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Summary

Discovered in 1994, leptin is one of the most important anorexigenic factors in the body. This hormone is
synthesized and released mainly by white adipose tissue, but could also be released by other tissues. Its main
function is suppressing the feeling of hunger by interacting with LEPRs receptors located in the hypothalamus,
which makes it one of the main factors regulating the food intake. Appetite regulation is not the only function
of leptin in the organism. By interacting with LEPRs, it can also influence the metabolism of various body
tissues and organs, such as gonads, immune system cells, bone marrow, and bones. A very important aspect of
leptin activity, though seldom discussed in the literature, is its impact on bone tissue metabolism. Leptin can
affect bone cells through two different pathways: a peripheral one and a central one. The peripheral pathway
involves a direct interaction of leptin with LEPRs located on the surface of bone cell. The central pathway, on
the other hand, involves the interaction of leptin with structures of the central nervous system, which regulates
the secretion of many hormones, such as serotonin, growth hormone, and thyroid hormones, directly affecting
the metabolic activity of bone cells. Determining the overall effect of leptin on bone metabolism is not an
easy task. This is due to significant differences in the way individual leptin activity pathways may affect bone
metabolism. Indirect pathways stimulate bone tissue in bone anabolic or bone katabolic processes, leading to an
increase or a decrease in bone mass, depending on the hormone through which bone metabolism is regulated.
However, most of the literature data suggest that the leptin regulation of bone turnover is determined mainly
by the direct pathway, and the overall effect of its activity is an increase in bone tissue mechanical parameters.
Nevertheless, a complete understanding of these mechanisms requires further research. It is worth mentioning
that this hormone is also involved in the development of several disorders of the skeletal system, such as
osteoarthritis, osteoporosis, and rheumatoid arthritis, but the exact impact of leptin on the course of these
diseases is still not fully understood.
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Discovered in 1994, leptin is an adipokine hormone
synthesized and released primarily by white adipose
tissue. However, it can also be derived from other sites
in the body, such as the placenta, salivary glands, bone
marrow, skeletal and cardiac muscles, lymphatic tis-
sue, and several endocrine glands, such as the pancreas
and pituitary gland (9). Another essential source of
leptin is gastric mucosa (3, 13). Leptin has a peptide
structure, consisting of 167 amino acids, whose total
molecular weight is 16 kDa. The Ob genes respon-
sible for encoding leptin in humans are located in the
7™ chromosome. This gene is present in all mammals,
and its orthologs are widespread in many animal
groups, such as fish, amphibians, and reptiles. All pep-
tides encoded by the Ob gene and its orthologs differ in
amino acids sequences, but preserve the same function
in the organism (3, 8, 13, 29, 35, 61).

The main factors regulating the level of circulatory
leptin is the amount of adipose tissue in the body (35).
An increase in the level of adipose tissue causes an in-
crease in the serum concentration of leptin. Conversely,
starvation causes a significant decrease in its blood
concentration. According to some studies, leptin con-
centration in the blood serum is related to food intake.
Researchers have observed that serum leptin levels
increase significantly after a meal. This phenomenon
has been linked to the activity of the stomach lining
cells, which also have the ability to secrete leptin (3, 8,
9, 13). Another important factor that can cause fluctua-
tions in the level of circulating leptin is insulin. Studies
conducted on patients with type 1 diabetes showed that
serum leptin levels were significantly higher in patients
undergoing insulin treatment. On the other hand, in
patients suffering from insulinoma, a pancreatic tumor
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associated with hyperinsulinemia, a significant de-
crease in blood insulin and leptin levels was observed,
which returned to normal values after surgery. Some
researchers, however, indicate that insulin concentra-
tion within physiological limits has no effect on serum
leptin levels. Cammisotto et al. (7) showed that both
glucocorticoids and glucose stimulate leptin synthesis
and release, whereas catecholamines, free fatty acids,
and thyroid hormones have the opposite effect. The
circadian rhythm also plays an important role in the
regulation of serum leptin concentration. During the
day, the highest level of leptin occurs between midnight
and early morning hours, and the lowest in afternoon
hours. Interestingly, these fluctuations occur in both
thin and obese individuals (22, 33, 35). Leptin concen-
tration depends also on the menstrual cycle in women
and achieves the highest values during the luteal phase
(22,26, 29, 31, 32, 35).

Leptin is known as one of the most important
anorexigenic factors with neuroendocrine actions.
Through the activation of hypothalamic neurons
synthesizing proopiomelanocortin and neurons that
are part of the cocaine- and amphetamine-regulated
transcript, while inhibiting the activity of neurons
releasing agouti-related peptide and neuropeptide Y,
leptin suppresses the feeling of hunger. It is also one
of the main factors responsible for information about
the energy reserves stored in the body, the amount of
which is directly proportional to its concentration.
An often overlooked fact is that, in addition to the
actions listed above, leptin can act on many different
tissues (11). By influencing the hypothalamus-pituitary
axis (HPA), leptin affects the secretion of luteinizing
hormone (LH), follicle stimulating hormone (FSH),
growth hormone (GH), and prolactin (PRL), which
has a profound effect on the activity of the gonads, and
therefore the participation of leptin in the regulation
of sexual maturation is particularly important (11, 30).
The ability to regulate the HPA allows leptin to inhibit
the release of cortisol by the adrenal cortex via the
ACTH pathway. In the same way, by regulating the
activity of the HPA, it can also influence the releasing
function of the thyroid gland, stimulating it to secrete
tritodothyronine (T3) and thyroxine (T4) hormones.
Leptin is also recognized as a key factor stimulating
the proliferation and antimicrobial effect of immune
cells. Moreover, some researches believe that leptin
may act as a proinflammatory cytokine released from
tissues under the influence of damaging stimuli (19,
21, 26, 36, 37,42, 51, 62).

Leptin receptor

Leptin influences cell metabolism by interacting with
specific membrane receptors LEPRs, (some authors
use the abbreviation ObR). These receptors belong
to class 1 cytokine receptors with a protein structure.
To date, six LEPRs isoforms have been recognized,
A to F, all of which are encoded by a gene located on
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the first human chromosome. The highest concentration
of LEPRs is found in hypothalamic neurons, but many
other cell types also contain these receptors in their
membrane and cytoplasmic structures. These include
cells located in the gonads, bone tissue, bone marrow,
and cells of the immune system (1, 47, 48, 61, 62).
LEPRs consist of several domains with different func-
tions. A key role in receptor activity is played by two
homologous domains of cytokine receptors (CRH1,
CRH2), immunoglobulin-like domain (IGD), and two
domains of membrane fibronectin type III (FN III).
The crucial function of the CRH2 domain is to bind
amolecule of leptin with a receptor. The domains IGD
and FN III are essential for LEPRs activation and trans-
mission of the signal to the cell although they cannot
interact directly with leptin molecules. The function
of CRHI1 is still a subject of research (1, 49, 62, 63).

The association of LEPRs with leptin initiates a sig-
naling pathway leading to changes in cell metabolism.
There are a few different types of signaling pathways
connected with an active leptin receptor, namely the
JAK/STAT pathway, the SHP2/MAPK, PI3K pathway,
the AMPK pathway, and the TOR pathway. The best
studied way of transmitting signals from LEPRs is the
JAK/STAT pathway. It is related to the activation of the
Janus kinase, which leads to the phosphorylation of the
STAT3 factor. The active form of STAT3 is transported
to the cell nucleus, where it plays an important role in
regulating the processes of transcription and transla-
tion (62, 63). Some mutations in the genes encoding
LEPR can lead to abnormalities in leptin binding to
CRH2 and disruptions in signaling from the receptor
to the cell nucleus, so that the brain does not respond
appropriately to signals from leptin in the body. As
aresult, the brain continues to feel hungry and does not
signal that the body has enough fat. This often leads to
morbid obesity in people with this disorder (23, 27).

An often overlooked aspect of leptin’s action is its
influence on bone metabolism. It has been proven
that leptin can have a significant influence on the
mechanical properties of bone tissue in both humans
and animals. This interaction can be an important fac-
tor contributing to the development of many skeletal
disorders. The aim of this review is to present the
influence of leptin on bone metabolism, characterized
by an intimate cooperation of bone cells, including
osteoblasts, osteoclasts, and osteocytes, to maintain
the quantity of bone tissue and the integrity of bone
structure. A better understanding of changes occurring
in bone tissue under the influence of regulation via
leptin-linked metabolic pathways may help improve
our knowledge about possible causes of skeletal im-
pairments.

The ways of leptin’s action

It is known that leptin can affect bone metabolism
in two different ways. The first is a direct mechanism
in which it regulates the activity of bone cells through
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direct interaction with LEPRs located in their cell
membrane. The second way can be described as an
indirect mechanism, in which leptin interacts with
receptors located in the central nervous system (CNS),
which regulates the release of hormones responsible
for the modulation of bone turnover (41, 59).

Direct mechanism

Leptin is delivered to the bone mainly through the
bloodstream, but it has been shown that it can also be
synthesized by bone marrow adipocytes (2). LEPRs
have been confirmed to be located on the surface of
bone tissue cells and bone marrow mesenchymal stem
cells. Mesenchymal stem cells are found in the bone
marrow and have the ability to transform into other cell
types, namely osteocytes, chondrocytes, osteoblasts,
and adipocytes (2). By interacting with receptors on
these cells, leptin stimulates them to transform into
osteoblasts and inhibits their transformation into adipo-
cytes. Osteoblasts are responsible for the synthesis of
the organic component of the bone matrix and partici-
pate in the process of bone tissue mineralization (2, 31).
Through interaction with osteoblast LEPRs receptors,
leptin increases their activity, which results in increased
bone mass and density. On the other hand, by stimulat-
ing bone marrow stromal cells to release osteoprotegrin
and inhibiting the activity of the leptin ligand activator
receptor of nuclear factor-kB (RANK-L), it reduces
the activity of osteoclasts, that is, cells responsible for
the degeneration of the bone matrix. These processes
are responsible for maintaining bone mineral density
(BMD) and bone mass at the correct level (2, 31, 46).
Turner et al. (58) showed in their study that mice with
a mutation in the LEPRs gene leading to receptor de-
ficiency, had significantly lower bone mass and bone
density compared to mice with properly functioning
receptors. Studies conducted by Steppan et al. (55) con-
firm that leptin, acting directly on bone structures, plays
a key role in stimulating the growth of long bones. In
addition to the above-mentioned positive aspects of
leptin activity on bone parameters, high serum leptin
levels, which may occur in morbidly obese individu-
als, may be a factor initiating inflammatory processes
in bone tissue. This results from one of the aspects of
leptin’s function, namely, at high concentrations, it acts
as a proinflammatory cytokine and, through interaction
with specific receptors, increases the inflammatory
process in different tissues and organs.

Indirect mechanism

Although the central pathway of leptin’s action
mentioned above is not fully understood, there are
some studies suggesting that there are several differ-
ent pathways regulating bone metabolism through its
indirect activity. These pathways are related mainly
to interaction between leptin and LEPRs located in
the hypothalamus, particularly in the ventromedial
hypothalamus (VMH), which modulate the release
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of a number of hormones that can directly affect the
activity of bone tissue cells. This makes leptin one of
the most important hormones influencing the central
regulation of bone turnover (16, 31, 46).

The most important of all indirect pathways is the
interdependence between leptin-serotonin and the
activity of the sympathetic nervous system (SNS).
Catecholamines released from SNS neurons through
interactions with beta2-adrenergic receptors located on
the surface of osteoblasts inhibit their osteogenic activ-
ity while stimulating bone resorption processes. This
dependence remains under regulatory impact of the
brain-derived serotonin (BDS). Through the interaction
of BDS with Htr2c receptors located in VMH neurons,
SNS activity is inhibited, which leads to increased
osteoblast activity, as well as increased BMD, bone
mineral content (BMC) and total bone mass. Leptin
activity in the CNS reduces BDS release, which results
in increased SNS activity leading to increased bone
resorption (40). The interrelation between the leptin,
SNS, and bone cell activity was proven by Takeda et
al. (56), who showed that the use of beta-adrenergic
receptor agonists in leptin-deficient Ob/Ob mice sub-
jected to leptin infusion into the third ventricle of the
brain caused a decrease in BMD, BMC, and total bone
mass compared to mice treated with beta-adrenergic
receptor antagonists. In addition, studies conducted by
Yadav et al. (65) showed that high leptin activity in the
CNS causes a decrease in serotonin secretion, which
in turn leads to changes in bone turnover towards bone
resorption.

A factor whose secretion is also strongly dependent
on the level of leptin is neuropeptide Y (NPY). In ad-
dition to the influence on the regulation of food intake,
a correlation has been proven between the concentra-
tion of NPY and bone tissue parameters. Wong et al.
(64) showed that high concentrations of NPY caused
a decrease in bone tissue parameters, such as BMD
and BMC in both, cortical and trabecular bone. Similar
results showing an increase in bone parameters in
mice with leptin and NPY deficiency were obtained
by Baldock and colleagues (4). The direct mecha-
nism of these actions is not yet fully understood, but
there are studies suggesting that high concentrations
of NPY may activate the SNS, which stimulates the
bone resorption process thorough the release of cat-
echolamines (46).

Leptin’s ability to regulate blood cortisol levels also
significantly affects bone metabolism. Guo et al. (24)
showed that individuals with high plasma cortisol
levels have a significantly lower BMD and, concomi-
tantly, high serum levels of bone resorption markers.
This indicates a strong negative effect of cortisol on
bone quality parameters. The decrease in blood corti-
sol levels under the influence of leptin, which affects
ACTH secretion in the pituitary gland, can significantly
increase bone density, which in turn minimizes the risk
of fractures (24, 45, 51).
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Another leptin signaling pathway through which it
is involved in bone metabolism is the way via T3 and
T4 hormones. Leptin is known to influence the release
of both T3 and T4, and high levels of these hormones
in blood alter bone turnover, leading to reduced BMD,
which significantly increases the risk of fracture (5).
A study by Foo et al. (20) clearly confirms the nega-
tive correlation between the concentration of leptin
and circulating parathormone (PTH), indicating that
PTH is one of the most important factors responsible
for bone resorption, which is related to a reduction in
BMD and BMC values. That study showed that the
administration of metraleptin to women with hypo-
leptinemia caused a significant decrease in PTH blood
concentration, which was closely related to a decrease
in RANKL expression, one of the critical mediators of
bone resorption and overall bone activity. Among the
above-mentioned indirect ways of leptin’s influence on
bone metabolism, mechanisms dependent on growth
hormone (GH) and IGF-1, as well as those related to
the release of sex hormones, especially estrogen, also
play an important role. For example, Chan et al. (10)
indicated that GH levels in Ob/Ob mice were signifi-
cantly lower than in the control group. These results
may suggest that leptin stimulates the release of GH
from the hypothalamus, which increases IGF-1 synthe-
sis by hepatic cells. Through direct interactions with
specific receptors located on the surface of osteoblasts
and osteoclasts, both these factors stimulate the bone
formation process (6, 10, 15).

It has also been confirmed that there is a positive
correlation between leptin levels and estrogen levels.
Estrogen is one of the factors stimulating bone-forming
activity. Some clinical studies clearly indicate that
women characterized by an estrogen level within the
physiological limit are characterized by a significantly
higher bone density and a lower incidence of osteo-
porosis in elderly age. Chou et al. (12) used leptin in
the treatment of hypothalamic amenorrhea in women,
which is associated with a decrease in the serum es-
trogen level and a related decrease in BMD and BMC
values. Their study showed that an increase in serum
leptin levels in women was directly related to an in-
crease in serum estrogen concentration. Restoration of
normal estrogen levels improved the activity of bone
formation markers and overall fertility (11, 12).

General effect of leptin on bone metabolism

The existence of so many pathways through which
leptin may affect bone metabolism makes it difficult
to determine the overall effect of this hormone on
bone parameters. The main challenge that researchers
are still facing is to determine which of the two main
pathways, the direct one or the indirect one, is more
important, since these pathways often have completely
opposite effects on bone metabolism. Leptin, acting
directly on bone tissue, has a strong osteoblast-acti-
vating effect and leads to increased bone mass and
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strength. On the other hand, most of the peripheral
pathways engaging mainly CNS are characterized by
a catabolic effect on bones. The activation of these
pathways decreases the intensity of bone formation
by stimulating osteoclast cell activity, which causes
a decrease in BMD and overall bone parameters (59).
Results of research conducted by Steppan et al. (55)
on mice with congenital leptin deficiency (Ob/Ob)
clearly indicate that bone parameters, including femur
length and the thickness of cortical and trabecular
bones, were significantly higher in Ob/Ob mice with an
exogenous supply of leptin than in controls. Hamrick
etal. (25) made an experiment to estimate the effect of
caloric restrictions on bone tissue parameters. Caloric
regime periods reduced the body fat level, which was
strongly correlated with serum leptin. Results of that
study indicated that the cortical bone parameters of the
peripheral skeleton decreased in calorically restricted
mice with a low leptin concentration, but their trabecu-
lar bone parameters did not change compared to those
in control animals. Assessment of the axial skeleton
showed a decrease in cortical bone thickness, whereas
trabecular bone parameters, such as BMD and BMC,
increased in the experimental group. It is also worth
noting that there was no decrease in overall BMC and
BMD in calorie-restricted mice. Studies by Philbrick
et al. (43) confirmed the above conclusions and also
revealed that the increase in parameters related to bone
tissue formation processes occurred in the experimen-
tal groups at lower leptin concentrations than those
needed to induce general energy metabolic changes.
This means that bone tissue cells are more sensitive to
leptin than the structures of the central nervous system
regulating the metabolism of the whole organism.

Although data obtained from animal studies clearly
indicate an anabolic effect of leptin on bone metabo-
lism, the results of similar studies conducted in humans
are ambiguous. Some researchers claim that there is
no correlation between bone metabolism and serum
leptin levels in adults (14, 33, 52). However, there are
studies indicating a positive correlation between leptin
levels and bone formation. For instance, Sienkiewicz et
al. (50) showed that leptin therapy in individuals with
congenital leptin deficiency resulted in reduced BMD
and BMC in the lumbar spine. Moreover, the results
of some studies conducted in women with a low bone
mineral density indicate an anabolic effect of leptin
on bone turnover, and its introduction to the treatment
protocol improved bone tissue parameters, reducing
the incidence of bone fractures (6, 57).

Leptin and bone health

Given the numerous mechanisms of leptin’s ac-
tion on bones, this adipokine may be responsible for
many disorders of the skeletal system. The main one is
undoubtedly osteoporosis occurring primarily in post-
menopausal women. Osteoporosis is manifested by low
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bone mass, bone tissue deterioration, and disruption
of bone microarchitecture. In such conditions, there
is a gradual deterioration of bone parameters, mainly
BMD and BMC, which is one of the most important
factors contributing to the development of bone fragil-
ity and ultimately to pathological fractures. Numerous
studies have shown that there is a positive correlation
between BMC and BMD and the high serum leptin
concentrations in postmenopausal women, but no simi-
lar relationship has been observed in men (54, 57, 66).
Interestingly, there are also reports indicating a com-
plete lack of association between high leptin levels and
improvement in bone tissue parameters in women at
risk of osteoporosis (38). Due to the aforementioned
discrepancies in the results of studies on the role of
leptin in the development of osteoporosis, it is impos-
sible to draw clear conclusions as to its role in this
process. Therefore, such studies should be continued.

Another skeletal disorder in which leptin may be
involved is osteoarthritis (OA), a polyetiological dis-
ease widespread in elderly population and caused by
a gradual destruction of the articular cartilage. This
chronic process leads to the development of progres-
sive lesions in subarticular bone tissue. As the disease
progresses, the patient experiences severe pain, devel-
ops inflammation, and gradually loses the mobility of
the degenerated joints (17). One of the most important
risk factors for osteoarthritis appears to be obesity,
which is associated with high levels of leptin in the
blood. Dumond et al. (18) have shown that the concen-
tration of leptin in synovial fluid and articular cartilage
is strongly correlated with the concentration of leptin
in serum, which depends on the content of body fat.
The concentration of leptin in synovial fluid was also
positively correlated with the degree of advancement
of OA. Furthermore, they showed that an intra-articular
injection of leptin solution strongly stimulates the
activity of articular cartilage chondrocytes. Increased
circulatory leptin levels in OA are also associated with
increased synthesis of IGF-1 and transforming growth
factor beta (TGF-beta). Both of these factors have
a stimulating impact on chondrocyte’s activity. Similar
results, confirming a high concentration of leptin
in structures of degenerated joints, was obtained by
others, namely Simopoulou et al. and Mutabaruka et al.
(34, 53). There are also studies suggesting that leptin
could be involved in the development of OA as a pro-
inflammatory cytokine which stimulates the synthesis
of factors such as NO, PGE2, IL-6, and IL-8, which
intensify the progression of degenerative processes in
joints (28, 60, 67). The abovementioned data demon-
strate that leptin is a hormone actively involved in the
development of OA, but its direct role in this process
requires more detailed research.

Some data indicate that leptin may also play an
important role in theumatoid arthritis (RA), a severe
inflammation of joints leading to irreversible changes
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in their structure, the etiology of which has not yet
been fully explained. Researches have shown that
there is a positive correlation between the level of
leptin in blood and joint elements in patients suffer-
ing from RA. It is hypothesized that leptin may play
the role of a proinflammatory cytokine and a factor
stimulating cartilage cells to synthesize extracellular
matrix components (6, 39). However, literature data
indicate no correlations between the levels of leptin in
patients showing symptoms of RA and healthy people
constituting the control group (44).

The effect of leptin on the bone turnover process is,
as can be seen from the above analysis, very diverse
and dependent on the pathways of its action. Different
pathways can produce different and often opposite ef-
fects on bone metabolism. For this reason, determining
the general effect of leptin on bone metabolism is very
problematic. Furthermore, there are not many sources
that could serve as a basis for determining the general
effect of leptin’s functioning in the body, the results
obtained during those experiments are ambiguous, and
some of the experiments were performed as much as 20
years ago. In addition, there are also many differences
between data obtained from experiments conducted on
animal and human models. This may be due to differ-
ences in leptin activity across species as well as cell
and/or tissue leptin sensitivity. Studies also confirm that
interspecies differences are of considerable importance
and are the main cause of differences observed in the
activity of not only leptin, but also other hormones,
in bone metabolism. It is still not entirely clear which
leptin pathway, the direct one or the indirect one, plays
a more important role in regulating bone turnover. The
most probable hypothesis, however, seems to be the
dominance of the direct effect of leptin on the regula-
tion of bone turnover. This is due to the significantly
higher concentration of leptin in bone tissue than in the
central nervous system, where the indirect hormonal
pathways regulating bone metabolism via leptin is
initiated. This is a result of the sources from which
leptin can reach the effector cells in bones, namely
blood and bone marrow adipocytes. Otherwise, there
are no local sources of leptin in the central nervous
system, and therefore it must be supplied in its entirety
by blood. Studies on direct metabolic pathways, con-
ducted mainly in vitro, indicate that the presence of
leptin in the environment of bone tissue cells shifts their
metabolism towards osteogenic processes. Also some
indirect pathways, such as the mechanism dependent
on cortisol, GH, and sex hormones, induce an increase
in bone tissue parameters. In light of the above data,
it seems most likely that high leptin concentrations in
both bone tissue and serum have a positive effect on
BMD, BMC, and other parameters of bone quality.
However, despite these relationships, the overall effect
of leptin on bone metabolism in various species is still
not fully understood and requires more detailed studies.
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