Aging and Disease

Volume 7, Number 4; 514-525, August 2016

www.aginganddisease.org

http://dx.doi.org/10.14336/AD.2015.1206

Review Article

The Role of Bone Marrow Microenvironment in
Governing the Balance between Osteoblastogenesis and
Adipogenesis

Jiao Li", Xingyu Liu!, Bin zuo?, Li Zhang?

!Department of Cell Biology, Zunyi Medical College, Zunyi, China
’Department of Orthopedic Surgery, Xinhua Hospital, Shanghai JiaoTong University School of Medicine,

Shanghai, China

3Department of Orthopedics, Tenth People's Hospital, Shanghai Tong Ji University, School of Medicine, Shanghai,

China

[Received August 8, 2015; Revised December 3, 2015; Accepted December 6, 2015]

ABSTRACT: In the adult bone marrow, osteoblasts and adipocytes share a common precursor called
mesenchymal stem cells (MSCs). The plasticity between the two lineages has been confirmed over the past
decades, and has important implications in the etiology of bone diseases such as osteoporosis, which involves
an imbalance between osteoblasts and adipocytes. The commitment and differentiation of bone marrow
(BM) MSC:s is tightly controlled by the local environment that maintains a balance between osteoblast
lineage and adipocyte. However, pathological conditions linked to osteoporosis can change the BM
microenvironment and shift the MSC fate to favor adipocytes over osteoblasts, and consequently decrease
bone mass with marrow fat accumulation. This review discusses the changes that occur in the BM
microenvironment under pathological conditions, and how these changes affect MSC fate. We suggest that
manipulating local environments could have therapeutic implications to avoid bone loss in diseases like

osteoporosis.
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Formation of bone tissue in the embryo and maintenance
of bone homeostasis in the adult are largely due to the
activity of bone marrow (BM) stem cells called
mesenchymal stem cells (MSCs). However, the
dysfunction MSCs may give rise to bone diseases such as
osteoporosis. A correlation  between  adipose
accumulation in the bone marrow and a decrease in bone
mass has been reported under pathological conditions
associated with bone loss, such as aging, estrogen
deficiency, chronic glucocorticoid (GC) treatment, and
lack of mechanical loading [1-8]. This proposition is
known as the fat theory for osteoporosis [9, 10]. As both
osteoblasts and adipocytes originate from MSCs, it is

likely that predisposition of bone marrow MSCs to
adipocyte lineage at the expense of osteoblasts is a
contributing factor to this phenomenon. A growing body
of evidence has confirmed the reciprocal relationship
between these two lineages both in vivo and in vitro [11-
13]. One of the main questions remaining in the study of
MSC biology is what changes MSC fate under these
pathological conditions.

Like many stem cells, MSCs are located in specific
microenvironments that are responsible for the
maintenance of stem cell populations, their controlled
proliferation, and their differentiation into multiple
lineages [14, 15]. BM microenvironment, an
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extraordinarily heterogeneous and dynamic system, is
generated by the functional relationship among different
cells found in the BM via locally produced soluble factors
that allow autocrine, paracrine, and endocrine activities
[14, 15]. Physiological BM provides a suitable
microenvironment for osteogenesis and the maintenance
of bone homeostasis. In such conditions, MSCs pass
through a sequence of events ensuring proper osteoblast
development in terms of phenotype and functional
properties until they enter osteocyte phenotype and/or
undergo apoptosis [16]. However, with advanced age,
estrogen deficiency, chronic glucocorticoid treatment,
and decreased mechanical load, BM microenvironment
changes significantly thus providing signals that not only
repress osteogenesis, but also favor adipocyte
differentiation and formation [1-8]. This review discusses
the factors that alters the BM microenvironment under
pathological conditions linked to bone loss, and how these
alterations shift MSC fate to favor adipocyte lineage over
osteoblasts.

Osteoblast
conditions

differentiation under physiological

Using animal models, researchers found that age-related
osteoporosis can be introduced in normal mice by
injection of total BM cells from senile mice directly into
the BM cavity of normal recipients [17-19]. Similarly, the
osteoporotic phenotype of senile mice was ameliorated by
intro-BM injection of normal allogenic BM cells into
senile recipients [17-19]. These findings demonstrated
that bone tissue homeostasis is largely regulated and
maintained by the BM microenvironment. Physiological
BM  microenvironment  provides signals  from
local/systemic factors and extracellular matrix, which are
critical for MSC maintenance and osteogenesis [20].
Before committing to osteogenic differentiation in the
BM [16], MSCs undergo several rounds of proliferation
[16, 21, 22]. Then, the pre-osteoblasts are mobilized to the
bone surface, which is a crucial step in the maturation and
formation of mineralized tissue [23]. Indeed, osteoblast
maturation is inhibited until the pre-osteoblasts migrate to
the bone forming surface [20, 23]. Transforming growth
factor- B1 (TGF-B1), which is one of the most abundant
cytokines in the BM, induces the migration of pre-
osteoblasts to bone forming surface [23]. This surface
provides a stiff, elastic microenvironment that
immediately triggers focal adhesion kinase (FAK)
pathway in attached pre-osteoblasts thus leading to
cytoskeleton rearrangement and a more spread out cell
shape [24, 25]. Locally enriched soluble factors such as
the bone morphogenetic proteins (BMPs), insulin-like
growth factor (IGF), Wnts and fibroblast growth factors
(FGFs) secreted by bone cells further activate osteogenic

signals such as Wnt, ERK, JAK-STAT, MAPK and PI3-
K/Akt. These signals trigger pre-osteoblast maturation
that eventually leads to the formation of mineralized
tissue [26-31].

On the other hand, adipocytic differentiation of MSCs
in physiological BM is restricted. Osteogenic signaling
factors such as TGF-f1 and Wnt have been reported to
inhibit adipogenesis [32-34] by repressing the expression
and/or activities of key adipogenic transcriptional factors,
CCAAT/enhancer binding protein alpha (C/EBPa) and
peroxisome proliferator-activated receptor gamma
(PPARYy) [32-34].

How pathological conditions change the BM?

Age-related bone loss begins as early as 20 years in young
adults, long before hormonal changes can affect bone
strength and density [35]. Recent studies have shown that
oxidative stress in aging mice may be an important
pathogenic mechanism that leads to age-related bone loss
and reduced bone strength. In addition, loss or reduced
levels of sex hormones in aging mice accelerates the
effects of aging on the bone by decreasing defense against
oxidative stress [36]. Even though it is not clear whether
oxidative stress is the main reason for age-related bone
loss in humans, an increasing number of experimental and
epidemiological evidences link osteoporosis to
accumulated reactive oxygen species (ROS) in the BM
[37]. These ROS not only cause tissue damage and cell
senescence, but also leads to BM inflammation through
redox sensitive transcriptional factors such as nuclear
factor-kappaB (NF-«xB) [38-40]. NF-xB is among the
most important transcription factors that respond directly
to oxidative stress conditions. In resting cells, NF-xB
proteins are sequestered in the cytoplasm through their
tight association with IkB proteins [41, 42]. After
receiving an appropriate signal, NF-xB is released from
IkB and is translocated to the nucleus where it stimulates
the expression of interleukin-1 (IL-1), IL-6, tumor
necrosis factor alpha (TNFa) and other cytokines essential
to trigger an inflammatory response [42]. ROS
stimulation promotes JNK/Src-mediated IxB
phosphorylation, and consequently enhances the signal
transduction pathways for NF-xB activation in the
cytoplasm and translocation to the nucleus [38-40]. Under
physiological conditions, NF-kB activation in response to
extracellular signals is short-lived, and the reaction stops
quickly once the signal is removed [41, 42]. However, if
the activation signal persists, such as accumulated ROS in
aged BM, the effect of NF-kB signal becomes persistent
thus leading to elevated levels of pro-inflammatory
cytokines in the BM. Pro-inflammatory cytokines such as
TNFa, IL-6 and monocyte chemoattractant protein-1
(MCP-1) promote a cascade of events that result in the
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recruitment of inflammatory T lymphocyte subsets, mast
cells, monocytes and macrophages from the blood [43].
These infiltrated immune cells in BM secret more pro-

stimulate ROS generation through mitochondrial and
NADPH oxidase system [44]. Therefore, oxidative stress
and inflammation together promote a positive feedback

inflammatory factors and together contribute to an loop that characterizes the pathological
inflammatory microenvironment. It is known that pro- microenvironment of aged BM (Fig. 1).
inflammatory cytokines such as TNFa and IL-1 also
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Figure 1. BM microenvironment under pathological conditions. Aging-associated increase in ROS promotes NF-«B releasing
from IxB and subsequent translocation into nucleus where it binds to responsive element to activate transcription of inflammatory
cytokines such as TNFa, 11-6 and MCP-1. Elevated level of these inflammatory cytokines in BM results in immune cell infiltration
from blood, such as T cells, monocytes and macrophages. CD40/CD40L mediated Cell-cell communication between T cells and
BM stromal cells further enhances NF-«kB signal, promoting stromal cells express more inflammatory cytokines. Additional
inflammatory cytokines such as TNFa and IL-1 secreted from stromal cells as well as infiltrated immune cells also stimulates ROS
generation through mitochondrial and NADPH oxidase system, forming a positive feedback loop that contributes to BM oxidative
stress and chronic inflammation. These pathological environmental signals shift MSC fate to favor adipocytes over osteoblasts.
Accumulated fat further deteriorate BM microenvironment through secreted FFAs, inflammatory cytokines and altered adipokine
secretome. Besides, excessive FFAs generate more ROS while oxidation, initiating a vicious cycle that accelerates BM

microenvironment deterioration.
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It is demonstrated that increased ROS and chronic
inflammation are the main mechanisms that regulate age-
related bone loss and reduced bone strength. Furthermore,
sex-related steroid deficiency exerts its adverse effects on
bone metabolism by similar mechanisms in animal
models at the molecular, cellular and tissue levels [36]. As
estrogen has direct antioxidant and anti-inflammation
effects, deficiency of estrogen after menopause
accelerates the adverse effects of aging on bone by
decreasing defense against ROS and inflammation [36, 45,
46]. A comparison of different factors in the BM fluid
between the control and postmenopausal donors showed
a correlation between a decrease in estrogen level and
an increase in TNFa and IL-6 levels [47] suggesting
chronic inflammation in estrogen deficiency-induced
osteoporotic  BM. More recent studies with
ovariectomized (OVX) models provided direct evidence
indicating BM inflammation as one of the main effects of
estrogen-deficiency induced bone loss [48-50]. In vivo
assays found that estrogen deficiency induces TNFa-
secreting T-cell expansion, which promotes BM stromal
cells to secret more pro-inflammatory cytokines (IL-6, IL-
7, and MCP-1) by physically interacting with these cells
through the CD40/CD40L axis [48]. Depletion of TNFa
[49] or CD40/CDA40L [48], or blocking T cell activation
[50] partly or completely overrides bone loss and low
bone strength in OVX mouse models thus supporting the
primary role of inflammation in estrogen deficiency-
induced osteoporosis. In vitro analysis of the molecular
mechanisms underlying the anti-inflammatory effects of
estrogen in secondary osteoblasts showed that estrogen
activated signal inhibits NF-kB activity at multiple levels.
First, estrogen receptor alpha (ERa) physically associates
with NF-kB, which inhibits trans-activation of its target
genes [51-53]; second, activation of ERa removes co-
activators away from NF-xB [52, 54]; third, ERa inhibits
IxB degradation, prevents NF-kB release from IxB and its
subsequent nuclear translocation [46, 52, 53]. However,
these in vitro studies were not performed in primary
osteoblasts thus the hormone-induced tissue-specific
mechanisms regulating bone loss in osteoblasts is unclear.

Moreover, evidence from pharmacological and genetic
studies has supported the notions that oxidative stress and
inflammation induce deleterious effects in bone, and that
an increase in ROS and inflammatory cytokines represent
the pathophysiological mechanisms underlying bone loss
caused by alcohol exposure [55, 56] and chronic GC
treatment [57].

Oxidative stress and chronic inflammation in
pathological BM microenvironment greatly promote
osteoclast differentiation and activity thus uncoupling
bone resorption from formation by accelerating the former
[58, 59]. In such circumstances, the production of bone
forming signaling molecules such as TGF-$1 and BMPs

are reduced [60] whereas the production of their
antagonists is increased [61]. Under such conditions, it is
likely that the migration to bone forming surface and the
subsequent osteoblastogenesis of MSCs are severely
impaired [62, 63].

Accumulated fat is found in pathological BM. As fat
tissue is now considered as an endocrine organ capable of
expressing and secreting many different autocrine,
paracrine and endocrine factors [64], additional fat in BM
has deleterious effect on the local microenvironment by
releasing more free fatty acids (FFAs) and pro-
inflammatory cytokines. In inflammatory BM, adipocyte
function is affected as evidenced by the inhibition of FFAs
uptake and lipogenesis. However, FFAs release is
accelerated due to inflammation-induced insulin
resistance and lipolysis [65, 66]. These FFAs contribute
to systemic dysfunction by generating more ROS during
oxidation [66]. This cytotoxic effect of fatty acids is
termed lipotoxicity [67]. Under such conditions, even pre-
adipocytes become increasingly  susceptible to
lipotoxicity [68] and express more pro-inflammatory
cytokines, initiating a vicious cycle that accelerates BM
microenvironment deterioration (Figure 1).

How pathological environmental factors affect the
MSC differentiation pathway?

ROS

High level of ROS in pathological BM is believed to be
one of the main reasons for MSC apoptosis as well as
osteoblastogenesis inhibition. Several mechanisms appear
to be involved in this process including DNA damage [69].
In vivo studies on a DNA repair-deficient mouse model
have confirmed that accumulation of DNA damage
interferes with normal skeletal maintenance, leading to
reduced osteoblast precursor numbers and decreased bone
strength [70]. In vitro studies also found that ROS
suppresses osteoblast differentiation of MSCs, manifested
by a reduction in the osteoblast markers, alkaline
phosphatase (ALP), collagen type I alpha I (Collal) and
phosphorylated Runx2 [71]. On the other hand, oxidative
stress itself has been shown to directly modulate
adipocyte differentiation. Adipogenesis is accompanied
with the generation of ROS and in turn, high dose of ROS
markedly induces adipocyte differentiation [72]. Since
BM is exposed to oxidative stress under pathological
conditions, oxidative stress itself may provide a favorable
adipogenic environment resulting in fat accumulation.
The above effects of ROS on osteoblast/adipocyte
differentiation are mediated, at least in part, by redox-
sensitive regulators in MSCs during oxidative stress [73,
74]. One of the most extensively studied factors is a NAD-
dependent class III  histone deacetylase, Silent
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Information Regulator T1 (Sirtl), which is a well-
conserved sirtuin family of longevity-associated proteins.
Physiologically, the protein level of Sirtl is increased
during osteoblast differentiation leading to the up-
regulation of Runx2 expression as well as activity [75, 76]
that promote osteoblast differentiation. Interestingly,
Sirt] has also been reported to negatively regulate
adipocyte differentiation. Sirtl protein physically
interacts with PPARy to recruit nuclear receptor co-
repressor to its target promoters [77, 78] thus inhibiting
PPARYy target gene expression. Depletion of Sirtl both in
vitro and in vivo shifts MSC commitment from osteoblasts
to adipocytes [75, 76, 79]. Besides, the importance of
Sirt]l in maintaining normal skeleton remodeling also lies
in its ability to modulate BM inflammatory state by
inhibiting NF-kB signal [79]. In aged BM, accumulated
ROS represses both the expression and the enzymatic
activity of Sirtl [73, 74] consequently shifting MSCs
differentiation to favor adipocytes.

Another redox-sensitive factor that mediates the
effects of ROS on MSC differentiation balance is
Forkhead box O (FoxO), a transcription factor that is
known to modulate cellular response to oxidative stress

by up-regulating free radical scavenging enzymes such as
manganese superoxide dismutase (Mn-SOD) and
Catalase. =~ FoxO-mediated  transcription  requires
association with B-catenin, a scaffold protein that is also
required for the transcriptional activity of the Tcf family
of transcription factors (TCF), which are the downstream
effectors of the Wnt/B-catenin signaling pathway [80, 81].
Wnt/B-catenin pathway is one of the most indispensible
signaling pathways for osteogenesis of MSCs. In addition
to promoting osteoblast related gene expression, the
importance of this signaling pathway lies in repressing the
expression and transcriptional activity of adipogenic
factors, PPARy and C/EBPa [34]. Increased oxidative
stress in pathological BM activates FoxOs, which in turn
attenuate Wnt/B-catenin signaling by diverting the limited
pool of P-catenin from TCF- to FoxO-mediated
transcription in osteoblastic cells, resulting in decreased
bone formation and adipocyte accumulation. Consistently,
mice lacking FoxO1, -3 and -4 in osteoblast progenitors
exhibit increased osteoblast number, high bone mass as
well as decreased adiposity in BM that is typical of old
age [80, 81].

Table 1. miRNAs involved in TNFa-mediated repression of osteoblast differentiation

microRNAs Targets Comments Reference

miR-21 Spryl miR-21, positive regulator of osteoblast differentiation by targeting [92]
Spryl, is down-regulated by TNFa in OVX mice.

miR-23 Fas TNFa induces osteoblast apoptosis partly by down-regulating miR- [94]
23 expression, which inhibits apoptosis by targeting Fas.

miR-3077-5p HOXA10 TNFa promotes miR-3077-5p expression through NF-«kB signaling [93]
pathway, which then shifts MSCs fate to favor adipocytes over
osteoblasts by targeting HOXA10.

miR-705 Runx2 TNFa promotes miR-705 expression through NF-«B signaling [93]
pathway, which then shifts MSCs fate to favor adipocyte over
osteoblast by targeting Runx2.

miR-155 SOCS1 miR-155 was induced in TNFa treated pre-osteoblasts, which then [95]

partly mediates the inhibitory effect of TNFa on osteogenesis by

targeting SOCSI.

Abbreviations: miRNA, microRNA; TNF, tumor necrosis factor; OVX, ovariectomized; MSCs, mesenchymal stem cells

Inflammatory cytokines

Local or systemic increase in the concentration of pro-
inflammatory cytokines in BM wunder pathological
conditions lead to complex deregulation of bone
metabolism that favors bone destruction by increasing
osteoclast differentiation and activation [82, 83].
However, osteoblast-mediated bone formation under such
circumstances cannot compensate for bone resorption

suggesting direct inhibitory effect of pro-inflammatory
cytokines on osteoblastogenesis [45]. TNFa has been
reported to act upstream of other cytokines and is a major
player in chronic inflammation-induced bone loss. This
pro-inflammatory cytokine negatively regulates bone
formation via repressing the commitment and the
maturation of osteoblasts at multiple levels. In vitro
studies found that TNFa activates NF-kB signal, which
then inhibits Runx2 mRNA transcription and promotes its
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protein degradation in smurfl/2-mediated proteosome-
dependent manner [84, 85]. BMP2/Smads signal in
osteoblasts protects Runx2 protein from Smurf-catalyzed
proteolysis by stimulating its acetylation [86]. However,
TNFa also blocks BMP2 signaling pathway and overrides
its protective effect on Runx2 by up-regulating Smad?7
and/or promoting proteolysis of Smads [87-89]. In
addition, TNFo down-regulates both the expression and
activity of another osteogenic key factor, Osterix (Osx)
through the MEK1/ERKI1 signaling cascade [90, 91].

Increasing numbers of evidence link microRNAs
(miRNAs) to TNFa-regulated bone metabolism. Studies
that investigated miRNAs involved in TNFa-mediated
repression of osteogenesis are shown in Table 1. Among
these, OVX mouse model studies clearly demonstrated
the important role of miRNAs in the pathological process
of osteogenesis [92-95]. High level of TNFa in the BM of
OVX mouse models has been confirmed to modulate the
expression levels of miR-21, miR-3077-5P, and miR-705.
miR-21 promotes osteoblast differentiation by targeting
Spryl, a negative regulator of osteogenesis [92].
Suppressing miR-21 by TNFa partly explains the
inhibitory effect of this cytokine on osteogenesis. Another
study found that TNFo promotes the expression of miR-
3077-5P and miR-705 in osteoporotic BM in OVX mouse
models via NF-kB signaling pathway. Both miR-705 and
miR-3077-5p inhibit osteoblast differentiation by
targeting HOXA10 and Runx2, respectively [93].
Consequently, redundant miR-705 and miR-3077-5p
caused by TNFa shift MSC cell lineage commitment to
adipocyte in osteoporotic bone marrow [93]. These
findings not only provide new insights into the etiology of
osteoporosis at the post-transcriptional level, but also
suggest novel potential therapeutic targets to treat
osteoporosis as well as for the use of stem cell-mediated
regenerative medicine.

Excessive adipose tissue

Recent studies have expanded our understanding of the
function of BM adipose tissue as an endocrine organ
capable of secreting different factors to regulate bone
metabolism. /n vitro assays showed that osteoblastic
differentiation is inhibited in adipocyte-conditioned
media or when co-cultured with adipocytes [96, 97]
indicating the negative effect of adipocyte-secreted
factors on osteoblastogenesis. As excessive fat was found
in osteoporotic BM [1-8], it is speculated that the adipose
tissue might further deteriorate BM microenvironment in
a paracrine and/or endocrine manner [96, 98]. Factors
secreted by adipocytes are listed as free fatty acids [96],
adipokines [98], and exosomes [99], which are discussed
below.

As natural ligands for PPARY, excess FFAs and their
metabolites released into the BM activate PPARy in
MSCs, osteo-progenitors and osteoblasts [100-102].
PPARY belongs to the nuclear receptor (NR) superfamily
of transcription factors. In osteoblasts, the transcriptional
activity of PPARYy is inhibited by its co-repressors [103].
Upon ligand activation, co-repressors are degraded while
co-activators are recruited to PPARy, which then induces
target gene expression and shifts the differentiation
program to favor adipocytes [103]. Furthermore,
activation of PPARy during osteoblastogenesis inhibits
the transcriptional activity of Runx2 and turns osteoblasts
into adipocytes [104-106]. However, these observations
were only made in vitro. The effect of additional FFAs in
osteoporotic BM needs further investigation.

Cytokines secreted from adipose tissue are termed
adipokines; these include leptin, adiponectin, chemerin,
omentin, and resistin, which have profound effects on
surrounding cells [98]. In osteoporotic BM of
postmenopausal women, the levels of leptin and
adiponectin were significantly lower [107]. Besides, the
affinity of leptin receptors on osteoporotic MSCs is also
lower [108] indicating decreased leptin signal activity.
However, the action of leptin on the bone appears to have
both positive and negative consequences and is not fully
understood. Several in vitro studies have confirmed the
positive effects of leptin on osteoblast proliferation,
differentiation, and suppression of osteoblast-dependent
osteoclast recruitment, while negatively regulating
adipogenesis via their receptors expressed on both
lineages [109-112]. A number of studies in mice have
indicated the negative influence of leptin on bone
metabolism and function because of its ability to enhance
the sympathetic output to bone from the hypothalamus
[113]. However, clinical investigation demonstrated a
positive link between serum leptin levels and bone
mineral density (BMD), especially in women. Yet a
number of other studies suggested no correlation [114].
Adiponectin is another adipose secreted adipokine with
critical roles in glucose metabolism and energy
homeostasis [115]. In vitro studies also found that this
adipokine promotes osteoblastogenesis but negatively
regulates adipogenesis [116-118]. However, in vivo
studies with adiponectin-deficient mice showed age-
dependent increase in trabecula volume and number
suggesting that adiponectin has both direct and indirect
effects on bone in vivo, and is also a likely contributor to
bone mass [118]. The role of other adipokines in MSC
differentiation is less clear, however, recent findings
suggest that most of these adipokines may play a role in
regulating bone metabolism and remodeling [98].

Cultured adipocytes are reported to release exosomes
that may regulate the metabolism of recipient cells [119].
Exosomes are membrane vesicles that carry a cargo of
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proteins, lipids and nuclear acids, which may differ based
on adipogenic stages and/or under pathological conditions
[120,121,122].  Adipocyte-secreted  exosomes are
demonstrated to contain specific transcripts (such as
adiponectin [123] and aP2 [124]) and miRNAs [119, 99],
which are transported into recipient cells and are involved
in modulating gene expression as well as energy
metabolism. Several studies demonstrated that adipocyte
derived exosomes mediate cell-cell communication that
might play a role in controlling lipogenesis and cell size
[121], obesity related disease [120] and nonalcoholic fatty
liver disease [125]. It is possible that exosomes from bone
marrow adipose tissue under osteoporotic conditions
carry different cargo to affect the osteoblastic/adipocytic
fate of bone marrow MSCs. Additional research is needed
to investigate the biological significance of exosome-
mediated cell communication in cell differentiation and
metabolism under both physiological and pathological
conditions

Conclusion and therapeutic implications

The stem cell differentiation paradigm is based on the
progression of cells through generations of daughter cells
that eventually become restricted and committed to one
lineage resulting in fully differentiated cells. As the

commitment and differentiation process is tightly
controlled by their supporting microenvironment,
pathological  environmental  signals  alter  the

differentiation pathway thus resulting in abnormal
differentiation and tissue dysfunction. The BM
microenvironment  changes  progressively  during
pathological conditions linked to osteoporosis, and are
characterized by increased oxidative stress, chronic
inflammation, suppressed osteogenic signals and elevated
osteoblastic inhibitors. These pathological environmental
factors contribute to a shift in MSC differentiation to favor
adipocytes over osteoblasts. As a consequence of marrow
obesity, pathological bone marrow is aggravated by
excessive FFAs and abnormal adipokine spectrum.
Excessive FFAs in the bone marrow promote oxidative
stress and inflammation, initiating a vicious cycle that
leads to bone destruction. These biochemical
environmental factors together pre-determine adipogenic
fate of bone marrow MSCs and repress osteogenic
pathway that ultimately lead to bone loss with marrow fat
accumulation.

Traditional therapeutic strategies to combat bone loss
and osteoporosis have centered almost exclusively on
anti-bone resorption agents designed to prevent further
bone breakdown in patients already at high risk for
fracture. As preventing further bone resorption cannot
ameliorate low BMD in these patients, attention has been
focused on the development of anabolic agents to actively

rebuild lost bone mass. As the activities of MSCs are
controlled by the local environment, microenvironment
based therapy would be a promising strategy to rebuild
bone mass. This strategy is best exemplified in the studies
of intra-BM transplantation, which showed that age-
related osteoporosis was prevented and partly treated by
injecting youthful BM cells directly into the BM cavity of
aged animals [18, 19]. Since oxidative stress and
inflammation play central roles in aggravating the BM
microenvironment, targeting key factors in BM oxidation
and inflammation would also help improve the BM
microenvironment. Genetic animal models with Sirt1 [79],
T-cells and TNFa [47, 49, 50] as targets have implicated
their therapeutic roles in the clinical treatment of
osteoporosis. Considering the reciprocal relationship
between adipocytes and osteoblasts, as well as the
contributing role of adipose tissue in the pathological
changes of BM microenvironment, targeting adipocyte
for bone disease would be an alternative therapeutic
strategy. Potential targets for this strategy could be leptin,
PPARy [126], NFxB and factors involved in insulin
sensitivity [89].

Additional mechanisms should be investigated to
explore alternate strategies to treat osteoporosis. For
instance, the mechanisms that facilitate the cross-talk
between BM cells and environmental factors are not
known. The regulatory network among environmental
signals, cellular transduction pathways, transcriptional
factors and target genes are far from understood. These
missing pieces of this regulatory network need further
investigation, which is crucial for identifying therapeutic
targets for such a debilitating disease.
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