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Abstract Interactions between the environment, the gut
microbiome, and host characteristics that influence bone
health are beginning to be explored. This is the first area where
functional benefits from diet-induced changes in the gut
microbiome have been reported for healthy people. Several
prebiotics that reach the lower intestine have resulted in an
altered gut microbiome that is thought to enhance fermenta-
tion of the fibers to produce short-chain fatty acids. These
changes are positively correlated with increases in fractional
calcium absorption in adolescents and with increases in mea-
sures of bone density and strength in animal models. New
methodologies are available to explore mechanisms and to
refine intervention strategies.
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Gut Mirobiome—a New Frontier?

The potential for gut microbiota to contribute nutrition and
bioactive compounds that affect human health including bone
is a rather new area of investigation. It has been known for
some time that over 90 % of the cells in the human body are
microbes, principally located in the distal gut. The gut
microbiome is a highly heterogeneous population comprised
of 1014 bacteria representing 5000 species and 5 million genes
(collectively known as the metagenome) [1]. However, ex-
ploring the relationships between the gut microbiome and hu-
man health was a slow progress until new molecular biology

tools became available. The majority of gut microbiota are
anaerobic. Therefore, traditional approaches involving cultur-
ing microorganisms in media were not only time-consuming
but missed most of the species present. Moreover, only live
bacteria could be assessed. With new approaches that deter-
mine microbial communities present in the gut by DNA ex-
tracted from stools [2, 3], all microbiota present can be detect-
ed regardless if they are living or dead. Progress onmethods to
detect microbial communities and shifts due to interventions
open the door for the discovery of strategies to improve health
and ameliorate disease including osteoporosis.

Mechanisms for Effect of Diet on Gut Microbiome that
Influence Bone Health

The influence of gut microbiota on bone and how the effects
are modulated by diet are poorly understood. A popular theory
illustrated in Fig. 1 is that dietary or prebiotic fiber (resistant to
digestion) reaches the lower gut where resident microbiota
ferment the fiber to short-chain fatty acids (SCFA). The
resulting reduced pH environment has been thought to reduce
complexation of minerals such as formation of calcium phos-
phates. Thus, more calcium would be absorbed to support
bone accrual or retention. However, that explanation may be
oversimplified. SCFAs are indeed produced upon consump-
tion of prebiotic fibers [4]. Yet, the resultant amount of total
SCFAs or individual SCFAs such as butyric acid, acetate, and
propionate in response to fibers are not highly correlated with
calcium absorption and bone parameters [4]. The presence of
SCFAs increased calcium transport across rat colonic seg-
ments in an Ussing chamber, whereas treating with HCl did
not [5]. Thus, a simple lowering of pH to solubilize minerals
seems unlikely to be the mechanism. Butyrate is the preferred
energy source of colonic mucosal cells; thus, SCFAmay work
to improve the health of the gut [6].
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Another possible mechanism is that SCFAs influence sig-
naling pathways which may regulate mineral absorption or
alter intestinal cell metabolism or proliferation. For example,
SCFAs increased uptake of calcium by breast cancer MCF-7
cells unless G-protein GPR43 was silenced [7]. In addition,
increasing SCFA production, and butyrate in particular, may
act by metastable epigenetic regulation of the chromatin struc-
ture which results in differential gene expression. Butyrate
altered the epigenome of skeletal muscle cells through nucle-
osome positioning [8]. Furthermore, butyrate was shown to
induce histone acetylation that repletes miRNA expression
[9]. This suggests that fiber-induced changes to the
microbiome that enhance fermentation may produce potent
signaling molecules that could have far-reaching effects, pos-
sibly including altering mineral absorption that enhances bone
mass.

An entirely different theory for a role of the gut micro-
biota on bone is through modulation of the immune system.
Sex steroid deficiency creates a chronic inflammatory state
that is at least partially responsible for osteoporosis [10].
Furthermore, the Western diet that is high in fat and the
overuse of antibiotics increase the inflammatory environ-
ment of the gut microbiome. The gut microbiota are in con-
stant communication with the immune system; thus, they
help suppress immune response to harmless commensal
microbes and help protect the host from invading patho-
gens. The gut microbiota help shape systemic immunity
as germ-free animals have immature mucosal immune sys-
tems [11]. The skeleton is a source of mesenchymal and
hematopoietic progenitors. Hematopoietic stem cells gen-
erate both T cells and osteoclasts. Using germ-free control
mice and mice that were colonized with gut microbiota
from donor mice, Sjögren et al. [12•] showed that the
germ-free mice had increased bone mass (associated with
reduced osteoclasts) and altered immune system (reduced
TNF α expression and T cells), which were normalized by
colonization. However, further research is needed on
whether diet can alter the effects of the gut microbiome on
the immune system and ultimately bone mass.

Enhancing Calcium Absorption as a Strategy
for Osteoporosis Prevention

Regardless of the mechanism, alterations in the gut
microbiome that enhance calcium absorption, and perhaps
other bone-related minerals as well, is an attractive strategy
to reduce risk of osteoporosis. Calcium is the dominant min-
eral in bone and is recognized as a shortfall nutrient by the
Dietary Guidelines for Americans [13]. Increasing calcium
intake has been associated with increased bone accrual [14]
and suppression of PTH and bone resorption [15, 16]. In fact,
in pubertal girls, for every milligram of additional absorbed
calcium, 1 mg less of calcium was resorbed from bone [17].
Calcium absorption across the gut can occur via active, vita-
min D-dependent, facilitated diffusion and through passive
absorption down a chemical gradient by paracellular diffu-
sion. The former takes place largely in the small intestine,
although the rate-limiting, vitamin D-regulated transport pro-
tein, calbindin D9k, is also found in the rat cecum and large
intestine [17]. Passive absorption occurs throughout the intes-
tine. The proportion of passive absorption increases as calci-
um intake increases and transcellular transporter proteins be-
come saturated.

Despite much public health awareness of the importance of
calcium intake for osteoporosis prevention, both milk con-
sumption, the major dietary source, and calcium supplement
use have declined in recent years. The latter may be associated
with concern over cardiovascular risk despite inconsistent re-
sults and lack of demonstrated mechanism or dose response
[18]. Thus, while it may be argued that increasing calcium
intake is a simpler approach to correcting calcium deficiency,
many do not choose calcium-rich foods. Prebiotic fibers offer
an alternative strategy to enhancing calcium nutrition with the
possibility of stimulating the bone microenvironment.

Prebiotic Fibers as a Dietary Strategy to Alter the Gut
Microbiome

Prebiotics are food ingredients that serve as substrates for the
gut microbiota. Prebiotic fibers by definition are resistant to
absorption and are hydrolyzed and fermented by colonic mi-
crobiota in the lower gut. The desired outcome when incorpo-
rated into the diet in sufficient amounts is that they will selec-
tively stimulate the growth of some bacteria that have benefi-
cial effects to the host. Currently, we know little about prop-
erties of novel fibers that enhance bone health beyond their
resistance to digestion.

Prebiotic fibers vary in types and lengths of sugars and their
chemical bonds. Disaccharides have two sugar units such as
lactulose or lactitol. Lactulose is created during heat steriliza-
tion of milk. It was one of the first prebiotics to be linked to
gut microbial populations [19].

Fig. 1 Model for role of prebiotic fiber effects
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Oligosaccharides have ∼3–10 sugar units. These include
short-chain fructo-oligosaccharides (FOS), soybean oligosac-
charides, xylo-digosaccharides, and galacto-oligosaccharides
(GOS). The longer chained prebiotics of >10 units include
inulin (long-chain FOS) and resistant starches. The length of
the chain may influence location of fermentation in the gut
with longer chained prebiotics more likely to reach the lower
gut [20].

All of these types of prebiotics have been associated with
increases in bifidobacteria in doses up to 20 g/day given for 7-
to 64-day interventions across the life span as reviewed by
Ariefdjohan et al. [21]. A few studies such as Ito et al. [22]
and Ballongue et al. [23] found increases in lactobacilli and
decreases in coliforms as well, but these studies targeted only
a few bacterial populations. We recently used pyrosequencing
to determine more comprehensive changes in bacterial popu-
lations in postmenopausal women fed dietary soy bar supple-
ments for 1 week [24]. As with other studies, increases in
Bifidobacterium were observed. Changes in bacteria taxa
were correlated with changes in soy isoflavone metabolites.
Soy isoflavones, i.e., genistin and daidzin, are phytoestrogens
that are converted to their aglycones during digestion and then
to metabolites such as equol and O-desmethylangolensin
(ODMA) by gut microbiota. Bifidobacterium and
Eubacterium were significantly greater in the 4 women out
of 17 studied who produced equol.

Evidence for Modulating Bone Health

Many studies have evaluated the effect of prebiotics on bone
health [reviewed in 2, 25], but few have studied the relation-
ship in the context of manipulating the gut microbiome. We
have conducted a series of studies in rats and humans that
have specifically studied the interrelationship of dietary prebi-
otics, microbiota, and calcium absorption or bone measures
(described below).

Animal Models

Animal models have the advantage of being able to provide
controlled diets for sufficiently long periods to determine bone
outcomes. From an 8-week feeding study [26] of 0, 2, 4, 6, or
8 % of the prebiotic fiber, GOS, in growing male Sprague-
Dawley rats, we developed a regression model using the
framework depicted. The results are shown in Fig. 2. Dietary
GOS significantly decreased cecal pH and increased cecal
wall and content weight in a dose-dependent manner
(P<0.0001). Bacteria communities were altered byGOS treat-
ment from baseline with separation due to GOS dose (Fig. 3).
Quantitative PCR of fecal DNA showed an increased propor-
tion of bifidobacteria with GOS (P=0.0001). Calcium and
magnesium absorption and retention and femur and tibia
breaking strengths, distal femur total and trabecular vBMD
and area and proximal tibia vBMD increased (P<0.02) with
GOS supplementation.

In an evaluation of eight prebiotic fibers at 4 % by weight
of diet for 12 weeks in a male weanling rat model, we saw
increases in SCFA, mineral absorption, and bone density and
strength [3]. All fibers except resistant starches resulted in
increased total SCFA and butyrate and acetate. SCFA were
not significantly correlated with bone parameters, but cecal
content weight did correlate with BMD and strength. Soluble
corn fiber (SCF) and soluble fiber dextrin had the greatest
benefit to bone properties including whole body bone mineral
content (BMC) and distal femur vBMD, cortical thickness and
area, and peak breaking strength. We did not analyze the
changes in gut microbiota in this study but did in the human
trials with SCF described below.

Human Studies

Only one prebiotic feeding study in humans has been of suf-
ficient duration to determine changes in bone using DXA [27].

Fig. 2 Mechanistic outcomes
predicted calcium absorption and
BMD in rats. Adapted from [24]
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In that 1-year RCT of 8-g inulin plus FOS in adolescent girls,
gain in whole body BMC and BMD was greater in supple-
mented than non-supplemented girls. Gut microbiota were not
profiled in that study.

The effects of prebiotics on calcium absorption and metab-
olism are mixed [25]. This could be due to a variety of factors
including methods of assessing calcium absorption that do not
reflect lower gut absorption, dose and type of prebiotic, dura-
tion of intervention, and host characteristics including calcium
status, age, and gut microbiome.

In our first attempt in humans to relate prebiotic consump-
tion to changes in gut microbiota and subsequently to calcium
absorption, we studied the effect of GOS at 0, 2.5, or 5 g/day
in a smoothie drink for 3-week periods given in randomized
order to 31 healthy adolescent girls [28••]. Fractional calcium
absorption using dual stable isotopes was increased about
∼10 % with both levels of GOS; a dose-response effect was
not observed. The increase in fractional calcium absorption
occurred in the late phase between 24 and 36 h consistent with
lower gut absorption. Fecal bifidobacteria numbers, deter-
mined by quantitative PCR using biofidobacteria-specific
primers, increased as a result of GOS feeding.

Using more sophisticated analysis of microbial communi-
ties, 454 pyrosequencing of the PCR-amplified 16S ribosomal
RNA gene, we related changes due to feeding SCF to frac-
tional calcium absorption measured with dual stable calcium
isotopes [29••]. This short-term controlled feeding study in 24
adolescent boys and girls used a crossover, random order de-
sign of 2–3-week balance periods with 12-g SCF or 0-g SCF
(control). Fractional calcium absorption was 12 % higher (P=
0.02) with SCF treatment, which if persistent over 1 year
would account for an additional 15.1 g of bone Ca or 1.8 %

of total body Ca or BMC. The association between differences
after SCF and control feeding in bacterial genera and late
phase fractional calcium absorption is shown in Table 1. Sev-
eral bacteria that correlated with Ca absorption with SCF feed-
ing are known fiber fermenters including Bacteroides in the
phylum Bacteroidetes and Butyricicoccus, Oscillibacter, and
Dialister in the phylum Firmicutes.

Future Research

The prebiotic feeding-induced changes in the gut microbiome
in genera known to enhance SCFA production from fiber fer-
mentation were significantly correlated with increased frac-
tional calcium absorption (humans and animal models) and
bone density and strength (animal models). These effects re-
ported here are meaningful as well as accepted dietary strate-
gies for potentially reducing the risk of osteoporosis. The abil-
ity to effect a change in the gut microbiome associated with a
functional outcome measure is believed to be the first such
association in healthy people. As promising as that is, further
validation is needed. In humans, a prebiotic intervention re-
sulted in greater whole body bone accrual in teens [25], but
this link to changes in the gut microbiome was not studied.

Some basic methodological assumptions need to be evalu-
ated. For example, does the gut microbiome from fecal mea-
surements reflect the microbiome at the active site of the in-
testine for mineral absorption or other functions? We have not
yet estimated the minimal characteristics of a healthy
microbiome.

The mechanisms of action need to be worked out. Tran-
scriptome analysis will facilitate identification of what signal-
ing pathways are affected. Metagenomic and metabolic anal-
yses can help determine what host and microbiome character-
istics and metabolites influence function. In a recent example
in healthy adult men, Holscher et al. [30•] demonstrated using

Fig. 3 Bacterial communities differ by GOS treatment. Reprinted with
permission from [26]. Copyright (2011) American Chemical Society

Table 1 Correlations between calcium absorption and bacteria genera
that may affect lower gut mechanisms (n=21)

Genera differences at end of each treatment Difference in calcium
absorption between
treatment and control

Coefficient P value

Bacteroides 0.483 0.027

Actinomyces −0.553 0.009

Pseudomonas −0.473 0.03

Butyricicoccus 0.454 0.039

Oscillibacter 0.565 0.008

Dialister 0.619 0.003

Other Erysipelotrichaceae −0.463 0.034

Pearson’s correlations and Spearman’s rank correlations
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whole-genome shotgun sequencing that fiber (SCF or
polydextrose) feeding shifted the Bacteroides: Firmicutes ra-
tio, shifted bacterial genes involved in lipid and B vitamin
metabolism, and depleted bacterial butyrate metabolism.

The advances in methodology offer a promising future to
explore the role of this new frontier, the gut microbiome, on
bone health. Diet is one means of altering the gut microbiome
for health, but we have a great deal to learn about what works
and how.
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