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Abstract

Extensive studies on cross talk between immune and skeletal systems in autoimmune diseases
give rise to a new discipline of ‘osteoimmunolgy’, which explores the molecular regulation of
osteoclasts by immune system. Postmenopausal osteoporosis is recognized as a cytokine
driven disease, but the mechanism that how estrogen deficiency interplaying with cytokines to
stimulate bone loss remains to be elucidated. Although the effect of individual cytokines on
osteoclast formation is well characterized, the major challenge is to fit a multitude of re-
dundant pathways and cytokines into a systemic model of postmenopausal osteoporosis. This
review presents current findings and hypothesis to explain estrogen deficiency-stimulated
bone loss in a critical interdisciplinary perspective. To better understand the interaction
between osteoclasts and immune system in postmenopausal osteoporosis, many of the les-

sons have been explored in animal models.
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Introduction

Women with natural menopause frequently
suffer from osteoporosis, a systemic skeletal disorder
characterized by reduced bone mineral density and
increased fracture risk[1, 2]. This pathological process
is heightened by rapid bone loss during the first five
years of the onset of menopause.

Estrogen deficiency increases osteoclast for-
mation by increasing haematopoietic progenitors and
providing a larger recruited osteoclast progenitor
pool[3-5]. The upregulated formation and activation
of osteoclasts lead to cortical porosity and enlarged
resorption areas in trabecular surfaces[1, 2]. In addi-
tion, estrogen depletion also increases the life span of
osteoclasts and this event leads to prolonged bone
loss, deeper resorption cavities and trabecular perfo-
ration increasing the fragility of bone[6]. This event
contributes to a longer and slower period of bone
wasting following acute phase of bone loss[2].

The bone loss is partly compensated by aug-
mentation of bone formation due to the increased
osteoblastogenesis. This event is fueled by increasing
the number of mesenchymal progenitors capable of
committing to the osteoblastic lineage and thus pro-
motes proliferation of early osteoblast precursors[3, 7,
8]. The net increase of bone formation, however, is
limited by increasing apoptosis of osteoblasts induced
by estrogen deprivation[9, 10]. Therefore, the balance
of bone remodeling tipped to the bone loss. However,
the most elusive question is that the exact molecular
mechanism of estrogen deficiency regulating bone
absorption remains unclear.

Direct and indirect actions of estrogen de-
ficiency on osteoclast formation

Since successful clone of estrogen receptors (ERs)
ERa and ERp, direct signaling pathways of estrogen
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regulating bone cells have extensively investigated.
The classical nuclear transcription pathway begins
with the binding estrogen with its receptors, and in
turn the hormone-bound receptors dimerize and
translocate into nucleus, in where this dimer binds to
a specific DNA sequences called estrogen response
elements (EREs) directly[11, 12]. This event results in
increased or decreased mRNA levels associated with
protein production[13, 14]. In the none-classical tran-
scription pathway, the estrogen-ER dimer coactivate
with other transcription factors (TFs) e.g. AP-1, NF-xB
and SP-1, and binds non-ERE site to modulate gene
expression by stimulating the general transcriptional
machinery[15, 16]. Besides classical and non-classical
nuclear pathways, an alternative nongenomic signal-
ing is initiated by membrane bound receptors ERs and
GPR30 acting as an acute response phase within se-
conds or minutes in bone cells[17, 18]. It is firmly es-
tablished that estrogen receptors present in osteo-
blasts and osteoclasts can directly regulate their func-
tions. Therefore, stimulating estrogen receptors can
active osteoblast anabolic activities and depressed
osteoclast catabolic activities.

However, a recent interesting study demon-
strated that estrogen alone did not directly affect os-
teoclast precursors, but when osteoclast precursors
were cultured with osteoblastic cells estrogen had the
capacity to inhibit osteoclast formation[19]. This in-
dicated that indirect pathway may play a more im-
portant role in regulating the effect of estrogen on
osteoclast development. Indeed, numerous evidences
have demonstrated that osteoblast together with other
bone marrow stromal cells secret essential cytokines
and growth factors to drive the commitment of
haematopoietic progenitors to osteoclastic lineage and
thus the increment of osteoclast formation[20, 21], and
estrogen deficiency induced bone loss by up regulat-
ing cytokine production in immune cells[22]. There-
fore, the mechanism that estrogen deficiency induced
bone loss seems more complicated and interplay be-
tween estrogen deficiency and immune cells may play
a pivotal role in regulating bone absorption in post-
menopausal osteoporosis.

The close relationship between immune and
skeletal systems should not be surprising, because
there exist in many similar receptors, transcription
factors, and coactivators between the two systems.
After the discovery of RANKL/RANK signaling
pathway in bone cells, the connection between im-
mune system and bone firmly acquires the molecular
supports.

Immune regulation of osteoclast formation

Both immune cells of peripheral blood and os-

teoclasts of bone arise from pluripotent hematopoietic
stem cells (HSCs) that reside in bone marrow after
birth. HSCs have the capacity for self-renewal and
produce daughter cells which restrictively develop
into respective cell lineage. HSCs give rise to the mul-
tipotent progenitors (MPPs) which lacking the capac-
ity of self-renewal (Figure 1). MPPs further differen-
tiate into two distinct lineage populations, termed
common lymphoid progenitors (CLPs) and common
myeloid progenitors (CMPs) [23-25]. CMPs subse-
quently differentiate into granulocyte-macrophage
progenitors (GMPs) which give rise to osteoclasts,
macrophages, granulocytes and dendritic cells[26, 27].
CLPs develop into T, B and natural killer cells[26, 27].
Therefore, it is at MPP stage that cells regulating
adaptive immunity and osteoclasts share a common
progenitor, and essential commitments are made that
decide whether immune cells or osteoclastic cells will
be produced.

It is reasonable to assume that sharing the same
progenitors and similar development environment,
immune cells and osteoclasts may also share some
similar physiological function. This presumption is
supported by recent studies which suggest that im-
mune cells and osteoclasts share a number of regula-
tory molecules, including cytokines, receptors, sig-
naling pathway, growth factors, and transcription
factors[20, 28-30]. Therefore, cytokines that produced
by immune cells and regulate adaptive response may
also affect osteoclast function through the common
receptors, signaling pathway, and transcription fac-
tors. This hypothesis is supported by the evidences
learned from experimental animal models and human
observations with autoimmune diseases[31-37].

Giving the facts that bone marrow stromal cells
secret or express cytokines and growth factors sup-
porting the development of osteoclast and immune
cells, it indicates that there exists in cross talk between
immune and skeletal systems. The discovery that
RANKL/RANK signaling pathway plays a pivotal
role both in adaptive immunity and osteoclastogene-
sis provides firm molecular evidence to interconnect
immune and skeletal systems.

Receptor activator of nuclear factor x-B ligand
(RANKL), known as tumor necrosis factor ligand su-
perfamily member 11 (TNFSF11), originally was
found as a functional molecule involved in the regu-
lation of T cell-dependent immune response. Recent-
ly, it is found that RANKL also plays an important
role in regulating osteoclast development[29, 30]. Os-
teoblasts and their precursors express RANKL both in
membrane-bound and soluble forms. RANKL binds
to the tansmembrane receptor RANK (receptor acti-
vator of nuclear factor x-B) expressed on the surface of
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osteoclasts and their precursors. It promotes prolifer-
ation and differentiation of osteoclast precursors, and
the maturation and activity of osteoclasts. The osteo-
clastogenic activity induced by RANKL-RANKL
binding is inhibited by another member of the TNF
receptor superfamily ‘osteoprotegerin’ (OPG) pro-
duced by osteoblasts. Therefore, OPG, by preventing
RANKL-RANK binding, functions as a potent an-
ti-osteoclastogenic cytokine.

Osteoclast formation needs the presence of an-
other essential cytokine, macrophage colony stimu-
lating factor (M-CSF) produced by several cell types
including osteoblasts, stromal cells. M-CSF activates
an intracellular cascade upon binding its receptor, the
c-fms expressed at the surface of osteoclastic cells, and
leads to proliferation and differentiation of osteoclast
precursors and survival of mature osteoclasts[30].

Although RANKL and M-CSF are essential for
osteoclastogenesis, additional cytokines contribute to
the complex regulation of osteoclast formation both in
physiological and pathological condition such as es-
trogen deficiency and inflammation. Attesting to the
key roles of TNF, IL-1, IL-6 and IL-7 in the estrogen
deficiency-induced bone loss[38-42], it indicates that
bone remodeling is regulated by a large number of
cytokines which cooperate and overlap effects on os-
teoclastogenesis. Although the exact mechanisms of
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cytokine driven bone loss in postmenopausal osteo-
porosis are not well defined, recent developments
learned from both animal and human studies help us
get a deeper understanding.

Immune regulation of bone loss induced by
estrogen deficiency

T cells and estrogen deficiency-induced bone
loss

Despite of several inverse reports[43, 44], the
main body of literatures firmly supports the essential
role of activated T cells in regulating bone loss in-
duced by estrogen deficiency[38, 45-50]. The core ev-
idences have been learned both from experimental
animal studies and human observations. First, T
cell-deficient nude mice and T cell-deleted wild mice
failed to response to ovariectomy contrasted to their
control littermates that experienced deleterious bone
loss and microarchitecture damage[46-50]. Second,
the capacity of ovariectomy to Induce bone absorption
was restored when reconstitution of nude mice with T
cells from wild type mice[45]. In addition, while
menopause up regulated T cell activity and increased
T cell production of cytokines[37], hormone therapy
decreased osteoclastogenic cytokine production in
postmenopausal women[51].
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Figure | Hematopoietic stem cell differentiation.

Myeloid lineage

All hematopoietic cells circulating in peripheral blood arise from pluripotent hem-

atopoietic stem cells which differentiate into multipotent progenitors (MPPs). At the stage of multipotent progenitors (MPPs), important
differentiation occurs. MPPs differentiate into the common myeloid progenitors (CMPs) and further granulocyte-macrophage progenitors
(GMPs) which give rise to osteoclasts, macrophages, granulocytes and dendritic cells. MPPs also differentiate into common lymphoid

progenitors (CLP) which develop into T, B and natural killer cells.
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Although up regulated T cell activity and cyto-
kine production play a pivotal role in estrogen defi-
ciency-induced bone loss, the source and characteris-
tics of T cells remains to be defined. Several papers
reported that the expansion of bone marrow T cell
populations and increment of cytokine productions,
especially TNF, increased osteoclastogenesis in ovar-
iectomy mice[38, 39]. The dominant output of this
cytokine is a net crease in RANKL production. In-
crement of TNF act synergistically with RANKL and
thus increase commitment of hematopoietic pluripo-
tent progenitors to osteoclastic lineage and thus ex-
pand the osteoclast precursor pool and ultimately the
osteoclast formation.

Thymus not only contributes to the output of
naive T cells into peripheral blood but regulates the
production, mobilization and recruitment of hema-
togenous thymocyte progenitors in bone marrow[52].
Therefore, increased thymic output induced by es-
trogen deficiency both affects peripheral blood T cell
populations and the expansion of bone marrow T cell
pool. Cenci et al [38] demonstrated that while ovari-
ectomy decreases the BMD by 30% in euthymic mice,
nude mice completely protected against ovariectomy
induced bone loss. It indicates that the enhanced
thymic output of T cells plays a previously unrecog-
nized role in the estrogen deficiency-induced bone
loss. Ryan et al [53] reported that ovariectomy in-
creased thymic T cell output and the expansion of
bone marrow T cell populations. In fact, recent studies
indicated that thymus regulates the formation and
release of hematogenous thymocyte progenitors in
bone marrow through thymus-bone marrow feedback
loop.[52]. Therefore, estrogen deficiency-increased
thymic output both affects systemic bone remodeling
and osteoclastogenesis in bone marrow.

TNF and Estrogen deficiency-stimulated bone
loss

Activated T cells play a pivotal role in regulating
estrogen deficiency-driven osteoclast formation, be-
cause T cells have the capacity to secrete a wide rep-
ertoire of osteoclastogenic cytokines. One of such re-
sponsible cytokines is TNF, a cytokine that increases
osteoclast formation by stimulating bone marrow
stromal cell production of RANKL and M-CSF, and
by promoting the responsiveness of osteoclast pre-
cursors to RANKL[35]. The relevance of TNF in
up-regulating osteoclast formation during estrogen
deficiency has been demonstrated by multiple animal
models. Mice with TNF-/- or absence of the p55 TNF
receptor were unable to induce bone loss after ovary
surgically removed[45]. Furthermore, either insensi-
tive to TNF due to overexpression of a soluble TNF

receptor or treatment with TNF inhibitor protects
from ovariectomy-stimulated bone loss[54, 55]. Ele-
vated level of TNF was found in the bone marrow of
ovariectomy mice[38] and in the conditioned media of
peripheral blood cells of postmenopausal women[37].
It appears that upregulated production of TNF by
activated T cells is essential for estrogen deficien-
cy-induced bone loss.

The major focus is to understand how estrogen
deficiency up-regulates T cell production of TNF. In a
subsequent paper, Pacifici group showed that it was
the result of a complex pathway involved in the bone
marrow and thymus. Estrogen deficiency stimulates
the expression of MHCII in macrophages and den-
dritic cells, and subsequently expands the prolifera-
tion and lifespan of bone marrow T cells[47, 56]. This
process is regulated by a mechanism that estrogen
deficiency stimulates the bone marrow macrophage
expression of the gene encoding Class II Transactiva-
tor (CIITA), a transcriptional coactivator at the MHC
IT promoter[56]. One of the cytokines responsible for
un-regulating CIITA expression in macrophages is
INF. The ability of INF activating antigen presenting
cells was demonstrated by the facts that ovariectomy
fails to induce bone loss in mice with INF receptor
knockout[56]. Estrogen deficiency down regulating
TGEFp production partly contributes to increased INF
production[46] and up regulating production of
IL-7[39, 53] in the condition of ovariectomy bears an-
other mechanism of enhanced expression of TNF and
INF.

IL-6 and estrogen deficiency-induced bone loss

Another cytokine responsible for estrogen defi-
ciency-induced bone loss is IL-6, a member of the
gp130 cytokine family. IL-6 is widely recognized as a
potent stimulator of osteoclast-driven bone absorp-
tion in the context of chronic inflammation and es-
trogen deficiency[57]. Experimental animal studies
suggests that transgenic mice, overexpressing IL-6,
exhibit severe impairment of cortical and trabecular
bone microarchitecture, together with increased os-
teoclastogenesis and decreased osteoblastogene-
sis[58]. Estrogen has the capacity of inhibiting the
production of IL-6 in osteoblastic linage cells[59, 60]
and neutralizing IL-6 function by antibody prevents
mice from ovariectomy-induced bone loss[5]. Estro-
gen depletion causes in wild type animals significant
bone loss together with increased bone turnover rates,
but ovariectomy failed to induce any changes in both
bone mass and bone remodeling rates in the IL-6 de-
ficient mice[42]. Molecular studies indicate that bone
samples from postmenopausal women with osteopo-
rosis expressed more IL-6 mRNA than postmeno-
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pausal women with normal BMD[61]. Moreover, IL-6
production by stimulated peripheral blood cells was
significantly increased in postmenopausal osteoporo-
sis and level of IL-6 negatively related to lumber
BMDJ41].

Although the main sources of IL-6 in skeletal
system are osteoblastic cells and stromal cells, the
dominant effect of IL-6 on bone is on osteoclastic cells
and bone resorption[62]. Attesting to the indirect
mechanism of IL-6 stimulating osteoclast formation is
reports by Hattersley that IL-6 stimulated osteoclas-
togenesis when co-cultured with osteoblasts but had
not effects in a highly purified osteoclasts culture[63].
Further function studies indicated that receptors ex-
pressed on osteoblasts but not on osteoclasts were
required for IL-6 to regulate osteoclastogenesis,
though higher level of IL-6 receptors are found on
osteoclastic cells[64]. IL-6 firstly binds to IL-6R and
forms complex with gp130 to stimulate intracellular
signaling machinery. The main effect of IL-6 is to
stimulate osteoblastic downstream production of
signaling molecules especially RANKL, which sub-
sequently enhances osteoclast formation and activi-
ty[65]. Furthermore, the activity of IL-6 on osteoclasts
frequently interplays with IL-1 and TNF, and IL-6
increases the stimulatory effect of IL-1 and TNF on
bone resorption by increasing osteoclastic progenitor
pool[66, 67]. As IL-6 is indispensable for the differen-
tiation from naive CD4* T cells to Th17 cells, a potent
osteoclastogenic inducer in the condition of chronic
inflammation and autoimmune diseases, therefore
new mechanism of IL-6 regulating osteoclastogenesis
need to be defined.

IL-7 and estrogen deficiency-induced bone loss

IL-7 is a potent osteoclastogenic cytokine initially
recognized as a growth and homeostasis factor for T
and B cells. Recent evidence demonstrates that IL-7 is
one of the indispensable cytokines that mediating
estrogen deficiency stimulated bone loss[68, 69]. IL-7
production is up regulated by estrogen deficiency in
bone marrow and increased IL-7 levels contribute to
bone absorption[39, 53]. Weitzmann and col-
leagues[39] reports that ovariectomy increases IL-7
mRNA levels by threefold and IL-7 protein concen-
trations by 35% in bone marrow compared with
sham-operated and estrogen-replete controls. Fur-
thermore, neutralization of IL-7 with specific antibody
(M25) completely protects from bone loss by down-
regulating bone resorption and stimulating bone
formation. Ryan et al [53]further demonstrates that the
thymus, spleen and bone marrow are the all lymphoid
source of IL-7 in response to estrogen deficiency.

IL-7 increases bone loss mainly by increasing

RANKL and TNF producing T cells. Recently, it is
showed that systemic administration of IL-7 signifi-
cantly enhanced osteoclast formation in human pe-
ripheral blood cells by increasing osteoclastogenic
cytokine production in T cells,[70] and IL-7 failed to
stimulate bone loss in T cell deficient nude mice[71].
When reconstitution of nude mice with T cells, IL-7
administration restored the capacity of ovariectomy to
induce osteoclastic bone absorption, concurrent with
increased production of RANKL and TNF in splenic T
cells[71]. Ovariectomy significantly promotes early
stages of T cell development, and this effect is inhib-
ited in part by anti-IL-7 antibody[53]. Those data
suggested that estrogen deficiency induces bone loss
through an IL-7 dependent mechanism that contrib-
utes to the expansion of T cell populations.

Despite great progress, the exact mechanism, by
which IL-7 regulates estrogen deficiency caused ex-
pansion of T cell population, is far from defined. Sev-
eral explanations help us better understand the
mechanism. First, as T cells express IL-7R, estrogen
deficiency stimulated IL-7 expression directly en-
hances T cell proliferation and activity by lowering
tolerance to weak self antigens[21]. Second, attesting
to evidence that IL-7 has the capacity to promote an-
tigen presentation and thus T cell activation through
stimulating INF production,[72] it assumes that there
exists in indirect action. Recently, Ryan et al[53] re-
ported that ovariectomy causes significant increase in
number of INF producing T cells and increment of
macrophage CIITA expression and macrophage anti-
gen presentation, which phenomena were completely
prevented by administration of IL-7 antibody. Finally,
attesting to the findings that ovariectomy induced
osteoclastogenesis in a population of B220* cells and
IL-7 is best known to promote differentiation and
survival of B220* cells[73, 74], it is reasonable to as-
sume that IL-7 mediates the estrogen deficiency stim-
ulated bone loss by a mechanism related to B220*
cells. Evidence supporting this idea showed that IL-7
induced expansion of B220* cells is sufficient to in-
duce bone loss[71].

Interaction of osteoclastogenic cytokines in
estrogen deficiency-induced bone loss

Although individual cytokine playing a key role
in regulating estrogen deficiency-induced bone loss is
well investigated, these proinflammatory cytokines
working in a synergic fashion remain unclear. TNF
induces osteoclastic bone absorption only in the
presence of IL-1, and TNF together with IL-1 may play
an important role in bone resorption[75]. IL-1 is a
pleiotropic cytokine and induces the expression of a
large variety of proinflammatory cytokines including
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IL-6[76]. Indeed, effect of IL-6 on osteoclastogenesis is
interconnected with IL-1 and TNF. On the one hand,
IL-6 stimulates osteoclast formation by inducing IL-1
release and administration of anti-IL-1 inhibits IL-6
stimulated osteoclastogenesis[66]. On the other hand,
IL-6 mediates the effects of TNF on osteoclastic cell
formation[67]. IL-7 is best recognized for stimulating
production of TNF in T cells. However, both IL-7 and
IL-7Ra expressions are up regulated by TNF[77, 78].
Therefore, an interplay mechanism may exist in be-
tween TNF and IL-7.

Conclusions

Accumulating evidences both from ovariecto-
mized animal studies and postmenopausal women
observation strongly suggested that estrogen defi-
ciency-induced bone loss is a complex interplay of
estrogen, the immune system and bone rather than an
action of estrogen directly on bone cells (Figure 2).

This greatly helps us better understand postmeno-
pausal osteoporosis and may provide new therapy for
this disease. In the past two decades, the effect of sin-
gle cytokine produced by activated T cells or bone
marrow stromal cells on osteoclast formation has been
extensively investigated, and new anti-cytokine
therapy for treating postmenopausal osteoporosis
demonstrate successful in alleviating osteoporosis
syndrome and lowering fracture accidents. However,
increasing evidences suggested that the postmeno-
pausal osteoporosis is a systemic model of integrated
pathway and cytokines working in a cooperative
fashion. Especially with the discovery of a new CD4*
T cell subset and its signature cytokine, named Th17
cells and IL-17, not only the Th1/Th2 paradigm but
the nature and source of those pro-inflammatory cy-
tokines need to be redefined.
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Figure 2 Cytokine regulation of osteoclast formation induced by estrogen deficiency. Bone loss induced by estrogen deficiency is a
complex effect of a multitude of redundant pathways and cytokines working in a cooperative fashion to regulate osteoclastogenesis.
Estrogen deficiency causes in a global increment in IL-7 production, especially in thymus, bone marrow and spleen. The increased pro-
duction of IL-7 in bone marrow increases T cell populations and activity which increases TNF production and importation of hema-
togenous thymocyte progenitors into thymus. The increment of IL-7 in thymus increases the output of naive CD4*T cell output into
peripheral blood and in turn the expansion of T cell pool which increased the production of TNF. Estrogen deficiency also increases the
stromal cell production of cytokines such as IL-6, IL-1, RANKL and M-CSF, that promote proliferation and differentiation of osteoclast

precursors independently or cooperatively in bone marrow.
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