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Bone and adipose tissue — more and more interdependence

Kos¢ a tkanka ttuszczowa — coraz wiecej zaleznosci
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Summary

In bone marrow, osteoblasts and adipocytes originate from com-
mon progenitor cells — mesenchymal stem cells (MSCs). The fur-
ther cell differentiation towards one of the two lines, depending on
numerous factors, might have an impact on pathologies of bone
in further life. Evidence from experimental and clinical studies
indicates multiple reciprocal links between skeleton and adipose
tissue. Numerous adipocyte products — leptin, adiponectin, etc. —
directly or indirectly affect bone formation and resorption, which
take place constantly. This knowledge verifies our views on obe-
sity, osteoporosis and fragility fractures. We also know that bone
remodeling, a process that requires energy, is heavily dependent
on insulin; moreover, bone is a source of osteocalcin, a hormone
whose role goes far beyond determining the level of bone turnover.
The endocrine role of the skeleton becomes a reality.

Introduction

Osteoblasts and adipocytes in bone marrow origi-
nate from common precursor cells — the mesenchymal
stem cells (MSCs) [1, 2]. Mesenchymal stem cells’ differ-
entiation into one of the cell lineages depends on nu-
merous opposing factors resulting in one representation
gaining advantage over the other. Recent research find-
ings indicate on the one hand that too many adipocytes
compared to osteoblasts within bone marrow may relate
to the worsening of bone formation and development of
osteoporosis [1]. On the other hand, they show that bone
matrix proteins may significantly affect insulin secretion
and carbohydrate metabolism. There is increasing ev-
idence for mutual and manifold interdependencies be-
tween adipose tissue and bone tissue, which may have

Streszczenie

Wspélnym prekursorem osteoblastéw i adipocytéw w szpiku kost-
nym sg mezenchymalne komorki progenitorowe. Wptyw réznora-
kich czynnikéw warunkuje ich réznicowanie sie w kierunku jednej
z tych linii, co moze mie¢ znaczenie dla p6zniejszych zmian pato-
logicznych uktadu kostnego. Liczne dowody z badan eksperymen-
talnych i klinicznych przemawiaja takze za wzajemnymi wielora-
kimi zaleznosciami miedzy szkieletem a tkanka ttuszczowa. Liczne
produkty adipocytéw — leptyna, adiponektyna i inne — w sposéb
posredni lub bezposredni wptywaja na zachodzace nieustannie
procesy kosciotworzenia i resorpcji kostnej. Wiedza na ich temat
weryfikuje nasze poglady na temat otytosci, osteoporozy i ztaman
niskoenergetycznych. Wiadomo takze, ze remodeling kostny, pro-
ces wymagajacy energii, jest w duzym stopniu zalezny od insuliny,
a tkanka kostna wytwarza osteokalcyne — hormon, ktérego rola
daleko wykracza poza wyznaczanie ram obrotu kostnego. Coraz
wiecej faktow przemawia za endokrynng funkcjg szkieletu.

vital clinical implications. This article presents an over-
view of said findings.

Adipocytes and osteoblastogenesis

Bone marrow comprises two types of precursor cells
— hematopoietic and mesenchymal cells. Shortly after
birth, hematopoietic cells (red bone marrow) prevail.
With time, however, they are gradually substituted by
adipose cells (yellow bone marrow). Even though the role
of bone marrow adipocytes has not been clearly defined
yet, it is a physiological process. Historically, they were
treated as a tissue “passively” taking over the niche
space not used by hematopoietic cells. This view was re-
vised not long ago. It turned out that adipocytes regulate
the bone marrow microenvironment providing energy to
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the process of remodeling the trabecular bone (bone
marrow within said bone contains high quantities of yel-
low bone marrow) [3]. Bone mass gain in adolescence,
which —as indicated above — coexists with bone marrow
fat increase with age, speaks in favor of the hypothesis.

Precursor mesenchymal cells were first described by
Friedenstein in the late 1960s as “matrix fibroblasts” [4].
They are found in many other tissues apart from bone
marrow, such as muscles, cartilage, and adipose tissue,
and they are capable of differentiation in more than
two directions, i.e. they can differentiate into another
mesenchymal lineage, e.g. myocytes or chondrocytes.
It is suggested that the “bipotential” precursors of ad-
ipocytes/osteoblasts are a special transient form in the
differentiation process [5].

There are certain intracellular pathways and tran-
scription factors that determine mesenchymal cell dif-
ferentiation. Amongst the factors activating osteoblas-
togenesis are the WNT/B-catenin pathway and Msx2,
Runx2 and osterix transcription factors’ expression,
whereas peroxisome proliferator-activated receptors y
(PPARy) and members of the C/EBP family (CCAAT-en-
hancer binding protein) promote adipogenesis [6-8].
The PPARy nuclear hormone receptor subfamily is de fac-
to a group of transcription factors activated by ligands
that also includes steroid hormone, vitamin D and reti-
noid acid receptors. Two isoforms of the protein exist:
PPARY1, expressed in numerous cell types, and PPARy2
with an additional 28-amino acid radical, the expression
of which is limited to adipocytes and bone marrow stro-
mal cells. PPARy present in the cell nucleus is activated
by the ligand, then conformational changes occur and
a heterodimer is formed with the retinoid X receptor
(RXR)-a.. Subsequently, the above structure is combined
with PPREs (PPARy response elements) in the promoter
region of target genes and modulates their expression.
PPARys are necessary for the regulation of energy con-
servation. A diet abundant in fats enhances their activity
and lipogenesis; a diet poor in fats results in the mobi-
lization of fat reserves in the adipose tissue and in lip-
olysis. Overfeeding causes continuous PPARy activation,
excessive accumulation of fats, and obesity [9].

The receptors are activated at preadipocyte differ-
entiation into adipocytes; they are present in the white
and brown adipose tissue. Numerous experiments
demonstrate that they are the superior regulator of ad-
ipogenesis. Studies with the involvement of embryonic
cells devoid of PPARy2 revealed no differentiation into
adipose tissue [10]. Increased PPARy2 expression in bone
marrow-derived progenitor cells promotes excessive
proliferation of adipose tissue therein and osteoblasto-
genesis suppression, probably due to decreased activity
of the osteoblast-specific Runx2 transcription factor [11].
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Therefore, PPARy2 overexpression is ascribed a neg-
ative impact on the process of bone formation as it de-
creases the number and function of osteoblasts, which
ultimately may lead to the loss of bone mass and osteo-
porosis.

These observations were partially confirmed at the
time of introducing PPARy receptor agonists (thiazoli-
dinediones — TZD) into the treatment of type 2 diabetes.
Despite the positive antihyperglycemic activity (increas-
ing insulin sensitivity), the drugs had an adverse effect
on the bone. Initial observations appeared after the pub-
lication of the ADOPT trial (A Diabetes Outcome Progres-
sion Trial), which demonstrated an increased fracture
rate during rosiglitazone therapy when compared to
metformin and glyburide treatment (HR = 1.8 in compar-
ison with metformin, 2.1 in comparison with glyburide)
[12]. The metaanalysis of Loke et al. of 12 studies (10 pla-
cebo-controlled randomized studies and 2 observation
studies — more than 77,000 patients in total) confirmed
said observations as it proved that long-term TZD use
doubled the risk of fractures in type 2 diabetes females
[13]. No such interdependency was noted in males.

Metabolic activity of adipose tissue
and osteogenesis

Studies conducted in the last several years indicate
that bone marrow adipocytes have the characteristic
features of subcutaneous and visceral fat [1, 14]. They
are metabolically active as they secrete multiple biolog-
ically active substances that affect osteoblastogenesis.

Compounds which have an unquestionable influ-
ence on osteogenesis are estrogens. Their osteogenic ac-
tivity, or rather a lack thereof, is most frequently referred
to in the context of postmenopausal osteoporosis. The
main estrogen in the period is estrone originating from
peripheral aromatization of androstenedione in adipose
tissue. The conversion appears higher in obese women
due to a higher fatty tissue mass. Adipose tissue content
in bone marrow also increases after menopause to the
disadvantage of osteogenic cells.

Nowadays, the issue of osteoclastic activity comes
up in the context of aromatase inhibitors therapy in
breast cancer. Still, the effect of estrogens on the bone
is observed at a much earlier stage in the life of women,
whereas their deficiency is most significant during lacta-
tion. It is when the osteoclast life extends, the parathor-
mone related protein (PTHrP) concentration increases
and bone calcium is mobilized. However, the adverse
effect of breastfeeding on bone mineral density (BMD)
seems temporary and reversible [15].

The most abundant adipocytokine in adipose tissue
is adiponectin, known for its anti-inflammatory proper-
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ties and positive effect on insulin sensitivity [16]. Low
concentrations of adiponectin in blood serum have been
proven to coexist with numerous disorders, such as di-
abetes mellitus or clinically overt atherosclerosis includ-
ing heart infarct [17, 18]. Its serum levels inversely cor-
relate with adipose tissue contents —in obese patients
we can observe hypoadiponectinemia [19]. It has been
established that adiponectin and its receptors (AdipoR1
and AdipoR2) are expressed in osteoblasts and osteo-
clasts [20, 21]. However, its impact on bone tissue me-
tabolism is manifold. /n vitro studies revealed that the
protein promotes precursor cells’ differentiation into
preosteoblasts and that at the following stage it stimu-
lates osteoblast proliferation, maturation and mineral-
ization [22]. Another manner in which the described adi-
pocytokine affects the bone is through its impact on the
differentiation of osteoclasts. Zhang et al. demonstrated
that the administration of recombinant adiponectin pro-
moted osteoclast differentiation indirectly by inhibiting
the expression of osteoprotegerin (OPG) in osteoblasts
[23]. Hu et al. [24] observed an inverse, inhibiting effect
on osteoclastogenesis, and it was a direct effect on bone
tissues. It is postulated that the observed differences
may result from the paths of adiponectin’s activity: au-
tocrine/paracrine signaling and endocrine signaling.
Nevertheless, experimental studies’ results stand in
contradiction to the observation studies, with the majori-
ty of the papers revealing a negative correlation between
serum adiponectin level and BMD [25-27]. The metaanal-
ysis of Biver et al. involving 59 studies demonstrated that
adiponectin is the strongest adipocytokine negatively as-
sociated with BMD regardless of the gender, age and ad-
ipose tissue content [28]. High levels of serum adiponec-
tin in men have become a good predictor of vertebral
fractures [29]. There are several potential causes of the
above discrepancies between the experimental and clin-
ical trials. Firstly, clinical evaluation involves the level of
blood serum adiponectin, i.e. the product of peripheral
adipocytes, whereas the concentration of bone marrow
plasma adiponectin may actually be higher, as demon-
strated by one of the authors [30]. Secondly, the interde-
pendencies between adiponectin and BMD referred to
in the article were evaluated in patients diagnosed with
osteoporosis. Many authors assume that higher levels
of adiponectin in those patients is a defensive reaction
against osteopenia observed in a positive feedback
mechanism. Thirdly, the molecular forms of adiponectin
may also have a stake in the process since adiponectin
may take the form of trimers of low molecular weight
(LMW), hexamers of medium molecular weight (MMW)
and oligomers of high molecular weight (HMW). It is
thought that the greatest intensification of insulin sen-
sitivity is achieved by the HMW form consequential to

AMP kinase stimulation [31]. It is debatable, though,
which form affects the osteoblast and whether it occurs
in the specified metabolic pathway.

The first known adipocytokine, leptin, the product of
the ob gene, is a substance that has numerous biological
functions. It is produced primarily in the white adipose
tissue, proportionally to its content, as well as in brown
adipose tissue, ovaries, liver, and endothelial cells [32].
Leptin’s activity consists in hypothalamic action leading
to inhibition of the sensation of hunger, inhibition of
food intake and increase in thermogenesis. Unlike adi-
ponectin, its serum levels in obese persons are high and
decrease with body weight loss [33]. In addition to obe-
sity, experimental models of mice void of the leptin gene
(ob/ob mice) or its receptors (db/db mice) demonstrate
decreased cortical bone density, increased trabecular
bone density [34, 35], and increased adipocyte count in
bone marrow. It is suggestive of a varied effect of leptin
on the cortical and trabecular bone. Findings regarding
the mechanisms of the described activity are contra-
dictory. Some authors suggest that leptin produced by
bone marrow adipocytes affects osteoblasts directly be-
cause they are equipped with leptin receptors and that
it is a beneficial effect. It is said to promote stem cell
differentiation into osteoblasts, inhibit adipogenesis,
and increase OPG levels. Leptin’s effect on the cortical
bone is probably an indirect one involving neurohor-
mones and the sympathetic system [36]. Elefteriou et al.
showed that intraventricular leptin administration in rat
leads to release of noradrenaline, which further binds to
the B2-adrenergic receptor in the hypothalamus, conse-
quently leading to the expression of receptor activator
of nuclear factor kB (RANKL) and promoting osteoclast
activation [37]. Thus, it demonstrates osteoclastic ac-
tivity. Many researchers are inclined to agree that both
arms of the bone restructuring process, osteogenesis
and resorption, are negatively controlled by leptin.

Clinical observations regarding the correlation be-
tween BMD and leptin concentration in humans pro-
vide unclear results. Most papers indicate that there is
no correlation between leptin levels and BMD [38, 39];
there are few demonstrating a positive correlation both
in postmenopausal women and men [40, 41].

Bone and energy balance

Until recently, the skeleton has been considered an
endocrinologically passive tissue that is the target for,
amongst others, parathormone and steroid hormones.
The reason why we might believe quite differently is
one protein secreted by mature osteoblasts, i.e. osteo-
calcin (OQ). It consist of 46-50 amino acids and under-
goes a posttranslational carboxylation in three glutamic
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acid residues. The residues demonstrate high affinity to
hydroxyapatite of the bone, hence the presence of OC
within bone matrix [42]. Osteocalcin is then released to
blood during bone resorption processes with the partic-
ipation of osteoclasts. The levels of blood serum OC are
used to assess the bone turnover rate and to monitor
osteoporosis treatment. There are more and more data
indicating that the active form of the protein is the de-
carboxylated form (ucOC) [43]. However, the existence
of decarboxylases which were to take part in the process
has not been proved yet. This role seems to be played
by the product of the Esp gene (embryonic stem cell) —
OST-PTP (osteotesticular protein tyrosine phosphatase).
It is a type of tyrosine phosphatase expressed in osteo-
blasts and Sertoli cells [44], whose exact mechanism of
action remains unknown.

Osteocalcin is one of the few osteoblast-specific
proteins. What is more, it has some features of a hor-
mone: secreted in a single place of the body, it affects
the functioning of remote organs. Karsenty’s research
team proved at first that mice deficient in osteocalcin
(Ocn/) present hyperglycemia, hypoinsulinemia, de-
creased expression of target genes for insulin activity in
the liver (Foxa2, Mcad, Nrft, etc.) and markers of insulin
resistance [45]. They are characterized by a low mass of
both pancreatic islets and B cells, which results in insuf-
ficient insulin secretion, and an increase in visceral fat
and triglyceride levels. However, they do not represent
a pathological phenotype within the bone. Experimen-
tal research showed that administration of recombinant
(decarboxylated) OC to mice increases insulin concen-
tration, improves peripheral glucose utilization, intensi-
fies cell proliferation in B cell cultures, and stimulates
insulin gene expression [46].

Further studies led to the conclusion that the factor
significantly contributing to the escalation of osteo-
calcin expression in osteoblasts and the secretion of its
active form from the bone is indeed insulin (it occurs
in the presence of insulin receptor found on the surface
of osteoblasts) [47]. Thus, what we encounter here is
a positive feedback loop: a signal sent by the pancreas
via an osteoblast promotes osteocalcin secretion, which
in turn stimulates beta cells to produce insulin. One
may presume that the process is to compensate ener-
gy expenditure related to osteogenesis, and the term
“bone-pancreas axis” has been coined as a result [14,
48]. The bond of negative regulation that is necessary in
every biological process turns out to be leptin. As a cen-
tral stimulant of sympathetic nervous system tension
(activation of B2 receptors), it inhibits both secretion
and activation of osteocalcin [43].

Authors of multiple papers have proved that the con-
centration of the total as well as decarboxylated osteoc-
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alcin negatively correlates with the fasting glucose level|,
adipose tissue content, body mass index (BMI), insulin
resistance markers, and glycated hemoglobin (HbA, ) in
healthy individuals as well as diabetic patients [49-51].
Diabetic patients present lower OC levels when com-
pared to unaffected individuals [52]. Diaz-Lopez et al.
demonstrated that low levels of carboxylated and de-
carboxylated osteocalcin in individuals with an elevat-
ed risk of cardiovascular diseases were an independent
factor increasing the probability of developing type 2
diabetes [53].

Another target organ for OCis adipose tissue, in which
OC positively regulates adiponectin expression, which in
turn stimulates osteogenesis through receptors located in
osteoblasts [54]. What is more, it has been evidenced that
by interaction with G protein-related receptor (Gprc6a),
decarboxylated osteocalcin stimulates testosterone syn-
thesis in Leydig cells in animals and humans; hence male
gonads are probably an effector tool, too [55].

The involvement of osteocalcin in carbohydrate ho-
meostasis regulation gives rise to an important question
about the potential use of its increased levels in hyper-
glycemia treatment. The promising experimental stud-
ies mentioned above demonstrated that subcutaneous
injections of recombinant osteocalcin may potentially
be applied in the treatment of diabetes [46]. Another as-
pect of this issue concerns the low OC levels consequen-
tial to osteoporotic treatment with bisphosphonates
(a decrease of > 15% compared with baseline values is
an indicator of antifracture efficacy) [56]. Osteocalcin
concentration is also lowered during hormone replace-
ment therapy [57]. Vitamin K antagonist therapy leads
to osteocalcin y-carboxylation impairment, too, distort-
ing the formation of its active form [58]. Thus, may such
treatment develop a risk of worsening the carbohydrate
balance parameters or promote diabetes? The ques-
tion remains open, and so do other questions, such as
whether slimming (or obesity) may lead to alterations
in the concentration of circulating OC or whether it can
have a long-term effect on skeleton condition. Mean-
while, numerous findings regarding biological activity of
osteocalcin require confirmation in clinical trials.

It seems that the fact of common origin of osteo-
blast and adipocyte may be highly relevant to the fur-
ther “life” of the cells; as one can see, they affect their
functions mutually and multidirectionally. Abundant
evidence lets us treat the bone as an endocrine organ
that actively participates in the regulation of energy
balance of the body. Newly learnt interdependencies be-
tween the products of the bone tissue, adipocytes and
pancreas instigate new questions regarding both novel
therapeutic indications and the safety of the ones used
to date.
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