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Abstract

Purpose of the Review—The gut microbiota can be considered a hidden organ that plays 

essential roles in host homeostasis. Exploration of the effects of microbiota on bone have just 

begun. Complimentary studies using germ-free mice, antibiotic and probiotic treatments reveal a 

complicated relationship between microbiota and bone. Here we review recent reports addressing 

the effect of gut microbiota on bone health, discuss potential reasons for discrepant findings, and 

explore potential mechanisms for these effects.

Recent findings—Manipulation of microbiota by colonization of germ free mice, antibiotics or 

probiotic supplementation significantly alters bone remodeling, bone development and growth, as 

well as bone mechanical strength. Different experimental models reveal context dependent effects 

of gut microbiota on bone.

Summary—By examining phenotypic effects, experimental context and proposed mechanisms, 

revealed by recent reports, we hope to provide comprehensive and fresh insights into the many 

facets of microbiota and bone interactions.
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Introduction

The gut microbiome is composed of trillions of microorganisms that reside in the 

gastrointestinal tract and encode 150-fold more genes than the human genome. In the last 

decade, there have been significant advances in our understanding of how this diverse set of 

gene products shapes physiology, including well-documented effects on host systemic 

immune function and metabolic parameters, including body weight and systemic insulin 

resistance123. Increasingly, evidence suggests that bone health is also impacted by gut 

microbiota4. Investigation of the impact of gut microbiota on bone physiology primarily 

involves studies performed in mice, utilizing either germ-free (GF) mice or manipulation of 
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the gut microbiota in conventionally raised mice. Data on the connection between the human 

gut microbiome and bone health is very limited.

The gut microbiota can be altered by any of several methods, alone or in combination. 

Antibiotics can be used to broadly deplete microorganisms or specific microorganisms 

believed to confer beneficial effects on the host (probiotics) can be introduced by oral 

administration. Non-digestible dietary fiber and oligosaccharides (prebiotics) also alter gut 

microbial communities by preferential expansion of some species, as well as influencing the 

production of microbial metabolites. The effect of prebiotics on bone has recently been 

reviewed in depth and will not be covered in this review5. A variety of study designs have 

been used to interrogate the impact of the gut microbiome on bone, and the conclusions 

reached have varied substantially. Here, we review recent studies addressing the connection 

between microbiome and bone and discuss potential causes for discrepancies in findings and 

proposed mechanisms by which the microbiome may impact bone. Lastly, we consider 

future directions for this emerging field.

Studying the effects of microbiota on bone using GF mice

GF animals are powerful tools to study the effects of microbiota on bone. Germ-free mice 

are raised in sterile isolators and have never been exposed to microbiota. Therefore, GF mice 

can be used as a “test tube” to examine the effects of specific microbes or communities of 

microbes6. The effect of microbiota on bone has been interrogated by contrasting GF mice 

to a variety of comparator groups. As summarized in Table 1 and discussed below, GF mice 

have been compared to conventionally raised mice, to GF mice colonized with conventional 

microbiota, and to GF mice monoassociated with specific microorganisms. As more data 

become available a more comprehensive view of the effects of microbiota on bone and an 

appreciation of the complexity of the microbial-host interaction is beginning to emerge.

By comparing GF mice with either conventionally raised mice or GF mice colonized with 

normal microbiota at weaning (3 weeks of age), Sjogren et al. found that the presence of 

microbiota lead to lower trabecular and cortical bone mass. The lower bone mass in 

conventionally raised mice was associated with increased osteoclast number both in vivo and 

in vitro, suggesting more active bone resorption.7 Consistent with this, our group colonized 

GF mice with conventional microbiota after sexual maturity and found that colonized mice 

have lower trabecular bone mass and significant increases in the bone resorption marker 

CTX-I one month after colonization8,9. Using a similar strategy, Li et al found decreased 

cortical bone 4 months after colonization, with a less pronounced impact on trabecular bone 

and no significant increase in CTX-I or osteoclast numbers by histomorphometry8. These 

studies differ in both the age at and duration of colonization, both of which may alter the 

impact of microbiota on bone.

Support for duration dependent effects of colonization come from the comparison of GF 

mice colonized for 1 versus 8 months. We found that 8 months after colonization, trabecular 

bone mass was comparable between colonized mice and GF mice, and no difference in 

CTX-I levels was observed, suggesting that the reduced bone mass and increased bone 

resorption after colonization is transient9. Therefore, the duration of colonization should be 
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taken into consideration when evaluating the effect of microbiota on bone mass. Similarly, 

the age at colonization may be critical in determining the magnitude of effect on bone.

In contrast to the above observations, Schwarzer et al. found that femur length is longer, and 

trabecular and cortical bone mass is significantly higher in conventionally raised mice 

compare to GF mice, without affecting the bone mineral density (BMD) 10. Many 

explanations for this discrepancy in the bone mass phenotype of GF mice are possible. 

Schwarzer et al. is the only group that used male BALB/C mice and differences in either 

genetic background and/or sex may explain the discrepancy. Sex-specific effects of 

microbiota on bone have been observed in antibiotic-treated mice. Antibiotic-treated male 

mice had reduced bone mineral content, whereas female mice showed improved bone 

mineral content compared with controls11. It is possible that differences in either microbiota 

composition or host response to microbiota are driven by sex hormones or other sex specific 

factors. Moreover, gut microbial communities can vary widely between facilities12, and 

bacterial composition is likely to contribute to variations between the findings of different 

research groups. For example, Schwarzer et al. showed that mice from a colony 

monoassociated with one Lactobacillus plantarum strain had femur length comparable to 

conventionally raised mice, whereas mice monoassociated with a different L. plantarum 
strain more closely resembled GF mice.

The results of Schwarzer et al. suggest that gut microbiota have an anabolic effect on bone. 

By comparing GF mice with conventionally raised mice, they demonstrated increased femur 

length as well as bone mass in conventional mice10. Using littermate-controlled studies, our 

findings that the bone formation marker P1NP and bone formation rate are significantly 

higher in colonized compared to GF mice, supporting the concept that microbiota can 

promote bone formation. Unlike in humans, the mouse growth plate remains open after 

sexual maturity and longitudinal growth continues, thus allowing us to study the effect of 

microbiota on growth plate after the robust development window. We found that the growth 

plate of colonized mice was significantly thicker, as measured by both micro-CT and by 

histology, and had more hypertrophic chondrocytes. In addition, the secondary ossification 

center displayed qualitatively more active mineral incorporation. These data suggest that 

there is more active endochondral ossification in the colonized mice, which might alter 

longitudinal growth of long bones. Indeed, longer femurs and L5 vertebrae were observed in 

the long-term colonized animals. In addition, the radial growth of the long bone is also 

affected by microbiota, with an enlarged periosteal area and endosteal area in long-term 

colonized mice.9 Since cortical bone is the major determinant of fracture risk, the effect of 

microbiota on cortical bone indicates a critical role for microbiota in bone health.

Studying the effects of microbiota on bone using antibiotics

Although GF animals are powerful tools to study the effects of microbiota, GF individuals 

do not exist outside the laboratory. A number of caveats apply to studies done with GF mice. 

First, the immune system has been shown to impact bone physiology through numerous 

mechanisms, and animals raised in GF isolators do not undergo normal immune system 

maturation13. Second, microbiota exposure directly impacts gut function through effects on 

barrier function, gut vascularity and expression of receptors for some microbial metabolites, 
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any of which could conceivably influence microbial-host interactions14,15. Thus, antibiotic 

treatment may be a more physiologically relevant model for studying the impact of 

microbiota on bone16,17. The gut microbiome is relatively stable in the absence of 

perturbation18, but can be either largely depleted with broad-spectrum antibiotics19 or 

disrupted by using lower dose or more narrow spectrum antibiotic treatment20. Therefore, 

antibiotic treatment has been used by some investigators to study the effects of microbiota 

on bone.21

To test whether endogenous microbiota contribute to the regulation of bone remodeling 

under homeostatic conditions in adulthood, our group treated female SPF mice with broad-

spectrum antibiotics for 1 month, depleting over 99% of resident bacteria in the gut. 

Analogous to the higher bone mass observed in GF mice compared to mice colonized for 

one month, antibiotic treatment increased trabecular bone mass compared to control-treated 

SPF mice. This increase in bone mass was associated with both decreased pro-

osteoclastogenic cytokine production and increased bone formation, as reflected by the 

serum marker P1NP. Thus, the results from antibiotic treatment and short-term colonization 

experiments concurred and suggest that microbiota impact both bone resorption and 

formation. Interestingly, mice treated with oral vancomycin, which is poorly systemically 

absorbed, was sufficient to increase bone mass and decrease P1NP, suggesting that Gram-

positive resident bacteria may play important roles in regulation of bone remodeling by 

microbiota9.

Several studies investigated the effects of microbiota perturbation by antibiotic treatment on 

bone growth in early postnatal development in mice. Cho et al. investigated the effects of 

low dose antibiotics, which have been used to promote growth in livestock by farmers, in 

regulating the metabolic phenotype in mouse model. They showed that low dose penicillin 

(LDP), chlortetracycline, or vancomycin started at weaning increased BMD at 3 weeks of 

age but not at 7 weeks20. Cox et al. tested whether even earlier exposure might have more 

substantial effects by exposing pregnant mice to LDP shortly before pup’s birth and through 

weaning and comparing the effects to mice exposed to LDP post-weaning. In male mice, 

BMD decreased in mice exposed to antibiotic either before or after birth, while in female 

mice exposure to antibiotics at either time point lead to significantly elevated BMD. In both 

genders, the later the antibiotic was administered, the less strong the effects of antibiotic on 

body composition was, suggesting greater host vulnerability to microbiota disruption in 

infancy11. In another study, Nobel et al. test the impact of therapeutic-dose pulsed antibiotic 

treatment (PAT) on microbiota diversity and host growth in mice, with the goal of 

mimicking microbiota perturbation by intermittent antibiotic usage, which is common in 

children. PAT mice developed larger bones than controls, with increased bone mineral 

content, although the strength of the effect varied with the specific antibiotic used22.

One recent paper examined whether disruption of microbiota by antibiotic treatment or 

genetic modulation alter bone biomechanical properties. WT (C57BL/6) and TLR5 KO 

mice, which are known to have altered gut microbiota, were compared. TLR5 KO mice were 

noted to have decreased bone strength as tested by three-point bending tests on femurs, 

despite a larger total cross-sectional area. After treatment with ampicillin and neomycin 

from age 4 to 16 weeks, bone strength of both WT and TLR5 KO mice was decreased 
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compared to untreated animals, after considering the differences in bone cross-sectional 

geometry.23 Further studies are needed to examine whether microbiota alter bone matrix 

properties, explaining the difference in the bone strength noted in this report.

These studies are summarized in Table 2 and together provide strong evidence that 

microbiota regulate bone remodeling, bone development and growth, as well as bone 

mechanical strength. The effect of microbiota perturbation with antibiotics appears to vary 

with age of treatment, sex, and specific antibiotic regimen and duration. A deeper 

understanding of the effect and mechanism of antibiotic treatment effects on bone health will 

likely require a much more nuanced understanding of bacterial community composition and 

how this is altered by antibiotics, age, and sex.

Manipulation of the microbiota with probiotics: effects on bone in health 

and disease

Humans constantly ingest probiotics in the form of fermented foods. Probiotic capsules 

consisting of defined microbial strains or strain mixtures are readily available online and 

over the counter and are taken for a wide variety of reasons. Frequently used probiotic 

strains include species of Lactobacillus, Bifidobacteria, Streptococcus, and species of the 

yeast Saccharomyces, though others have been used as well. Furthermore, there is increasing 

interest in using manipulation of the gut microbiota with specific probiotics to modulate the 

immune system to treat rheumatic autoimmune conditions and inflammatory bowel 

disease24. Given the prevalence of probiotic use, the effects of probiotics on bone health is 

of significant interest. Mccabe et al. have shown that prolonged administration of probiotics 

such as Lactobacillus reuteri decrease intestinal inflammation and increase trabecular and 

vertebral bone mineral density and mass in healthy male mice, but affect female mice only 

under inflammatory setting.25,26 The impact of other probiotic species or combinations of 

species on bone in healthy animals is not known, but several studies examined the bone 

effects of probiotics in a variety of disease models.

Estrogen-deficiency induced bone loss models

The influence of microbiota and probiotic treatment has been studied in hormone deficiency-

induced osteoporosis models. Hormone deficiency can be induced either by surgical 

ovariectomy (Ovx) or sex hormone inhibition. Britton et al. showed that Lactobacillus 
reuteri treatment significantly protected mice from bone loss after Ovx in association with 

reduced levels of a bone resorption marker and decreased osteoclastogenesis. L. reuteri 
suppressed Ovx-induced pro-osteoclastogenic bone marrow CD4 T-lymphocytes and 

directly suppressed osteoclastogenesis in vitro27. Similarly, Ohlsson et al. found that treating 

mice with either the single Lactobacillus (L) strain, L. paracasei DSM13434 (L. para) or a 

mixture of three strains, L. paracasei DSM13434, L. plantarum DSM 15312 and DSM 

15313 (L. mix) protected mice from Ovx-induced cortical bone loss and bone resorption. 

This protection was associated with altered pro-osteoclastogenic cytokines28. In contrast, in 

a rat Ovx model, Parvaneh et al. showed that Bifidobacterium longum supplementation 

increased BMD, but rather than decreasing bone resorption markers they observed an 

increase in bone formation29,30.
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In a recent study, Li et al. used a model of Lupron induced sex steroid deficiency to 

investigate the role of microbiota in bone loss. Interestingly, trabecular bone loss after 

Lupron treatment required the presence of gut microbiota, as bone mass was preserved in 

GF mice. Sex steroid deprivation was shown to increase intestinal permeability and induce a 

signature cytokine profile associated with osteoclastogenesis and osteoporosis. Interestingly, 

the effect of sex steroid deficiency on cortical bone was microbiota independent. Treating 

conventional mice with either Lactobacillus rhamnosus GG (LGG) or the commercially 

available probiotic supplement VSL#3 (but not E. coli) reduced gut permeability, dampened 

intestinal and bone marrow inflammation, and completely protected against bone loss after 

sex steroid deprivation and both decreased bone resorption marker and increased bone 

formation markers8. Cumulatively, these data suggest that the observed effect of probiotic 

treatment may depend on the individual specie(s) contained in the probiotic, the regimen and 

duration of treatment, the bone compartment examined, as well as the estrogen-deficiency 

model used.

Low bone mass in type 1 diabetes models

Type 1 diabetes (T1D) is associated with low bone mass, and the effect of probiotics in T1D 

induced osteoporosis was investigated. Administration of L. reuteri prevented T1D-induced 

bone loss and marrow adiposity in mice. L. reuteri has been reported to inhibit TNF, and 

these investigators proposed that L. reuteri treatment prevented the suppression of Wnt10b in 

diabetic bone by decreasing TNF31.

Microbiota, malnutrition and bone

Microbiota also have a profound effect on nutrient absorption and caloric uptake, and thus 

may affect bone growth in conditions of undernutrition. Selected Lactobacilli strains 

promote Drosophila juvenile growth in the setting of malnutrition32 and in a recent study 

this group further investigated the influence of the microbiota on the somatotropic axis 

during undernutrition. Juvenile mice from colonies monoassociated with either 

Lactobacillus plantarum (Lp) WJL strain or NIZO2877 strain, or maintained GF, were 

weaned to either breeding or a nutritionally depleted diet. Both LpWJL and LpNIZO2877 

monoassociated juveniles gained more weight and body growth compare to GF juveniles, 

with LpWJL having a significantly stronger effect. In the setting of undernutrition, LpWJL-

colonized animals showed a 2-fold increase in weight gain, body length gain, and femur 

length gain compare to LpNIZO2877-associated animals. Interestingly, the quantitative 

difference between the two strains did not result from differences in food and calorie intake, 

as these indexes were similar relative to body weight10. Thus, growth benefits of 

Lactobacillus plantarum appear to be strain specific, further complicating our understanding 

of the impact of probiotics on microbiota and bone.

Chronic undernutrition itself 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 to 18 months of age) were transplanted into 

young GF mice. Five weeks after microbiota transplantation, mice receiving gut resident 

microbes from healthy children saw more rapid increases in body weight and lean mass than 

those receiving microbiota from undernourished individuals. Paradoxically, animals 
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receiving microbiota from undernourished donors showed increased femoral cortical bone 

volume and bone mineral density compared with animals receiving microbiota from healthy 

donors33. Nevertheless, these data demonstrate that in cases of nutritional deficiency, 

changes in the microbiota may contribute to bone growth and development.

Mechanisms underlying microbiota-mediated effects on bone

There is no simple explanation for the reported effects of gut microbiota on bone. Several 

mechanisms have been proposed to explain how the gut microbiome might affect bone at a 

distance. While short chain fatty acids (SCFA), metabolites produced by the microbiota 

during fermentation of dietary fibre, have been reported to have direct effects on osteoclasts 

and osteoblasts,34 it is not clear that the concentration of these metabolites proximal to bone 

cells is adequate to explain the effect of microbiota on bone35. Several mechanisms by 

which microbiota may indirectly regulate bone are discussed below, including regulation of 

immune cells and inflammatory cytokine or hormones and growth factors, and regulation of 

gut epithelial barrier function and nutritional uptake.

Immune mediated mechanisms

Osteoclast differentiation is regulated by pro-osteoclastogenic cytokines, including RANKL, 

TNF, IL-6, IL-1, and IL-1736. Microbiota can profoundly affect immune system maturation, 

inflammatory cytokine production, and T helper cell differentiation. For example, symbiont 

species, such as segmented filamentous bacteria and Bifidobacterium adolescentis, elicit a 

pro-inflammatory immune response by promoting the differentiation of Th17 cells, which 

have been shown to play a role in rheumatoid arthritis and inflammatory bowel disease 

(IBD) induced bone loss37,38. On the other hand, Bacteroides fragilis and Clostridia species 

belonging to clusters IV and XIVa elicit an anti-inflammatory response by inducing Treg 

cells locally in the lamina propria and also in the circulation.39–41 Thus, it is possible that 

microbiota composition can impact bone health by influencing T cell differentiation. Indeed, 

compared to GF mice both conventionally raised and colonized mice have more bone 

marrow CD4+ T cells and higher expression of RANKL, TNF, IL-6 and IL-1 locally in the 

gut, as well as distally in the bone marrow. This correlated with elevated bone resorption 

marker levels8,9. Microbiota effects on pro-osteoclastogenic cytokine production may also 

be mediated by gut endothelial barrier function. Li et al. found that supplementation with 

either of the probiotics LGG or VSL#3 tightened intestinal barrier integrity and decreased 

permeability after Ovx, thus decreasing inflammatory, pro-osteoclastogenic cytokine 

production8. Therefore, gut microbiota can impact bone through alterations in systemic and 

bone marrow immune status, which in turn regulates osteoclastogenesis. Moreover, 

microbiota could alter bone resorption through effects on B-cell production of the osteoclast 

inhibitor osteoprotegerin, as microbiota are known to affect B-cell development42.

Growth factor and hormone mediated mechanisms

Another proposed mechanism by which gut microbiota may affect bone is through 

modulation of growth factor and hormone production. The intestinal microbiome has been 

recognized as a virtual “endocrine organ” both because it influences host hormone levels and 

because some microbes can produce and secret hormones, including serotonin and 
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dopamine. Hormones such as sex-steroids, serotonins, cortisol, and exogenous 

glucocorticoids have a plethora effects on bone, thus microbiota may regulate skeletal 

remodeling through affecting hormone levels4. A recent study by Schwarzer et al. showed 

that growth hormone and IGF-1 levels are higher in conventionally raised neonatal mice 

compared to GF controls10. Our group also reported that colonization significantly increase 

IGF-1 levels in adult mice. In contrast, either broad-spectrum antibiotics or vancomycin 

were sufficient to decrease IGF-1 levels in SPF mice9. IGF-1 is a pluripotent growth factor 

that promotes osteoclast, osteoblast and chondrocyte differentiation through endocrine, 

autocrine and paracrine actions. Thus, modulation of IGF-1 could contribute to microbiota 

effects on osteoclasts, osteoblasts and growth plate. Indeed, treating GF neonates with 

recombinant IGF-1 was sufficient to mimic the effects of colonization on skeletal growth, 

whereas an IGF-1 receptor inhibitor inhibited postnatal bone growth in colonized animals10. 

To investigate the mechanism for microbiota-mediated increases in IGF-1, we administered 

SCFA to antibiotic-treated mice. SCFA supplementation reversed the changes in serum 

IGF-1 levels that were observed in antibiotic-treated mice, indicating that microbiota-

derived SCFAs are sufficient to mediate the observed changes in IGF-1 levels in the host9. 

Whether SCFA affect IGF-1 through their specific G-protein coupled receptors or by acting 

as histone deacetylase inhibitors, and what the target organ of SCFA action is are not known.

Microbiota and sex hormones exhibit reciprocal interactions. Antibiotic treatment lead to 

lower estrogen levels and a correlation between estrogen levels and fecal microbiota 

composition and richness has been found. On the other hand, a triangular link between the 

microbiota, hormones and immunity has been proposed. For example, sex steroid deficiency 

promotes intestinal permeability, thus creating a chronic inflammatory state that increase 

bone resorption8. GF mice have exaggerated cortisol release43, and cortisol and exogenous 

glucocorticoids are known to negatively regulate bone health by decreasing calcium 

absorption, promoting osteocyte and osteoblast apoptosis, and increasing osteoclast 

mediated resorption44. Therefore, it’s possible that microbiota affect bone via modulating 

the cortisol pathway. Serotonin is another possible mediator of the connection between 

microbiota and bone. Gut is the major site of serotonin production, through the actions of the 

enzyme tryptophan hydroxylase (TPH1). Some microbes produce serotonin and several 

studies demonstrate that gut microbiota induce host serotonin production in the gut7,45, 

however the majority of reports suggest that the absence of gut serotonin production in 

Tph1−/− mice has little effect on bone physiology46–48. Therefore, whether induction of 

serotonin is involved in microbiota modulation of bone phenotype still needs further 

investigation.

Nutrition mediated mechanisms

Nutrient uptake could be an important mechanism for effects of microbiota on bone 

remodeling49,50. Gut microbiota plays a pivotal role in food digestion and energy recovery, 

as well as supplying and regulating the production and/or absorption of vitamins. Studies 

comparing GF and conventionalized mice revealed that the microbiota promotes absorption 

of monosaccharides from the gut and induce energy harvest from the diet and energy storage 

in the host35. Moreover, gut microbiota synthesize vitamin K and B-group vitamins51, 

therefore helping to ensure sufficient vitamin intake, especially under conditions of poor 
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nutrition as a result of insufficient food intake or poor eating habits. Gut microbiota also 

regulates calcium absorption, which may be mediated by changing luminal pH and 

increasing calcium solubility5. Therefore, beneficial effects of gut microbiota on nutrition 

uptake and energy harvest could promote host bone health.

Future directions

The effect of the gut resident microbiota on human skeletal health is unknown. The 

translational promise of research into how microbiota impact bone health is the potential for 

manipulating the microbiome or its metabolites to optimize bone health and growth. The 

microbiome of a healthy adult contains approximately 160 bacterial species on average.52 

Although microbial species composition varies widely, the gene products and functionalities 

(the metagenome) represented by these species is more consistent among individuals.53 A 

clearer understanding of the specific bone effects and mechanisms by which gut microbiota 

impact bone growth, turnover and mechanical strength may come from analysis of 

alterations in the metagenome and metabolomics profile induced by specific manipulations 

of the microbiome.

Perturbations in gut bacterial communities, termed dysbiosis, have been observed in a 

variety of chronic inflammatory conditions, including aging, obesity, metabolic syndrome, 

inflammatory bowel diseases and rheumatoid arthritis. Whether dysbiosis in these conditions 

is associated with bone loss, for example, age related bone loss, is an area of active 

investigation. Furthermore, as the links between intestinal dysbiosis and disease strengthen, 

there has been an explosion of interest in manipulation of composition of the resident gut 

microbiota as a therapeutic modality. More than a dozen randomized clinical trials have been 

completed assessing microbiome based therapies in a variety of disease states.54 With the 

rising popularity of probiotics and medical use of probiotics and fecal microbiota transplant 

(FMT) to treat disease, understanding whether these manipulations have unintended 

consequences for bone health is increasingly important.

Acknowledgments

Funding sources: This work was supported by NIH grants AG046257 from the NIA, AR062590 from NIAMS, a 
Faculty Career Development Award from the Brigham and Women’s Hospital and the Bettina Looram Fund.

References

Papers of particular interest, published recently, have been highlighted as:

• Of importance

•• Of major importance

1. Hooper LV, Littman DR, Macpherson AJ. Interactions between the microbiota and the immune 
system. Science. 2012; 336:1268–1273. DOI: 10.1126/science.1223490 [PubMed: 22674334] 

2. Nieuwdorp M, Gilijamse PW, Pai N, Kaplan LM. Role of the microbiome in energy regulation and 
metabolism. Gastroenterology. 2014; 146:1525–1533. DOI: 10.1053/j.gastro.2014.02.008 [PubMed: 
24560870] 

3. Flint HJ. Obesity and the gut microbiota. J Clin Gastroenterol. 2011; 45(Suppl):S128–132. DOI: 
10.1097/MCG.0b013e31821f44c4 [PubMed: 21992951] 

Yan and Charles Page 9

Curr Osteoporos Rep. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4. Charles JF, Ermann J, Aliprantis AO. The intestinal microbiome and skeletal fitness: Connecting 
bugs and bones. Clin Immunol. 2015; 159:163–169. DOI: 10.1016/j.clim.2015.03.019 [PubMed: 
25840106] 

5. Weaver CM. Diet, gut microbiome, and bone health. Curr Osteoporos Rep. 2015; 13:125–130. DOI: 
10.1007/s11914-015-0257-0 [PubMed: 25616772] 

6. Al-Asmakh M, Zadjali F. Use of Germ-Free Animal Models in Microbiota-Related Research. J 
Microbiol Biotechnol. 2015; 25:1583–1588. DOI: 10.4014/jmb.1501.01039 [PubMed: 26032361] 

••7. Sjogren K, et al. The gut microbiota regulates bone mass in mice. J Bone Miner Res. 2012; 
27:1357–1367. This is the first study using germ-free mice to investigate the effect of microbiota 
on bone remodeling and to suggest a link between microbiota-mediated effects on the immune 
system and a pro-osteoclastogenic bone marrow microenvironment. DOI: 10.1002/jbmr.1588 
[PubMed: 22407806] 

••8. Li JY, et al. Sex steroid deficiency-associated bone loss is microbiota dependent and prevented by 
probiotics. J Clin Invest. 2016; 126:2049–2063. This study demonstrates links between sex 
hormone deficiency, decreased gut permeability, and pro-osteoclastogenic cytokine production. It 
also provides data suggesting beneficial effects of probiotics on bone loss caused by sex steroid 
deprivation. DOI: 10.1172/JCI86062 [PubMed: 27111232] 

••9. Yan J, et al. Gut microbiota induce IGF-1 and promote bone formation and growth. Proc Natl 
Acad Sci U S A. 2016; 113:E7554–E7563. This study comprehensively evaluates the bone 
phenotype of both germ-free mice colonized with conventional flora and SPF mice treated with 
antibiotics and demonstrates that microbiota promote both bone formation and resorption with 
the net effect on bone depending on duration of colonization. These studies further suggest that 
the effects of microbiota on bone are mediated by induction of systemic IGF-1, possibly by 
SCFA. DOI: 10.1073/pnas.1607235113 [PubMed: 27821775] 

••10. Schwarzer M, et al. Lactobacillus plantarum strain maintains growth of infant mice during 
chronic undernutrition. Science. 2016; 351:854–857. This study demonstrated that neonatal 
growth and systemic IGF-1 are greater in SPF mice compared to germ-free mice. Further, they 
identified that monocolonization with a specific bacterial strain is sufficient to alter the growth 
hormone-IGF-1 axis and positively impact bone growth in mice under conditions of 
undernutrition. DOI: 10.1126/science.aad8588 [PubMed: 26912894] 

11. Cox LM, et al. Altering the intestinal microbiota during a critical developmental window has 
lasting metabolic consequences. Cell. 2014; 158:705–721. DOI: 10.1016/j.cell.2014.05.052 
[PubMed: 25126780] 

12. Rausch P, et al. Analysis of factors contributing to variation in the C57BL/6J fecal microbiota 
across German animal facilities. Int J Med Microbiol. 2016; 306:343–355. DOI: 10.1016/j.ijmm.
2016.03.004 [PubMed: 27053239] 

13. Macpherson AJ, Harris NL. Interactions between commensal intestinal bacteria and the immune 
system. Nat Rev Immunol. 2004; 4:478–485. DOI: 10.1038/nri1373 [PubMed: 15173836] 

14. Lin L, Zhang J. Role of intestinal microbiota and metabolites on gut homeostasis and human 
diseases. BMC Immunol. 2017; 18(2)

15. Cresci GA, Thangaraju M, Mellinger JD, Liu K, Ganapathy V. Colonic gene expression in 
conventional and germ-free mice with a focus on the butyrate receptor GPR109A and the butyrate 
transporter SLC5A8. J Gastrointest Surg. 2010; 14:449–461. DOI: 10.1007/s11605-009-1045-x 
[PubMed: 20033346] 

16. Laukens D, Brinkman BM, Raes J, De Vos M, Vandenabeele P. Heterogeneity of the gut 
microbiome in mice: guidelines for optimizing experimental design. FEMS Microbiol Rev. 2016; 
40:117–132. DOI: 10.1093/femsre/fuv036 [PubMed: 26323480] 

17. Sommer F, Backhed F. The gut microbiota--masters of host development and physiology. Nat Rev 
Microbiol. 2013; 11:227–238. DOI: 10.1038/nrmicro2974 [PubMed: 23435359] 

18. Backhed F, et al. Defining a healthy human gut microbiome: current concepts, future directions, 
and clinical applications. Cell Host Microbe. 2012; 12:611–622. DOI: 10.1016/j.chom.
2012.10.012 [PubMed: 23159051] 

19. Morgun A, et al. Uncovering effects of antibiotics on the host and microbiota using transkingdom 
gene networks. Gut. 2015; 64:1732–1743. DOI: 10.1136/gutjnl-2014-308820 [PubMed: 
25614621] 

Yan and Charles Page 10

Curr Osteoporos Rep. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



20. Cho I, et al. Antibiotics in early life alter the murine colonic microbiome and adiposity. Nature. 
2012; 488:621–626. DOI: 10.1038/nature11400 [PubMed: 22914093] 

21. Lundberg R, Toft MF, August B, Hansen AK, Hansen CH. Antibiotic-treated versus germ-free 
rodents for microbiota transplantation studies. Gut Microbes. 2016; 7:68–74. DOI: 
10.1080/19490976.2015.1127463 [PubMed: 26744774] 

22. Nobel YR, et al. Metabolic and metagenomic outcomes from early-life pulsed antibiotic treatment. 
Nat Commun. 2015; 6:7486. [PubMed: 26123276] 

23. Guss JD, et al. Alterations to the Gut Microbiome Impair Bone Strength and Tissue Material 
Properties. J Bone Miner Res. 2017

24. Kim D, Yoo SA, Kim WU. Gut microbiota in autoimmunity: potential for clinical applications. 
Arch Pharm Res. 2016; 39:1565–1576. DOI: 10.1007/s12272-016-0796-7 [PubMed: 27444041] 

25. McCabe LR, Irwin R, Schaefer L, Britton RA. Probiotic use decreases intestinal inflammation and 
increases bone density in healthy male but not female mice. J Cell Physiol. 2013; 228:1793–1798. 
DOI: 10.1002/jcp.24340 [PubMed: 23389860] 

26. Collins FL, et al. Lactobacillus reuteri 6475 Increases Bone Density in Intact Females Only under 
an Inflammatory Setting. PLoS One. 2016; 11:e0153180. [PubMed: 27058036] 

27. Britton RA, Probiotic L, et al. reuteri treatment prevents bone loss in a menopausal ovariectomized 
mouse model. J Cell Physiol. 2014; 229:1822–1830. DOI: 10.1002/jcp.24636 [PubMed: 
24677054] 

28. Ohlsson C, et al. Probiotics protect mice from ovariectomy-induced cortical bone loss. PLoS One. 
2014; 9:e92368. [PubMed: 24637895] 

29. Parvaneh K, et al. Probiotics (Bifidobacterium longum) Increase Bone Mass Density and 
Upregulate Sparc and Bmp-2 Genes in Rats with Bone Loss Resulting from Ovariectomy. Biomed 
Res Int. 2015; 2015:897639. [PubMed: 26366421] 

30. Parvaneh K, Jamaluddin R, Karimi G, Erfani R. Effect of probiotics supplementation on bone 
mineral content and bone mass density. ScientificWorldJournal. 2014; 2014:595962. [PubMed: 
24587733] 

31. Zhang J, et al. Loss of Bone and Wnt10b Expression in Male Type 1 Diabetic Mice Is Blocked by 
the Probiotic Lactobacillus reuteri. Endocrinology. 2015; 156:3169–3182. DOI: 10.1210/EN.
2015-1308 [PubMed: 26135835] 

32. Storelli G, et al. Lactobacillus plantarum promotes Drosophila systemic growth by modulating 
hormonal signals through TOR-dependent nutrient sensing. Cell Metab. 2011; 14:403–414. DOI: 
10.1016/j.cmet.2011.07.012 [PubMed: 21907145] 

33. Blanton LV, et al. Gut bacteria that prevent growth impairments transmitted by microbiota from 
malnourished children. Science. 2016:351. [PubMed: 27463660] 

34. Iwami K, Moriyama T. Effects of short chain fatty acid, sodium butyrate, on osteoblastic cells and 
osteoclastic cells. Int J Biochem. 1993; 25:1631–1635. [PubMed: 8288032] 

35. Koh A, De Vadder F, Kovatcheva-Datchary P, Backhed F. From Dietary Fiber to Host Physiology: 
Short-Chain Fatty Acids as Key Bacterial Metabolites. Cell. 2016; 165:1332–1345. DOI: 10.1016/
j.cell.2016.05.041 [PubMed: 27259147] 

36. Jones D, Glimcher LH, Aliprantis AO. Osteoimmunology at the nexus of arthritis, osteoporosis, 
cancer, and infection. J Clin Invest. 2011; 121:2534–2542. DOI: 10.1172/JCI46262 [PubMed: 
21737885] 

37. Wu HJ, et al. Gut-residing segmented filamentous bacteria drive autoimmune arthritis via T helper 
17 cells. Immunity. 2010; 32:815–827. DOI: 10.1016/j.immuni.2010.06.001 [PubMed: 20620945] 

38. Tan TG, et al. Identifying species of symbiont bacteria from the human gut that, alone, can induce 
intestinal Th17 cells in mice. Proc Natl Acad Sci U S A. 2016; 113:E8141–E8150. DOI: 10.1073/
pnas.1617460113 [PubMed: 27911839] 

39. Smith PM, et al. The microbial metabolites, short-chain fatty acids, regulate colonic Treg cell 
homeostasis. Science. 2013; 341:569–573. DOI: 10.1126/science.1241165 [PubMed: 23828891] 

40. Arpaia N, et al. Metabolites produced by commensal bacteria promote peripheral regulatory T-cell 
generation. Nature. 2013; 504:451–455. DOI: 10.1038/nature12726 [PubMed: 24226773] 

41. Furusawa Y, et al. Commensal microbe-derived butyrate induces the differentiation of colonic 
regulatory T cells. Nature. 2013; 504:446–450. DOI: 10.1038/nature12721 [PubMed: 24226770] 

Yan and Charles Page 11

Curr Osteoporos Rep. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



42. Wesemann DR. Microbes and B cell development. Adv Immunol. 2015; 125:155–178. DOI: 
10.1016/bs.ai.2014.09.005 [PubMed: 25591467] 

43. Dinan TG, Cryan JF. Regulation of the stress response by the gut microbiota: implications for 
psychoneuroendocrinology. Psychoneuroendocrinology. 2012; 37:1369–1378. DOI: 10.1016/
j.psyneuen.2012.03.007 [PubMed: 22483040] 

44. Canalis E. Mechanisms of glucocorticoid action in bone. Curr Osteoporos Rep. 2005; 3:98–102. 
[PubMed: 16131429] 

45. Yano JM, et al. Indigenous bacteria from the gut microbiota regulate host serotonin biosynthesis. 
Cell. 2015; 161:264–276. DOI: 10.1016/j.cell.2015.02.047 [PubMed: 25860609] 

46. Brommage R, et al. Adult Tph2 knockout mice without brain serotonin have moderately elevated 
spine trabecular bone but moderately low cortical bone thickness. Bonekey Rep. 2015; 4:718. 
[PubMed: 26229596] 

47. Chabbi-Achengli Y, et al. Decreased osteoclastogenesis in serotonin-deficient mice. Proc Natl 
Acad Sci U S A. 2012; 109:2567–2572. DOI: 10.1073/pnas.1117792109 [PubMed: 22308416] 

48. Cui Y, et al. Lrp5 functions in bone to regulate bone mass. Nat Med. 2011; 17:684–691. DOI: 
10.1038/nm.2388 [PubMed: 21602802] 

49. Hernandez CJ, Guss JD, Luna M, Goldring SR. Links Between the Microbiome and Bone. J Bone 
Miner Res. 2016; 31:1638–1646. DOI: 10.1002/jbmr.2887 [PubMed: 27317164] 

50. Clements SJ, Carding SR. Diet, the intestinal microbiota and immune health in ageing. Crit Rev 
Food Sci Nutr. 2016

51. LeBlanc JG, et al. Bacteria as vitamin suppliers to their host: a gut microbiota perspective. Curr 
Opin Biotechnol. 2013; 24:160–168. DOI: 10.1016/j.copbio.2012.08.005 [PubMed: 22940212] 

52. Qin J, et al. A human gut microbial gene catalogue established by metagenomic sequencing. 
Nature. 2010; 464:59–65. DOI: 10.1038/nature08821 [PubMed: 20203603] 

53. Human Microbiome Project C. Structure, function and diversity of the healthy human microbiome. 
Nature. 2012; 486:207–214. DOI: 10.1038/nature11234 [PubMed: 22699609] 

54. Carlucci C, Petrof EO, Allen-Vercoe E. Fecal Microbiota-based Therapeutics for Recurrent 
Clostridium difficile Infection, Ulcerative Colitis and Obesity. EBioMedicine. 2016; 13:37–45. 
DOI: 10.1016/j.ebiom.2016.09.029 [PubMed: 27720396] 

Yan and Charles Page 12

Curr Osteoporos Rep. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Yan and Charles Page 13

Ta
b

le
 1

Su
m

m
ar

y 
of

 s
tu

di
es

 u
si

ng
 G

F 
m

od
el

s 
to

 s
tu

dy
 th

e 
ef

fe
ct

s 
of

 m
ic

ro
bi

ot
a 

on
 b

on
e

So
ur

ce
St

ra
in

an
d

ve
nd

or

G
en

de
r

T
re

at
m

en
t

ag
e

T
re

at
m

en
t

du
ra

ti
on

G
ro

up
s

M
ic

ro
bi

ot
a

so
ur

ce
/

co
m

po
si

ti
on

B
on

e
m

ea
su

re
m

en
t

F
in

di
ng

s

Sj
og

re
n 

et
 a

l.
C

57
B

l6
/J

Fe
m

al
e

3-
w

ee
k-

ol
d

4 
w

ee
ks

G
F 

vs
. c

on
ve

nt
io

na
l; 

G
F 

vs
. 

co
lo

ni
ze

d
C

ec
al

 c
on

te
nt

 f
ro

m
 C

57
B

L
6/

J 
do

no
r 

m
ic

e
M

ic
ro

-C
T,

 h
is

to
m

or
ph

om
et

ry
, p

Q
C

T
L

ow
er

 b
on

e 
m

as
s 

in
 c

on
ve

nt
io

na
l a

nd
 c

ol
on

iz
ed

 
m

ic
e

Sc
hw

ar
ze

r 
et

 a
l.

B
A

L
B

/c
 m

ic
e

M
al

e
3-

w
ee

k-
ol

d
5 

w
ee

ks
G

F 
vs

. c
on

ve
nt

io
na

l; 
G

F 
vs

. 
L

ac
to

ba
ci

llu
s 

m
on

oc
ol

on
iz

ed
 m

ic
e

L
ac

to
ba

ci
llu

s 
pl

an
ta

ru
m

W
JL

, 
L

ac
to

ba
ci

llu
s 

pl
an

ta
ru

m
N

IZ
O

28
77

M
ic

ro
-C

T
R

ed
uc

ed
 f

em
ur

 le
ng

th
, c

or
tic

al
 th

ic
kn

es
s,

 
co

rt
ic

al
 b

on
e 

fr
ac

tio
n,

 a
nd

 th
e 

tr
ab

ec
ul

ar
 

fr
ac

tio
n 

in
 G

F 
an

im
al

s,
 c

or
tic

al
 B

M
D

 
un

af
fe

ct
ed

L
i e

t a
l.

C
57

B
L

6/
J 

fr
om

 T
ac

on
ic

Fe
m

al
e

10
-w

ee
k-

ol
d

10
 w

ee
ks

G
F 

vs
. c

on
ve

nt
io

na
l; 

G
F 

vs
. 

co
lo

ni
ze

d
co

lo
n 

an
d 

ce
ca

l c
on

te
nt

s 
of

 1
0-

w
ee

k 
ol

d 
C

on
v.

R
 m

ic
e

M
ic

ro
-C

T,
 h

is
to

m
op

ho
m

et
ry

, b
on

e 
tu

rn
ov

er
 

m
ar

ke
rs

T
re

nd
 to

w
ar

ds
 lo

w
er

 b
on

e 
m

as
s 

in
 c

on
ve

nt
io

na
l 

an
d 

co
lo

ni
ze

d 
m

ic
e

Y
an

 e
t a

l.
C

B
6F

1 
fr

om
 N

IA
 (

C
ha

rl
es

 
R

iv
er

)
Fe

m
al

e,
 M

al
e

2-
m

on
th

-o
ld

1 
m

on
th

, 8
 

m
on

th
s

G
F 

vs
. c

ol
on

iz
ed

Fe
ca

l m
at

er
ia

l f
ro

m
 3

 m
on

th
 o

ld
 

N
IA

 m
ic

e
M

ic
ro

-C
T,

 h
is

to
m

op
ho

m
et

ry
, b

on
e 

tu
rn

ov
er

 
m

ar
ke

rs
R

ed
uc

ed
 b

on
e 

m
as

s,
 in

cr
ea

se
 b

on
e 

re
so

rp
tio

n,
 

in
cr

ea
se

 b
on

e 
fo

rm
at

io
n,

 th
ic

ke
n 

gr
ow

th
 p

la
te

 
an

d 
2nd

 o
ss

if
ic

at
io

n 
ce

nt
er

 a
ft

er
 s

ho
rt

-t
er

m
 

co
lo

ni
za

tio
n;

 I
nc

re
as

ed
 b

on
e 

le
ng

th
, p

er
io

st
ea

l 
ar

ea
, a

nd
 e

nd
os

te
al

 a
re

a 
af

te
r 

lo
ng

-t
er

m
 

co
lo

ni
za

tio
n

Curr Osteoporos Rep. Author manuscript; available in PMC 2018 August 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Yan and Charles Page 14

Ta
b

le
 2

Su
m

m
ar

y 
of

 s
tu

di
es

 u
si

ng
 a

nt
ib

io
tic

-t
re

at
ed

 m
od

el
s 

to
 s

tu
dy

 th
e 

ef
fe

ct
s 

of
 m

ic
ro

bi
ot

a 
on

 b
on

e

So
ur

ce
St

ra
in

G
en

de
r

T
re

at
m

en
t 

ag
e

T
re

at
m

en
t 

du
ra

ti
on

G
ro

up
s

A
nt

ib
io

ti
c 

us
ed

B
on

e 
m

ea
su

re
m

en
t

F
in

di
ng

s

C
ho

 e
t a

l.
C

57
B

L
/6

J
M

al
e,

 F
em

al
e

4-
w

ee
k-

ol
d

3 
w

ee
ks

, 7
 w

ee
ks

C
on

tr
ol

 v
s.

 a
nt

ib
io

tic
s

lo
w

-d
os

e 
pe

ni
ci

lli
n,

 
ch

lo
rt

et
ra

cy
cl

in
e,

 
va

nc
om

yc
in

D
E

X
A

In
cr

ea
se

d 
B

M
D

 a
t 

3 
w

ee
k 

bu
t n

ot
 a

t 
7 

w
ee

ks

C
ox

 e
t a

l.
C

57
B

L
/6

J
M

al
e,

 F
em

al
e

B
or

n,
 4

-w
ee

k-
ol

d
U

nt
il 

20
-w

ee
k-

ol
d

C
on

tr
ol

 v
s.

 a
nt

ib
io

tic
 

ad
m

in
is

te
re

d 
be

fo
re

 
bo

rn
 o

r 
w

ea
ni

ng

lo
w

-d
os

e 
pe

ni
ci

lli
n

D
E

X
A

D
ec

re
as

e 
bo

ne
 

m
in

er
al

 c
on

te
nt

 in
 

m
al

e;
 in

cr
ea

se
 

m
in

er
al

 c
on

te
nt

 in
 

fe
m

al
e

N
ob

el
 e

t a
l.

C
57

B
L

/6
J

Fe
m

al
e

10
-d

ay
-o

ld
3 

in
te

rm
itt

en
t 

tr
ea

tm
en

t i
n 

30
-d

ay
 

pe
ri

od

C
on

tr
ol

 v
s.

 a
nt

ib
io

tic
T

he
ra

pe
ut

ic
 d

os
e 

of
 

A
m

ox
ic

ill
in

 a
nd

 ty
lo

si
n 

al
on

e 
or

 c
om

bi
na

tio
n

D
E

X
A

de
ve

lo
pe

d 
la

rg
er

 
bo

ne
s 

th
an

 
co

nt
ro

ls
, i

nc
re

as
es

 
in

 b
on

e 
ar

ea
 a

nd
 

m
in

er
al

 c
on

te
nt

 
w

er
e 

m
os

t 
pr

on
ou

nc
ed

 in
 th

e 
am

ox
ic

ill
in

 g
ro

up

Y
an

 e
t a

l.
B

A
L

B
/c

Fe
m

al
e

2-
m

on
th

-o
ld

1 
m

on
th

SP
F 

vs
. a

nt
ib

io
tic

 
m

ix
tu

re
; S

PF
 v

s.
 

va
nc

om
yc

in

C
oc

kt
ai

l o
f 

am
pi

ci
lli

n,
 

va
nc

om
yc

in
, m

et
ro

ni
da

zo
le

, 
an

d 
ne

om
yc

in
; C

oc
kt

ai
l o

f 
ge

nt
am

ic
in

, c
ip

ro
fl

ox
ac

in
, 

st
re

pt
om

yc
in

, a
nd

 
ba

ci
tr

ac
in

; V
an

co
m

yc
in

 
al

on
e

m
ic

ro
C

T,
 b

on
e 

tu
rn

ov
er

 
m

ar
ke

rs
In

cr
ea

se
d 

bo
ne

 
m

as
s,

 r
ed

uc
ed

 
bo

ne
 f

or
m

at
io

n 
m

ar
ke

r 
in

 
an

tib
io

tic
 tr

ea
te

d 
m

ic
e

G
us

s 
et

 a
l.

C
57

B
L

/6
J,

 
W

T
 a

nd
 

T
L

R
5 

K
O

B
or

n,
 4

-w
ee

k-
ol

d
U

nt
il 

16
-w

ee
k-

ol
d

W
T

 v
s.

 T
L

R
5 

K
O

; S
PF

 
vs

. a
nt

ib
io

tic
s

A
m

pi
ci

lli
n 

an
d 

ne
om

yc
in

m
ic

ro
C

T,
 m

ec
ha

ni
c 

te
st

W
id

er
 a

nd
 s

ho
rt

er
 

fe
m

ur
, a

nd
 le

ss
 

w
ho

le
 b

on
e 

st
re

ng
th

 in
 T

L
R

5 
K

O
; L

es
s 

be
nd

in
g 

st
re

ng
th

 in
 b

ot
h 

W
T

 a
nd

 K
O

 m
ic

e 
tr

ea
te

d 
w

ith
 

an
tib

io
tic

s

A
bb

re
vi

at
io

ns
: B

M
D

: B
on

e 
m

in
er

al
 d

en
si

ty
; D

E
X

A
: d

ua
l e

ne
rg

y 
X

-r
ay

 a
bs

or
pt

io
m

et
ry

; K
O

: k
no

ck
ou

t; 
W

T
: w

ild
ty

pe

Curr Osteoporos Rep. Author manuscript; available in PMC 2018 August 01.


	Abstract
	Introduction
	Studying the effects of microbiota on bone using GF mice
	Studying the effects of microbiota on bone using antibiotics
	Manipulation of the microbiota with probiotics: effects on bone in health and disease
	Estrogen-deficiency induced bone loss models
	Low bone mass in type 1 diabetes models
	Microbiota, malnutrition and bone

	Mechanisms underlying microbiota-mediated effects on bone
	Immune mediated mechanisms
	Growth factor and hormone mediated mechanisms
	Nutrition mediated mechanisms

	Future directions
	References
	Table 1
	Table 2

