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Abstract For many years, adipose tissues have been
considered a lipid storage organ, with a vital role limited to
energy balance. However, since the discovery of leptin
20 years ago, this view changed radically. Now, it is well
recognized that white adipose tissue is an endocrine organ
able to secrete a wide variety of factors called adipokines.
These hormones have been demonstrated to play relevant
roles in metabolism, immunity, inflammation and also in
bone metabolism. Thus, this review summarizes the recent
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findings in basic research about the involvement of several
adipokines in bone metabolism.
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Introduction

Before the discovery of leptin 20 years ago, adipose tissue
was considered a mere fat depot. However, in the last
years, this view totally changed, and now it is well rec-
ognized that white adipose tissue (WAT) is also an endo-
crine organ able to produce and secrete a wide variety of
factors termed adipokines [1, 2]. These hormones have
been demonstrated to be involved in several biological
processes such as metabolism, immunity and inflammation
[3-6]. More recently, there is a growing interest about the
role of adipokines in the regulation of bone metabolism [7—
11].

Alterations at bone level are common features of dif-
ferent diseases such as osteoarthritis (OA) and especially
osteoporosis. Then, the study of the complex network that
regulates bone biology, in physiological and pathological
conditions, represents an interesting field aimed to achieve
new therapeutic targets for bone-associated disorders.
Recently, many data showed the participation of adipo-
kines in the regulation of critical processes as bone for-
mation and resorption [12, 13]. These data suggest that
adipose tissue-derived hormones could impact bone phys-
iology, highlighting a promising research field, in which
adipose tissue, through the action of adipokines, may reg-
ulate certain disorders related with a dysregulation of bone
metabolism.

Thus, in this, we provide an overview of recent advances
on basic aspects of bone metabolism.
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Leptin

Leptin is a 16 kDa non-glycosylated protein encoded by
the ob gene, the murine homologue of the human gene
LEP, cloned in 1994 [1]. Leptin is a member of the
superfamily of adipose tissue-derived hormones, which
have been termed collectively “adipokines.” It is mainly
produced by adipocytes, and in physiological conditions,
leptin circulating levels correlate positively with WAT
mass. This hormone acts in the brain as a regulating factor
that induces a decrease in food intake and an increase in
energy consumption by inducing anorexigenic factors (e.g.,
CART [cocaine- and amphetamine-regulated transcript],
POMC [pro-opiomelanocortin]) and suppressing orexi-
genic neuropeptides (e.g., NPY [neuropeptide Y], AgRP
[agouti-related peptide] and orexin) [4]. Its own synthesis
is mainly regulated by food intake, but also depends on
energy status, sex hormones (being inhibited by testoster-
one and increased by ovarian sex steroids) and a wide
range of inflammation mediators, [14, 15] being increased
or suppressed by pro-inflammatory cytokines depending on
whether their action is acute or chronic. Through the
mediation of these latter agents, leptin synthesis is
increased also by acute infection and sepsis [16]. As a
result of the effects of sex hormones, leptin levels are
higher in women than in men even when adjusted for BMI,
which may be relevant to the influence of sex on the
development or frequency of certain diseases [17], such as
OA or osteoporosis (Table 1).

Leptin and Bone

The first evidence of the possible involvement of leptin in
controlling bone metabolism was published by Thomas
et al. These authors demonstrated that leptin increased
osteoblast differentiation and inhibited differentiation of
adipocytes in conditionally immortalized human marrow
stromal cells [18]. Few years later, other authors also
reported an increased proliferation and decreased apoptosis
of osteoblasts after leptin exposure [19]. In addition, this
effect was accompanied by increased mineralization and
expression of different markers of osteoblast differentiation
[19]. More recently, it was published that disruption of the
long form of leptin receptor in primary one marrow stromal
cells resulted in decreased mineralization and increased
adipogenesis [20].

However, some of the effects of leptin on bone marrow
stromal cells, previously published, are not in agreement
with the above mentioned findings. It has been reported
that leptin increased human bone marrow stromal cells
apoptosis, and this process seems to occur through ERK/
cPLA2/cytochrome c pathway and the activation of the
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caspases 3 and 9 [21]. Moreover, it was also showed that
leptin signaling blockade increased osteoblast differentia-
tion [22]. Very recently, it was also postulated that leptin
may participate in the osteoblastic differentiation of vas-
cular smooth muscle cells [23, 24]; this is a complex
process resulting in arterial calcification. Two studies
demonstrated that leptin was able to regulate this differ-
entiation process via GSK-3B and RANKL/BMP4 path-
ways [23, 24].

Studies aimed to define the regulation of osteoclasto-
genesis by leptin presented controversial results. Some
authors did not find any difference in osteoclast differen-
tiation and function in cell cultures obtained from leptin-
deficient mice in comparison to those obtained from wild-
type mice [25]. On the other hand, it was reported that
leptin inhibited osteoclastogenesis in mouse bone marrow
cultures [26]. In line with this, Holloway et al. [27] showed
that leptin decreased osteoclast generation in cultures of
human peripheral blood mononuclear cells in presence of
hM-CSF and RANKL.

In the past years, some studies demonstrated that oste-
oblasts could also participate in joint destruction in several
diseases as rheumatoid arthritis or OA [28]. Leptin was
able to increase the expression of oncostatin M by down-
regulating the microRNA miR93 and Akt signaling [29].
Oncostatin M is a cytokine of the interleukin-6 family,
which is able to produce certain chemotactic proteins as
monocyte chemoattractant protein-1 (MCP-1) or metallo-
proteinases as MMP-1 in human synovial fibroblasts [30].
MCP-1 has been demonstrated to participate in joint
destruction in adjuvant-induced arthritis model [31]. This
study revealed that MCP-1 inhibition decreased macro-
phage accumulation and pro-inflammatory cytokines pro-
duction in the joint. Moreover, these authors observed less
radiographic joint damage in animals treated with MCP-1
inhibitor [31]. Similarly, MMP-1 is well known for its
prominent role in collagen network remodeling and deg-
radation, which confers to this proteinase a relevant role in
tissue destruction during joint degenerative diseases [32].

In a similar way, in vivo studies showed contradictory
results and the effect of leptin on bone metabolism is still
under debate. Nevertheless, most works suggest a negative
role for leptin by enhancing sympathetic output to bone from
the hypothalamus by suppressing serotonin system in the
brainstem [25, 33]. According to these data, leptin, secreted
from adipose tissue, crosses the blood brain barrier and acts
through the leptin receptor to inhibit serotonin (SHT) pro-
duction in containing neurons in the brainstem [25, 34].
Normally, serotonin would be secreted from these nerve
terminals in the ventromedial hypothalamus to suppress
sympathetic activity to bone. However, under leptin-induced
inhibition of serotonin synthesis, the sympathetic nervous
system signals to osteoblasts by releasing norepinephrine
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Table 1 Summary of the main actions of adipokines in bone pathophysiology

Leptin

Contradictory results

In vivo it is generally accepted that leptin suppressed bone formation

Leptin induced osteoblast differentiation from human marrow stromal cells

Leptin induced apoptosis of bone marrow stromal cells and decreases osteoblast differentiation

Leptin-deficient mice showed no differences in osteoclastogenesis in comparison to wild-type mice

Leptin inhibited osteoclastogenesis in mouse bone marrow cultures

Adiponectin

Adiponectin stimulates proliferation and mineralization of osteoblast

Adiponectin stimulates the production of pro-inflammatory mediators in osteoblasts

Contradictory results

Adiponectin inhibited osteoclast differentiation

Adiponectin activated osteoclasts

Visfatin stimulated osteoblast proliferation, glucose transport and collagen type I synthesis

Visfatin

Contradictory results

Visfatin inhibited osteoclastogenesis

Visfatin knockdown decreased osteoclast formation
Resistin

Resistin expression increased during osteoclast differentiation

Recombinant resistin stimulates osteoclast differentiation and osteoblast proliferation

Other adipokines

LCN?2 expression increased during osteoblast differentiation and mice over-expressing LCN2

presented bone microarchitectural changes

Chemerin seems to be involved in osteoblast and osteoclast differentiation

Mice lacking apelin presented increased bone mass

Vaspin attenuated RANKL-induced osteoclastogenesis

onto B2 adrenergic receptors. This, in turn, suppresses bone
formation and increases resorption through increased RANK
ligand expression [7].

Suppression of bone formation by leptin was demon-
strated in leptin-deficient mice [25], but also in a leptin
gain-of-function model [35]. These authors showed that
this mouse model presented a low bone mass phenotype,
without any alteration in appetite or energy expenditure.
These authors, through mouse genetic studies causing a
deletion of the leptin receptor in neurons, demonstrated an
increase in bone formation and bone resorption, resulting in
a high bone mass as seen in leptin-deficient mice. On the
other hand, the same deletion in osteoblasts does not
influence bone remodeling [35] (Fig. 1).

Adiponectin

Adiponectin, also known as GBP28, apM1, Acrp30 or
AdipoQ, is a 244-residue protein with structural homology
to types VIII and X collagen and complement factor Clq
that is prevalently synthesized by adipose tissue. Adipo-
nectin circulates in the blood in large amounts and con-
stitutes approximately 0.01 % of the total plasma proteins
and can be found as different molecular forms (trimers,
hexamers and also 12—18-monomer forms) [36, 37]. The
gene that encodes for human adiponectin is located on
chromosome 3q27, a locus linked with susceptibility to

diabetes and cardiovascular diseases [38]. Ablation of the
adiponectin gene has no dramatic effect on knockout mice
on a normal diet, but when placed on a high fat/sucrose
diet, animals develop severe insulin resistance and exhibit
lipid accumulation in muscles [39]. Circulating adiponectin
levels tend to be low in morbidly obese patients and
increase with weight loss and with the use of thiazolidin-
ediones (PPAR agonists) which enhance sensitivity to
insulin [36, 40]. Adiponectin decreases insulin resistance
by stimulating glucose uptake, by increasing fatty acid
oxidation and reducing the synthesis of glucose in the liver
and other tissues [36].

Adiponectin acts via two receptors, one (AdipoR1)
found predominantly in skeletal muscle and the other
(AdipoR2) in liver. Transduction of the adiponectin signal
by AdipoR1 and AdipoR2 involves the activation of
AMPK, PPAR-a, PPAR-y and other signaling molecules
[36]. To note, targeted disruption of AdipoR1 and AdipoR2
causes abrogation of adiponectin binding and all its meta-
bolic actions [41].

Adiponectin and Bone
Several studies [13, 42] have supported a functional role
for adiponectin in bone biology, demonstrating that this

adipokine and its receptors are expressed in osteoblasts
[43], which also differentiate in response to this hormone.
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Fig. 1 Schematic representation of the effect of leptin on bone metabolism

In fact, adiponectin was able to stimulate the proliferation
and mineralization of human osteoblasts via the p38
mitogen-activated protein kinase (MAPK) signaling path-
way in autocrine and/or paracrine manners [44, 45].
Moreover, this adipokine enhanced the expression of bone
morphogenetic protein 2 (BMP-2), which plays a funda-
mental role in osteoblast differentiation and bone forma-
tion, in cultured osteoblastic cells [46]. Adiponectin
inhibited differentiation of bone marrow macrophages and
CD14+4+ mononuclear cells into osteoclasts [42]. In con-
trast, adiponectin indirectly activates osteoclasts by stim-
ulating RANKL and inhibiting OPG (osteoprotegerin)
production in osteoblasts [8]. In vitro studies also showed
that adiponectin was able to stimulate the production of
VEGF, MMP-1, MMP-13, IL-6 and IL-8 in cultured
osteoblasts [47], suggesting an important role for adipo-
nectin in joint destruction by inducing catabolic and pro-
inflammatory mediators in osteoblasts.

In vivo studies highlighted interesting but controversial
results. It has been demonstrated that mice treated with
adiponectin showed increased trabecular bone mass and
decreased number of osteoclasts [42]. In line with this, it
was also reported that adiponectin produced an increase in
bone mass in mice and this effect occurred through an
adipokine-mediated decrease in the sympathetic tone, by
acting on neurons of locus coeruleus [48]. However, these
authors also showed that adiponectin inhibits osteoblast
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differentiation and promotes their apoptosis [48]. These
results demonstrated that adiponectin could act in two
different opposite manners depending on the site of action.
In contrast, another study revealed that adiponectin
knockout mice displayed increased bone mass [49].
Moreover, adiponectin deficiency can protect against
osteoporosis in ovariectomized mice [50]. All together,
these findings suggest that adiponectin participates in the
balance of bone formation and bone resorption. However,
more studies will be necessary to clarify the exact role of
this adipokine in bone metabolism.

Visfatin

Visfatin, also called PBEF (pre-B cell colony-enhancing
factor) and Nampt (nicotinamide phosphoribosyltransfer-
ase), is a protein of approximately 471 amino acids and
52 kDa [51]. It is a hormone that originally was discovered
in liver, bone marrow and muscle, but it is also secreted by
visceral fat [51, 52].

It has been reported that visfatin levels are increased in
obesity. Moreover, leukocytes from obese patients produce
higher amounts of visfatin compared with lean subjects,
and specifically, granulocytes and monocytes are the major
producing cells [53, 54]. Macrophages have been also
described as a source for visfatin production [55].
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It is supposed that visfatin has insulin mimetic properties,
but the role of this adipokine in glucose metabolism is still
unclear [52, 56]. Visfatin is upregulated in models of acute
injury and sepsis [57], and its synthesis is regulated by factors
such as glucocorticoids, TNF-a, IL-6 and growth hormone.
Moreover, visfatin has been shown to induce chemotaxis and
the production of IL-1B, TNF-a and IL-6 in lymphocytes [58].

Visfatin and Bone

Several studies demonstrated the involvement of visfatin in
bone biology. In fact, it was reported that this adipokine
stimulated the proliferation of cultured osteoblasts [59]. In
addition, visfatin was able to promote glucose transport and
type I collagen production in the same cell type being these
effects appear dependent on insulin receptor transduction
pathway [59]. In line with this, it was also observed that
visfatin levels increased during osteogenic differentiation,
and this increase was associated with higher nicotinamide
adenine dinucleotide (NAD) levels [60]. Interestingly, visf-
atin knockdown or inhibition caused a decrease in NAD
concentration and osteogenesis [60]. These results suggested
that osteogenic differentiation depends on NAD levels, and
in this scenario, visfatin could play a regulatory role.

Regarding the effect of visfatin on osteoclastogenesis,
contradictory results have been published. On one hand, it
was reported that visfatin inhibited osteoclastogenesis [61],
but on the contrary, it was also showed that visfatin
knockdown decreased osteoclast formation [62].

Very recently, it was demonstrated that OA subchondral
bone released visfatin, and in vitro experiments showed that
the administration of this adipokine induced the expression
of IL6 and MCP-1 in osteoblasts [63]. Thus, visfatin could
participate in the activation of this cell type during OA.

Taken together, these data suggested that adipose tissue
could influence bone biology through the action of adipo-
kines such as visfatin. Very recently, it was proposed that
visfatin could exert positive effects on fetal/neonatal bone
metabolism [64]. On the other side, senile osteoporosis is
related with a progressive decrease in bone mass and
higher accumulation of marrow fat. The marrow adipocytes
and osteoblasts share the same cellular progenitor and
recent in vitro studies showed that visfatin activity could
influence the differentiation of mesenchymal stem cells to
adipocytes or osteoblasts [65], revealing a potential role for
visfatin in the development of senile osteoporosis.

Resistin

Resistin, also called adipocyte-secreted factor or found in
inflammatory zone 3 (FIZZ3), was discovered in 2001 and

itis a 12.5 kDa protein, which is constituted by 108 amino
acids in human and 114 amino acids in mice. Resistin
belongs to FIZZ family (also known RELMs, resistin-like
molecules) [66, 67]. The gene that codes for human resistin
is located on chromosome 19p13.2. Mouse and human
resistin genomic DNA are of 46.7 % similarly, and the
proteins are 59 % [67]. The major source of resistin in
mice is WAT [66], whereas in humans, it is predominantly
expressed in macrophages [68]. Thus, in human adipose
tissue, resistin is mainly produced by non-adipocyte resi-
dent inflammatory cells [69].

Resistin acts as a circulating polypeptide, and it partic-
ipates in many different processes. Multiple tissues have
been described to be responsive to resistin, and the
mechanism of action might be both endocrine and para-
crine, but the resistin receptor remains still unidentified.

Resistin and Bone

There are few evidences of the implication of resistin in
bone biology. Resistin expression has been reported in
osteoblasts and osteoclasts [70]. Interestingly, the produc-
tion of this adipokine increased during osteoclasts differ-
entiation and appeared to be regulated by PKC and PKA
signaling pathways [70]. In line with this, recombinant
resistin stimulates osteoclasts differentiation, suggesting a
role for resistin in osteoclastogenesis. In addition, this
adipokine also induced osteoblasts proliferation [70].
These results suggest that resistin could contribute to bone
metabolism and remodeling via two main ways: enhance-
ment of osteoclasts differentiation and the recruitment of
osteoblasts.

Other Adipokines
Lipocalin-2

Lipocalin-2, also known as siderocalin, 24p3, uterocalin
and neutrophil gelatinase-associated lipocalin (NGAL), is
constitutively expressed in myelocytes and stored in neu-
trophil specific granules [71, 72]. LCN2 expression was
also found in chondrocytes [73], although WAT is thought
to be the main source [74]. NGAL can exist as a monomer,
as a disulfide-linked homodimer, or as a disulfide-linked
heterodimer in a complex with MMP-9 [75, 76]. Human
NGAL consists of a single disulfide-bridged polypeptide
chain of 178 amino acid residues with a calculated
molecular weight of 22 kDa. The molecular weight of
NGAL increases to 25 kDa when the molecule is glycos-
ylated [77]. LCN2 is involved in a series of processes such
as apoptosis of haematopoietic cells [78], transport of fatty
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acids and iron [79] and modulation of inflammation [80]. It
was shown that LCN2 binds iron and delivers it to the cells
through a small molecular weight siderophore [81, 82].
Particularly, LCN2 recognized a transmembrane receptor,
recently cloned and named megalin (GP330), which is
internalized in the cell by endocytosis [83, 84].

LCN2 synthesis has been described in bone [85].
Recently, Costa et al. demonstrated that LCN2 could
modulate the bone marrow microenvironment by increas-
ing the expression of one of the most important bone niche
factors, the SDF-1 (stromal derived factor 1), a chemokine
involved in the recruitment of hemopoietic precursors.
This result suggests that this adipokine could play a major
role in both tissue repair and maintenance of the bone
marrow microenvironment [86]. The same authors also
reported that LCN2 expression increased during osteoblast
differentiation, and interestingly, transgenic mice over-
expressing LCN2 presented bone microarchitectural
changes [87], specifically, this transgenic mouse showed
reduced trabecular number and bone mass, growth plate
alterations, decreased bone formation rate and higher bone
resorption [87]. Also, very recently was determined that
LCN2 is a novel mechanoresponding gene in osteoblasts
[88].

Chemerin

Chemerin, also known as tazarotene-induced gene 2 and
retinoic acid receptor responder 2 (RARRES2), is an
adipokine with chemoattractant activity [89]. It is secreted
as an 18 kDa inactive proprotein, and it is activated by
posttranslational C-terminal cleavage [89]. Chemerin acts
via the G-protein-coupled receptor chemokine-like recep-
tor 1 (CMKLR1 or ChemR23) [89]. CMKLR1 gene was
first cloned in 1996 as a gene encoding a putative 371
amino acid receptor containing seven transmembrane
domains [90]. The downstream signaling involves different
pathways, including ERK1/2 and Akt pathways [91].

Chemerin and its receptor are mainly, but not exclu-
sively, expressed in adipose tissue [92], and, for instance,
dendritic cells, and macrophages express chemerin receptor
[93]. Chemerin is also expressed in preosteoblastic cells
and it seems to be involved in osteoblast differentiation
[94]. Moreover, very recently, it was demonstrated that
chemerin neutralization blocked osteoclast differentiation
of hematopoietic stem cells [95].

Apelin
Apelin is a peptide, recently identified as the ligand of the
orphan G-protein-coupled receptor APJ [96]. Several

active apelin forms exist such as apelin-36, apelin-17,
apelin-13 and pyroglutamated form of apelin-13. Apelin
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has been detected in adipose tissue and secreted by adi-
pocytes [96, 97].

Recently, it has been demonstrated an increase in bone
mass in mice lacking apelin [98]; in fact, these animals
presented increased rates of bone formation and acceler-
ated osteoblast formation and differentiation [98].

Vaspin

Vaspin is a serpin (serine protease inhibitor) that is pro-
duced in the visceral adipose tissue [99]. Human vaspin
gene contains 1,245 nucleotides encoding a putative pro-
tein with 415 amino acids [99].

It has been reported that vaspin attenuates RANKL-induced
osteoclastogenesis in RAW?264.7 cell line [100]. In addition, it
was also showed that vaspin was able to reduce osteoblast
apoptosis induced by serum deprivation and this affect could
be mediated by the regulation of ERK signaling [101].

Conclusions

In this review, we attempt to summarize the current under-
standing on adipokines biology in skeletal system. A lot of
works has been made in the past decade on this topic, clearly
showing the importance of the close interactions existing
between adipose tissue and bone, via activation of specific
pathways elicited by adipokines. Although a wealth of liter-
ature published in the last years certainly contributed to
enlighten the role of adipokines in bone metabolism, several
aspects are still inconsistent. In particular, incongruous results
exist between in vivo and in vitro experimental systems.

It is evident that we are on the right way and future data,
coming from a range of interrelated models, will provide new
insights into the relationships existing between adipokines and
bone metabolism. In particular, we believe that future studies,
using unbiased all-encompassing systems (metabolomic/
proteomics), will develop new avenues for novel therapeutical
approaches that will impact on skeletal diseases.
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