found before treating with leptin, to ensure the reduction in serum does not
deleteriously affect the culture system. It may be that the level of leptin in culture medium
(which would be subphysiologic) could be used as a starting point for concentration-
dependent effects. A soluble leptin antibody could also be used to quench leptin signaling in
culture and determine if its absence affects cellular properties. The possibility that serum
concentrations play a major role in the effects of leptin in vitro are intriguing, but have never
been reported directly.

2.3. Leptin regulation of osteoclastogenesis – in vitro
Some of the above studies have also examined how leptin modulates osteoclast recruitment
and function. Ducy et al. found no difference in osteoclast differentiation and function in
bone marrow cultures from leptin-deficient ob/ob or db/db mice compared to wild type [14].
Cornish et al. found significant suppression of tartrate-resistant acid phosphatase (TRAP)
positive osteoclasts in bone marrow cultures treated with physiologic concentrations of
leptin, indicating an inhibitory role for leptin in osteoclast recruitment [55]. In a different
experimental design, Holloway, et al demonstrated that concentrations ≥ 16 ng/ml leptin
dose-dependently decreased osteoclast number and percent resorption in human peripheral
blood mononuclear cells (PBMCs) treated with sRANKL and hM-CSF [16]. However, when
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PBMCs were washed to remove non-adherent or weakly adherent cells, or when PBMCs
were first purified to include only CD14+ cells, leptin did not decrease osteoclastogenesis. In
fact, leptin treatment of unwashed PBMC cultures increased osteoprotegerin (OPG)
expression, suggesting contaminating cells in the culture system were responsible for the
response to leptin (Figure 1A). However, there was also a leptin-induced reduction in
receptor activator of nuclear factor kappa-b (RANK) expression in CD14+ cells, suggesting
direct leptin effects could in part account for the reduced osteoclast differentiation from
PBMCs [16].

Thus far, in vitro studies have provided us with contradictory insights about leptin’s actions
on bone (Figure 1). Taken together the in vitro data, using physiologically relevant leptin
concentrations support the notion that leptin directly promotes osteoblast proliferation and
differentiation while inhibiting osteoclastogenesis, likely through osteoblast-dependent
mechanisms. That being said, powerful in vivo studies examining leptin administration and
mice deficient in leptin and/or leptin receptor point to a different mechanism of leptin action
on bone i.e. leptin acting via the central nervous system to regulate bone metabolism.

3. Evidence from in vivo models of leptin/leptin receptor deficiency support
a centrally-mediated effect of leptin on bone

It is important to note that the majority of the findings outlined in the following subsection
(3.1) are reported from the laboratory of Ducy and Karsenty. The overarching theme of their
work is that leptin’s effects on bone are mediated solely through the sympathetic nervous
system. More recently they have demonstrated suppression of serotonin signaling in the
brain, which, in turn, removes the serotonin-induced suppression of sympathetic nervous
system activity to bone. Osteoblasts respond to the sympathetic nervous system via the β2-
adrenergic receptor (Adrb2) by suppressing bone formation and elevating resorption
(through the RANK ligand (RANKL)/OPG pathway; see Figure 2). Other laboratories have
identified contrasting phenotypes and these have been given equal consideration (Section
3.2). Finally, a gene therapy approach has demonstrated that intracerebroventricular (icv)
administration of vehicle for leptin alone has an negative effect on bone, which poses a
question as to whether central regulation of bone mass can be studied with the icv
administration technique (Section 3.2.3).

3.1. Leptin acts centrally to suppress bone formation and increase resorption
In vivo, Ducy et al. first observed that ob/ob (leptin deficient) and db/db (leptin receptor
deficient) mice had high trabecular bone mass in the proximal tibia and vertebrae due to
high osteoblast activity despite their hypogonadal state [14]. This paradox could not be
solely attributed to their high body weight in part because young ob/ob mice were not yet
obese yet had high bone mass and that bone mass could be suppressed in the ob/ob, db/db
and wild type mice by icv administration of leptin. This group proposed that leptin acted
centrally to indirectly affect bone in a manner analogous to its effects on appetite and energy
expenditure. Takeda et al, demonstrated with several mouse models that leptin’s
antiosteogenic functions in the vertebrae were not mediated through the same pathways as
its anorexic fuctions [17]. Importantly, gold thioglucose (GTG) –mediated disruption of
glucose-sensitive neurons in the hypothalamus resulted in high vertebral bone volume
fraction (BV/TV) phenotype similar to that of ob/ob mice. Additionally, GTG-treated ob/ob
mice were resistant to the bone effects (but not the anorexigenic effects) of icv leptin
administration. Mice with a deletion of dopamine β-hydroxylase (DBH), the enzyme
responsible for catecholamine synthesis, had high vertebral BV/TV similar to that of ob/ob
mice and were resistant to icv leptin-induced bone loss. Furthermore, Takeda et al,
demonstrated the expression of Adrb2 in primary mouse osteoblasts and on osteoblasts in
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histological sections. Next, the authors demonstrated that administration of isoproterenol, a
β-adrenergic receptor agonist reduced vertebral BV/TV and bone formation rate in both wild
type and ob/ob mice. Conversely, propranolol (β-adrenergic receptor blocker) treatment of
wild type and ovariectomized mice elevated bone volume and bone formation rate (BFR),
suggesting a role for sympathetically-mediated suppression of bone formation in both
resting and ovariectomozed states. Despite the vast number and scope of experiments
performed, phenotyping of these bones was not particularly robust in that only vertebrae
were examined and no micro-architectural studies were performed [17]. The group
maintained that leptin’s major effects on bone were centrally mediated, as icv leptin did not
alter serum leptin levels and overexpression of leptin from the Col2.3 promoter did not alter
bone mass, although it is unclear whether the amount of leptin overexpression and the
localization (ie. intracellular vs extracellular) was biologically significant [17]. In sum, these
experiments described a robust role for the sympathetic nervous system and β-adrenergic
signaling in bone, one that could be mediated in part by leptin.

This same group went further to demonstrate the relationship between serum leptin levels
and bone mass using transgenic mice with 3-fold (serum amyloid P component (SAP)-
driven (liver)) and 300-fold (ApoE-driven) overexpression of serum leptin [18]. In addition
to significantly reducing fat pad weight and food intake, both of these models reduced BV/
TV of the vertebrae (−25% and −21%, respectively). Similarly, reduction of free serum
leptin levels by overexpression of the soluble leptin receptor increased BV/TV in ob/+ mice
by 13% [18]. In 2005, Elefteriou et al. published that mice with a deletion of the β2-
adrenergic receptor (Adrb2−/−) had high bone mass in the vertebrae and femur and that the
induction of cAMP by isoproterenol (β-adrenergic receptor agonist) in wild type osteoblast
cultures was blocked by the absence of Adrb2 [19]. Additionally, deletion of Adrb2 had no
effect on osteoclast cultures, but did significantly reduce osteoclast surface and activity in
vivo. Their group went further to demonstrate that isoproterenol administered to osteoblasts
in vitro induced Rankl expression, and that this effect was also dependent on Adrb2.
Vertebral BV/TV was not suppressed in response to leptin in Adrb2−/−- mice, suggesting
that leptin-dependent effects on bone were via the sympathetic nervous system and β2-
adrenergic signaling in osteoblasts (Figure 2). Additionally, leptin effects were found to be
in part mediated by circulating cocaine and amphetamine regulated transcript (CART) [19,
20]. However, once again there were not complete microarchitectural and
histomorphometric analyses of leptin-treated Adrb2−/− mice. In a later study, Kajimura et
al. found high vertebrae and tibia trabecular bone mass in 24-week old mice with Adrb2
deleted from osteoblasts using Col1a1(2.3 kb)-Cre [21]. Additionally, 12-week old
osteoblast-Adrb2−/− mice were protected from changes in BV/TV, BFR and other
histomorphometric parameters after icv leptin infusion.

In order to understand the mechanism of reduced bone formation by sympathetic signaling,
Fu et al. demonstrated that clock genes were expressed and active in osteoblasts, and that
absence of clock genes (Period (Per) 1−/−;Per2−/− mice and Cryptochrome (Cry) 1−/
−;Cry2−/− mice) resulted in a high bone mass phenotype (with increased bone formation)
that was resistant to central effects of leptin [22]. In fact, in response to icv leptin, Per1−/
−;Per2m/m (deletion of PAS domain of Per2) mice had elevated vertebral BV/TV and
osteoblast number from administration of leptin, which is in stark contrast to the result in
wild type mice. One important conclusion of this paper is that in the presence of clock
genes, β-adrenergic signaling suppresses osteoblast proliferation. Alternately, if clock genes
are suppressed or absent, β-adrenergic signaling can induce AP-1 transcription factors and
promote osteoblast proliferation.

The fundamental question remained as to whether leptin exerted its effects on bone solely
through centrally-mediated mechanisms, or if leptin affected bone directly. As discussed in
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Section 2, evidence from in vitro models was contradictory and many in the field were
convinced that leptin had direct effect on bone. Shi et al. answered by conditionally deleting
the leptin receptor in osteoblasts using α1(I)Collagen-Cre and in neurons using SynapsinI-
Cre [23]. They found no difference in vertebrae trabecular histomorphometry when leptin-
receptor was deleted in osteoblasts, although long bone morphology was not shown. In
contrast, deletion of leptin receptor in neurons increased bone mass in the vertebrae and the
femur, supporting a role for a primarily centrally-mediated action of leptin.

More recently, Karsenty et al. observed that despite the absence of the leptin receptor on the
neurons of the ventromedial hypothalamus (a site necessary for brain-bone interaction),
leptin delivery to the brain still altered bone remodeling [24]. Therefore, Yadav et al set out
to determine where in the brain leptin was acting [25]. Through deletions of the enzymes
responsible for serotonin synthesis in the gut (tryptophan hydroxylase (Tph) 1) and brain
(Tph2), the group demonstrated that deletion of brain derived serotonin (BDS), through
knockout of Tph2, resulted in low vertebral and tibia trabecular bone mass. This phenotype
was opposite that of the ob/ob mice: Tph2−/− mice had low bone formation and increased
resorption. Interestingly, deletion of BDS increased sympathetic activity (marked by
epinephrine levels and Ucp1 expression in brown adipose tissue). Additionally, crossing
Tph2−/− mice with mice heterozygous for the β2-adrenergic receptor (Adrb2+/−) rescued
the low bone mass phenotype, suggesting that the absence of serotonin signaling in the brain
elevates sympathetic activity to bone. The group went on to demonstrate that the serotonin
receptor Htr2c was expressed in the ventromedial hypothalamus (VMH) and that its deletion
resulted in low bone mass similar to that of Tph2−/− mice.

But a fundamental question remained: Where did the serotonin come from that activated the
VMH? Tph2 expressing neurons were found to originate in the brainstem and continue to
the ventromedial hypothalamus and icv leptin administration decreased brainstem Tph2
expression. Additionally, deletion of the leptin receptor in serotonin expressing neurons (via
the Tph2 promoter) prevented leptin-induced STAT3 signaling in Tph2 positive neurons in
the brainstem. Thus, the group concluded that leptin signaling in the brainstem prevents
serotonin synthesis, which in turn elevates sympathetic output to bone [25]. Importantly,
Yadav, et al also determined that leptin inhibited food intake and increased energy
expenditure through inhibition of serotonin signaling to Htr1a and Htr2b receptors in the
arcuate neurons supporting a central role for serotonin in leptin signaling. [25]. In contrast,
Lam, et al. demonstrated that serotonin was not required for the full leptin effects on appetite
[26]. Further studies will be important to better understand these concepts, which are beyond
the scope of this review.

Independent laboratories have also performed work that supports the centrally-mediated
effect of leptin on trabecular bone. Pogoda et al. demonstrated suppressed BFR and
enhanced bone loss from OVX when sheep (n=3) were treated with icv leptin [27]. The
same group also demonstrated high BFR and BV/TV, as well as accelerated fracture healing
in ob/ob and db/db mice compared to C57BL/6J [28]. Unfortunately, the mice in this study
were obtained from separate breeding colonies, therefore introducing the possibility that the
observed high BV/TV phenotype was not as significant as described. Baldock et al. also
demonstrated that ob/ob mice had femoral trabecular bone mass that was higher than their
wildtype littermates [29]. Sato et al. also demonstrated trabecular bone loss from icv leptin
in wildtype and ob/ob mice and that this was dependent on presence of the anorexigenic
neuropeptide neuromedin U [30]. Additional reports involving hypothalamic leptin gene
therapy also support the notion of a centrally-mediated effect on bone, and these will be
discussed in Section 3.2.3. Taken together, the majority of published literature examining
the in vivo phenotype of ob/ob mice demonstrates high trabecular bone mass in the
vertebrae and long bones, with a reduction in trabecular bone after icv leptin.
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3.2. Alternative results/interpretations
Although the above work (Section 3.1) describes a novel and intriguing mechanism for
leptin-dependent regulation of bone mass, some laboratories have failed to fully recapitulate
results from these experiments. Confounding factors that become apparent are differing
measurements (i.e. histomorphometry, microCT and DEXA) and different modes of
treatment (i.e. icv injection of leptin, icv leptin gene therapy, peripheral administration of
leptin). The following work either agrees only in part, or disagrees with the work outlined
above.

3.2.1. Leptin stimulates bone growth and increases strength—In 2000, Steppan
et al. demonstrated that ob/ob mice have reduced femoral length compared to lean
littermates and this can be partially rescued by daily ip injections of 50 μg leptin [32].
Similarly, subcutaneous leptin injections increased growth plate thickness in wild type Swiss
mice [55]. Collectively, these results suggested that absence of leptin stunts growth while
replacement or addition of exogenous leptin stimulates growth. In 2002, Cornish et al.
showed that despite reduced body weight due to its effects on appetite, there were no
significant changes on osteoblast and osteoclast parameters with four weeks of leptin
injections (43 μg/day). Intriguingly there was reduced bone fragility in adult male Swiss
mice, which could have been attributed to a non-significant increase in the thickness of the
cortices [55].

Recently, Bartell et al. demonstrated that icv injection of leptin (0.38 or 1.5 μg/d for 12
days) resulted in increased aBMD, aBMC and tibia MAR in 15-week old female ob/ob mice
compared to ob/ob mice treated with artificial cerebrospinal fluid (aCSF) [31]. However, a
separate experiment in the same article demonstrated a much smaller effect of 1.5 μg/d
leptin on aBMC and no significant effect on aBMD. Unfortunately, the authors did not
publish microarchitectural data or static and dynamic histomorphometry, although they did
demonstrate that leptin increased tibia and vertebrae MAR. It is difficult to compare this
study to the complimentary study of Ducy et al because it is of shorter duration (12 d vs 28
d) and had higher leptin dose (0.38–1.5 μg/d vs 192 μg/d) [14]. To confound matters
further, neither of the studies had a single bone measurement in common: Bartell et al.
published only aBMD, aBMC and MAR (vertebrae and tibia), while Ducy et al published
only vertebrae BV/TV from histomorphometry. Although the MAR data between the two
groups are not consistent, it is possible that vertebrae BV/TV could be reduced while whole
body BMD and BMC are increased by leptin administration, which collectively suggests
leptin has negative effect on trabecular bone and a positive effect on cortical bone.

3.2.2. Cancellous bone density and remodeling—Steppan et al. also demonstrated
that 4 week old male ob/ob mice had low trabecular and cortical mineral content in the
femur, and that this could be partially rescued after three weeks by daily intraperitoneal (ip)
injections of 50 μg leptin [32]. Although lacking in any detailed histomorphometric or
microarchitectural analyses, this result is completely opposite of that of Ducy, et al and
represents the beginning of years of controversy over leptin’s role in bone remodeling [14,
32]. Also in contrast to the work in Section 3.1, Williams et al. recently demonstrated that
mice lacking the functional leptin receptor (db/db) have low tibia trabecular BV/TV and
cortical thickness at 11 weeks of age [33]. Trabecular BV/TV was not significantly different
in the L5 vertebra of these mice, but trabecular thickness was substantially reduced
(p=0.002). The low trabecular bone mass was associated with low osteocalcin, but these
results were not paired with static or dynamic histomorphometry, making it difficult to
determine the mechanism of bone changes. Furthermore, the mice were purchased from
separate colonies of db/db and C57BL/6J mice, and not intercrossed to breed littermates.

Motyl and Rosen Page 7

Biochimie. Author manuscript; available in PMC 2013 October 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



This alone could have an enormous impact on the skeletal phenotype and could explain why
the opposite phenotype was found compared to Ducy, et al. [14, 33].

In 2004 Hamrick et al. showed that male ob/ob mice have high bone mass in the vertebra,
which is consistent with the original findings of Ducy et al., but low bone mass in the
proximal femur and femur midshaft [14, 34]. Consistent with previous icv treatment results,
subcutaneous infusion of leptin in wild type mice resulted in reduced proximal tibia
trabecular bone forming surface [35]. However, in this study leptin replacement resulted in
much higher bone forming surface in leptin-treated ob/ob compared to untreated ob/ob mice.
Another important difference from Ducy, et al was that untreated ob/ob mice had reduced
bone-forming surfaces compared to untreated wild type. Thus, in an attempt to reconcile
these differences, it was postulated that leptin had alternate effects on bone formation
depending on location (axial vs appendicular skeleton) and route of administration (central
vs peripheral) [34]. However, this does not completely explain differences found between
the two research groups.

Scheller et al. found that conditional deletion of the leptin receptor gene from the Col3.6
promoter (osteoblasts, adipocytes and some chondrocytes) increased trabecular bone volume
fraction similar to the findings of Ducy, et al [12, 14]. However, these findings suggest that
leptin signaling is important for regulating skeletal function directly and independent from
the CNS effects. However, deletion the leptin receptor in osteoblasts using the Col2.3
promoter caused no significant effect on femoral trabecular bone parameters, although the
animal numbers in the Scheller experiment were small (n=3–6) [12]. Another confounding
factor in these studies is that this group recently reported that Cre expression, from both the
Col3.6 and Col2.3 promoters, was capable of causing recombination in the brain, making it
impossible to determine whether their observed effects were due to central or peripheral
leptin signaling, or both [36].

Several studies have also examined the effects of peripheral leptin administration on bone in
different scenarios. While some studies have found a beneficial effect of leptin on bone,
others have found little or no effect. In 2001, Burguera et al demonstrated that subcutaneous
administration of 100 μg/day leptin to ovariectomized rats significantly reduced body
weight gain and cancellous bone loss from ovariectomy [37]. Similarly, 50 μg/kg leptin
infusion slowed loss from hind limb suspension by preventing complete suppression of bone
formation [38]. In normal rats, however, continuous leptin infusion at the same dose did not
affect proximal tibia bone mineral density (BMD), whereas 500 μg/kg per day suppressed
BMD and BFR [38], suggesting a profound dose-dependent effect of leptin. Additionally,
infusion of leptin was not capable of preventing type 1 diabetes-induced cancellous bone
loss, but did prevent marrow adiposity [39]. Subcutaneous infusion of 10 μg/d leptin to ob/
ob mice increased aBMD, aBMC, and tibia MAR [31]. Although intriguing, none of these
studies rule out that the effect of leptin is centrally-mediated.

3.2.3. New lessons learned from central leptin gene therapy – does icv
administration cause an effect independent of the active agent?—Iwaniec et al,
examined how leptin affects bone via the hypothalamus in a completely different way:
through recombinant adeno-associted virus-leptin (rAAV-lep) gene therapy [42]. This
method delivers either green fluorescent protein (GFP) or leptin expression to the
hypothalamus via icv injection. Delivery of leptin expression in the hypothalamus of ob/ob
mice rescued the shorter femur length in ob/ob compared to wild type [42]. Here, the ob/ob
mice had high BV/TV in the femur and vertebrae compare to wild type, consistent with
Ducy, et al, and leptin gene therapy significantly reduced BV/TV in both sites by 15 weeks
[14]. At 30 weeks, this effect was less prominent in the distal femur but remained strong in
the vertebrae, although continuation of hypothalamic leptin expression was only verified at
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15 weeks and not at 30 weeks [41]. Overall, the findings are consistent with those of Ducy et
al. [14], but Iwaniec et al. did not measure markers of bone remodeling which could support/
refute the proposed mechanism of leptin-induced sympathetic output to bone causing
reduced bone formation [42]. Additionally, rAAV-lep caused a significant decrease in blood
glucose and insulin levels (in wt, ob/ob, and Akita mice (a model of insulin-dependent
diabetes)) [43]. Circulating osteocalcin was low in ob/ob (compared to wild type) and
hypothalamic leptin increased osteocalcin in wt, ob/ob, and Akita mice compared to
untreated, genotype-matched controls [43].

Newer findings from Iwaniec et al, have shed even more light on the mechanism of bone
changes from hypothalamic leptin gene therapy in wild type animals. Three-month old rats
were treated with either the GFP or leptin containing rAAV vectors for either 5 or 10 weeks
and compared to untreated rats [44]. Similar to their previous findings, 5-week leptin gene
therapy reduced cancellous bone volume fraction in the vertebrae and distal femur by micro-
computed tomography (μCT), and in the proximal tibia by histomorphometry. Additionally,
leptin reduced proximal tibia growth plate and hypertrophic zone thickness. Static
measurements of bone remodeling demonstrated that there was no effect of leptin on
osteoclast perimeter. Importantly, both rAAV-GFP and rAAV-lep increased osteoblast
perimeter and reduced adipocyte number in the proximal tibia, as well as reduced cortical
thickness in the midshaft of the femur. Next, the group examined the same parameters after
10 weeks of icv vector administration. Strikingly, none of the above stated differences
between the vector-GFP and the leptin over-expression remained after 10 weeks.
Additionally, after 18 weeks of the same treatment in 9 month old rats, no differences were
observed between non-treated and leptin treated histomorphometric parameters [44].
Although the authors did not verify leptin expression in the hypothalamus at these time
points, they did observe consistently reduced body mass, white adipose tissue mass, and
serum leptin levels, which suggests continued expression of the recombinant leptin. In
another study, the group showed that leptin expression in the hypothalamus had no effect on
bone changes from ovariectomy in rats, while it did reduce food intake and fat mass
accumulation [45]. In all, the findings from retroviral leptin expression suggest that
hypothalamic leptin effects on bone turnover could be acute in nature and are possibly
enhanced by the surgery itself.

4.0. The problem of leptin resistance
Although analyzing clinical data is not the main focus of this review, it is important to point
out some of the limitations that arise when comparing leptin effects on bone in rodents vs.
humans. Leptin resistance is a term used to describe the failure of endogenous
hyperleptinemia and/or exogenous leptin administration to reduce food intake and body
mass as would be expected [46]. For example, obese subjects have high circulating leptin,
but no apparent responsiveness to the hormone. However, as pointed out by Myers et al.,
because of the evolutionary significance of protection against undernutrition over protection
against overnutrition, it may be that the physiologic maximum range for leptin action is at
the level found in obese patients. In other words, low leptin may have a more biologically
significant effect than high leptin [46]. This point aside, the idea that the overwhelming
majority of obese individuals and animals that gain weight on high fat diet are leptin
resistant makes interpretation of studies examining the effects of leptin on bone in these
models particularly challenging. For example at first glance, one would expect that based on
the majority of mouse data, hyperleptinemia in obese individuals would cause bone loss.
This is not the case, however, and has been attributed to the leptin resistance of the
individuals.
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In a recent study of elderly adults, leptin levels were not associated with fracture risk [47].
These patients had an average BMI near 27 kg/m2, which is overweight and potentially
leptin resistant, but the absence of association existed even at the tertile with the lowest
leptin and BMI (23 and 24 kg/m2 in women and men, respectively). In a small study of 54
postmenopausal women, bone mineral content and bone mineral density correlated with
weight, fat mass and to a lesser degree leptin levels [48]. After correcting for fat mass,
however, the correlation between leptin and bone mineral content was lost, suggesting that
leptin itself did not independently determine bone mass. Additionally, no correlation was
found between leptin and markers of bone resorption (urinary deoxypyridinoline and
hydroxyproline) or formation (serum osteocalcin) [48]. Again, BMI in this study was
variable, ranging from 15.8–42.9 kg/m2, therefore it is difficult to draw the conclusion that
leptin has no effect on bone if some of these individuals are indeed leptin resistant. A similar
story can be told in animal models in which leptin levels are high due to dietary obesity. For
example, Turner et al. found that bone metabolism is not altered in rats when leptin levels
are increased from high fat feeding [49].

5.0. Conclusions
In this review we examined the published literature surrounding the role of leptin in
modulating bone mass. In vitro, the majority of studies suggest leptin positively regulates
osteoblast proliferation and suppresses osteoblast-dependent osteoclast recruitment. In vivo,
the majority of the work demonstrates a negative role for leptin by enhancing sympathetic
output to bone from the hypothalamus (by suppressing serotonin synthesis in the brainstem).
Others have described site-dependent effects of leptin: i.e. leptin-deficiency causes high
bone mass in the axial skeleton and low bone mass in the appendicular skeleton. Finally,
leptin gene therapy in the brain leads to long standing suppression of food intake and white
adipose tissue mass, but only a transient decrease in bone density. This last point suggests
that the effects of leptin delivery to the brain could be more due to the surgery and
administration of leptin rather than the actions of leptin itself.

Notwithstanding, one could conceptualize that since extremely high doses of leptin results in
cancellous bone loss and absence of leptin results in increased cancellous bone, these effects
are complimentary to each other and consistent with a significant effect of leptin on bone
mediated through the sympathetic nervous system. However, when leptin levels hover near
normal (as in low-dose studies and/or wild type mice), the effects of leptin on bone appear to
be more complex and/or less significant. It could be that the temporal changes in leptin
affect bone remodeling as well, and that these might differ in individuals, strains or colonies
of mice. Importantly, it is still not clear what happens to adrenergic output in the central
nervous system when there are high circulating leptin levels, as is often seen in human
obesity [50]. Notwithstanding, it is likely that leptin does enhance sympathetic signaling.
Therefore one could postulate that leptin administration would have a more potent effect in
mice that are already exposed to some stress (i.e. frequent handling, single housing, male
fighting). In fact, it was recently demonstrated that common stressors in laboratory rodents
elevate sympathetic activity differently depending on strain and that enriched environments
can reduce peripheral adiposity and lower leptin levels [51, 52]. These findings could also
be confounded by stress-induced increases in glucocorticoids, which can cause osteoporosis
in humans and rodents, and are in part responsible for age-related bone loss [53, 54]. Thus,
simply understanding the effect of one gene on bone remodeling is becoming particularly
complex and dependent on variables that are difficult to control between laboratories. It is
clear that leptin does have an effect on bone. Whether this effect presents itself only in
extreme circumstances or is physiologically relevant during homeostatic functions has yet to
be fully elucidated.
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Highlights

• The role of leptin in bone remains controversial

• Some studies suggest leptin promotes osteoblast proliferation and differentiation

• Other studies suggest leptin inhibits bone formation through hypothalamic relay
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Figure 1.
In vitro data supports a direct role of leptin on bone cells. Two opposing bodies of literature:
(A) Under normal serum conditions, leptin induces proliferation of osteoblasts and
suppression of adipocyte differentiation. Additional evidence demonstrates that leptin
suppresses osteoclast recruitment by enhancing osteoblast OPG expression. (B) Under low
serum conditions, leptin has either no effect on osteoblast differentiation, or induces
apoptosis of osteoblast precursors.
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Figure 2.
Leptin regulation of the sympathetic nervous system control of bone mass. Leptin, secreted
from adipose tissue, crosses the blood brain barrier and acts through the leptin receptor
(ObR) to inhibit serotonin (5-HT) production in serotonin-containing neurons in the
brainstem. Normally, serotonin would be secreted from these nerve terminals in the
ventromedial hypothalamus (VMH) to suppress sympathetic activity to bone. However,
under leptin-induced inhibition of serotonin synthesis, the sympathetic nervous system
(SNS) signals to osteoblasts by releasing norepinephrine (NE) onto β2-adrenergic receptors
(Adrb2). This in turn suppresses bone formation and increases resorption through increased
RANKL expression.
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