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Osteoporosis is initiated by 
estrogen withdrawal
Osteoporosis is a disease of low bone mass 
and/or poor bone quality that can progress 
to skeletal fractures that occur sponta-
neously or with minimal impact (1). By age 
50, White women are estimated to have a 
15% to 20% lifetime risk of a hip fracture 
and a 50% risk of an osteoporotic fracture 
at any site (2). One predisposing factor to 
the development of osteoporosis in women  
is menopause. Osteoporosis develops 
because estrogen withdrawal at meno-
pause initiates a period of accelerated  
bone loss (1). For many years, estrogen 
replacement was prescribed as a therapy 
for postmenopausal osteoporosis. How-
ever, estrogen replacement has its own 
substantial risks (3). Likewise, all currently 
approved drugs for osteoporosis have sub-
stantial, albeit rare, complications asso-

ciated with their use, which have limited 
their acceptance by patients as therapies 
for osteoporosis (4). Hence, it would seem 
imperative to understand the mechanisms 
by which estrogen affects the development 
of osteoporosis in women in order to iden-
tify drug targets and design better thera-
pies for this disease.

It has been known for many years that 
estrogens regulate the immune system (5) 
and that immune cells and their products 
have major effects on bone cells (6). Initial 
studies in mice and humans demonstrated  
that proinflammatory cytokines were 
involved in the development of the bone 
loss that occurs after estrogen withdrawal 
(7). However, more recent work has impli-
cated both T and B lymphocytes (T cells 
and B cells) as mediators of the effects of 
estrogen on bone mass (8). Bone resorp-
tion is facilitated by osteoclasts under the 

influence of two cytokines: CSF-1, which is 
also known as macrophage CSF (M-CSF), 
and RANKL (9). RANKL, which binds the 
cognate receptor RANK, is the critical fac-
tor that directs the terminal differentiation 
of multipotential myeloid precursor cells 
into multinuclear bone-resorbing osteo-
clasts (10). Both T cells and B cells pro-
duce RANKL. However, in a mouse study 
of ovariectomy-induced (OVX-induced) 
estrogen withdrawal, it was shown that 
production of RANKL by B cells rather 
than T cells influenced the resultant loss of 
bone mass (11).

T cells have a variety of critical func-
tions in the immune system. They are 
principally involved in initiating adap-
tive immunity through their ability to 
respond to antigens presented to them by 
specialized antigen-presenting cells (12). 
Multiple types of T cells exist (13). T cells 
expressing the antigen CD4 have helper 
activity and are further subdivided into 
subsets that include Th1, Th2, Tregs, and 
Th17 cells. Th1 cells secrete INF-γ and 
regulate cell-mediated immunity. Th2 
cells secrete IL-4 and IL-10 and influence 
antibody production. Tregs secrete IL-10 
and TGF-β and usually inhibit immune 
responses. In contrast, Th17 cells pro-
duce IL-17 and in general are activators of 
inflammatory responses.

Immune system interactions 
with gut microbiota affect 
bone health
We exist in a sea of microorganisms, the 
microbiota, that colonize our skin and 
gastrointestinal tract. A critical role of 
the immune system is to facilitate the 
beneficial effects of this symbiotic rela-
tionship while simultaneously preventing 
the invasion of the host by pathogenic 
organisms in the microbiota (14). It is now 
clear that the interactions of the immune 
system with the gut microbiota have pro-
found effects on bone health (15). How-
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Osteoporosis is a serious clinical problem that often follows the accelerated 
bone loss that occurs after the estrogen withdrawal of menopause. In order 
to better understand the mechanism that produces estrogen withdrawal–
induced bone loss, Yu and Pal et al., as reported in this issue of the JCI, 
examined mice that underwent ovariectomy (OVX). In C57BL/6 mice with 
enhanced Th17 cells in gut tissue, the authors demonstrated that OVX 
increased migration of TNF-expressing Th17 cells from the gut to the bone 
marrow. Furthermore, they found that manipulation of the pathways 
by which lymphocytes migrate and home to bone marrow prevented the 
increase of TNF+, Th17 cells in bone marrow after OVX in mice and the 
trabecular, but not cortical, bone loss in this model. These results argue that 
interactions of the gut microbiota with the immune system are involved in 
the effects of estrogen withdrawal on trabecular bone.
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guides their entry into distant lymphoid 
organs. They found that CXCR3–/– mice did 
not alter bone marrow TNF+ T cells or Th17 
cells with OVX. In addition, OVX did not 
decrease trabecular bone mass in CXCR3–/– 
mice. However, as with inhibition of S1PR1 
and CCL20, OVX did induce cortical bone 
loss in CXCR3–/– mice, which was similar to 
that of WT mice (17).

Conclusions and remaining 
questions
Yu and Pal et al. (17) speculate that migra-
tion of TNF+, Th17 cells from the gut to the 
bone marrow mediated at least the trabec-
ular bone loss of estrogen withdrawal. The 
work of Yu and Pal et al. (17) and of Li et 
al. (16) argues strongly that the composi-
tion of the microbiota and trafficking of 
lymphocytes is involved in some effects 
of OVX on bone mass. However, there 
remain a number of questions. The first 
revolves around the use of SFB to enhance 
levels of Th17 cell in the gut tissue of all of 
the mice in the Yu and Pal et al. study (17). 
If migration of gut TNF+, Th17 cells to the 
bone marrow mediates the effects of OVX 
on trabecular bone mass as Yu and Pal et 
al. (17) hypothesize, then why do SFB– JAX 
C57BL/6 mice lose trabecular bone mass at 
a rate similar to that of SFB+ JAX C57BL/6 
mice (20)? As mentioned above, SFB– JAX 
C57BL/6 mice have markedly fewer Th17 
cells in their gut tissue than SFB+ JAX 
C57BL/6 mice. Hence, one might antici-
pate a proportional decrease in the ability 
of SFB– JAX C57BL/6 mice to lose bone 
mass with OVX if the hypothesis of Yu and 
Pal et al. is correct. It would be interesting 
to compare the effects of OVX on bone 
marrow TNF+, Th17 cells in JAX C57BL/6 
mice that are SFB– and SFB+. Studies that 
perform a dose response of SFB addition 
to the gut microbiota of JAX C57BL/6 mice 
and then correlate levels of gut and bone 
marrow Th17 cells with the effects of OVX 
on trabecular bone loss would be of value. 
It is also unclear why modulating lympho-
cyte migration only affected trabecular 
bone loss after OVX in the Yu and Pal et al. 
study (17) or why other authors have found 
contradictory results (21, 22). Could these 
inconsistencies result from differences in 
the microbiotas of experimental animals?

Notably, SFB itself affects bone mass. 
The presence of SFB within the gut micro
biota of C57BL/6 mice (from Taconic) sub-

marker gene in all cells from green to red 
(19), Yu and Pal et al. convincingly demon-
strated that OVX facilitated the migration 
of Th17 cells and TNF+ T cells from the 
gut to the bone marrow. They also adap-
tively transferred splenic Th17 cells, which 
express a GFP marker under the direc-
tion of the Il17a gene, into WT and TNF- 
deficient (TNF–/–) mice that had undergone 
sham operation or OVX two weeks earlier. 
These studies showed that deletion of TNF 
abrogated the ability of Th17 cells to home 
to bone marrow after OVX (17).

The authors went on to demonstrate 
that expression of the chemokine ligand 
CCL20, which is known to guide the 
homing of Th17 cells to bone marrow, is 
increased after OVX in WT but not TNF–/– 
mice. Additional studies found that inhibi-
tion of S1P receptor 1 (S1PR1) with FTY720 
blocked the ability of TNF+ and Th17 cells 
to accumulate in bone marrow after OVX 
and the ability of OVX to decrease trabec-
ular but not cortical bone mass in mice. Yu 
and Pal et al. also used a neutralizing anti-
body to CCL20 to block the ability of cells 
expressing both TNF and IL-17 to accumu-
late in bone marrow. As with FTY720 treat-
ment, anti-CCL20 treatment prevented  
the OVX-induced loss of trabecular but 
not cortical bone mass in mice. Finally, the 
authors examined the effects of OVX on 
mice with CXCR3 deficiency (CXCR3–/–) 
because CXCR3 is a receptor on T cells that 

ever, comparison of the bone phenotype 
of mice raised in germ-free conditions 
with mice raised in conventional housing 
or with germ-free mice that were recolo-
nized with a conventional microbiota has 
yielded conflicting results. These differ-
ences appear to depend on the strain of 
mice, the length of time after colonization 
that mice were examined, and the compo-
sition of the microbiota in the mice (15). 
Li et al. found that in a model of estrogen 
deficiency, germ-free mice failed to lose 
trabecular bone mass (16). Li et al. also 
demonstrated that treatment of conven-
tionally housed mice with certain strains 
of probiotic bacteria prevented trabecular 
bone loss after estrogen withdrawal (16).

In this issue of the JCI, Yu and Pal et 
al. (17) follow up the Li et al. paper (16), 
exploring the role that Th17 cells in the 
gut have in mediating bone loss relat-
ed to estrogen withdrawal in mice. The 
researchers used C57BL/6 mice from the 
Jackson Laboratory (JAX), which have a 
relatively low amount of Th17 cells in their 
gut tissue (18). In order to boost Th17 cell 
levels in the gastrointestinal tract, the mice 
were gavaged with a suspension of stool 
from mice previously monocolonized with 
segmented filamentous bacteria (SFB). 
This process markedly increases the num-
ber of Th17 cells in gut tissue (18).

Using C57BL/6 Kaede mice, which 
allow photoconversion of a fluorescent 

Figure 1. Model for estrogen-withdrawal bone loss. Loss of estrogen after OVX in mice enhances gut 
permeability, which causes increased release of gut-resident TNF+, Th17 cells. These T cells migrate to 
bone and enhance osteoclast-mediated trabecular bone resorption. It is also possible that enhanced 
release of gut bacterial products after OVX causes increased production of TNF+, Th17 cells in periph-
eral lymphoid organs such as liver-draining lymph nodes. TNF+, Th17 cells produced in response at 
these sites may also migrate to bone and affect trabecular bone resorption.
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stantially decreased trabecular bone mass 
and increased liver production of certain 
acute-phase reactants. Further, the liver- 
draining lymph nodes and bone marrow 
both showed increases in the percentages of 
Th17 cells (23). Osteoclast number was also 
increased in the bones of SFB+ mice. Extend-
ing these results to the work of Yu and Pal 
et al. may offer an additional mechanism 
for estrogen-withdrawal bone loss (Figure 
1). Since it is known that OVX enhances gut 
permeability of bacterial products (16), it’s 
possible that enhanced release of gut bacte-
rial products alter immune cells in the liver 
and other lymphoid organs to influence the 
effects of estrogen withdrawal on bone mass.

Ultimately, these concepts need to be 
examined in human studies. While modu-
lation of immune cell function is possible, 
this therapy may have untoward effects 
that will limit its use for osteoporosis. In 
contrast, manipulation of the microbio-
ta with either pre- or probiotics may have 
utility both to reduce generalized inflam-
mation and to treat osteoporosis with min-
imal side effects (24).
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