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ABSTRACT
The mechanisms underlying the systemic effects mediated by gut microbiota are under active
investigation. In addition to local, direct effects of gut microbiota on the host, metabolic products
from microbiota may act peripherally, reaching distal organs through the circulation. In our recent
publication we demonstrated that gut microbiota influence bone remodeling distally, promoting
both bone resorption and formation. We proposed that these effects are mediated, at least in part,
by the induction of insulin like growth factor (IGF-1) by the microbiota metabolite short chain fatty
acids (SCFA). Here we explore additional mechanisms by which microbial metabolites could directly
or indirectly alter host bone remodeling. We discuss whether SCFA directly modulate bone
resorption by their actions on osteoclasts, and test the possibility that serotonin is another gut
microbiota derived long-distance mediator of effects on bone remodeling. A detailed
understanding of the mechanisms of microbiota effect on bone remodeling could help establish
potential therapeutic strategies to promote bone health.
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Introduction

Gut microbiota exerts systemic influence on diverse
aspects of host physiology. Locally, gut microbiota
affects nutrient and energy extraction and gut barrier
function. Systemically, gut microbiota shape immune
homeostasis and have been implicated in obesity, glu-
cose intolerance, hypertension, and endocrine func-
tion in the host.1-4 A role for gut microbiota in brain
development, behavior, and appetite has also been
invoked,5 and additional aspects of host physiology
regulated by gut microbiota are likely to emerge. For
example, the effect of gut microbiota on bone remod-
eling and biomechanical properties has only been
explored relatively recently.6-10 While early reports
suggested that gut microbiota stimulates bone loss by
activating bone resorbing osteoclasts,7 we recently
found that gut microbiota also regulate bone forma-
tion by osteoblasts, thus providing an anabolic stimu-
lus to the skeleton.6

The mechanism by which gut microbiota affect
host organs distant from the gut is an area of active
investigation. The distal effects of gut microbiota are

thought to be mediated by circulating molecules
including metabolites, hormones and neurotransmit-
ters produced or induced by microbiota.4,11 The major
fermentative products of the gut microbiota are SCFA,
predominantly acetate, propionate and butyrate.12

Other microbial products with the potential to impact
host physiology include secondary bile acids, seroto-
nin, dopamine and norepinephrine. SCFA can directly
affect host cell function (for example, T cell differenti-
ation) and are also thought to regulate a number of
host endocrine molecules including peptide YY
(PYY), leptin and serotonin.4

We and others have demonstrated that colonization
of germ-free (GF) mice with gut microbiota increases
SCFA concentrations in the cecum.6,13 SCFAs have
multiple cellular and physiological functions. SCFA
can activate G-protein-coupled-receptors (GPCRs),
inhibit histone deacetylases, and serve as energy sub-
strates for intestinal cells. As butyrate is a preferred
energy source for colonocytes, it may have diverse
indirect effects on host physiology through effects on
nutritional status. In contrast, SCFA have direct
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actions on cells by activating GPCRs, specifically
GPR41, the receptor for propionate and butyrate,
GPR43, the receptor for acetate and propionate,
and GPR109, the receptor for butyrate and niacin.12

Although induced development of peripheral regula-
tory T cells by SCFA depends on the expression of
GPR43,13 whether SCFA receptors are required for
microbiota to mediate bone remodeling is unknown.
Furthermore, the SCFA propionate and butyrate may
have GPCR-independent effects through their activity
as histone deacetylase (HDAC) inhibitors.14

Previous work by ourselves and others has demon-
strated that colonization with gut microbiota increases
bone resorption by increasing osteoclast activity, pos-
sibly mediated through immune stimulation and
increase in pro-osteoclastogenic cytokines.6,7,9,10

Recently, we and others found that gut microbiota not
only stimulate bone resorption but unexpectedly also
stimulates bone formation, likely mediated by
increases in IGF-1.6,8 We demonstrated that levels of
IGF-1, a growth factor known to regulate skeletal for-
mation, are dynamically modulated by changes in gut
microbiota, thus modulating the anabolic stimulus to
the skeleton. Colonization of GF mice increased serum
IGF-1 levels, while antibiotic treatment (either broad-
spectrum antibiotics or vancomycin alone) decreased
serum IGF-1.6 Consistent with IGF-1 being a critical
mediator between gut microbiota and bone formation,
IGF-1 levels and skeletal growth in neonatal mice are
impaired in GF compared to colonized neonatal mice
(8), and chemical blockade of the IGF-1R decreased
the growth advantage of colonized mice (8). As serum
IGF-1 and cecal SCFA concentration were correlated,
we tested if SCFA linked colonization with gut micro-
biota and modulation of host IGF-1 levels. Indeed,
SCFA supplementation was sufficient to increase liver
and adipose IGF-1, resulting in increased serum IGF-
1 levels in antibiotic treated mice.6 This suggests that
one mechanism by which gut microbiota impact bone
formation is via generation of SCFA from non-digest-
ible fiber, which then promotes host IGF-1 produc-
tion. How SCFA modulate host IGF-1 production is
not known but is an area of active investigation.

Although our previous work suggested that SCFA
indirectly regulate bone remodeling through modulat-
ing circulating IGF-1, additional roles for SCFA in
modulating bone physiology are possible. For exam-
ple, SCFA have been reported to increase levels of
peripheral serotonin, a neurotransmitter for which

there is some evidence for a role in bone turnover.18-21

Furthermore, a direct role of SCFA in regulating the
differentiation or function of bone cells is also possi-
ble. The repertoire of SCFA receptor expression on
various bone cell types has not been reported, but
sodium butyrate and gut microbiota have been shown
to affect osteoblast precursors.2,3 One month after col-
onization, osteoclastic bone resorptive activity, as
measured by C-terminal telopeptide of type I collagen
(CTX-I), is increased.6 Sodium butyrate and the
HDAC inhibitor trichostatin A are both reported to
inhibit osteoclast differentiation in vitro.1,15 Thus,
direct effects of SCFA to inhibit osteoclast formation
or bone resorption either via activation of GPCR or
through HDAC inhibition may contribute to the tran-
sient nature of increased osteoclastic bone resorption.
Indeed, GPR41 and GPR109 are expressed by mono-
cyte/macrophage cells after stimulation with LPS or
IFN-g,16,17 suggesting that monocyte-derived osteo-
clasts may express receptors for SCFA.

Osteoclast precursors express GPCR receptors
for SCFA

The expression pattern of GPR41, 43 and 109 during
osteoclast differentiation is not known. We examined
the expression of SCFA receptor on bone marrow
osteoclast precursors and differentiating osteoclasts by
quantitative real-time PCR with normalization to the
housekeeping gene Hprt. Bone marrow cells were
expanded for 3 days in the presence of M-CSF (mac-
rophage colony stimulating factor) to generate mye-
loid osteoclast precursors, followed by differentiation
in the presence of RANKL (receptor activator of NF-
kB ligand) and M-CSF. Osteoclast precursors express
both Gpr41 and Gpr109, but expression is significantly
and rapidly downregulated by 24h after exposure to
RANKL (Fig. 1A). In contrast, Gpr43 mRNA expres-
sion was difficult to detect and is unchanged with
exposure to RANKL. Future studies by western blot or
flow cytometry are needed to confirm the protein lev-
els of SCFA receptors on osteoclasts.

Propionate and butyrate inhibit OC
differentiation in a dose and time dependent
manner in vitro

As SCFA receptors are expressed on osteoclast precur-
sors, we tested whether individual SCFA directly affect
osteoclast differentiation. Acetate alone does not have
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Figure 1. Butyrate and proprionate inhibit osteoclast differentiation in vitro. (A) Osteoclasts were differentiated from equivalent num-
bers of bone marrow derived macrophages (BMDM) in the presence of M-CSF and RANKL. GPR41, GPR109, and GPR43 expression was
assessed by real-time PCR in osteoclast cultures before, 24 h, or 48 h after addition of RANKL. Gene expression was normalized to Hprt.
(B) Equal numbers of BMDM were treated with acetate, proprionate, and butyrate at the indicated concentrations in the presence of
RANKL and M-CSF and TRAP positive multinuclear cell (MNC) were counted. Representative TRAP stained are shown. (C) 200 mM of indi-
vidual SCFA were added before, 24 h, or 48 h after addition of RANKL and TRAP positive MNC were counted. Data are shown as mean §
SEM. Difference between groups are determined by one-way ANOVA. � P < 0.05; �� P < 0.01; ��� P < 0.001.
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a significant effect on osteoclast differentiation
(Fig. 1B), even at a dose as high as 1 mM (data not
shown). In contrast, butyrate and, to a lesser degree,
propionate inhibit osteoclast differentiation in a dose
and time dependent manner. Addition of butyrate at a
concentration as low as 25 mM or proprionate at a
concentration of 100 mM or more significantly inhib-
ited differentiation from osteoclast precursors
(Fig. 1B), as assessed by counting of multinucleated
TRAPC osteoclasts after 3 days of culture with
RANKL. Consistent with the dramatic downregula-
tion of Gpr41 and Gpr109mRNA within 24 h of expo-
sure to RANKL, addition of butyrate or proprionate at
24 h or 48 h after differentiation does not decrease
osteoclast formation (Fig. 1C). Together, these data
suggest that osteoclasts precursors express the recep-
tors for SCFA and butyrate and proprionate are capa-
ble of directly inhibiting osteoclast differentiation.
However, whether systemic concentrations of butyrate
and proprionate are high enough to inhibit osteoclast
formation and whether this inhibition occurs through
activation of the cognate GPCR is unknown.

Inhibition of osteoclastogenesis by butyrate
is independent of GPR109

Because osteoclast precursors express the receptors for
proprionate and butyrate, and the window for inhibi-
tion of differentiation with these agents parallels
receptor expression, we hypothesized that they inhibit
osteoclast differentiation through GPCR. Thus, we
examined osteoclast formation in mice lacking the
receptor for butyrate, GPR109. We obtained GPR109
wild type (WT) and knockout (KO) littermates on the
C57BL/6 background by mating heterozygous mice.
3-month-old female mice were used throughout the
study. Consistent with the inhibitory effect of butyrate
on early osteoclast differentiation, we found that
RANKL induced osteoclast formation from total bone
marrow cells is increased in GPR109 KO compared to
the WT mice (Fig. 2A). However, butyrate at a con-
centration of 200 mM was able to suppress osteoclast
formation even in the absence of GPR109 (Fig. 2B).
The second GPR109 ligand, niacin, did not inhibit
osteoclast differentiation in either WT or KO cells at a
concentration of 200 mM (data not shown). It is possi-
ble that the inhibitory effect of butyrate occurs because
of its role as an HDAC inhibitor15, or through other
mechanisms and/or receptors. Although this data

suggests that GPR109 has an inhibitory role on osteo-
clast differentiation under in vitro culture conditions,
this could potentially reflect activation by ligands pres-
ent in media as well; many GPCRs have a tonic level of
activation in the absence of ligand22 and GPR109 may
constitutively inhibit precursors from differentiating
into osteoclasts.

GPR109 knockout mice have increased
trabecular bone mass

If GPR109 constitutively inhibits osteoclast differ-
entiation, mice lacking GPR109 would be expected
to have low bone mass. Thus, we evaluated the
bone phenotype of GPR109 KO mice. Micro-com-
puted tomography (microCT) of femurs from
3 month old female littermates was used to quanti-
tate bone mass and structural parameters. In con-
trast to our expectation, we found that trabecular
bone volume/tissue volume (BV/TV), a measure of
trabecular bone mass is modestly but significantly
higher in GPR109-deficient mice (Fig. 2C), without
any alteration in cortical bone parameters
(Fig. 2D). This increased bone mass phenotype was
confirmed in 8 month-old mice (data not shown).
The observed increase in trabecular bone mass phe-
notype in KO mice cannot be explained by the
effects of GPR109 deficiency on osteoclast forma-
tion, which leaves open the question of whether
GPR109 plays a role in osteoclast activity, osteo-
blast/osteocyte function, or alternatively that the
alteration in bone mass is secondary to effects of
GPR109 loss on other physiologic processes.

To better understand whether the increased bone
mass in GPR109 KO mice reflected a change in osteo-
clast or osteoblast activity, we compared bone turn-
over markers in the serum from GPR109 WT and KO
mice. The level of the bone resorption marker CTX-I
is similar between WT and KO mice (Fig. 2E), sug-
gesting the osteoclast activity is similar between WT
and KO mice. However, there is a trend toward higher
levels of the bone formation marker P1NP in GPR109
KO mice (Fig. 2F), indicating that increased bone for-
mation may explain the increased bone mass in the
KO mice. We next examined serum IGF-1 levels and
found that GPR109 deficiency does not alter IGF-1
levels (data not shown), suggesting that mechanisms
other than increased IGF-1 are responsible for the
slightly increased bone mass in GPR109 KO mice.
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Figure 2. GPR109 is not required for butyrate inhibition of osteoclast differentiation and deficiency increases trabecular bone mass. (A)
An equal number of total bone marrow cells isolated from WT and GPR109 KO mice was differentiated in the presence of M-CSF and
RANKL and osteoclast formation was quantified based on number of TRAP positive MNC formed. (B) BMDM from WT and GPR109 KO
mice were treated with 100 mM butyrate and RANKL was added simultaneously to induce osteoclast differentiation. (C) Trabecular and
(D) cortical bone parameters determined by microCT. The region of interest was thresholded using a global threshold that set the
bone/marrow cutoff at 352.3 mg HA/cm3 for trabecular bone and 589.4 mg HA/cm3 for cortical bone. (E) CTX-I and (F) P1NP levels in
the serum from WT and GPR109 KO mice. Data are shown as mean § SEM. Difference between groups are compared by Student’s t
test in panel A, C, D, E and F; and one-way ANOVA in panel B. � P < 0.05; �� P < 0.01.

88 J. YAN ET AL.



Independent of GPR109, butyrate and proprionate
may be important in limiting osteoclast formation in
the setting of colonization of GF mice as they have an
inhibitory effect on osteoclast differentiation in vitro.
However, SCFA are mainly produced in the gut and
systemic levels are low.12 Acetate is the most abundant
SCFA in the periphery, with a concentration of about
70 mM systemically and 250 mM in the portal vein. In
contrast, butyrate is consumed locally by enterocytes,
such that its peripheral concentration is only approxi-
mately 4 mM, well below the minimum concentration
needed to inhibit osteoclast differentiation in vitro.
Propionate is metabolized in the liver and is also pres-
ent at low concentrations systemically. If butyrate and
proprionate act directly inhibit osteoclasts in vivo, we
would expect the concentrations of these SCFA in
the bone marrow to be in the inhibitory range. Thus,
we attempted to measure SCFA concentrations in
both bone marrow and serum by HPLC and found
concentrations lower than the limit of detection
(0.2 mM for acetate, 0.4 mM for proprionate, and
2.5 mM for butyrate). Therefore, it appears unlikely
that the SCFA concentration in the bone marrow is
high enough to directly inhibit osteoclast differentia-
tion in vivo.

Although direct effects of SCFA on osteoblasts
remain possible, it seems likely that SCFA primarily
regulate bone remodeling through indirect mecha-
nisms. We have previously reported one such mecha-
nism, in which SCFA modulate host production of
circulating IGF-1, but regulation of other hormones
or host factors may also contribute to the effects of
SCFA and gut microbiota on bone.

Colonization, but not SCFA supplementation,
increases peripheral serotonin levels

Serotonin is a potential candidate molecule to mediate
signaling between microbiota and bone. Gut is the
major site of peripheral serotonin synthesis, where it
is produced by enterochromaffin cells (ECs), mucosal
mast cells and myenteric neuron cells.23 Interestingly,
metabolites produced by gut microbiota, including
propionate, butyrate, and the secondary bile acid
deoxycolate directly induced expression of tryptophan
hydroxylase 1 (Tph1), the rate-limiting enzyme for
serotonin synthesis, on a chromaffin cell line in vitro
and colonization significantly increased peripheral
serotonin levels in GF mice.23 Additionally, some

species of bacteria also synthesize serotonin in the
gut.24 Serotonin has been proposed to promote osteo-
clastogenesis, as Tph1¡/¡ mice have decreased osteo-
clastogenesis.25 The role of peripheral serotonin in
bone physiology is controversial. Studies using Tph1¡/

¡ mice came to opposing conclusions regarding the
role of gut serotonin production on bone remodeling.
Yadav et al. reported that Tph1¡/¡ mice exhibited
higher bone mass compared to WT controls,18 while a
study by Cui et al. found no differences in bone mass
between Tph1¡/¡ and WT mice.19 Similarly, treatment
with Tph1 inhibitors was reported to either prevent or
have no effect on development of osteoporosis in
ovariectomized rodent models.18,19 The effect of
Tph1¡/¡ on bone may depend on age, as others dem-
onstrated increased BV/TV in Tph1¡/¡ mice at
6 weeks but not at 16 weeks of age (20), 21 or 83 weeks
of age (21). Thus, the role of gut derived peripheral
serotonin in bone physiology and may depend on age,
strain background or environment, such as the com-
position of the gut microbial community. Whether
SCFA directly induce serotonin in vivo in not known,
and we hypothesized that SCFA-mediated increases in
serotonin could promote the transient increase in
bone resorption observed after colonization of GF
mice.

To test the effect of microbiota on peripheral sero-
tonin production, we tested whether serotonin levels
changed after colonization of GF mice with gut micro-
biota from specific pathogen free (SPF) mice. We con-
firmed a previous report that colonization
significantly increased peripheral serotonin levels in
GF mice (Fig. 3A). We next tested whether SCFA can
directly modulate serotonin production by supple-
menting the drinking water of mice treated with either
of two broad-spectrum antibiotic cocktails with a mix
of proprionate, butyrate and acetate. Peripheral sero-
tonin was measured in serum using a commercial
ELISA kit (Eagle Biosciences, NH). Details of coloni-
zation, antibiotic and SCFA treatment protocols are
reported in ref. 6. We found a trend towards reduced
serum serotonin levels after antibiotic treatment.
However, in contrast to IGF-1, supplementation with
SCFA had no effect on serum serotonin levels with
either antibiotic cocktail (Fig. 3B). Moreover, we
found that while antibiotic treatment lead to decreased
expression of Tph1 and Chga and increased Slc6a4 and
Maoa expression in the colon, a gene signature consis-
tent with decreased serotonin production in the gut,
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SCFA supplementation had no effect on the expres-
sion of these genes (Fig. 3C). Together, our data do
not suggest a correlation between the microbiota
metabolite SCFA and peripheral serotonin production
in vivo.

Conclusions

As knowledge of microbiota-host interactions grows,
manipulation of microbiota has been proposed as a
promising strategy to promote host health. Thus,
increased understanding of the broad effects of micro-
biota on host physiology and the mechanisms under-
lying these systemic effects is needed. Here we discuss
our recent report demonstrating that gut microbiota
affects bone remodeling distally by promoting both
bone formation and bone resorption. Our previous
work suggested that one mechanism responsible for
this is the regulation of circulating IGF-1 levels by
microbiota, potentially through the microbial metabo-
lite SCFA. Here we expand on potential mechanisms
connecting microbiota and bone by investigating

direct effects of SCFA on osteoclasts and exploring
whether SCFA also increase serotonin, another circu-
lating molecule with signaling functions that is
induced by microbiota. Although butyrate, and to a
lesser extent, proprionate inhibit osteoclast formation
in a dose and time dependent manner in vitro, a direct
effect of these molecules on osteoclasts in vivo is
unlikely as the circulating concentration of these mol-
ecules is lower than the concentration needed to affect
osteoclast differentiation. Interestingly, GPR109 KO
mice have a slight increase in bone mass despite
increased osteoclast differentiation, suggestive of non-
osteoclast functions of butyrate and GPR109 on bone.
Indeed, the increase in trabecular bone mass in
GPR109 deficient mice is on the order of the increased
bone mass seen in GF mice, which have lower levels of
butyrate and thus decreased GPR109-mediated signal-
ing. While it is possible that SCFA directly affect the
function of other bone cell types, an indirect mecha-
nism is more likely given the low circulating concen-
trations of SCFA. A good candidate for mediating the
effects of SCFA on bone is peripheral serotonin,

Figure 3. Regulation of serotonin by microbiota and its metabolites. (A) Peripheral Serotonin levels in GF mice and littermates colonized
for 1 month starting at 8 weeks of age. Between group differences were compared by Mann-Whitney test; ��� p < 0.001. (B) Peripheral
Serotonin levels in SPF mice and SPF mice treated with two different antibiotic cocktails with or without SCFA supplementation. Antibi-
otic cocktail 1 contains 1 mg/mL each of ampicillin, metronidazole and neomycin and 0.5 mg/mL vancomycin. Antibiotic cocktail 2 con-
tains 0.2 mg/mL gentamicin, 0.15 mg/mL ciprofloxacin, 2 mg/mL streptomycin, and 1 mg/mL bacitracin. (C) Expression of Tph1, Chga,
Slc6a4 and Maoa in the colon from SPF mice treated with antibiotic cocktail 1 with or without SCFA supplementation. Data are shown
as mean § SEM. Differences between multiple groups were compared by one-way ANOVA followed with Kruskal-Wallis post-hoc test.
� p < 0.05; �� p < 0.01; ns, not statistically significant.
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which, like IGF-1, is increased after colonization.
However, while SCFA supplementation was capable
of recapitulating many aspects of microbiota effects
on bone,6 peripheral serotonin levels were unchanged
by SCFA supplementation. Thus, it does not appear
that serotonin can be invoked as a mechanism by
which microbiota-derived SCFA affect bone. Given
the rapid expansion in our understanding of host-
microbiota interactions and metabolomics, it is likely
that other candidate pathways to explain microbiota
effects on bone will be discovered in the near future.
Dissecting the mechanisms underlying microbiota-
mediated systemic effects on bone will likely
provide insight into new therapeutic strategies to
improve bone health as well as potential unintended
effects of manipulating the microbiota for treatment
of C. difficile infection, metabolic disorders and auto-
immune disease.
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