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Abstract

Purpose of the Review: Osteoporosis is commonly diagnosed through the clinical assessment 

of bone quantity using bone mineral density, however the primary clinical concern is bone 

fragility. Bone fragility is determined by both bone quantity and bone quality. Over the past decade 

the gut microbiome has emerged as a factor that can regulate diseases throughout the body. This 

review discusses how microbial organisms and their genetic products that inhabit the 

gastrointestinal tract influence bone quantity, bone quality and bone strength.

Recent Findings: Recent studies have shown that the gut microbiome regulates bone loss 

during estrogen depletion and glucocorticoid treatment. A series of studies has also shown that the 

gut microbiome influences whole bone strength by modifying bone tissue quality. The possible 

links between the gut microbiome and bone tissue quality are discussed focusing on the effects of 

microbiome-derived vitamin K.

Summary: We provide a brief introduction to the gut microbiome and how modifications to the 

gut microbiome may lead to changes in bone. The gut microbiome is a promising target for new 

therapeutic approaches that address bone quality in ways not possible with current interventions.
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Introduction

Osteoporosis is characterized by bone loss and degradation of bone architecture leading to 

an increased risk of fracture during normal activities. Although low bone mineral density is 

the primary indicator of osteoporosis, fracture, not low bone density, is the primary clinical 

concern. Clinical fracture is the mechanical failure of the bone and is determined by the 

applied loads (e.g. a fall from standing height) as well as the ability of the bone to resist 

failure. Resistance to mechanical failure is determined by both the bone quantity and bone 
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quality. Understanding the factors that contribute to mechanically relevant components of 

bone quantity and quality is necessary to reduce fracture risk below what is possible with 

current treatments [1•]. Bone quantity and quality are determined by genetic background, 

nutritional history, and hormonal status. The gut microbiome has recently emerged as a 

factor that can have a profound effect on bone quantity, quality and overall bone strength.

The gut microbiome consists of the community of microbial organisms that inhabit the 

gastrointestinal tract, including bacteria, archaea, single celled eukaryotes, viruses and their 

genetic components [2•]. The gut microbiome of a human typically includes more than 1000 

distinct bacterial species that form a complex interacting community [3]. The complex 

microbial communities within the gut are examined using high throughput sequencing to 

determine which organisms are present (taxonomy) as well as the functional capacity 

(metagenomics). Studies of the gut microbiome have opened entirely new avenues for 

understanding disease pathogenesis and potential treatments. The gut microbiome influences 

human health and can contribute to diabetes, inflammatory arthritis, and Alzheimer’s disease 

as well as other conditions [2•]. Recent studies have linked the gut microbiome to bone and 

osteoporosis. The gut microbiome is an enticing target for osteoporosis treatments for a 

number of reasons: First, the gut microbiome has the potential to address aspects of bone 

quantity and quality that are not addressed by current pharmaceutical techniques. Second, 

existing microbiome-based therapeutics such as prebiotics and probiotics are innocuous and 

inexpensive, enabling widespread use [4]. Third, a well-balanced gut microbial community 

is self-sustaining and robust against transient disruptions [5–7]. Hence, an intervention that 

establishes a microbial community beneficial to bone may only need to be applied 

occasionally (for example at the time of screening colonoscopies), thereby avoiding daily or 

even monthly dosing typical of current osteoporosis therapeutics.

Here we review recent studies focusing on the effects of the gut microbiome on bone. 

Although the effects of the gut microbiome on bone quantity and bone loss are discussed, 

the review focuses on the effects of the gut microbiome on bone tissue failure properties 

because resistance to mechanical failure is the primary goal of therapeutics for osteoporosis 

[8, 9]. For more reviews focusing on molecular mechanisms linking the microbiome to 

osteoporosis we refer the reader to other articles [10–13].

Microbial Regulation of Bone

The constituents of the gut microbiome are influenced by host diet, genetics, and physiology 

[14, 15]. There are multiple mechanistic pathways through which modifications to the 

constituents of the gut microbiome influence organs distant from the gut. We have classified 

the mechanisms that link the microbiome to bone in three ways: 1) regulation of nutrient 

absorption, 2) the regulation of the immune system and 3) the translocation of microbial 

molecular components across the gut endothelial barrier [10].

The primary effect of the gut microbiome on nutritional absorption is through regulation of 

inflammation at the gut lining. The gut microbiota can stimulate inflammatory responses in 

gut endothelial cells that lead to excessive inflammation that can hinder the absorption of 

key nutrients [16]. Inflammation at the gut endothelial barrier can influence gut 
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permeability, enhancing the translocation of microbial molecules (see below). Additionally, 

microbes within the gut produce a number of molecules used by the host. The gut 

microbiota is a major source of vitamin B and vitamin K [17, 18]. These vitamins may have 

direct and/or indirect effects on bone biology and the bone matrix. For example, vitamin K is 

necessary to functionalize a number of proteins including osteocalcin, the most abundant 

non-collagenous protein in bone matrix (see below). The absence of matrix-bound 

osteocalcin in bone matrix makes the tissue more brittle and prone to fracture [19]. 

Additionally, vitamin K, by stimulating the xenobiotic receptor on osteoblasts can influence 

bone remodeling and bone mineralization processes [20].

The gut microbiome provides a regular stimulus to the host immune system. Gut microbiota 

are in constant contact with dendritic cells and other immune cells at the endothelial 

boundary. Direct contact with host immune cells can trigger innate and adaptive immune 

responses that lead to the release of pro- and anti-inflammatory cytokines, and the 

stimulation of other resident immune cell populations. Additionally, immune cell 

populations stimulated at the gut lining may migrate to bone where they can influence bone 

remodeling [21] (Figure 1). For example, regulatory T cells (Tregs) activated at the gut 

lining can migrate to the bone marrow and have an effect on bone remodeling in the 

endosteal and trabecular envelopes [22, 23]. Pharmaceuticals that alter the interactions 

between the gut microbiota and the host [24, 25] also have the potential to influence bone 

loss and osteoporosis.

Lastly, microbial molecular products can have a profound effect on the host. Microbial 

products including bacterial proteins (lipopolysaccharide, flagellin, etc.) are known 

collectively as microbe associated molecular patterns (MAMPs) and can initiate 

inflammatory responses in host cells by triggering innate immune receptors. Additionally, 

microbial metabolites released by the gut microbiota can influence the host. Short chain 

fatty acids released by the microbiota have a direct effect on host endothelial cells and are 

also distributed systemically. Butyrate is the most abundant short chain fatty acid produced 

by gut microbes and has a direct effect on epithelial cells that line the colon and also 

regulates Tregs that indirectly promote osteoblast activation and bone formation [26••]. 

Additionally, that butyrate can directly inhibit osteoclast differentiation [27] (Figure 1). 

Recent studies have suggested that probiotics have beneficial effects on the host primarily by 

stimulating increased butyrate production by commensal microbes [22, 23, 26••].

Microbiome-Induced Alterations in Bone Quantity

The primary indicator of osteoporosis and a major determinate of bone strength is bone 

quantity. A number of clinical conditions associated with reduced bone mineral density and 

increased bone fragility are also associated with alterations in the constituents of the gut 

microbiota. However, the clinical studies necessary to link the gut microbiome to reduced 

bone mineral density in humans have not yet been reported. Here we review preclinical 

studies that have shown a relationship between the constituents of the gut microbiome and 

bone geometry and density.
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Preclinical studies in rodents have indicated that the gut microbiome can have a profound 

effect on bone remodeling, bone geometry and whole bone mass [11, 12, 28]. The first 

report showing an effect of the gut microbiota on bone examined germ-free mice. Germ-free 

mice are raised in a completely sterile environment and are never exposed to a live microbe. 

The lack of a microbiome in young germ-free mice is associated with increases in overall 

bone mass and trabecular bone volume fraction [28]. Subsequent studies showed that 

differences in bone mass between germ-free mice and conventionally raised mice are related 

to animal age and the period of exposure to environmental microbes [29]. Both of these 

studies show that chronic oral dosing with a cocktail of broad spectrum antibiotics to 

decimate the gut microbiome (i.e. remove 99% of the microbes) can recapitulate the bone 

phenotype of germ-free mice [30–32].

Recent studies have shown that the presence of gut microbiota influences the amount of 

bone loss in models of osteopenia. Estrogen depletion results in osteopenia in mice, but in 

the absence of a gut microbiota (either using germ-free mice or using cocktails of broad 

spectrum antibiotics) estrogen depletion does not cause substantial bone loss [33]. 

Parathyroid hormone (PTH) dosing has long been known to influence bone, causing 

osteopenia when dosed continuously [34, 35] and causing increases in bone mass when 

provided intermittently [23]. However, in the absence of the gut microbiome, neither 

continuous nor intermittent PTH significantly alters trabecular bone volume fraction [22, 

23]. Glucocorticoid-induced bone loss is a major cause of osteopenia and osteoporosis in 

humans, but when the gut microbiota is depleted in mice, glucocorticoid treatment has 

negligible effects on bone mass [30]. These studies clearly indicate that the microbiome can 

influence both mechanisms of bone loss as well as bone gain, although the components of 

the microbiome (microbial taxa or genes) that promote bone loss and gain are not yet 

known. Ongoing studies seek to determine the role of the immune system and/or changes in 

gut permeability (i.e. “gut leakiness”) that lead to microbiome-induced changes in bone. 

Additionally, these preclinical studies implicate the potential for microbiome-based 

therapeutics that can slow bone loss or even promote bone gain.

Probiotics consist of live microbes and are a widely available microbiome-based intervention 

[13, 28, 36, 37]. Although commonly referred to as “beneficial” microbes, recent studies 

have suggested that many probiotics do not have direct effects on the host but rather provide 

benefits by modifying the activity of other commensal organisms [11]. For example, in a 

study done in mice, an oral probiotic provided to the mice increased the production of 

butyrate in the gut leading to increases in bone formation. The probiotic itself was not a 

source of butyrate, but the presence of the probiotic promoted butyrate production by other 

components of the gut microbiome [26••]. The benefits of probiotics to bone in humans was 

recently demonstrated in a randomized control trial in which daily probiotic dosing was 

shown to reduce postmenopausal bone loss [38••]. Probiotics, however are only the most 

rudimentary microbiome-based therapeutic and their beneficial effects can vary based on 

probiotic species or strain as well as manufacturing quality (proportion of live microbes in 

an oral dose). More refined probiotic approaches are currently in development as are 

therapeutics that directly target the microbiome. The gut microbiome includes over 5 million 

microbial genes [39], many of which may be viable targets for therapeutics that are 

beneficial to bone mineral density.
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Microbiome-Induced Alterations in Bone Tissue Strength

Although the studies reviewed so far have demonstrated an effect of the microbiome on bone 

quantity and/or bone mineral density, relatively little work has been done examining the 

effect of the microbiome on bone fragility. As mentioned above, the primary clinical concern 

for osteoporosis is bone fragility. While bone mineral density is a useful predictor of bone 

fragility, modifications to bone quality can alter bone fragility and fracture risk in ways that 

are not apparent from measures of bone quantity [40]. A number of clinical conditions are 

associated with greater risk of fracture than would be expected from measures of bone 

mineral density, including obesity [41, 42], type 2 diabetes [43, 44], and chronic kidney 

disease [45, 46] – each of these conditions is also associated with noticeable changes in the 

constituents of the gut microbiome [47, 48].

Bone tissue material properties are a major contributor to bone strength and bone fragility 

and are not represented by measures of bone mineral density. The most drastic effects of 

bone tissue material properties on bone strength and fragility are seen in individuals with 

osteogenesis imperfecta, a disease in which alterations in the collagen I protein result in 

bone tissue that is substantially more brittle [49], leading to frequent fractures and associated 

morbidity. Additionally, bone tissue material properties may also be impaired by 

pharmaceuticals. Sodium fluoride, a treatment that increases bone mineral density, leads to 

impaired bone tissue mechanical properties [50, 51] and a corresponding increase in fracture 

risk in patients [52]. There are also findings suggesting that pharmaceuticals can improve 

bone tissue material properties. The anti-resorptive agent raloxifene, in addition to altering 

bone remodeling and bone quantity, can also improve bone tissue material properties [53, 

54].

Modern biomechanical analyses make it possible to estimate whole bone strength from 

computed tomography scans that account for the effects of bone mineral density, whole bone 

geometry and the internal distribution of bone density [55]. More recently, these approaches 

have been shown in clinical studies to be closely associated with fracture risk [56]. These 

modeling approaches, while useful for predicting clinical fracture, are based on experimental 

examinations of bone from otherwise healthy individuals (i.e. individuals with “normal” 

bone tissue quality). However, whole bone strength is extremely sensitive to changes in 

tissue strength. Finite element models of whole bones suggest that extreme alterations in 

bone tissue brittleness can lead to reductions in whole bone strength as great as 50% [57]. 

While 50% reductions are a theoretical maximum, even reductions in whole bone strength 

by 20%, when caused by alterations in bone tissue strength, have the potential to greatly 

alter fracture risk in ways that would not be apparent from bone mineral density. For 

example, in the hip, the relationship between whole bone strength and probability of fracture 

follows a nonlinear relationship [56] (Figure 2). This relationship suggests that a 20% 

reduction in whole bone strength is capable of greatly altering the probability of fracture, 

especially in individuals with osteopenia (Figure 2 illustrates a doubling of fracture risk 

caused by a 20% reduction in whole bone strength). If the alteration in whole bone strength 

is caused by impaired tissue strength, the difference in probability of fracture would not be 

expected from densitometry. In this light, alterations in bone tissue strength that generate 
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even modest changes in whole bone strength may influence fracture risk in ways that are not 

expected from bone mineral density.

Recently our group found that alterations to the gut microbiome in mice during rapid bone 

acquisition (age 1–4 months) could lead to impaired whole bone strength caused by 

impaired bone tissue material properties[58•]. The alterations in bone tissue strength were 

not associated with gut inflammation or nutritional deficiencies (serum calcium was not 

modified nor was body mass or whole bone length), suggesting a more direct link between 

the gut microbiome and bone tissue. While there are many ways in which the gut 

microbiome may stimulate the host leading to changes in bone quantity (see above), 

relatively few are known to alter bone tissue quality [59]. Most discussion of bone tissue 

quality focuses on the chemical changes in bone matrix including collagen cross-links and 

collagen quality, mineral content, non-collagenous proteins, microdamage and osteocyte 

physiology. However, there is relatively little discussion of how these modifications to bone 

tissue quality come about in vivo. Genetic abnormalities (e.g. osteogenesis imperfecta) and 

the accumulation of matrix changes/damage associated with excessive tissue age (the length 

of time the tissue has been present in the body, not to be confused with the age of the 

individual) are well recognized means of modifying bone tissue [59]. Excessive tissue age is 

a likely contributor to bone tissue quality in humans, but is unlikely to explain the alterations 

in bone tissue quality observed in four month old mice.

Our recent work has implicated vitamins produced by the gut microbiota as a factor that 

influences bone matrix quality. Vitamin K is found in the diet but is also produced by the gut 

microbiota and has long been associated with bone health. Clinical studies have associated 

low vitamin K status with fracture risk but not with bone mineral density [60–62], an 

observation consistent with impaired bone tissue material properties. Vitamin K may 

influence bone matrix by regulating the presence of vitamin K dependent proteins in the 

bone matrix such as osteocalcin, the most abundant non-collagenous protein in bone. 

Vitamin K is necessary for the carboxylation of osteocalcin which allows proper binding of 

osteocalcin to bone mineral during bone formation. Insufficient vitamin K leads to an 

increase in the concentration of uncarboxylated osteocalcin in systemic circulation [63]. In 

the absence of osteocalcin, bone matrix is more brittle and less resistant to crack growth [19, 

64]. In addition to regulating non-collagenous proteins such as osteocalcin, vitamin K can 

also directly stimulate the xenobiotic receptors in osteoblasts (SXR/PXR) and thereby alter 

the bone mineralization processes [20, 65]. Guss and colleagues recently associated 

microbiome-induced reductions to bone tissue strength in mice with reduced capacity of the 

gut microbiota to produce vitamin K, reduced vitamin K concentrations in the cecum, liver 

and kidneys, and reduced concentrations of osteocalcin in bone matrix [66••]. Further study 

is required to confirm the association between microbiome-derived vitamin K and bone 

tissue strength. Additionally, it remains possible that the gut microbiome may modulate 

bone matrix properties by stimulating the host immune system and/or the translocation of 

microbial molecular patterns, although mechanisms through which these factors would 

influence bone tissue quality, rather than simply altering tissue quantity, are not clear.

Castaneda et al. Page 6

Curr Osteoporos Rep. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Conclusions and Open Questions

Although substantial attention has been paid to the role of the microbiome in health over the 

past 15 years (especially during the NIH Human Microbiome Project 2007–2016) the 

influence of the microbiome on host physiology has been known since the introduction of 

antibiotics in the early 20th century; the first animal studies of antibiotics showed that oral 

antibiotics influence animal growth including bone size [67–69], an effect attributed 

primarily to changes of the microbes resident in the gut. The idea that modifications to the 

gut microbiome could lead to changes in bone is therefore decades old.

The studies described in this review clearly demonstrate the effect of the microbiome on 

bone, but they raise many questions. First, most of the preclinical studies performed so far 

have looked at relatively young mice (less than 6 months of age) and it is unclear if 

modifications to the gut microbiome can regulate bone quantity and quality in aged animals. 

The ability of the gut microbiome to regulate bone quantity and quality late in life is 

particularly useful for the development of microbiome-based treatments for age-related 

osteoporosis. Second, the mechanisms that link the microbiome to bone remain to be 

determined, although the effects of immune cell populations [26••], circulating hormones 

[29] and microbe-derived vitamins [66••] suggest that there are multiple ways in which the 

gut microbiome may influence bone. Lastly, to our knowledge only a few peer-reviewed 

human studies have looked at the microbiome in the context of bone mineral density [38••]; 

however, none of these studies have reported the composition of the gut microbiota in 

participants, a key analysis that is necessary to identify microbial components that may 

influence bone. Lastly, there are no studies that have examined the microbiome in the 

context of fracture risk. Addressing these questions has the potential to lead to a new 

generation of microbiome-based interventions for osteoporosis that promise to address 

aspects of bone strength and fragility not well addressed by current therapies.
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Figure 1. 
A cartoon illustrating links between the gut microbiome and bone in some of the studies 

discussed in this review [12, 36, 26••, 66••]. Microbial short chain fatty acids, stimulation of 

the immune system and microbe-derived vitamin K have been proposed/shown to influence 

osteoclast and osteoblast activity.
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Figure 2. 
The relationship between probability of hip fracture and whole bone strength determined 

using participant specific finite element models from computed tomography images is 

shown for women and men [70]. The solid line indicates the age-adjusted logistic regression 

model expressing fracture probability v. whole bone strength estimated from finite element 

models assuming normal bone tissue quality (as reported by [56]). Dashed lines indicate the 

95% confidence interval of the logistic regression. An impairment of bone tissue quality that 

reduces whole bone strength by 20% increases the probability of fracture by 100% (red 

single-headed arrows). The range of whole bone strength corresponding to individuals with 

osteoporosis and osteopenia as defined by BMD is indicated [56].
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