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Abstract

The human microbiome has been shown to influence a number of chronic conditions associated
with impaired bone mass and bone quality including obesity, diabetes and inflammatory bowel
disease. The connection between the microbiome and bone health, however, has not been well
studied. The few studies available demonstrate that the microbiome can have a large effect on bone
remodeling and bone mass. The gut microbiome is the largest reservoir of microbial organisms in
the body and consists of over a thousand different species interacting with one another in a stable
dynamic equilibrium. How the microbiome can affect organs distant from the gut is not well
understood, but is believed to occur through regulation of nutrition, regulation of the immune
system and/or translocation of bacterial products across the gut endothelial barrier. Here we review
each of these mechanisms and discuss their potential effect on bone remodeling and bone mass.
We review how preclinical studies of bone-microbiome interactions are challenging because the
microbiome is sensitive to genetic background, housing environment, and vendor source.
Additionally, although the microbiome exhibits a robust response to external stimuli, it rapidly
returns to its original steady state after a disturbance, making it difficult to sustain controlled
changes in the microbiome over time periods required to detect alterations in bone remodeling,
mass or structure. Despite these challenges, an understanding of the mechanisms by which the gut
microbiome affects bone has the potential to provide insights into the dissociation between
fracture risk and bone mineral density in patients including those with obesity, diabetes or
inflammatory bowel disease. In addition, alteration of the gut microbiome has the potential to
serve as a biomarker of bone metabolic activity as well as a target for therapies to improve bone
structure and quality using pharmaceutical agents or pre- or probiotics.
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[. Introduction

The human microbiome consists of the microbial species that inhabit the human body and
their secreted products (12, Each individual hosts trillions of microbes, a population that
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vastly outhnumber native mammalian cells. Microbiota confer benefits to the host that include
vitamin production ), nutrient and energy extraction from diet ), metabolic function ©),
regulation of innate and adaptive immunity 6.7, and protection from pathogenic

organisms (8. Alterations in the microbiome have been associated with a number of chronic
conditions in humans including inflammatory bowel diseases (), obesity (19, metabolic
disease (11), malnutrition 12), neurological disorders 13), cancer 14), and cardiovascular
disease (19),

The human microbiome is established soon after birth, usually by colonization by microbial
flora present in the birth canal (16). The microbiota is shaped subsequently by diet and
environmental exposure, and reaches a steady state at about three years of age (16). The great
majority of the human microbiome is located within the gastrointestinal system. The human
gut microbiota consists of over 1000 distinct microbial species, many of them not yet well
characterized. Roughly two-thirds of the microbial species composition is unique to each
individual (7). The human gut microbiota is dominated by organisms from the Bacteroidetes
and Firmictues phyla (18). Once established in an individual, the contents of the microbial
community in the gut enter a dynamic equilibrium as the hundreds of different species
compete and interact with one another and the host immune system in complex networks of
interdependence. The relative abundance of species within the gut flora fluctuates from day
to day based on changes in diet 1819, but in general retains its basal constitutive state
despite these transient disruptions. For example, after a stimulus such as a course of
antibiotics or short gastrointestinal infection, the contents of the gut microbiota mostly
return to their initial state, although the resulting gut microbial community may be less
stable than it was prior to treatment (29 and small changes in content may occur (e.g. species
with similar function may replace each other 19)). Hence, while the gut microbiome is
relatively stable it can be changed by long periods of sustained stimuli or factors that
produce large perturbations in the gut flora. Factors that have been shown to alter the steady
state of the gut flora include aging (16), diet (19), environment (21, physiologic state, and
chronic treatment with oral antibiotics (22),

Alterations in the composition of the gut microbiome have been implicated either directly or
indirectly in the de-regulated bone remodeling associated with obesity, diabetes,
inflammatory bowel disease and rheumatoid arthritis (Table 1). In this review we explore the
potential effects of the gut microbiome on bone, first by discussing the potential mechanisms
that explain how changes in microbial populations in the gut can have effects at distant
organs, and second by reviewing preclinical findings linking changes in the gut microbiome
to alterations in bone mass. Lastly we discuss the challenges in the study of bone-
microbiome interactions.

Il. How the Gut Microbiome Affects Distant Organs

Although there are a number of studies demonstrating that the gut microbiome can influence
the natural history of many clinical disorders, the field has been limited in terms of
mechanistic explanations (23), especially with regard to the effect of the microbiome on
organs distant from the gut. Figure 1 illustrates the three potential mechanisms by which the
gut microbiota can influence bone tissues: regulation of nutrient absorption at the gut
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epithelium, regulation of the mucosal and systemic immune system, and translocation of
microbial contents across the gut endothelial barrier.

It is well established that alterations in the gut microbiome can alter nutrient absorption,
including the ability of the host to absorb calories from food. For example, low dose
antibiotics commonly used in livestock feed promote increased animal growth and bone size
by altering the gut flora and increasing caloric absorption from food (24-26). |n addition to
influencing caloric absorption, the intestinal microbiota aids in host and microbial
metabolism through the biosynthesis of vitamins, including cobalamin (B12), biotin (B7),
folate, thiamine (B1), pyridoxal phosphate, pantothenic acid (B5), niacin (B3), vitamin K
and tetrahydrofolate 6:16), These vitamins are absorbed at the gut lining and distributed
throughout the body through the systemic circulation along with nutrients. Vitamins
metabolized in the gut have functions throughout the body, including regulation of the
metabolism of proteins, aiding in the formation of red blood cells, maintenance of the
central nervous system, metabolism of carbohydrates and fat, regulation of cell division and
repair, ensuring proper cardiac function, regulation of blood clotting, and maintenance of
bone mass(16).

The gut microbiome is also known to influence the development and function of the host
immune system. The immune system is stimulated at the gut endothelial barrier by
metabolites released by the gut flora as well as by direct contact between microorganisms
and immune cells (27, The interactions between the gut flora and the immune system are
reciprocal; the immune system regulates commensal composition and localization, while the
interactions with the commensal flora are crucial for the development and function of an
effective immune system (7). Immune cells, including T cells and dendritic cells interact
with the microbial flora at the gut lining and migrate to lymph nodes to activate either pro-
or anti-inflammatory immune responses. These cells also may release soluble pro- or anti-
inflammatory mediators or cytokines into the circulation and by this mechanism modulate
systemic bone remodeling. Additionally, activated immune cells can migrate to the bone
tissues where they can directly regulate bone remodeling by the release of products,
including the potent osteoclast-inducing factor, receptor activator of NF-xp ligand
(RANKLY), or other bone active molecules (2829), Bacteria-derived short chain fatty acids are
well-known regulators of immune cells. They are synthesized by bacterial fermentation of
carbohydrates in the colon where they can act as an energy source for epithelial cells in the
colon, but can also promote the induction and activity of regulatory T cells and thereby
inhibit immune cell responses (27:30-32) The commensal flora also compete with invading
organisms for nutrients and produce antimicrobial molecules and metabolites that hinder
pathogen survival and promote tighter junctions between epithelial cells to prevent
translocation of pathogens into the systemic circulation. Lastly, the gut microbiome plays a
crucial role in immune system development and control by regulating and suppressing
inflammatory responses to food products that can serve as ingested antigens (27:33-36),

The gut microbiome can also influence distant organs by introducing microbial associated
molecular patterns (MAMPS) into the systemic circulation 7). MAMPs such as
lipopolysaccharide, peptidoglycan, flagellin and cell free DNA secreted by bacteria or which
are retained after cell death are sufficiently small enough to be transported across the gut
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endothelial barrier and enter into the systemic circulation. Once distributed to remote organs
such as bone, MAMPs can activate innate or adaptive immune responses to produce local
inflammation. In bone, MAMPs are known to have a direct effect on bone remodeling
through stimulation of innate immune receptors on bone cells, including toll-like receptor 2
(TLR2) (which responds to peptidoglycan) (38), TLR4 (which responds to
lipopolysaccharide) (3940) and TLR5 (which responds to flagellin) 42-43). In addition to the
translocation of MAMPS, viable bacteria can cross the gut endothelial barrier through a
process known as bacterial translocation. Once considered a controversial topic, bacterial
translocation is now a well-recognized phenomenon (445, In individuals with a normal
immune system, bacterial translocation is rare, but in disease states, gut inflammation can
increase intestinal permeability allowing more bacteria to cross the endothelial barrier (46),
Translocation of gastrointestinal bacteria has been detected in patients with bowel cancer,
bowel obstruction, Crohn’s disease, ulcerative colitis, hemorrhagic shock, and trauma (46),
Translocated bacteria are usually killed rapidly by immune cells, but even after induction of
cell death, small amounts of MAMPs may be released into the systemic circulation G7).
Lastly, some bacteria that cross the gut endothelial barrier can penetrate and survive inside
native cells where they avoid an immune response 37:47)_ It is unclear if translocated
bacteria are able to migrate to distant organs (presumably while occupying a host cell),
although evidence that orthopaedic implant infection can start from “hematogenous seeding”
demonstrates that bacteria may travel to bone through the circulatory system (48),

[ll. Evidence of Bone-Microbiome Interactions

There is no single cause of osteoporosis and multiple mechanisms are involved in the
pathogenesis of osteopenia, including for example, poor acquisition of bone mass during
skeletal growth, limited physical activity, poor nutritional history, alterations in sex steroid
hormone levels and genetic background. Additionally, osteopenia can be secondary to other
conditions, including inflammatory disorders such as inflammatory bowel disease or
pharmacological treatments such as glucocorticoids (49:50), To date there is relatively little
direct evidence relating osteoporosis or osteopenia to the state of the gut microbiome,
although there is substantial indirect evidence. For example, gut microbial diversity changes
with age ®1) and is negatively correlated with clinical indices of frailty in the elderly 2.,
Additionally, many of the risk factors associated with the development of osteoporosis and
osteopenia are also associated with alterations in the gut microbiome (Table 1).

Bone Growth

Recent investigations in animal models show that the presence and contents of the gut
microbiota influence the accumulation of bone mass during growth. One of the most useful
tools for studying the gut microbiome are germ-free mice. Germ-free animals are raised in a
sterile incubator and are never exposed to detectable microorganisms and therefore do not
have a microbiome (germ-free incubators are not to be confused with specific pathogen free
facilities) (25354), Additionally, animals raised in a germ-free environment fail to develop a
mature immune system and display altered physiology and organ morphology 3, which is
a recognized limitation of their use, but at the same time they provide one of the best means
of studying the microbiome (). There are conflicting data regarding the effects of a germ-
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free state on bone. An early report showed that germ free 7-9 week old female C57BI/6
mice had increased bone mineral density, 39% greater femoral metaphyseal trabecular bone
volume fraction, reduced osteoclast surface and increased mineralizing surface compared to
conventionally raised animals 7). The bone phenotype in germ-free mice was shown to be
reversible by reconstituting the gut microbiota with flora from a conventionally raised
animal. Partially confirming this finding, a recent study reported that female germ-free
C57BI/6 mice had greater femoral cortical volume and cortical thickness than conventionally
raised mice at 20 weeks of age, although there was no significant change in trabecular bone
volume fraction ®8). In contrast, a study of 8 week old male BALB/c mice reported that
germ-free animals had reduced femoral length, cortical thickness and bone mineral density
compared to animals raised in conventional housing 9. It is unclear if the contradictory
findings among these studies are a result of animal sex, age, or differences between mouse
strain (C57BI/6 v. BALB/c, Table 2, 59)).

Genetic Background

Inbred mouse strains are commonly used for studying the effect of genetic background on
bone phenotype (69). Differences in the gut microbiota have been observed among inbred
mouse strains (1), raising the possibility that the microbiome may contribute to differences
in bone phenotype among some of these mouse strains. The Toll-like receptor 5 (TLR5)
deficient mouse provides an example of how genetic background can alter the microbiome
and organs distant from the gut. TLR5 is the innate immune receptor for bacterial flagellin
and has no known endogenous ligand. Hence, changes in phenotype in the TLR5 deficient
mouse are entirely dependent on host-microbe interactions. In the TLR5 deficient mouse, the
inability to respond to flagellin leads to alterations in the gut microbiota, including reduced
stability of the microbial community and increased expression of flagellin by commensal
flora. Increased flagellin expression leads to increased bacterial motility and increased
translocation of bacteria across the endothelial barrier where the bacteria can trigger an
immune response leading to inflammation in the gut epithelium (62). As a result of increased
gut inflammation, the TLR5 deficient mouse develops mild insulin resistance, low grade
systemic inflammation and mild increases in adiposity mimicking the condition of metabolic
syndrome in humans (63). Of interest, TLR5 deficient mice do not develop the metabolic
syndrome-like traits if they are raised in a germ-free environment or have their gut flora
decimated by chronic oral antibiotic treatment. While the bone phenotype of the TLR5
deficient mouse has not been characterized, it is clear that loss of TLR5 can lead to
alterations in the microbiome that have effects on distant organs, supporting the idea that
some mice may have a microbiome-dependent bone phenotype.

Differential regulation of the microbiome among mouse strains may explain why germ-free
BALB/c mice show reduced bone mass as compared to conventionally raised animals (°9)
while C57BI/6 mice have increased bone mass when raised in a germ-free environment 7).
The potential role of the gut microbiome on bone is illustrated in the model depicted in
Figure 2. Consider a hypothetical mouse strain in which the genetic background leads to the
development of a gut microbial community that results in reduced inflammation and
promotes increased bone mass. Mice from this inbred strain, when raised in a germ-free
environment, would display reduced bone mass as compared to conventionally raised
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animals from the same strain. Alternatively, another mouse strain could develop a
microbiome that enhances pro-inflammatory responses in the gut endothelium, leading to a
reduced bone mass. Germ-free mice from this second strain would show increased bone
mass compared to conventionally raised animals. The capacity of the gut microbiome to
influence bone remodeling therefore has the potential to confound the interpretation of
results in studies that use inbred mouse strains to understand the effect of genetic
background on bone. For example, the bone phenotype in a mouse strain may be sensitive to
factors that influence the microbiome (vendor, environment, etc.); and second, it suggests
that genetic characterization of phenotypes through Quantitative Trait Locus (QTL) or
related analyses 69 may identify bone phenotypes with genes related to regulation of the
microbiome rather than genes that directly regulate bone physiology. In adult humans, bone
mineral density is 50-80% heritable (¢4), an association believed to be dominated by genetic
background as compared to environmental factors. The gut microbiome is also heritable (6%),
and it is unclear to how much heritability of BMD in humans is a result of heritability of gut
flora.

Antibiotic Treatment History

Nutrition

Administration of oral antibiotics represents an environmental factor that can greatly
influence the gut microbiome. Recent studies have reported that antibiotic treatment can
influence skeletal growth and bone mineral content in mice, as measured by whole body
DXA, and that the effects of antibiotics are influenced by sex and age. For example, low
dose antibiotics starting at weaning resulted in increased whole body growth rates early in
life (66.67), Some changes in DXA-derived bone mineral density were observed, but changes
in BMD varied based on animal age and sex (66:67) (Table 2). In another study, pulsed
antibiotic treatment (mimicking isolated rounds of treatment in children) followed by a high
fat diet resulted in increases in bone growth and whole body bone mineral content (68). In all
cases, antibiotic treatment was associated with noticeable reductions in gut microbial
diversity. These studies and others illustrate the important role of the gut microbiome in the
regulation of bone homeostasis, particularly during the period of skeletal growth, and
indicate the need for further investigation examining the relationship between the gut
microbiome, genetic background and bone.

The microbiome can have a profound effect on nutrient absorption and caloric uptake, which
can have direct or indirect effects on bone metabolism. Chronic under nutrition has been
shown to modify the gut microbiome and is associated with impaired bone growth during
adolescence. In a recent study, microbiota from healthy and undernourished children (6-18
months of age) were transplanted into young germ-free mice. Five weeks after microbiota
transplantation, mice receiving gut flora from healthy children saw more rapid increases in
body weight and lean mass than those receiving microbiota from undernourished
individuals (69). Paradoxically, animals receiving gut flora from undernourished donors
showed increased femoral cortical bone volume and bone mineral density compared to
animals receiving microbiota from healthy donors. In a related study, using a different
experimental design, animals raised on a nutrient depleted diet showed impaired bone
growth (reduced bone length) and the effect on bone growth was shown to be ameliorated to
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some degree by monocolonization with specific strains of Lactobacillus or complete
reconstitution of the gut flora 9. While neither of these studies provided information on
bone microstructure or biomechanics, they both clearly demonstrate that in cases of
nutritional deficiency, changes in the microbiota contribute independently to bone growth
and development.

Sex Hormones

Alterations in sex hormones are a primary stimulus for bone loss in humans and recent
investigations show that changes in the gut microbiome are correlated with alterations in
hormone status and bone loss. Germ-free mice demonstrate resistance to bone loss following
pharmacologically-induced estrogen depletion (°8). These effects were attributed to failure to
up-regulate the production of pro-osteoclastogenic cytokines RANKL, tumor necrosis factor
(TNF) and interleukin-17 that occurred in the estrogen-depleted mice grown under standard
conditions. They then showed that treatment of mice grown under standard conditions with
Lactobacillus or commercially available probiotic supplement were completely protected
against bone loss associated with estrogen depletion ®8). Similarly, there are two reports that
probiotic treatment prevented ovariectomy-induced bone loss in mice (79.71), Two studies in
rats suggest that treatment with antibiotics can ameliorate ovariectomy-induced bone

loss (72.73), Interestingly, inflammatory phenotypes associated with altered gut flora can
differ between males and females (63), suggesting that circulating sex hormones may
influence microbiome-dependent phenotypes. In humans, the microbiome is altered during
pregnancy (74, providing further evidence that hormonal status influences the microbiome.
Studies explaining sexual dimorphism in microbiome-dependent bone phenotypes have not
been reported.

Probiotics and Other Clinical Conditions

In addition to preventing estrogen-depletion induced bone loss, oral dosing with
Lactobacillus probiotics has been associated within increased bone density in broader
populations. Mature male mice (14 week old, C57BI/6) treated with Lactobacillus probiotics
for 4 weeks showed a 45% increase in femoral and vertebral trabecular bone volume
fraction, increased bone formation, and a reduction in circulating pro-inflammatory cytokine
expression, but no changes in cortical bone were observed (7). In contrast, females treated
with the same probiotics exhibited no significant changes in bone phenotype or alterations in
circulating inflammatory markers. The increases in bone volume fraction were attributed to
alterations in calcium/and or nutrient absorption in the gut rather than alterations in systemic
inflammation. Additionally, Lactobacillus probiotics were recently shown to prevent bone
loss and alterations in adiposity and bone marrow fat in a model of type | diabetes
(streptozotocin) (7®), an effect attributed to maintenance of Wnt10b expression after
induction of type | diabetes. A series of studies in rats suggest that prebiotics (molecules that
promote growth of beneficial microbes) can mediate bone loss following ovariectomy

(see (77.78) for reviews) and can influence bone acquisition (79:80),

Alterations in the gut microbiome have been observed in other clinical conditions in which
osteopenia develops. For example, inflammatory bowel disease is associated with large
changes in the gut microbiota 1) and patients with inflammatory bowel disease are also at
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risk for osteopenia, osteoporosis and associated fragility fractures (82:83), Osteopenia
associated with inflammatory bowel disease has been attributed to impaired absorption of
calcium, reduced circulating levels of vitamin D and vitamin K or bone loss following
treatment with glucocorticoids (4, but recent studies have indicated that inflammation in the
gut and systemically are associated with enhanced production of potent osteoclastogenic
cytokines, which are key contributors to bone loss, independent of absorption of calcium and
other nutrients (83.8%) Multiple animal models of colitis, including dextran sodium sulfate
dosing, HLA-B27 transgenic rats and IL10 —/— knockout mice display reduced bone mass,
bone volume fraction and bone strength (86-89) and the effects cannot be explained solely by
impaired nutritional absorption (84). Dextran sodium sulfate induced colitis is enhanced in
mice deficient in vitamin D receptor or an enzyme related to vitamin D hydroxylation
(Cyp27B1) 9 and the gut microbiota is also changed, but whether these change in gut
microbiota contribute to impaired bone mass or are simply correlated with alterations in
vitamin D metabolism is not known.

Although existing evidence in mice clearly demonstrates that the microbiome can influence
bone mass and structure, the specific mechanisms behind these changes are not well
understood. Existing data are often conflicting, most likely due to differences in study
design, including animal age and genetic background, as well as the imaging modalities
employed (mouse DXA and/or inconsistent microcomputed tomography resolution). Many
of the characteristics of bone phenotype that are well understood in mice and other animal
models are not well understood in the context of the microbiome. For example, investigation
of how the microbiome influences bone growth and development is limited to a few studies
using mouse DXA. Relatively few of the studies reported to date have described the relative
abundance of the commensal flora or reported correlations between the contents of the gut
microbiota and bone phenotype (59:69.70) None of the studies reported to date have described
the effect of the gut microbiome on bone strength or tissue material properties.

IV. Future Directions

Although the microbiome has been a topic of study since the advent of antibiotics, the
development of high-throughput sequencing technologies over the last decade has allowed
for rapid advancements in the field. These studies have established the importance of the
microbiome in mammalian physiology, but the vast majority of the studies fail to provide
insights into the mechanistic pathways responsible for these effects (23),

While the challenges of studying the effects of the microbiome on the major organ systems
have been described (1), the study of the effects of the microbiome on bone physiology
presents special challenges. First, the relatively slow rate of change of bone presents a
challenge because it is difficult to experimentally create a sustained change in gut flora. For
example, a common approach for manipulating the gut flora is to transfer the microbiota
from a donor into a germ-free animal. When exposed to the new host environment, the
contents of the transferred microbiota change over time (92) but the composition of the
microbiota is rarely sustained long enough for a detectable change in skeletal phenotype (a
month or more in mice). Second, preclinical studies relevant to osteoporosis concentrate on
the adult skeletal phenotype, which requires older animals. Transfer of gut microbiota is not
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as effective in older animals (9394 and the adult phenotype can be quite sensitive to the
timing of microbial exposure (%), making it difficult to study changes in gut flora after
skeletal maturity. Lastly, methods of manipulating the gut flora as a form of treatment
remain poorly understood. Methods of altering an established microbiome, or even replacing
an “unhealthy” microbiome with a “healthy” microbiome are still under development.
Despite these challenges, there is substantial evidence that the microbiome has a significant
effect on bone mass and bone physiology and further studies are needed to not only define
the mechanisms by which the microbiome modulates skeletal phenotype, but also to develop
approaches for manipulating the microbiome to maintain bone homeostasis and function.

We see two major challenges to advancing our understanding the links between the
microbiome and bone. First, there have been few clinical reports linking the constituents of
the gut microbiome to osteoporosis or other bone diseases. Correlations between bone
mineral density and the gut microbiota have not yet been reported, but given the non-
invasive nature of assessment, are feasible and could provide considerable insight. Second,
given the conflicting effects of the gut microbiome on bone in mouse models, it is likely that
the microbiome may be influencing bone phenotype and physiology in many well-
established models. It may be necessary to repeat many well established studies examining
bone growth, mass, structure, strength, and fracture healing under conditions of altered or
disrupted gut microbiota to understand the effects of the gut flora on bone physiology. In
some cases what we now consider to be an established effect of genetic background or a
drug treatment may actually be secondary to regulation of the gut microbiota.
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Figurel.

The gut microbiome can influence remote organs through regulation of nutrient absorption,
regulation of the immune system or translocation of bacterial products. Molecular products
T cells enter the systemic circulation where they can migrate to distant organs
including bone. Abbreviations: DC — Dendritic Cell, EC — Endothelial Cell, MAMPs —

and activated
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Microbiome Promotes Germ Free Animal
High Bone Mass Lower Bone Mass

Microbiome Promotes Germ Free Animal
Low Bone Mass Greater Bone Mass
Figure2.

Absence of gut flora may not have the same effect on bone in all experimental mouse
models. (A) A mouse with a microbiome that supports a high bone mass phenotype. This
mouse shows reduced bone strength when raised in a germ-free environment. (B) A mouse
with a microbiome that promotes a low bone mass phenotype. This mouse shows increased
bone mass when raised in a germ-free environment.
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Table 1

Alterations in the gut microbiota have been associated with many of the factors that cause osteoporosis and/or

fragility fractures.

Contributor to Osteoporosis

Reported Alterationsin Gut Microbiota

Poor acquisition of bone mass during growth
leading to low BMD in adulthood

Absence of gut microbiota associated with altered bone mass in mice (7:59),

Alterations in circulating sex hormones

Chemically induced estrogen depletion does not result in bone loss in germ-free
animals (58)
Probiotic treatment reduces ovariectomy associated bone loss(58.79),

Diet/Nutrition

Gut microbiota regulate production/absorption of vitamins (©)

Aging

Gut microbiota composition is correlated with indices of frailty in the elderly (Barthel
Index, Functional Independence Measures) (52:96),

Obesity/Diabetes

Gut microbiota influence caloric intake and the development of obesity (1065,

Gastrointestinal Disease

Inflammatory Bowel Disease is related to the microbiome and leads to osteopenia
independent of its effects on nutrition (1083.97),
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