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Abstract

Purpose of Review The goal of this review is to summarize recent findings on marrow adipose tissue (MAT) function and to
discuss the possibility of targeting MAT for therapeutic purposes.

Recent Findings MAT is characterized with high heterogeneity which may suggest both that marrow adipocytes originate
from multiple different progenitors and/or their phenotype is determined by skeletal location and environmental cues. Close
relationship to osteoblasts and heterogeneity suggests that MAT consists of cells representing spectrum of phenotypes ranging
from lipid-filled adipocytes to pre-osteoblasts. We propose a term of adiposteoblast for describing phenotypic spectrum of
MAT. Manipulating with MAT activity in diseases where impairment in energy metabolism correlates with bone functional
deficit, such as aging and diabetes, may be beneficial for both. Paracrine activities of MAT might be considered for treatment
of bone diseases.

Summary MAT has unrecognized potential, either beneficial or detrimental, to regulate bone homeostasis in physiological and

pathological conditions. More research is required to harness this potential for therapeutic purposes.
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Introduction

Until two decades ago, marrow cells filled with lipids were
considered an obscure type of cells, often disregarded as adi-
pocytes and referred to cells of unknown origin and function.
Recent appreciation of adipocyte endocrine function shed a
new spotlight on marrow adipocytes and their possible
endocrine/paracrine function supporting skeletal and hemato-
poietic processes in marrow environment.

Adipocytes reside in the bone marrow of all mammals and
their number increases during both skeletal growth, which is
associated with bone acquisition and sexual development, and
aging, which is associated with bone loss and decline in gonadal
activity. Initially, an interest in marrow adipose tissue (MAT) was
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focused on anatomical location and expansion in marrow cavity
as a result of involution of hematopoiesis and/or a response to
temperature gradient [1]. From pathologic perspective, MAT was
considered as a source of fat embolism accompanying severe
anemia and fractures [2]. The major breakthrough consisted a
demonstration in 1990s that marrow adipocytes originate from
the same mesenchymal precursor as osteoblasts [3]. This led to a
hypothesis of inverse relationship between osteoblast and adipo-
cyte differentiation; so one type of cell would differentiate from
the same precursor at the expense of other type of cell. This idea
has been extensively tested in different cellular and animal
models, and led to the current hypothesis that MAT is a hetero-
geneous tissue which constitutes fat-laden cells of various origins
including common progenitors with osteoblasts (reviewed in
[4]). On the functional level, MAT heterogeneity is reflected by
diverse effects on bone which may be either beneficial or detri-
mental for bone homeostasis. This review speculates on possi-
bility of harnessing MAT potential to treat bone diseases.

Marrow Adipocyte Origin

There is a certain controversy on marrow adipocyte origin
with some models supporting shared progenitor with
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osteoblasts, while others negating it. It appears that both cell
lineages originate from a common Myf5-negative progenitor
and determination of their fate is under control of retinoblas-
toma protein (pRB) [5]. Myf5-negative progenitor is also
common for peripheral “white” and “beige” adipocytes, with
exception of “brown” thermogenic adipocytes which are
Myf5-positive and related to muscle cells. Recent analysis
by Ambrosi et al. provides the most comprehensive up-to-
date profiling of marrow adipocytes [6]. It has been demon-
strated that marrow adipocytes are derived from cells negative
for both hematopoictic CD45 and endothelial CD31 markers
but positive for mesenchymal Scal marker. These
CD45 CD31 Scal™ mesenchymal stroma cells have high po-
tential for adipocytic differentiation and rather limited poten-
tial for osteochondrogenic differentiation. In contrast,
CD45 CD31 Scal  cells have relatively low potential to dif-
ferentiate to adipocytes but high to differentiate to osteoblasts.
Interestingly, a subpopulation of CD45 CD31 Scal™ cells
which are also positive for CD24 and PDGFR« has charac-
teristics of multipotential cells signified by high proliferation
capability and robust differentiation toward adipocytic, osteo-
blastic, and chondrocytic lineages [6]. The origin of marrow
adipocytes has been also studied by lineage tracing using the
mTomato/eGFP “flipping” system [7]. Thus, crossing mice
carrying mTomato/eGFP with mice carrying Cre recombinase
under lineage-specific control permits switch from red to
green fluorescence only in cells where studied gene has been
transcriptionally active at any given time point during devel-
opment. Use of this system allowed for confirmation that mar-
row adipocytes have non-hematopoietic origin and finding
that MAT consists of cells which trace to Myf5 and
Osterix* precursors [7]. Moreover, it has been shown that, in
contrast to white adipose tissue (WAT) and brown adipose
tissue (BAT), only a fraction of marrow adipocytes is
PDGFRo" suggesting that they may originate from multiple
precursors.

Other studies demonstrated that marrow adipocytes are de-
rived from leptin receptor-positive (LepR ") skeletal stem cells
which have also potential to differentiate to osteoblasts and
can support hematopoietic niche by producing stem cell factor
(SCF) [8, 9]. In addition, it has been shown that MAT contains
a population of adipocytes derived from pair-related homeo-
box-positive (Prx1*) and parathyroid hormone receptor-
positive (PTHr1™) osteoblastic progenitors which have a ca-
pacity to secrete RANKL cytokine, therefore supporting the
role of MAT in regulation of bone resorption and bone remod-
eling [10]. In contrast to the above, studies by Worthley et al.
showed that marrow adipocytes do not share the same mus-
culoskeletal ancestor as osteoblasts, chondrocytes, and muscle
cells by demonstrating that Gremlin 1-positive mesenchymal
progenitors can differentiate into the above lineages but not
into adipocytes [11]. Our profiling of marrow adipocyte in
respect to expression of gene markers characteristic for white,
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brown, and beige adipocytes confirmed their unique pheno-
type [12¢]. Marrow adipocytes do not express BAT-exclusive
Zicl marker, WAT-exclusive Tcf2 1 marker, and beige-specific
Tmem?26 marker, suggesting different phenotypes from pe-
ripheral white, brown, and beige adipocytes.

Such diverse phenotype suggests that either marrow adipo-
cytes are derived from several different lineage-specific pre-
cursors, some of them closely related to osteoblasts or
extramedullary adipocytes, or they have a common origin
but are highly plastic and their terminal phenotype depends
on skeletal location which determines their function.

MAT Function

Extramedullar fat is distributed throughout the body in depots
which serve different functions including storing and releasing
energy through the process of lipogenesis and lipolysis.
However, with discovery that adipocytes produce specific
hormones called adipokines, it became well appreciated that
adipose tissue is also an endocrine organ regulating systemic
energy metabolism. Both functions, lipid metabolism and en-
docrine activities, are characteristic for extramedullary
adipocytes.

MAT is present in different skeletal sites including those
with active bone remodeling and hematopoiesis and those
where these processes are absent. In human red marrow with
active hematopoiesis, marrow adipocytes constitute up to
45%, while in yellow marrow, hematopoiesis is absent up to
90% of cellular component. These proportions are different in
rodents, but in general, adipocytes are less frequent in
epiphysis/metaphysis of a long bone (e.g., proximal tibia, dis-
tal femur) where trabecular bone remodeling and hematopoi-
esis are juxtaposed, whereas they are densely packed and re-
semble yellow marrow in distal tibia and caudal vertebra
where hematopoiesis and bone remodeling are absent. These
differences in distribution correlate with different phenotypic
profiles of MAT. As showed by Scheller et al., MAT located in
the proximal tibia, referred by authors to reformed or rMAT,
differs from MAT located in the distal part, referred to consti-
tutive or cMAT, with regard to fatty acid composition, plastic-
ity, and response to environmental cues [13¢]. Lower content
of unsaturated fatty acids in rtMAT as compared to that in
cMAT suggests different metabolic functions of these two
MAT depots. Moreover, rMAT, but not cMAT, responds to
the cold exposure with decrease in volume and to caloric
restriction with increase in volume [13¢¢]. These findings in-
dicate that MAT differs by skeletal location; however, the
question still remains whether these differences have any
functional meaning or are just a mere response to environmen-
tal stimuli such as temperature gradient or blood perfusion.

Some of the clues may come from our studies correlating
MAT metabolic phenotype and bone mass. First, it has been
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showed that MAT has mixed phenotype comprising WAT-like
and BAT-like, and that BAT-like phenotype is compromised
with aging and diabetes despite overall expansion in MAT
volume [14]. Second, that MAT in the proximal tibia
(pPMAT) is characterized with higher expression of beige fat
markers, including Prdmi6, Dio2, and Thxl, as compared to
MAT located in the distal part (AMAT) in both males and
females [12¢]. Remarkably, pMAT in males has higher expres-
sion of beige markers as compared to that in females, which
correlates with males’ higher trabecular bone mass in the same
location. Third, ovariectomy increases volume of pMAT but
attenuates its beige-like phenotype. Interestingly, an increase
in pMAT volume with estrogen deficiency correlates positive-
ly with expansion of epididymal WAT suggesting that both fat
depots are under suppressive control of estrogen. Indeed, es-
trogen replacement decreases MAT and WAT volume in mice
and humans [15, 16]. In contrast, orchiectomy modestly in-
creases MAT volume despite the wasting effect on peripheral
fat including, epididymal WAT, implying that androgens have
different effects on MAT and WAT. These characteristics indi-
cate that there is a correlation between MAT phenotype and
bone mass; however, it is unclear whether this relationship is
functional or casual.

Although we refer to beige-like phenotype, however, it is
upon discussion whether beige-like MAT acquires thermogen-
ic function, which is characteristic for peripheral beige adipo-
cytes. In regard to this and diverse origin, it is probably a
scholastic exercise to follow “color-like” key applied for pe-
ripheral fat in naming MAT. Marrow adipocytes’ close rela-
tionship to osteoblasts and their heterogeneity in respect to
lineage-specific markers or metabolic phenotype may suggest
that MAT consists of cells representing spectrum of different
phenotypes ranging from lipid-filled adipocytes to pre-osteo-
blasts. In the view of this hypothesis, we propose a term of
adiposteoblast for describing phenotypic spectrum of MAT

(Fig. 1).
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Fig. 1 Adiposteoblasts, including beige-like marrow adipocytes, consist
of cells representing spectrum of phenotypes ranging from lipid-filled
adipocytes to pre-osteoblasts. MSC mesenchymal stem cells, AD
adipocytes, OB osteoblasts

MAT Role in Regulation of Bone Mass

It is well documented that increase in MAT volume cor-
relates with bone loss and fractures during aging and in
diabetes, as well as a result of prolonged immobilization,
malnutrition, and medications such as thiazolidinediones
or glucocorticoids [17, 18]. This negative correlation be-
tween MAT and bone health encompasses reciprocal in-
verse relationship between MSCs differentiation toward
osteoblasts and adipocytes, and MAT lipotoxic and pro-
inflammatory effect including production of cytokines
supporting bone resorption [19].

Nevertheless, we have demonstrated in several animal
models that MAT which acquire beige-like characteristics as
a result of either genetic or pharmacologic manipulation has a
positive effect on bone mass. These manipulations include
adipocyte-specific overexpression of FoxC2 transcription fac-
tor [20¢] or manipulation with PPARYy transcriptional activity
by either pharmacological use of selective agonists such as
telmisartan [21, 22¢] or by manipulation with protein phos-
phatase 5 (PP5) activity which controls phosphorylation and
activity of both PPARy and RUNX2 proteins [23¢].

FoxC2, which belongs to a family of winged transcription
factors, promotes brown/beige fat development by sensitizing
adipocytic cells to the 3-adrenergic cAMP-protein kinase A
pathway and by stimulating mitochondrial biogenesis and
their futile metabolism [24]. Mice overexpressing FoxC2 un-
der the control of adipocyte-specific enhancer to aP2/Fabp4
gene have high bone mass and are resistant to obesity and
glucose intolerance. Peripheral WAT and bone MAT have
beige-like phenotype signified by increased expression of
Ucpl, Dio2, and Prdmi6 gene markers, and the secretome
of these adipocytes, which includes WNT10b, IGF-1,
IGFBP2, and BMP4 proteins, has pro-osteoblastic activity as
demonstrated in co-culture experiments [20¢].

Similarly, selective modulators of PPARY activities, spe-
cifically those which protect Ser112 phosphorylation, induce
beige-like profile in MAT and in peripheral WAT and have
either neutral or positive effect on bone, in contrast to full
agonists thiazolidinediones (TZDs) which dephosphorylate
Ser112 and have a negative effect on bone [21, 22¢, 25, 26].
As evidenced in humans and animals, administration of anti-
diabetic TZDs, rosiglitazone or pioglitazone, leads to bone
loss and fractures partly due to suppressive effect on osteo-
blast differentiation and bone formation associated with ex-
tensive expansion of MAT [25, 27]. In contrast, PPARYy partial
agonist telmisartan or inverse agonist SR10171 induces
insulin-sensitizing activity associated with dephosphorylation
of Ser273, but does not induce pro-adipocytic activity associ-
ated with dephosphorylation of Ser112 [21]. Mice receiving
these modulators either do not loose bone or gain bone mass
and this correlates with increased expression of beige gene
markers in MAT [21, 22-].
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Phosphorylation of Ser112 is under the control of PP5
phosphatase. Mice deficient in PPS have phenotype almost
identical as mice with the adipocyte-specific overexpression
of FoxC2. They are protected from diet-induced obesity and
glucose intolerance and have high bone mass [23¢]. Most im-
portantly, MAT and peripheral WAT of PP5-deficient mice
acquire beige-like phenotype with increased expression of
Wntl10b, Igf-1, Igfbp2, and Bmp4 and pro-osteoblastic
secretome, as evidenced in co-culture experiments [23¢].

Can MAT Be Targeted to Treat Bone Diseases?

Two options can be considered in targeting MAT to treat bone
diseases. First option follows a belief that “fat loss is bone
gain,” which is based on reciprocal and inverse relationship
of osteoblast and adipocyte differentiation from a common
mesenchymal precursor. Second option contemplates a possi-
bility of changing MAT phenotype into the one supporting
bone formation and bone remodeling.

Hormonal and chemical therapies can be discussed in re-
gard to suppression of adipogenesis as a way to boost
osteoanabolic effect to treat disorders where increase in
MAT volume correlates with bone loss. Several approved hor-
monal therapies, among them with estrogen, PTH, and vita-
min D, regulate both bone remodeling and marrow adipocyte
differentiation. Although the main target of these therapies is
activity of osteoblast and/or osteoclast, their suppressive effect
on MAT may contribute to an increase in osteoblast number
and quashing of lipotoxic and pro-inflammatory marrow mi-
croenvironment. Estrogen antagonizes pro-adipocytic activity
of PPARYy probably through competition for the same
coactivators [28], and beneficial effect of estrogen therapy
on postmenopausal osteoporosis is associated with decreased
MAT volume in affected skeletal sites [16]. Besides regulation
of systemic calcium and phosphate homeostasis, PTH and
vitamin D have a direct effect on MSC differentiation. PTH
treatment reduces MAT volume in mice and deletion of PTH
receptor 1 in Prx-positive mesenchymal cells increases MAT
and renders it unresponsive to the PTH treatment [10]. One of
the proposed mechanisms consists of downregulation of
Zfp467 factor which is critical for MSC commitment toward
adipogenic lineage [10]. Interestingly, in postmenopausal
osteopenic women, teriparatide therapy lowers marrow adi-
posity without altering of abdominal fat accumulation [29].
Moreover, in males with idiopathic osteoporosis, intermittent
PTH has been reported to reduce marrow adipocyte number
without changing adipocyte size [10]. Less clear is a role in
adipogenesis of vitamin D and its receptor which belongs to
the same family of nuclear receptors and transcription factors
as PPARy and uses the same heterogenic partner retinoid X
receptor (RXR). Vitamin D suppresses the expression of
C/EBP«a, PPARY, and FABP4 and has a protective role
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toward Wnt signaling pathway in 3T3-L1 cells [30, 31].
Similarly, vitamin D reduces lipid accumulation and inhibits
adipocyte differentiation and reverses TZD-induced adipo-
genesis in murine marrow stroma cells [32]. In contrast, vita-
min D in a dose-dependent manner induces adipocyte differ-
entiation in human MSCs [33], and however does not have an
effect on body weight and body composition when used as a
diet supplementation [34]. These discrepancies between
humans and mice may be attributed to the differences in me-
tabolism and function of vitamin D.

Among compounds which reduce adipogenesis, PPARy
antagonists and inverse agonists can be considered.
Examples of such therapies include bisphenol-A-diglycidyl
ether (BADGE), a synthetic PPARYy antagonist [35], and se-
lective artificial and natural PPARy modulators, among them
the aforementioned SR10171 and oleuropein, a polyphenol
found profusely in olive tree products [36]. Treatment of mice
with BADGE reduced MAT volume and increased bone mass
and quality, and circulating levels of bone formation markers
[37]. Importantly, inhibiting PPARYy activity with BADGE
increased vitamin D receptor (VDR) expression suggesting a
possibility that inhibition of PPARYy aids in osteogenic re-
sponse of bone to vitamin D [37]. Similarly, oleuropein in-
hibits PPARYy expression and adipogenesis in human MSCs
and enhances their differentiation into osteoblast [36].

One of the unique features of MAT is simultaneous in-
volvement in the regulation of energy metabolism and bone
homeostasis which may, at least in part, explain skeletal re-
sponse to pathologic changes in energy balance such as obe-
sity, diabetes, caloric restriction, and anorexia nervosa. Bone
metabolism and energy metabolism rely on the same hormon-
al signaling. For example, efferent signaling from periphery to
bone includes insulin, IGF-1, adiponectin, and leptin, whereas
afferent signaling from osteoblasts to periphery includes
osteocalcin and lipocalin 2 [18, 38—40]. MAT contribution to
the glucose metabolism comprises production of insulin-
sensitizing adiponectin at the levels that significantly contrib-
ute to the circulating pools of this adipokine especially in
conditions of decreased peripheral fat mass [41].

At the molecular level, bone and energy metabolism are
coupled by the nuclear receptor PPAR7y. The same posttrans-
lational modifications (PTMs) of PPARYy protein that regulate
insulin sensitivity and energy metabolism also regulate bone
turnover [22¢]. Thus, dephosphorylated Ser273 determines
both insulin-sensitizing and pro-osteoclastic activities of
PPARYy, whereas phosphorylated Ser112 protects against ad-
ipose tissue expansion and correlates with increased bone for-
mation and MAT beiging [22¢]. In other words, PPARYy activ-
ities that are necessary for balanced energy metabolism and
insulin sensitivity are coherently tied to positive regulation of
bone remodeling through stimulation of bone formation and
bone resorption processes. In contrast, insulin resistance and
obesity are associated at the PPARy level with
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phosphorylation of Ser273 and dephosphorylation of Serl112,
and decrease in bone remodeling at the level of bone resorp-
tion and formation. The feature of decreased bone turnover is
characteristic for diabetic bone disease (reviewed in [42]).
Thus, one can envision that stimulation of PPARYy insulin-
sensitizing activity and beiging of adipocytes will be associ-
ated with increased bone resorption and bone formation, and
will comprise a therapy to treat low bone turnover diseases,
such as diabetic bone disease. The prototype of such therapeu-
tic possibility is represented by SR10171 compound which
acts as insulin sensitizer and inverse agonist for PPARYy pro-
adipocytic activity.

Inhibition of PP5 activity, which controls PPARy and
RUNX2 phosphorylation, represents another therapeutic
mean to induce beige phenotype in MAT and increase bone
mass. PP5 is unique among other phosphatases because its
activity is controlled by an autoinhibitory mechanism involv-
ing tetratricopeptide (TPR) domain and C-terminal o helix
[43—45]. When the TPR domain of PP5 is bound to a steroid
receptor or free fatty acid, e.g., arachidonic acid, the phospha-
tase domain is released from the interaction with C-terminus
and becomes activated [46—49]. Thus, by analogy to nuclear
receptors, PP5 activity may be modulated pharmacologically.
Indeed, novel PP5 activators and inhibitors have been recently
developed; however, their effects on MAT acquisition of bone
anabolic secretome and regulation of PPARy and RUNX2
activities have not been tested as yet [50, 51].

As mentioned earlier, manipulation with MAT beige-
like phenotype and associated increase in bone mass cor-
relates with acquiring by MAT, a secretome which is ana-
bolic for bone [20e, 23¢]. This provides a strong argument
for beige-like MAT possessing beneficial for bone
endocrine/paracrine activities. Thus, MAT futile metabolic
phenotype correlates positively with bone health and neg-
atively with bone loss. The possibility of pharmacological
regulation of MAT phenotype opens the door to specula-
tion whether we can harness or suppress, in controlled
manner, different activities of MAT. In this respect, manip-
ulation with MAT activities needs to be carefully consid-
ered in regard to other bone pathologies. For example,
MAT support for angiogenesis may be beneficial for frac-
ture healing but may also facilitate bone cancer metastasis.
MAT activities supporting hematopoiesis seen after irradi-
ation may have a detrimental effects on supporting devel-
opment of leukemia. These different and contradicted ef-
fects need to be analyzed against MAT phenotype, whether
it is WAT-like which is associated with lipid accumulation
and lipotoxicity, or beige-like which is associated with fu-
tile metabolism and production of bone anabolic factors.

In summary, MAT has unrecognized potential to regulate
bone homeostasis in physiological and pathological condi-
tions. It requires more focused research to determine this po-
tential and harness it for the beneficial but not harmful effects.
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