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Abstract

Bone provides structure to the vertebrate body that allows for movement and mechanical stimuli 

that enable and the proper development of neighboring organs. Bone morphology and density 

is also highly heritable. In humans, heritability of bone mineral density has been estimated to 

be 50-80%. However, genome wide association studies have so far explained only 25% of the 

variation in bone mineral density, suggesting that a substantial portion of the heritability of bone 

mineral density may be due to environmental factors. Here we explore the idea that the gut 

microbiome is a heritable environmental factor that contributes to bone morphology and density. 

The vertebrae skeleton has evolved over the past ~500 million years in the presence of commensal 

microbial communities. The composition of the commensal microbial communities has co-evolved 

with the hosts resulting in species-specific microbial populations associated with vertebrate 

phylogeny. Furthermore, a substantial portion of the gut microbiome is acquired through familial 

transfer. Recent studies suggest that the gut microbiome also influences postnatal development. 

Here we review studies from the past decade in mice that have shown that the presence of the 

gut microbiome can influence postnatal bone growth regulating bone morphology and density. 

These studies indicate that the presence of the gut microbiome may increase longitudinal bone 

growth and appositional bone growth, resulting differences cortical bone morphology in long 

bones. More surprising, however are recent studies showing that transfer of the gut microbiota 

among inbred mouse strains with distinct bone phenoytpes can alter postnatal development and 

adult bone morphology. Together these studies support the concept that the gut microbiome is a 

contributor to skeletal phenotype.
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1.0 Introduction

Bone is among the most visually compelling components of vertebrate anatomy and 

provides the most compelling information in the fossil record. Functionally, bones 

provide structure for the body as well as contact points for tendons and muscle that 

enable movement. Appropriate prenatal and postnatal development of bone allows for the 

generation of mechanical stimuli that help shape surrounding tissues and organs.

Bone morphology and density are determined by a combination of genetic and 

environmental factors. Multiple lines of evidence suggest that bone morphology is 

heritable. In humans, bone mineral density (BMD), as measured using dual energy x-ray 

absorptiometry (DXA), is the most widely used quantitative metric of bone mass. Bone 

mineral density increases during growth and reaches a peak value in the third decade of life. 

Bone mineral density is then maintained at this peak for several years prior to the initiation 

of age-related decline. The accumulation of bone mineral density during adolescence is the 

most influential determinant of adult bone mineral density [1]. In humans, the accumulation 

of bone mineral density tracks during growth; growing children with low bone mineral 

density tend to have low bone mineral density at later ages [2]. The heritability of adult 

bone mineral density has been reported to range from 50-80% [3], indicating that bone 

mineral density is highly heritable trait. However, the combined information of genome-

wide association studies together explain only ~25% of the variance in bone mineral density 

among individuals [3]. The difference between overall heritability of bone mineral density 

and the degree to which genetics predicts bone mineral density suggests that environmental 

factors may play an important role in determining bone phenotypes.

The gut microbiome is an environmental factor that can influence organs throughout the 

body and has a highly heritable component [4]. The mammalian microbiome consists 

of the microbial communities that inhabit surfaces of the body [4,5]. The majority of 

the mammalian microbiome is present in the gastrointestinal system. The mammalian 

gut microbiome consists of hundreds of distinct microbial species (bacteria, archea, 

viruses, single celled eukaryotes) interacting with one another and with host cells at the 

gut endothelial barrier. The body is first colonized by microbes soon after birth. Over 

the first few years of life the composition of the gut microbial community fluctuates 

considerably until achieving a relatively stable composition [6–8]. The gut microbiome 

is also heritable: maternal transfer of the microbiome soon after birth is among the most 

influential contributors to the establishment of the gut microbiome [9]; and later in life 

components of the gut microbiota are transferable through close contact such as that 

occurring within households and due to familial dietary habits [8,10]. The composition 

of a mature gut microbiota can fluctuate on an hourly or daily basis due to variations in 

diet [11,12]. However, the overall composition of an established gut microbiota are robust 

to perturbations; the vast majority of the microbial composition returns to its prior state 

following a mild or temporary perturbation [5,11,13]. Hence, the composition of the gut 

microbiota is partially heritable and, once established, does not change substantially without 

a large or prolonged stimulus. That the gut microbiota is established at an early age suggests 

that heritable components of the gut microbiota may contribute to the patterns of bone mass 

accrual that determine adult bone morphology and density.
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This review explores the idea that the heritable component of the gut microbiome has the 

potential to influence the adult bone phenotype. We first discuss the heritability of the 

gut microbiome across species, examining the interactions between the gut microbiome 

and evolution of host organisms, and then review recent studies in mice describing how 

differences in the composition of the gut microbiome during growth can lead to distinct bone 

phenotypes at skeletal maturity.

2.0 The Microbiome and the Host

Bacteria represent the earliest cellular life on Earth, predating vertebrates by more than 3 

billion years. The evolutionary history of vertebrates, beginning ~500 million years ago, 

has been shaped continuously by selective forces imposed by bacteria. As vertebrate body 

sites diversified, novel ecological niches arose and were quickly filled by bacteria from the 

external environment [14,15]. These early bacterial inhabitants of vertebrates had profound 

effects on their hosts, driving immunological and morphological adaptations. In turn, 

selection within vertebrate hosts drove specialization of once free-living bacterial lineages, 

generating host-associated symbionts spanning the parasitism–mutualism continuum. Today, 

all vertebrates are colonized by complex assemblages of bacteria containing hundreds of 

species.

Historically, the effects of bacteria on vertebrate evolution have been studied primarily 

in the context of pathogenesis: gut bacterial pathogens can induce phenotypic plasticity 

in individual hosts [16], contribute substantially to mortality in host populations [17], 

and drive the evolution of complex defense mechanisms in host species[18,19]. However, 

current evidence suggests that most bacterial lineages harbored by vertebrates are benign, 

or even beneficial [15]. For example, most bacteria associated with vertebrates reside in 

the gastrointestinal tract, where densities can reach ~1011 cells per milliliter, yet relatively 

few of the constituents of this gut microbiota are known to cause disease in their hosts. 

Instead, experimental evidence indicates that the gut microbiota beneficially contributes 

to the development of a wide range of vertebrate phenotypes. Manipulation of the gut 

microbiota in germ-free and gnotobiotic vertebrates ranging from zebrafish to mice have 

shown that the presence of bacteria is essential for normal metabolism, intestinal and 

immune differentiation, and neuroendocrine function [20–23].

There is emerging evidence that the beneficial effects that gut microbiota provide to 

vertebrates have resulted from millions of years of co-evolution between bacteria and hosts. 

Vertebrate guts are generally devoid of bacteria at birth, and the gut microbiota must be 

assembled anew in each host generation. Accordingly, the composition of the gut microbiota 

can be influenced by environmental variation, including host diet [11], geography [24], 

and temperature [25]. Nevertheless, the composition of the gut microbiota appears to be 

largely determined by host evolutionary history. Across vertebrates, gut microbiota variation 

among individual hosts has been observed to be significantly lower within host species 

than between host species [26], and differences in taxonomic composition between the gut 

microbiota of vertebrate species tend to reflect the evolutionary relationships of the host 

species, an observation that has been termed ‘phylosymbiosis’ [27]. These associations 

between the composition of the gut microbiota and host phylogeny have been observed 
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across diverse vertebrate clades, including primates, rodents, carnivores, reptiles, and birds 

[24,26,28,29]. Moreover, in rodents, compositional differences (based on 16S rRNA gene 

amplicon sequencing) between the gut microbiota of host species have been found to 

remain stable in animals housed under shared laboratory conditions and diets [26,29]. 

These studies have also shown that the association between host phylogenetic history and 

the composition of the gut microbiota remains stable in a shared laboratory environment. 

Together, these observations suggest contributions of innate differences between host species 

to the composition of the gut microbiota.

In addition to the observation that the taxonomic makeup of the vertebrate gut microbiota 

tends to reflect host phylogenetic history, recent work has discovered several examples in 

which individual constituents of the gut microbiota have co-diversified with host species. 

Co-diversification—the process in which two or more interacting lineages speciate in 

parallel—is the hallmark of ancient symbiotic associations. For example, Bacteroides 
and Bifidobacterium are two of the most abundant genera of bacteria in human and 

African ape gut microbiota [29], are vertically transmitted from mother to child [30], 

and contain species that have co-diversified with their hominid hosts over the past ~15 

million years [31]. Phylogenies of Bacteroides and Bifidobacterium strains based on gyrB 
sequences match topologically the phylogeny of hominids, consistent with the maintenance 

of specific lineages of these genera exclusively within diverging host species over tens of 

thousands of host generations. These results indicate that gut bacterial genomes can diversify 

concordantly with host nuclear and mitochondrial genomes. In addition to these examples 

from hominids, evidence of co-diversification between gut microbiota constituents and host 

species has also been observed across a diversity of other mammalian species and may 

extend into other vertebrate clades [32,33].

The long-term stability of the relationships between gut bacteria and vertebrates affords 

opportunities for co-evolution, in which populations of symbionts and hosts reciprocally 

adapt to one another. A history of co-evolution between hosts and gut microbiota 

is supported by recent experimental observations that vertebrate development in some 

cases depends on the presence of a host-species specific gut microbiota. For example, 

transplantation of rat (Rattus rattus) or human (Homo sapiens) gut microbiota into germ-

free house mice (Mus musculus domesticus) stunts the differentiation of T-cells in the 

recipient mice relative to the transplantation of house-mouse gut microbiota [22] . Similarly, 

transplantation of gut microbiota from Gairdner’s shrewmouse (Mus pahari) into germ-free 

house mice stunts host growth rate relative to transplantation of house-mouse gut microbiota 

[34]. Therefore, host-species specific gut microbiota of house mice affect house-mouse 

postnatal development, and differences among host-lineage specific gut microbiota are 

in some cases sufficient to generate phenotypic variation among vertebrates. Together, 

these observations raise the exciting possibility that variation in the gut microbiota may 

contribute to heritable variation in phenotypes among vertebrate lineages that cannot be 

readily explained by host genetic factors.
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3.0 The Microbiome and the Adult Bone Phenotype

The ability of the gut microbiome to influence bone morphology has been recognized since 

the first animal studies of oral antibiotics in the 1920-30s which reported alterations in 

whole body growth as well as bone length and morphology following chronic oral antibiotic 

dosing [35–37]. At the time, the influence of the microbiome on bone was attributed to 

the effect of the gut microbiome on nutrient absorption at the gut lining. Studies in the 

past decade, however, suggest the effect of the microbiome on bone is much more complex 

(Table 1).

Among the first recent studies to report bone phenotypes following alterations to the gut 

microbiome examined the effects of chronic, subtherapeutic doses of oral antibiotics (as 

are commonly applied to farm animals) on growth and overall health [38,39]. Cho and 

colleagues found that chronic, subtherapeutic dosing of oral antibiotics, starting at three 

weeks of age, led to some differences in whole body BMD (noticeable at six weeks of age 

but not at ten weeks of age). Cox and colleagues found low dose penicillin starting as early 

as birth (dosed to the dam before birth) led to measurable differences from untreated animals 

in terms of BMD (in female but not male mice) and differences in bone area (in male but 

not female mice) at 20 weeks of age. These studies were not designed explicitly to examine 

bone and used mouse DXA, a method of assessing bone morphology that has relatively low 

precision. For this reason, it is possible that the reported differences in bone (or lack thereof) 

could be related to limited statistical power.

More recent studies have been designed specifically to understand bone. In a study 

using micro-computed tomography to identify differences in cancellous bone morphology 

between germ-free and conventionally raised mice, Sjogren and colleagues found that germ-

free female C57Bl/6 mice had increased trabecular bone volume fraction and increased 

metaphyseal trabecular volumetric bone mineral density as compared to conventionally 

raised animals [40]. The study was limited, however, to young, rapidly growing animals (7 

weeks of age, see discussion below). Yan and colleagues [41] examined bone in germ-free 

mice and germ-free mice colonized with microbiota from conventionally raised mice. Germ-

free mice had greater trabecular bone volume fraction than mice that had been colonized for 

one month (both groups examined at three months of age). Similarly, Yan and colleagues 

found that decimation of the gut microbial population using a cocktail of oral antibiotics for 

one month led to increases in trabecular bone volume fraction as compared to mice with 

unaltered gut microbiota (again examined at three months of age). Novince and colleagues 

observed greater bone volume fraction in germ free mice compared to specific pathogen free 

animals (although used only n=4/group)[42]. Together these findings would suggest that the 

presence of a gut microbiota leads to reduced trabecular bone volume fraction. However, 

Yan and colleagues also examined mice eight months after introduction of a gut microbiota, 

and found no differences in trabecular bone volume fraction as compared to completely 

germ-free mice (both groups examined at 10 months of age). Similarly, three different 

studies from the Pacifici group did not observe significant differences in the trabecular bone 

volume fraction between germ-free mice and mice colonized for four months (examined at 

five months of age) [43]; or between germ-free, conventionally raised and conventionally 

raised mice in which the gut microbiota was decimated by oral antibiotics (examined at 3 
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months of age) [44,45]. Guss et al. [46] and Luna et al. [47], used oral antibiotics to disrupt 

(but not decimate) the constituents of the gut microbiome for three months of life and did 

not observe differences in trabecular bone volume fraction at four months of age.

A potential explanation for the discrepancy between the cancellous bone phenotypes in 

young (less than 3 month old mice) and older mice is that the presence of a gut microbiota 

does not determine the bone phenotype at skeletal maturity but rather influences rates of 

bone growth. Mice undergo rapid bone acquisition in the first 3-4 months of age after which 

longitudinal bone growth slows drastically (but still continues) [48]. Trabecular bone is 

established in the growth plate and is therefore sensitive to modifications in matrix synthesis 

and remodeling within the growth plate. Changes in rates of bone acquisition may therefore 

generate differences in trabecular bone volume fraction when examined during periods of 

rapid bone growth (2-3 months of age) but would not necessarily result in differences in 

morphological phenotype at skeletal maturity. Consistent with this idea, Yan and colleagues 

reported noticeable differences in the thickness of the growth plate in three month-old 

conventionalized mice as compared to germ-free mice. That the effect of the gut microbiome 

on trabecular bone phenotypes differs between young, growing mice and skeletally mature 

mice highlights the importance of characterizing bone morphological phenotypes in mice 

after growth slows (3-4 months of age as recommended [48]). We conclude from these 

findings however, that the absence or depletion of the gut microbiota, while potentially 

influencing the acquisition of trabecular bone at the growth plate, likely has little effect on 

the amounts of trabecular bone present at skeletal maturity.

The presence of the gut microbiota also influences cortical bone, although it remains 

unclear if the effect increases or decreased metrics of cortical bone geometry. Sjogren 

and colleagues found that young (3 month-old) germ-free mice showed increased femoral 

cortical area as compared to conventionally raised mice [40]. Similarly, Li and colleagues 

reported significant increases in cortical area and cortical thickness at the femoral diaphysis 

in five month old germ-free as compared to conventionally raised mice [43]. However, in 

another study examining three month old mice, Li and colleagues found subtle increases in 

cortical thickness but not cortical area in germ-free mice (suggesting a potential increase 

in measures of cortical geometry in the absence of a gut microbiota), but observed clear 

reductions in cortical area and cortical thickness following decimation of the gut microbiota 

for one month using oral antibiotic cocktails (suggesting that removal of the gut microbiota 

reduces metrics of cortical geometry) [44]. In contrast, Schwarzer and colleagues found that 

young (two month-old) germ-free mice were much smaller than conventionally raised mice 

in terms of whole body mass, whole body length, whole bone length and femoral cortical 

area [49]. Similarly, Yan and colleagues found that adult (10 month old) germ-free mice 

had smaller endosteal and periosteal diameter at the femur midshaft and shorter whole bone 

length in adulthood than mice that had been conventionalized at two months of age, in 

part leading to their conclusion that exposure to the gut microbiota leads to a net increase 

in bone acquisition during life [41]. Guss and colleagues and Luna and colleagues found 

that disruption (but not decimation) of the gut microbiota in mice using narrow spectrum 

antibiotics from 1-4 months of age was associated with small but significant reductions 

in femur length [46,47]. Furthermore, Luna and colleagues observed large reductions in 

metrics of cortical bone morphology (cortical area, moment of inertia) following disruption 
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of the composition of the gut microbiota from 1-4 months of age [47]. These studies support 

the idea that the presence of the gut microbiota influences cortical bone morphology, but 

are not clear whether the effect increases or decreases metrics of cortical bone geometry. 

Perhaps the greatest challenge in interpreting these findings is that only two of the 

studies ([46,47]) adjusted for differences in body weight when comparing cortical bone 

morphology. The morphology of the cortical bone diaphysis is typically correlated with 

whole animal body weight [48] and when there are differences in body weight among study 

groups (as in the Schwarzer paper discussed above) adjustment for body weight is necessary 

for detecting differences in morphological traits that are not simply derived from overall 

animal size [48] (trabecular bone volume fraction discussed above is not strongly correlated 

with body weight). That being said, the majority of the studies indicate that, in the absence 

of a gut microbiota diaphyseal cortical bone is less robust and the long bones are potentially 

shorter.

The most direct demonstration that the gut microbiota influences a phenotype is to show that 

the phenotype can be transmitted through fecal microbiota transfer. Moeller and colleagues 

found that transfer of the gut microbiota from one rodent species to another led to impaired 

whole body growth [34], but did not directly measure bone. Inbred mouse strains provide 

a useful tool for testing this hypothesis within a species. Inbred mouse strains display 

drastically different bone morphology [48] at skeletal maturity and also known to harbor 

distinct gut microbial communities [50]. Tyagi and colleagues [51] used two inbred mouse 

strain with distinct bone phenotypes: the high bone mass mouse (C3H/HeN) and a low 

bone mass mouse (C57Bl/6). The gut microbiota from conventionally raised inbred mice 

was transferred into germ-free mating pairs. The resulting pups were thereby colonized 

with donor microbiota and raised to skeletal maturity (4 months of age). Mice receiving 

gut microbiota from the same inbred mouse strain showed expected bone phenotypes 

(for example, higher trabecular bone volume fraction and measures of femoral cortical 

geometry in the C3H/HeN mice as compared to the C57Bl/6 mice). However, C3H/HeN 

mice colonized by microbiota from the lower bone mass C57Bl/6 mice showed reduced 

trabecular bone volume fraction as compared to C3H/HeN mice (i.e. the trabecular bone 

phenotype was more similar to the donor mouse) and small but significant reductions in 

cortical area and cortical thickness (i.e. the cortical bone phenotype was slightly more 

like that of the donor mouse). However, C57Bl/6 mice receiving gut microbiota from the 

high bone mass (C3H/HeN) mouse did not display noticeably different trabecular bone 

volume fraction but did display small but significant increases in cortical area and cortical 

thickness as compared to mice with C57Bl/6 microbiota. One potential explanation for 

this finding is that the C57Bl/6 mice in the study were colonized with the inflammatory 

gut microbe known as segmented filamentous bacteria (SFB). It is possible that transfer 

of the C57Bl/6 gut microbiota into C3H/HeN mice led to reductions in trabecular bone 

volume fraction due solely as a result of the inflammatory SFB microbe and not any other 

components of the C57Bl/6 microbial community. Such a possibility would be consistent 

with the observation that C57Bl/6 mice receiving microbiota from C3H/HeN donors did 

not experience increased trabecular bone volume fraction. A potential limitation of the 

study is that evaluation of cortical bone did not adjust for body mass (see above). Despite 

these limitations, the reductions in trabecular bone volume fraction in the C3H/HeN mice 
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receiving microbiota from a low bone mass mouse (C57Bl/6) indicate that the adult bone 

phenotype can be modulated by the gut microbiota, especially in the presence of highly 

inflammatory commensals.

4.0 Conclusions and Areas of Future Investigation

Together the findings reviewed here demonstrate that the gut microbiota is a factor that 

has co-evolved with vertebrates and can have a profound effect on postnatal development 

including effects on bone length, morphology and density. Furthermore, the effects of the 

gut microbiome on bone appear to depend on the state of postnatal development at the 

time of modification of the gut microbiota (growing v. skeletally mature). These findings 

raise the possibility that differences in composition and/or function of the gut microbiome 

contribute to heritability of bone morphological phenotypes that are currently attributed to 

host genotype.

The observation that transfer of the gut microbiome from one mouse strain to another may 

also partially transfer the bone phenotype suggest that some of the distinct bone phenotypes 

among inbred mouse strains currently used to study genetics [48] are determined, in part, by 

differences in the composition of the gut microbiota [50]. If confirmed in subsequent studies, 

it may be necessary to control the composition of the gut microbiota when using inbred 

mouse strains to study the genetic determinants of bone morphology. It remains to be seen if 

the composition of the gut microbiome is correlated with bone mineral density in humans.

As the study of the microbiome and bone is in its early stages, there are many details that 

remain unknown. The studies reviewed here focused on drastic changes in the composition 

of the gut microbiota (presence/absence) although a few of the reports examined more 

subtle changes in the composition of the gut microbiota (disruption of the gut microbiota 

as opposed to decimation of the gut microbiota). Additionally, most of the studies to date 

have focused only on the long bones (femur in mice) and the effects of the gut microbiome 

on other parts of the skeleton has not been as well studied. Although the studies to date 

indicate an effect of the gut microbiome on growth patterns, none have directly addressed 

the role of the gut microbiome on postnatal bone growth through longitudinal and/or cross-

sectional studies exploring the effects of the gut microbiome bone at different points in 

time during growth and maturation. Studies focusing on the effects of the gut microbiome 

on endochondral ossification at the growth plate and intramembranous ossification at the 

periosteal and endosteal surfaces at different ages in life are needed to provide insights on 

molecular mechanisms of bone development that are regulated by the gut microbiome and 

to identify potential targets for therapeutic interventions. Key questions include the degree 

to which the composition of the gut microbiome determines bone phenotypes at skeletal 

maturity as well as the points during growth when the gut microbiome has its greatest 

influence. Lastly, and most importantly substantially more work must be done to determine 

the underlying mechanisms that regulate bone morphology during growth and development. 

Several mechanisms have been proposed including the effect of the gut microbiome on 

immune cells at the gut lining that subsequently migrate to the bone marrow [52,53], 

vitamins produced by the gut microbiota [54] and the effects of circulating microbial 

proteins or metabolites such as lipopolysaccharide and butyrate [55,56].
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Another exciting avenue for future work will be interrogating the degree to which the gut 

microbiota generates variation in bone among host populations and species. Humans and 

other mammals display immense variation in bone density, which affects processes ranging 

from fossilization [57] to fitness in extant populations [58], yet the relative contributions 

of environment and genetics to this variation remains poorly understood. Experiments in 

gnotobiotic hosts in which microbiota from divergent mammalian lineages are reciprocally 

transplanted under a common environment have the potential to directly measure the 

contribution of the gut microbiota to divergence in bone phenotypes.
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Table 1.

Summary of studies to date examining the role of the gut microbiome on bone.

Study Animal Age (manipulation Cancellous Bone Cortical Bone

Sjogren et al. 2012 
[40]

2 month old mice (germ-free v. 
conventional)

Increased in Germ-free mice Increased in Germ-free mice

Cho et al. 2012 [38] < 2 month old mice Oral antibiotics influence BMD in young but not older mice

Schwarzer et al. 2016 
[49]

2 month old mice (germ-free v. 
conventional)

Reduced in Germ-free Reduced in Germ-free

Cox et. al. 2014 [39] 5 month old mice Oral antibiotics influence BMD in young but not older mice

Yan et al. 2016 [41] 3 months old (germ-free v. 
conventionalized at 2 months of age)

Increased BV/TV in Germ-free 
mice or following decimation of 
the gut microbiota with antibiotics

NR

Novince et al. 
2017[42]

3 months of age (germ-free v. specific 
pathogen free)

Increased BV/TV in Germ-free 
mice (n=4/group)

No differences in cortical 
geometry observed.

Li et al. 2020 [44] 3 months of age(germ-free v. 
conventional)

No differences in trabecular 
BV/TV

Germ-free increased cortical 
thickness but not cortical area

Li et al. 2020 [44] 3 months of age (untreated v. decimation 
of gut microbiota starting at 1.5 months of 
age)

No differences in trabecular 
BV/TV

Cortical area and thickness 
reduced with decimation of the 
gut microbiota

Guss et al. 2017 [46] 4 months of age (untreated v. disruption of 
microbiota starting at 1 month of age)

No differences in trabecular 
BV/TV

Disruption of gut microbiota 
causes small reduction in 
femur length; no differences in 
cortical geometry

Luna et al. 2021 [47] 4 months of age (untreated v. disruption of 
microbiota starting at 1 month of age)

No differences in trabecular 
BV/TV

Disruption of gut microbiota 
caused small reductions in 
femur length; reductions in 
measures of cortical geometry

Yu et. al. 2020 [45] 4.5 months of age(untreated v. decimation 
of gut microbiota starting at 3.5 months of 
age)

No differences in trabecular 
BV/TV

No differences in measures of 
cortical geometry

Li et al. 2016 [43] 5 months of age (germ-free v. 
conventionalized at 1 month)

No differences Germ-free v. 
Conventional

Increased cortical cross-
sectional area in Germ-free 
mice

Yan et al. 2016 [41] 10 months old (germ-free v. 
conventionalized at 2 months of age)

No difference Germ-free v. 
conventionalized mice

Germ-free mice have reduced 
cortical geometry
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