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Abstract
Purpose of review The goal of this review is to gain a better understanding of marrow adipocyte development, its regulation of
energy, and its characterization responsible for bone homeostasis.
Recent findings Despite major advances in uncovering the complex association of bone-fat in the marrow, the underlying basic
biological process of adipose tissue development, as well as its interaction with bone homeostasis in pathophysiological condi-
tions, is still not well understood.
Summary This review identifies many pro- and anti-osteogenic factors secreted by adipocytes to play a role in the manipulating
the fate of mesenchymal stem cells as well as the osteoblastic activity during bone remodeling. It also addresses the function of
adipose tissue capable of negative regulation of the hematopoietic microenvironment to influence the bone quantity and the
nature of bone homeostasis.
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Introduction

Adipocytes are a significant component of the bone marrow,
and in recent years, the understanding of their complex
physiological role is emerging. There is growing evidence
that adipocytes in the bone marrow are not only functioning
as energy storage but also as paracrine and endocrine cells
capable of modifying bone homeostasis. The bone marrow
adipose tissue is functionally distinct adipose depot, located
within the skeleton, with the potential to contribute to both
local and systemic metabolism and makes up to 5% of total
fat mass in adults [1]. Most adipose tissue in adult humans
is white adipose tissue, approximately 85% of total adipose

tissue, consisting of subcutaneous depots in the abdominal
body parts; and brown adipose tissue, visceral fat depots
approximately 10%. While classical unilocular white adi-
pocytes are thought to serve mainly as an energy reservoir
and can store vast amounts of lipid, multilocular (rich in
mitochondria) brown adipocytes are able to dissipate nutri-
ents through the uncoupling protein-1 in order to produce
heat in response to cold stress and their high glucose uptake
and oxidative capacities make them key players in the en-
ergy balance [2]. Bone has been revealed as a target and a
regulator of characteristics consistent neither with white
nor brown fat, and the marrow adipocytes are likely to be
heterogeneous.

The aim of this review an understanding of marrow
adipocyte development, its regulation of energy and its
characterization responsible for bone homeostasis, to
identify many pro- and anti-osteogenic factors secreted
by adipocytes that play a role in the manipulating the genera-
tion of osteoblasts, bone-forming cells, as well as the osteo-
blastic activity during bone remodeling. It also addresses the
function of adipose tissue capable of modifying immune re-
sponse to influence bone quantity and the nature of bone
homeostasis.
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Anatomy and of Bone Marrow Adipose Tissue

The distribution of marrow, volume ratio, as well as appear-
ance of marrow adipocytes vary between species. In human,
adipocytes represent up to 45% of the cellular components in
hematopoietic or red marrow and up to 90% of adipocyte-rich
yellow marrow [3••]. Human marrow adipocytes accumulate
continuously within the long bone from diaphysis to
metaphysis and in direction from appendicular to axial skele-
ton during growth and aging [4]. While, in mice fed high-fat
diet adiposity increases in the proximal tibiae [5] but not in
distal tibia [6].

Marrow adipocytes may be unique in their surface markers
and have a distinctive phenotype, beige phenotype,
representing a combination of several cell types such as white
and brown fat cells. All the adipocytes in the marrow express
peroxisome proliferator-activated receptor (PPARγ), and they
secret various signaling molecules including adipokines,
FOXC2, Wnt, insulin-like growth factors, BMP, MCP-1,
uncoupling protein-1, preadipocyte factor 1, and inflammato-
ry factors [3••, 7]. It has also been demonstrated that higher
beige adipocyte number (based on the expression of the mark-
er genes) is associated with higher trabecular bone mass and is
attenuated with aging and in diabetes, suggesting this pheno-
type of marrow adipocytes may have a positive effect on bone
metabolism via endocrine, paracrine, and autocrine signals.
This effect on bone will be determined by the heterogeneity
of marrow adipocytes in their metabolic phenotype diversity
and distribution [3••].

Developmental Origin of Marrow Adipocytes

Mesenchymal stromal cells in bone marrow have the potential
to differentiate into different types of cells including osteo-
blasts and adipocytes. Steering the different destination is
not only determined by the availability of this common pro-
genitor population but also the regulatory signals to activate
one terminally differentiated cell type lineage but suppress
another phenotype. Inhibition of PPARγ gene expression, a
key regulator of adipocyte differentiation, in mice reduced
marrow adiposity together with increased bone formation
and osteoblastogenesis from bone marrow progenitor cells
[8]. Meanwhile, overexpression of PPARγ in the bone mar-
row progenitor cells of transgenic mice results in increased
adipogenesis [9]. These studies indicate there exists a
PPARγ-dependent regulation of bone metabolism in vivo.
The Cbfβ gene, a non-DNA-binding partner of Runt-related
transcription factors, was deleted from osteoblasts at different
lineage stages in transgenic mice; these mice exhibited severe
osteopenia with abundant accumulation of marrow adipo-
cytes, which can be rescued by Cbfβ overexpression. It sug-
gests that osteoblast differentiation from marrow

mesenchymal stem cells is non-autonomously controlled by
Cbfβ via enhancing β-catenin signaling to maintain osteo-
blast lineage commitment and suppress adipogenesis gene
expression. Mesenchymal stem cells and osteoblasts in bone
marrow can be programed and reprogramed, respectively, into
adipocytes under Cbfβ-deficient conditions [10••].
Nevertheless, the conception of skew differentiation of osteo-
blastogenesis at the expense of adipogenesis is contrary to a
study investigated by Post et al. [11]. Their findings suggest
that clonal subpopulations of progenitor cells committed to
either osteoblast or adipocyte lineage persist in bone marrow
and undergo their respective cell development and differenti-
ation during aging and in metabolic bone disease. Most adi-
pocytes in the body can develop from adipose tissue-resident
progenitors, and a report demonstrated that engrafted
marrow-derived cells also generate new adipocytes within
white adipose tissue, suggesting that the bone marrow likely
consists of a heterogeneous population of adipocyte precur-
sors at various stages of commitment to white or brown-
adipocyte lineages [12]. Amyogenic lineagemarker, myogen-
ic factor 5 (Myf5), gives rise to developmentally programmed
brown but not white adipocyte differentiation and PRDM16, a
positive transcriptional regulator PR-domain zinc-finger pro-
tein, has the ability to control a brown-adipocyte cell fate in
Myf5-expressing progenitors in a cell-autonomous manner
[13].

Bone Marrow Adipocytes
as an Endocrine/Paracrine Organ
in Regulation of Bone Homeostasis

Osteoblasts and adipocytes share a common mesenchymal
precursor, as described above. The activation of PPARγ in
bone marrow stem cells stimulates adipogenesis while
inhibiting osteoblastogenesis [8]. Interestingly, it has been re-
cently uncovered that adipocytes can also influence osteo-
clasts, bone-resorbing cells, derived from the hematopoietic
precursor lineage. The activation of PPARγ and its ligands
can promote osteoclast differentiation and bone resorption
functions through their direct regulation of c-fos expression,
an essential mediator of osteoclastogenesis [14]. The coexis-
tence of adipocytes, osteoblasts, and osteocytes in the bone
marrow provide the possibility that adipocytes regulate bone
homeostasis through paracrine and endocrine mechanisms,
such as leptin and adiponectin, as well as adipose-derived
estrogen within bone marrowmicroenvironment, which influ-
ence osteogenic cells function. The high expression of leptin
by marrow adipocytes and leptin receptor isoform in human
and animal osteoblasts suggest the direct effect of leptin on
bone metabolism [15, 16]. Leptin when administered periph-
erally [17] and in genetically modified animals [18] demon-
strates that leptin increases bone formation and decreases bone
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resorption. But in human epidemiological studies, the corre-
lation of circulating leptin levels with bone mass and fracture
risk are not conclusive [19, 20]. Some in vitro studies indicate
leptin enhances osteoblastic proliferation and differentiation
while inhibiting adipogenic differentiation from marrow mes-
enchymal stromal cells [21]. When peripherally acting on
bone, leptin acts as a positive regulator of osteogenesis by
increasing bonemineral density and bone formation rate while
decreasing marrow adipogenesis in the number and the size
[22]. On the contrary, when leptin is injected directly into the
central nervous system or given in very high doses (300 times)
peripherally, there is a substantial reduction in body weight,
and the number and the size of marrow adipocytes increase, as
a result of leptin effects on appetite in the hypothalamus, and
then reduced bone formation results [23] (Fig. 1).

Adiponectin secreted by adipocytes acts as an important
regulator of metabolic homeostasis. Adiponectin and its re-
ceptors have been determined to be expressed by bone cells
including osteoblast and osteoclasts [24, 25]. According to the
data from a Health, Aging, and Body Composition study,
adiponectin levels, but not leptin, were found in association
with fracture risk among 3075 men and women, aged 70–79,
suggesting elevated adiponectin may be an increased risk for
fracture independent of bone mineral density and body com-
position [26]. The clinical condition of anorexia where there is
an accumulation of marrow adipocytes also results in an in-
creased circulating adiponectin level [27]. In addition, ectopic
adiposity and levels of free fatty acids are increased with aging
and obesity [28, 29]. Bone marrow adipocytes exert detrimen-
tal effect on osteoblasts by releasing fatty acids as well as
adipokines [30]. Altered adiponectin secretion with increased
pro-inflammatory cytokines was associated with increased hip
bone loss in obese and overweight women [26]. Nevertheless,
local intermittent administration of adiponectin to the mandib-
ular osteodistraction site resulted in significant increase in
intramembranous bone formation and the overall rate of bone
regeneration [31]. Meanwhile, adiponectin signals in neurons
of the locus coeruleus, also through FoxO1, to decrease the
sympathetic tone in osteoblasts thereby increasing bone mass
and preventing age-related bone loss [32]. The average num-
ber of bone marrow adipocytes in distal femur of adiponectin
knockout male mice at 37 weeks of age was significantly
higher than wild type mice, but no difference was found in
the total adipocyte area of the two groups at all ages. These
APN-KO mice had reduced cortical area fraction and average
cortical thickness in all the age groups [33]. Observational
studies in clinics only describe the associations between bone
and adiponectin levels, but it is hard to draw conclusions about
causal connections. In addition, multiple mechanisms poten-
tially influence the role of adiponectin in bone: local direct
paracrine effects of adiponectin secreted from bone marrow
adipocytes on bone cells (Fig. 1), indirect endocrine effects of
circulating adiponectin secreted from white adipose tissue

through the modulation of the sympathetic tone and insulin
sensitivity as well as energy homeostasis [34].

Bone Marrow Adipocytes Effects on Bone
Homeostasis Via Negative Regulation
of the Hematopoietic Microenvironment

Bone marrow cavity mainly contains a high volumetric pro-
portion of adipocytes and the majority of the hematopoietic
stem cells which produce the three classes of blood cells: red
blood cells (erythrocytes), platelets (thrombocytes), and white
blood cells (leukocytes). In the bone marrow cavity, adipo-
cytes, leukocytes, mesenchymal cells, osteoblasts, and endo-
thelial cells are assembled in an organized network tomaintain
the homeostatic microenvironment of bone marrow and sup-
port hematopoiesis. The expansion of hematopoietic cells is
reduced as a consequence of co-culture with bone marrow-
derived adipocytes in transwells, and the inhibition of bone
marrow adipocyte formation in vivo promote hematopoietic
reconstitution and higher leukocyte formation, indicating that
adipocytes release diffusible inhibitors of hematopoiesis and
leukocytogenesis. Interestingly, only simultaneous ablation of
both the adipocytic and hematopoietic compartments is ac-
companied by marked osteogenesis. These data suggest that
bone marrow adipocytes regulate bone metabolism through
the hematopoietic inductive microenvironment [35]. The as-
sociation of activation of the immune system and local bone
loss has been recognized, and the understanding of interaction
between adipocyte inflammation and bone homeostasis can
lead to the understanding of functional changes of marrow
fat occurring with pathological conditions and treatment of
bone loss [36].

Numerous white blood cells including macrophages, leu-
kocytes (B cells, T cells, and NK cells), and neutrophils have
been identified in adipose tissue. B and T leukocytes express
leptin receptor and leptin signaling deficiency impairs humor-
al and cellular immune responses, which suggest that leptin
modulate T and B cell-mediated immune responses [37]. B
cells differentiate from hematopoietic stem cells in bone mar-
row which is also involved in the maturation and residence of
B cells. Adipocytes from bone marrow can reduce significant-
ly the self-renewal capacity of hematopoietic stem cells com-
pared with other types of stromal cells in an in vitro cell co-
culture system. High-fat diet in vivo also disrupts the hema-
topoietic supportive capacity and rapidly suppresses B
lymphopoiesis [38••]. Paracrine factors secreted by bone mar-
row adipocyte inhibit B lymphopoiesis in vitro by compromis-
ing the proliferation and maturation of lymphoid committed
progenitors [39]. Normal bone mass acquisition depends on
bone cell homeostasis maintained by the balanced functions of
the receptor activator of nuclear factor–κB ligand (RANKL)/
osteoprotegerin (OPG) signaling. OPG produced and secreted
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by mature-activated B cells and T cells, through CD40 ligand
(CD40L) to CD40 co-stimulation, coordinates the process of
osteoclast-mediated bone resorption and osteoblast-mediated
bone formation. The lack of OPG production from B cells can
lead to the imbalance of this system resulting in excessive
osteolytic activity and consequent skeletal disease [40]. It in-
dicates that leukocytes are critical for the preservation of bone
homeostasis and bone marrow adipocytes exert a negative
effect on B cells and bone metabolism (Fig. 1).

The majority of T cells presents in the bone marrow
display memory and activation status and serve as a reser-
voir for memory T cells. T cell subsets have been shown to
involve in the process of osteoclastogenesis and alter bone

metabolism. Tumor necrosis factor alpha produced by the
increased bone marrow CD4 (+) T cells mainly account for
osteoclastic bone resorption in vivo induced by estrogen
deficiency [41]. The adipose tissues from obese popula-
tions are infiltrated with CD4 and CD8 T cells. T cell pro-
files in two pro-inflammatory T-helper cells, Th1 and Th2,
are highly involved in “cell-mediated” immunity and insu-
lin resistance [42]. Leptin has an intrathymic role in pro-
moting the production of thymocytes, which later become
T cells [43]. Obese ob−/ob− (leptin deficient) mice have T
cell deficiency and show atrophy of lymphoid organs [44].
Lipids released from adipocytes can modulate CD4 (+) T
cell function and lead to an accumulation of these cells in

Fig. 1 Interactions between adipocytes and bone cells as well as immune
cells in the regulation of bone metabolism in the bone marrow cavity.
Multiple mechanisms potentially underlie adipokines’ activity in bone via
specific receptors: local direct effects of adipokines secreted from bone
marrow adipocytes and the peripheral circulation and indirect effects
through modulation of the sympathetic tone and the regulation of
insulin sensitivity and energy homeostasis. Bone marrow adipocytes
reduce osteogenic differentiation potential of mesenchymal stem cells
while stimulating adipogenic differentiation from these cells.
Furthermore, bone marrow adipocytes negatively affect B

lymphopoiesis and induce an imbalance toward excessive osteolytic
activity due to the lack of RANKL inhibition by OPG. Pro-
inflammatory factors from bone marrow adipocytes are closely
involved in innate immune activation and impose a negative impact on
bone metabolism. Adipokines from bone marrow adipocytes also recruit
pro-inflammatory adipose tissue macrophages (ATMs) which are
involved in obesity-associated adipose tissue inflammation and favor
osteoclast differentiation and bone resorption, while meantime,
inhibiting osteogenic differentiation and the synthesis of bone matrix
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adipose tissue [45]. Pro-inflammatory cytokines such as
interleukin-1β (IL-1β), interleukin 6 (IL-6), tumor necro-
sis factor alpha (TNF-α), and nuclear factor-κβ (NF-κB)
released by these T cell subsets ini t iates a pro-
inflammatory cascade and subsequently contributes to os-
teoclastic bone resorption [46, 47]. Thus, these results sug-
gest the excessive secretion of leptin in obesity from mar-
row adipocytes might enhance T cell response and impose
a negative impact on bone metabolism. Marrow adipocytes
were found to express their own higher levels of inflam-
matory response genes than visceral adipocytes, such as
TNF-alpha, transforming growth factor beta 1 and IL-6,
thus adipose-derived signaling can directly influence bone
homeostasis [48]. Leptin signaling in bone marrow also
give rise to pro-inflammatory recruited adipose tissue mac-
rophages (ATMs) which are involved in obesity-associated
adipose tissue inflammation [49]. ATMs are of the M1, or
classically activated, phenotype and are responsible for the
majority of adipose tissue-derived TNF-α and IL-6 expres-
sion as well as nitric oxide synthase [50]. M1 macrophages
have been associated with the inhabitation of osteogenic
differentiation, mineralization, and the synthesis of skeletal
matrix protein [51, 52] (Fig. 1).

Conclusions

Growing evidence demonstrates that adipocytes in the bone
marrow are functioning as energy storage as well as paracrine
and endocrine cells capable of modifying bone homeostasis.
Marrow adipocytes, bone cells, as well as immune cells act
synergistically to maintain bone metabolism in the bone mar-
row cavity. Adipokines frommarrow adipocytes play a role in
the manipulating the fate of mesenchymal stem cells as well as
the osteoblastic activity during bone remodeling via direct and
indirect effects. Marrow adipocytes also impose negative reg-
ulation of the hematopoietic microenvironment to influence
the bone quantity and the nature of bone homeostasis.
Despite major advances in uncovering the complex associa-
tion of bone-fat in the marrow, the underlying basic biological
process of adipose tissue development, as well as its interac-
tion with bone homeostasis in pathophysiological conditions,
is still not well understood. Further understanding of the com-
plex role of marrow adipocytes in bone metabolism may help
to improve the efficacy of abnormal skeletal status during
aging and in certain bone metabolic disorders, and open new
therapeutic targets for bone regenerative medicine.
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