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Abstract

Modifications to the constituents of the gut microbiome influence bone density and tissue-level 

strength, but the specific microbial components that influence tissue-level strength in bone are 

not known. Here we selectively modify constituents of the gut microbiota using narrow spectrum 

antibiotics to identify components of the microbiome associated with changes in bone mechanical 

and material properties. Male C57BL/6J mice (4 weeks) were divided into seven groups (n=7–

10/group) and had taxa within the gut microbiome removed through dosing with: 1) ampicillin; 

2) neomycin; 3) vancomycin; 4) metronidazole; 5) a cocktail of all four antibiotics together 

(with zero-calorie sweetener to ensure intake); 6) zero-calorie sweetener only or; 7) no additive 

(untreated) for 12 weeks. Individual antibiotics remove only some taxa from the gut while the 
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cocktail of all four removes almost all microbes. After accounting for differences in geometry, 

whole bone strength was reduced in animals with gut microbiome modified by neomycin 

(−28%, p=0.002) and was increased in the group in which the gut microbiome was altered by 

sweetener alone (+ 39%, p < 0.001). Analysis of the fecal microbiota detected seven lower ranked 

taxa differentially abundant in animals with impaired tissue-level strength and 14 differentially 

abundant taxa associated with increased tissue-level strength. Histological and serum markers of 

bone turnover and trabecular BV/TV did not differ among groups. These findings demonstrate that 

modifications to the taxonomic components of the gut microbiome have the potential to decrease 

or increase tissue-level strength of bone independent of bone quantity and without noticeable 

changes in bone turnover.

Introduction

Whole bone strength and risk of fragility fracture are influenced by bone quantity and bone 

quality. Bone quantity is assessed clinically through measures of bone mineral density. Most 

pharmaceutical interventions primarily address bone mineral density (1), but have an indirect 

and/or small effect on bone quality at the tissue level(2). To move the field forward and 

reduce fracture risk beyond what is currently possible, there is a need for new approaches to 

address bone tissue quality.

The microbiome has recently been identified as a factor that can influence bone quantity and 

bone quality(3–6). The gut microbiome is composed of the microbial organisms that inhabit 

the intestines and their genetic components. The gastrointestinal tract of an individual 

includes hundreds of distinct microbial species(7). The gut microbiota can influence the 

host by regulating nutrient and energy absorption, producing vitamins and other useful 

metabolic byproducts, and by stimulating the host immune system at the gut lining(5,8). 

The gut microbiome is an enticing target for therapies because microbiome-based therapies 

have the potential to be inexpensive, have few side effects, and the potential to provide 

long-term benefits from a single intervention (such as a fecal microbiota transplantation), 

thereby avoiding daily dosing/supplements(9).

Recent investigations in animal models have shown that the constituents of the gut 

microbiome influence bone mass and bone remodeling(10–16). In mice, the complete absence 

of the gut microbiota and/or decimation of the gut microbial population with broad-spectrum 

antibiotics alters bone mineral density and/or bone volume fraction, but the effect depends 

on animal age, sex, genotype, and duration of dysbiosis-inducing stimuli(3,10,11,13–16). 

Recently, we found that changing the constituents of the gut microbiota using chronic 

oral antibiotics (ampicillin+neomycin) in mice leads to impaired whole bone strength 

that could not be explained by alterations in bone geometry, indicating bone impaired 

strength of the bone matrix itself (3). The strength of the bone matrix is referred to here 

as “tissue strength” to differentiate it from “whole bone strength” (whole bone strength 

is determined by both bone geometry and tissue strength). The finding demonstrates that 

the gut microbiota can influence bone tissue quality. Subsequent metagenomic analysis of 

the gut microbiota-associated reductions in bone tissue strength with reductions in: a) the 

capacity of the gut microbiota to produce vitamin K; b) microbe-derived vitamin K in the 

Luna et al. Page 2

J Bone Miner Res. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



gut, kidney and liver; and c) concentrations of the vitamin K dependent protein osteocalcin 

in bone matrix(4).

Our past studies showed that modifications to the microbiota can alter bone tissue quality, 

but there is limited information about which of the hundreds of distinct microbes within the 

gut microbiota influence bone tissue quality. While analysis of microbial sequence data can 

help to identify taxonomic and/or functional components of the gut microbiota associated 

with a phenotype(4), such studies are enhanced by experimental strategies that generate 

distinct gut microbial communities. One experimental approach is to selectively deplete 

(i.e. “knock out”) components of the gut microbiome using different narrow spectrum 

antibiotics to remove only some components of the gut microbiota and determine which of 

the modifications to the gut microbiome result in a phenotype of interest. Although selective 

removal of some components of the gut microbiota with narrow spectrum antibiotics 

has been used to isolate gut microbial communities that influence resistance to cancer 

cell growth(17), the approach has not yet been applied to identify pathways linking the 

microbiome to bone.

The long-term goal of the current research is to identify microbiome-based interventions that 

can enhance bone tissue quality and reduce fracture risk. In the present study, we selectively 

deplete components of the gut microbiota as a means of identifying microbial components 

associated with impaired bone tissue strength.

Methods

Study Design

Animal procedures were approved by the local Institutional Animal Care and Use 

Committee. C57BL/6J mice were acquired (Jackson Laboratory, Bar Harbor, ME, USA) 

and bred via homozygous mating in a conventional animal facility. Breeder animals were 

housed in plastic cages filled with ¼-inch corn cob bedding (The Andersons’ Lab Bedding, 

Maumee, OH, USA), provided standard laboratory chow (Teklad LM-485 Mouse/Rat 

Sterilizable Diet including 80 mg/kg of menadione as a source of vitamin K activity, 

Envigo Diets, Madison WI, USA) and water ad libitum, and provided a cardboard refuge 

environmental enrichment hut (Ketchum Manufacturing; Brockville, ON, Canada). Mice 

were housed with their dam until weaning at 3 weeks of age. At 4 weeks of age, male 

mice (n=64) were divided into seven groups (n=7–10/group). A sample size of n=7 was 

expected to detect differences in whole bone strength relative to section modulus observed 

in our prior work (3), although additional animals were available in some litters and 

were included in the study. Animals were housed in cages consisting of 3–5 animals 

taken from 2–3 different breeding cages. Bedding from breeding cages was mixed and 

placed in each new experimental cage. A distinct gut microbiota was induced in each 

of the groups using the following supplements in drinking water: ampicillin (Amp, n=8, 

1g/L, MilliporeSigma, Burlington, MA, USA), neomycin (Neo, n=9, 1g/L, MilliporeSigma, 

Burlington, MA, USA), metronidazole (Metro, n=7, 1g/L, Covetrus, Portland, ME, USA), 

vancomycin (Vanco, n=7, 0.5 g/L, PhyloTech Labs, Lenexa, KS, USA), a cocktail of the 

four antibiotics in drinking water with zero-calorie sweetener (18)(n=7, ampicillin 1g/L, 

neomycin 1g/L, metronidazole 1g/L, vancomycin 0.5 g/L, sweetener 10g/L), zero-calorie 
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sweetener only control (n=9, 10g/L) or untreated control (n=10, Supplementary Table 

S1). The cocktail of all four antibiotics is commonly used in microbiome research and 

depletes the gut microbial population (99.9% removal(19)) thereby mimicking the complete 

absence of a gut microbiome seen in germ-free mice(18). Under veterinary advice, artificial 

zero-calorie sweetener was included with the cocktail of antibiotics to ensure sufficient 

water intake by the animals and mask the bitterness of the combined antibiotics. The 

zero-calorie sweetener consisted of aspartame, dextrose with maltodextrin, and acesulfame 

potassium (Equal, Merisant Company, Chicago, IL, USA, 10 g/L). The individual antibiotics 

each primarily target distinct sub-populations of the bacterial community (Gram +, Gram 

-, anaerobes, etc., Supplementary Table S1). Hence, these interventions were selected to 

generate seven distinct gut microbiota and were not intended to be a comparison of different 

antibiotics and/or artificial sweetener. Treatment throughout growth simulates the effect 

of alterations of the microbiome on the development of the bone phenotype at skeletal 

maturity(20). At 16 weeks of age animals were fasted for four hours, and blood serum 

and fecal pellets were collected immediately before euthanasia. Epididymal fat pad, cecal 

contents, and colons were collected immediately after euthanasia.

Taxonomic Composition of the Fecal Microbiota

Fecal samples were collected at 16 weeks of age from two mice per cage (n=6/group, 

gut microbiota shows little variation within a cage). DNA was isolated from fecal samples 

using the DNeasy PowerFood Microbial Kit (QIAGEN, Hilden, Germany) according to the 

manufacturer’s instructions. DNA isolation and next-generation sequencing were conducted 

according to previously published methods(3,21,22). The core-metrics-phylogenetic method in 

QIIME2 was used to compute alpha diversity (Shannon Diversity, within sample) and beta 

diversity (UniFrac distance, between samples). Taxonomies were assigned using QIIME’s 

machine learning classifier trained on Greengenes sequences (version 13_8). Samples from 

the cocktail group were excluded from microbiota analysis because the cocktail dosing 

depletes the microbial population (95% reduction in population as measured by qPCR reads, 

Fig. S1). Sequences are publicly available through the Sequence Read Archive under the 

accession number PRJNA625754 (http://www.ncbi.nlm.nih.gov/Traces/sra, National Center 

for Biotechnology Information, Bethesda, Maryland, USA)(23).

Femoral Geometry of Mid-diaphyseal Cortical Bone

The right femora were harvested, wrapped in saline soaked gauze and stored in an airtight 

container at −20°C. Images of the femoral diaphyseal cross-section were obtained by 

micro-computed X-ray tomography with a voxel size of 25 μm (eXplore CT 120, GE, 

Fairfield, CT, USA; 80 kVp, 32 μA, 100 ms integration time). A Gaussian filter was used 

to remove noise and a global threshold (determined as the average of those selected by a 

user across all samples, 1220 HU) was used to segment mineralized tissue from surrounding 

nonmineralized tissue. Cross-sectional geometry of the mid-diaphyseal cortical bone was 

determined using a volume of interest extending 2.5% of total bone length(3) and centered 

midway between the greater trochanter and lateral condyle (BoneJ, version 1.3.3). The total 

area, cortical cross-sectional area, cortical thickness, marrow area, moment of inertia (I) 

about the medial-lateral axis (the direction of loading), distance from the neutral axis to 

the edge of the bone surface (c), and section modulus (I/c) were determined. Geometric 
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measures are reported as original, unadjusted values (values adjusted for body weight are 

provided in the Supplementary Material(20)).

Mechanical Testing

The right femora were thawed to room temperature in saline and, while hydrated, tested 

in the anterior-to-posterior direction to failure in three-point bending at a rate of 0.1 mm/s 

using a span length of 6.25 mm between outer loading pins (858 Mini Bionix; MTS, Eden 

Prairie, MN, USA). Force and displacement measurements were gathered using a 45 kg (100 

lbs.) load cell (SSM-100; Transducer Techniques, Temecula, CA, USA, accuracy confirmed 

through manual calibration each week) and a linear variable differential transducer at a 

100-Hz sampling rate. Peak bending moment was determined using standard techniques(20). 

Additionally, the relationship between whole bone strength and section modulus was 

examined as an indicator of modifications in tissue-level strength, referred to here as tissue 

strength (such an approach avoids assumptions used when calculating ultimate stress using 

beam theory (24)).

Bone Histomorphometry, Blood Serum Analysis, and Metaphyseal Cancellous Bone 
Morphology

Intraperitoneal injections of the bone formation marker calcein (20mg calcein/ Kg body 

weight) were given to the mice at 3 and 11 days before euthanasia. The left femur was 

embedded undecalcified in methyl methacrylate, and sectioned using a diamond wafering 

saw (Buehler, Lake Bluff, Illinois). Images were collected using confocal microscopy with a 

488nm argon laser line and a 0.6 pixels/micron resolution (LSM880 Confocal/Multiphoton 

Inverted Microscope (i880), Zeiss, Oberkochen, Germany). Mineralizing surface and 

mineral apposition rate of cortical bone on the mid-diaphysis of the femur were traced 

using ImageJ (version 1.52a, National Institute of Health, Bethesda, Maryland, USA) and 

calculated using standard approaches(25).

Whole blood was collected at euthanasia via cardiac puncture. Serum was isolated and sent 

to the Duke Molecular Physiology Institute Biomarkers Shared Resource for an ELISA 

analysis (RatLaps™ (CTX-I) EIA and Rat/Mouse PINP EIA, immunodiagnostic systems, 

East Boldon, UK). Serum was analyzed for cross linked c-telopeptide of type I collagen 

(CTX-I, a marker of bone resorption) and procollagen I N-terminal propeptide (PINP, a 

marker of bone formation).

The distal ends of the left femurs that were embedded in methyl methacrylate and 

imaged (n=6 per group) using microcomputed tomography (μCT35; Scanco Medical AG, 

Switzerland; 55 kVp, 145 mA, 600 ms integration time, 10 μm voxel size). Images were 

collected at the distal metaphysis of the femur and the trabecular bone segmented from 

the cortical shell manually. An average global threshold for all samples (3090 HU) was 

used to identify mineralized trabecular bone regions (26). Measurements of trabecular 

microarchitecture were made using BoneJ to determine bone volume fraction (BV/ TV), 

trabecular thickness (Tb.Th), trabecular number (Tb.N), and trabecular separation (Tb.Sp).
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Fourier-transform Infrared (FTIR) Spectroscopy Analysis

FTIR spectroscopy was used to evaluate the compositional properties of the femoral mid-

diaphysis of tissue from experimental groups that showed significantly altered tissue-level 

strength. After mechanical testing, the broken femora were homogenized into pellets for 

FTIR analysis as described previously(27). Briefly, bone tissue specimens were powdered 

by cryomilling, combined with a KBr in a 1:100 bone powder:KBr ratio, and pressed into 

pellets with a hydraulic press. Absorbance spectra were gathered via FTIR over the range 

800–2000 cm−1. Spectra were analyzed using chemical imaging software (ISys, Malvern 

Panalytical Ltd, Malvern, UK), in which mineral and organic peak areas and intensities 

were calculated to quantify bone tissue composition. Five compositional outcomes were 

calculated 1) the mineral:matrix ratio (ν1- ν3 PO4 [916–1180 cm−1]: Amide I [1596–

1712 cm−1]) a measure of the extent of mineralization of the collagen matrix(28), 2) the 

carbonate:phosphate ratio (ν2 CO3 [852–890 cm−1]: ν1- ν3 PO4 [916–1180 cm−1]) a 

measure of the extent of carbonate substitution into the mineral crystal lattice, 3) mineral 

crystallinity(XST) (peak intensity ratio 1030 cm−1: 1020 cm−1) a measure of bone mineral 

crystal size and stoichiometric perfection(29), 4) collagen maturity (XLR) (intensity ratio 

1660 cm−1:1690 cm−1) a measure of the extent of enzymatic crosslinking in the secondary 

structure of collagen(30), and 5) mineral acid phosphate content (intensity ratio 1126 cm−1: 

1096 cm−1) a measure of the extent of protonation of phosphate molecules in the mineral 

crystal lattice(31).

Associations between Gut Microbiota and Bone Phenotypes

The functional capacity of the microbial community was estimated from the 16S rRNA 

sequence results with the PICRUSt software (version 1.1.4, https://picrust.github.io/picrust/

index.html)(32) using reference genomes to predict functional pathways for experimental 

groups that showed significantly altered tissue strength. In our previous study, vitamin K 

was linked to decreased tissue quality(4), and therefore PICRUSt results were analyzed using 

a biased pathway-focused approach focused on vitamin K biosynthesis pathways.

Cecal vitamin K content (phylloquinone and menaquinones 4–13 (MK4-13)) was measured 

and characterized (n=6/group, the same animals used for fecal microbiota analysis) using 

high-performance liquid chromatography-mass spectrometry with atmospheric pressure 

chemical ionization (LC-APCI-MS), previously described(33). The characterization system 

consisted of an Agilent 6130 Quadrupole MSD with an APCI source connected to an 

Agilent series 1260 HPLC instrument (Agilent Technologies, Santa Clara, CA, USA). The 

limit of detection for phylloquinone and each type of menaquinone were as followed: 

phylloquinone and MK4, 30 pmol/g; MK6, 10 pmol/g; MK5, MK7-MK9, MK11-13, 5 

pmol/g; MK10, 1 pmol/g. For findings below the detection limit a value of one half the 

detection limit was used when making statistical comparisons.

Statistical Analysis

Homogenous variance was tested using the Brown-Forsythe test. If parametric assumptions 

were met, differences in the gut microbiome associated with bone, fat pad mass, body mass, 

bone geometry adjusted/unadjusted for body mass and serum concentration measurements 

was determined using a one-way ANOVA with group as the factor followed by Tukey 
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post hoc for multiple comparisons (JMP Pro, v.9, 2013; SAS Institute Inc., Cary, NC, 

USA). If parametric assumptions were not met, a log transformation was applied to attain 

homogenous variance and normality. ANCOVA using the Tukey post hoc was applied to 

determine differences in the relationship between whole bone strength and section modulus 

(the covariate) among groups. ANCOVA of whole bone strength with section modulus as a 

covariate is more sensitive to differences between groups than ANOVA of ultimate stress(34). 

For Unless otherwise noted, statistical tests were performed with alpha= 0.05.

The linear discriminant analysis effect size (LEfSe) method was applied to taxonomic data 

to determine the features (taxonomic assignments ranging from phylum to genus) that 

differed in relative abundance between experimental groups with altered tissue strength and 

those that did not have an altered tissue strength(35). The LEfSe method is ideal for this 

approach because it allows for comparisons of the gut microbiota from animals displaying 

phenotypes (bone tissue strength) and in the event that multiple study groups show the 

same phenotype ensures that the detected differences are not caused by a single study group 

(referred to as classes in the LEfSe software). The software package STAMP (version 2.1.3, 

2015,GNU General Public License, Halifax, Nova Scotia) was used to identify differences 

among groups in terms of microbial function determined from PICRUSt(36).

Results

Taxonomic Composition of the Fecal Microbiota

The composition of the gut microbiota differed substantially among groups, including in 

the animals given sweetener only (Fig. 1A). Shannon diversity, a quantitative measure of 

alpha diversity and community richness, was lower in animals with a microbiota altered 

by vancomycin (p<0.001) and greater in animals with microbiota altered by sweetener 

(p<0.001) (Fig. 1B). Unweighted UniFrac, a qualitative measure of beta diversity, was 

distinct in animals receiving vancomycin and sweetener, as determined by the overlap of the 

data clusters (Fig. 1C).

Bone Geometry and Mechanical Properties

Removal of components of the gut microbiota decreased cross-sectional area (Fig. 2A), 

moment of inertia (Supplemental Fig. S2A), and section modulus (Fig. 2B) of the mid-

diaphyseal cortical bone compared to untreated animals (p<0.001). Animals receiving 

sweetener alone did not show observable differences in cross sectional area, moment of 

inertia and section modulus from untreated animals.

In addition to reducing bone cross-sectional geometry, selective depletion of some 

components of the gut microbiota decreased whole bone strength as compared to untreated 

animals with an unaltered gut microbiome (p<0.001, Fig. 2C). Animals in the sweetener 

group had similar whole bone strength to the animals with an unaltered gut microbiome 

(untreated). However, differences in whole bone strength were not completely explained by 

differences in bone geometry, suggesting differences in tissue strength among groups. The 

relationship between whole bone strength and section modulus was altered in the neomycin 

group, on average, 29.28% less than other groups with similar section modulus (p=0.002, as 
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determined by ANCOVA coefficients and indicated graphically by the difference in lines in 

Fig. 2D, Supplementary Table S2), indicating reduced tissue strength. After accounting for 

geometry, whole bone strength was increased in animals receiving sweetener by 39.64% (p 

< 0.001, as determined by ANCOVA coefficients and indicated by differences in lines in Fig. 

2D, Supplementary Table S2). Additional whole-bone mechanical properties derived from 

3-point bending, such as maximum load, ultimate stress, stiffness, and Young’s Modulus, 

can be found in Supplementary Table S3.

Compared to untreated animals, body mass was decreased by 10% in animals receiving 

neomycin (p=0.021), and increased by 9% in animals treated with sweetener alone 

(p=0.044) (Fig. 2E. Epididymal fat pad mass was decreased by 44% in animals receiving 

an antibiotic cocktail (p<0.001) and increased by 32% in animals receiving only sweetener 

(p=0.005) when compared to untreated animals (Fig. S2B). Compared to untreated animals, 

femur length was increased in animals receiving sweetener, and decreased in animals 

receiving ampicillin, vancomycin, neomycin or cocktail (Fig. S2C). After adjusting for body 

weight, similar trends in cross-sectional geometry and femur length were observed, although 

the increased body mass in the sweetener group altered some comparisons (Supplemental 

Fig. S2D–F).

Fourier-transform Infrared (FTIR) Spectroscopy Analysis

Compositional properties of the femoral mid-diaphysis was analyzed in tissue from 

experimental groups that showed significantly altered tissue-level strength. The amount 

of mineral per unit of collagen in the matrix (Mineral-to-matrix ratio) at the femoral mid-

diaphysis was decreased in animals from the neomycin group (p=0.038, Fig. 2F), while bone 

from the animals in the sweetener group showed an intermediate mineral-to-matrix ratio. 

Crystallinity, collagen maturity and carbonate to phosphate ratio did not noticeably differ 

among the groups (Supplemental Fig. S3A–C).

Bone Histomorphometry, Blood Serum Analysis, and Metaphyseal Cancellous Bone 
Morphology

Mineralizing surface of the endosteum and periosteum at the femoral mid-diaphysis did 

not differ among groups (Table 1). The mineral apposition rate at the endosteum and 

periosteum of the mid-diaphysis of the femur did not differ among groups (Table 1). No 

differences in serum procollagen I N-terminal propeptide (a marker of bone formation, 

p=0.095, Table 1) or C-telopeptide of type I collagen (a marker of bone resorption, p=0.545, 

Table 1) were observed among groups. Animals in the sweetener group had increased bone 

volume fraction (BV/TV) when compared to all other groups (p<0.001, Table 1) as well 

as increased trabecular thickness (Tb.Th.) (p<0.001, Table 1). Trabecular separation (Tb.Sp) 

and trabecular number (Tb.N) did not differ among groups (Table 1).

Associations between Gut Microbiota and Bone Phenotypes

Linear discriminant analysis comparing animals with reduced tissue-level strength 

(neomycin group) and the groups with normal bone tissue strength (untreated, ampicillin, 

vancomycin and metronidazole subgroups) identified 19 features at all taxonomic levels 

that differed by an effect size greater than |2| (Fig. 3A). Of these 19 features, many are 
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detected as a result of differences in abundance at lower ranks (for example, the significant 

differential abundance of the phyla Verrucomicrobia is dominated by the differential 

abundance of the genus Akkermansia). Focusing on these influential lower-ranked taxa, 

seven show differential abundance among groups including greater abundance of the genera 

Lachnospiraceae Clostridium, Coprobacillus and Eubacterium and the taxa from the family 

Peptostreptococcacea in mice with impaired bone tissue-level strength (Fig. 3A, B and 

Supplemental Fig. S4). Additionally, mice with impaired bone tissue strength showed 

reduced abundance of the genera Akkermanisa, the family Enterobacteriaceae and the order 

Lactobacillales.

Linear discriminant analysis detected 30 taxonomic features with an effect size 

greater than |2| that differ between animals with increased tissue-level strength 

(sweetener group) and animals with normal bone tissue strength (untreated, ampicillin, 

vancomycin and metronidazole) (Fig. 3C,D). Focusing on the 14 lower ranked 

taxonomic features reveals greater abundance of the genera Dorea, Ruminococcaceae 
Clostridium, Lachnospiraceae Ruminococcus, Oscillospira, Dehalobacterium, Lactoccocus, 

Erysipelotrichaceae Clostridium, Ruminococcaeceae Ruminococus, Parabacteroides, 

Turicibacter, Anaeroplasma, Adlercruetzia, and the family Rikencellaceae in mice with 

increased bone tissue strength (Fig. 3C, D and Supplemental Fig. S4). Additionally, taxa 

from the family Enterobacteriaceae were reduced in abundance in animals with increased 

bone tissue strength.

A comparison of the functional capacity of the gut microbiota estimated from the taxonomic 

information using PICRUSt between animals with normal (untreated), decreased (neomycin) 

and increased (sweetener) tissue-level strength resulted in 285 differential pathways out 

of 489 detected MetaCyc pathways (the twenty most differential pathways are listed 

in Supplemental Fig. S5). Fourteen vitamin K biosynthesis pathways were among the 

differential pathways identified. A comparison of vitamin K biosynthesis pathways between 

animals with normal (untreated), decreased (neomycin) and increased (sweetener) tissue-

level strength showed reduced functional capacity to synthesize vitamin K in the neomycin 

group (on average, 37 ± 2% reduction) compared to untreated animals (Fig. 4A). A 

comparison of vitamin K biosynthesis pathways between all groups showed that animals 

with decreased tissue-level strength (neomycin) had the most vitamin K pathways that were 

decreased in abundance (Supplemental Fig. S6).

There were differences in the concentrations of cecal vitamin K (phylloquinone and 

menaquinones) among groups. On average, microbe-derived menaquinones (MK5-MK13) 

accounted for 97.3 ± 0.8% of the total vitamin K content (Fig. 4B). Animals with reduced 

bone tissue strength (the neomycin group) had reduced amounts of MK5 (Fig. 4C) and 

MK6 (Fig. 4D) when compared to untreated and sweetener groups. The total vitamin K 

content was composed primarily of MK10 (35.6 ± 10.4%, on average) and MK11 (37.5 

± 5.1%, on average). The average total cecal vitamin K content, including phylloquinone 

and menaquinones, was greater in untreated animals and animals dosed with metronidazole 

(Fig. 4B). Animals with an intestinal microbiome altered by intake of vancomycin and 

sweetener had reduced levels of cecal vitamin K (Fig. 4B). Alterations in the gut microbiota 
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associated with neomycin and ampicillin groups led to total cecal vitamin K content in 

between vancomycin/sweetener and untreated groups.

Discussion

The gut microbiome consists of a complex network of interacting microorganisms that can 

modulate bone quantity and quality(5). Here we generated seven different gut microbial 

populations in mice. One microbial population was associated with impaired bone tissue-

level strength and another was associated with to increased bone tissue-level strength. In 

contrast, no noticeable changes in trabecular bone volume fraction or bone formation were 

observed. Analysis of the fecal microbiota revealed differential abundance of 7 lower ranked 

taxonomic features associated with impaired tissue strength and 14 with increased tissue 

strength (as compared to groups with unaltered tissue strength). These findings indicate that 

modifications in the gut microbiome can alter cortical bone tissue-level strength independent 

of bone quantity, bone formation and bone remodeling.

Of the distinct gut microbiota generated in the study, one (the neomycin group) resulted in 

reductions in bone tissue-level strength. This finding is consistent with our prior work that 

found alterations to the gut microbiota caused by a combination of ampicillin and neomycin 

led to reductions in whole bone strength and tissue-level strength (3). Neomycin is not 

absorbed in the gut, hence impairment of bone tissue strength is not due to the effect of the 

antibiotic, but rather to the changes in the gut microbial community caused by the antibiotic. 

The reductions in bone tissue-level strength may be a result of: 1) the elimination of 

microbial taxa (i.e. organisms that have reduced abundance, indicated in green in Fig. 3A,B 

for example Akkermansia); and/or 2) increases in abundance of microbial taxa (indicated 

in pink Fig. 3A, for example Lachnospiraceae Clostridium). The relationship between 

taxonomic abundance and the bone tissue-level strength is complicated; a differentially 

abundant taxonomic feature may contribute to the bone tissue-level phenotype or may 

simply be differentially abundant due to interdependencies with other taxa that more directly 

influence the bone phenotype. For example, the genus Akkermansia is reduced in abundance 

in mice with impaired tissue strength. Akkermansia muciniphila, the only species of this 

genera, is used as a probiotic and has been negatively associated with diabetes and obesity 

in humans (37). However, it is unclear in the current study if Akkermansia helps regulate 

bone tissue strength or is simply an indicator of the health of the gut mictobiota. Further 

studies are required to determine if the correlation between the abundance of A. muciniphila 
or other taxa and bone tissue strength is causative.

Of the seven gut microbiota considered in this experiment, one resulted in an increased 

bone tissue strength (the microbiota generated by zero-calorie sweetener). This finding was 

unexpected. Sweetener is often used in experimental manipulations of the gut microbiota 

with antibiotic cocktails in drinking water as a means of masking the taste of the antibiotics 

to ensure adequate water intake. How the sweetener by itself led to increased bone tissue 

strength is not clear and difficult to interpret since the study was not designed to evaluate the 

effects of sweetener (sweetener was only used in two study groups). The aspartame-based 

sweetener used in our study has negligible caloric content yet led to increased body mass 

and fat pad mass (consistent with the literature(38)). Sucrose and aspartame have dissimilar 
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chemical compositions, thus it unlikely that artificial sweeteners have the same effect 

as sugar/natural sweetener on bone. Sweetener substantially changed the constituents of 

the gut microbiota as indicated by both alpha diversity and linear discriminant analysis. 

Our findings correlate increases in bone tissue strength with differential abundance of 

14 lower rank taxonomic features (Fig. 3C,D). The increase in bone tissue strength may 

be associated with reductions in taxa from the family Enterobacteriaceae or may be a 

result of increased abundance of the other 13 lower rank taxonomic features. For example, 

the genera Oscillospira and Lachnospiraceae Ruminococcus are increased in abundance 

in the group with enhanced bone tissue strength. Oscillospira sp. And Lachnospiraceae 
Ruminococcus sp. are recognized as producers of the short chain fatty acid butyrate which 

has many beneficial effects on the host (although mechanisms relating butyrate to bone 

tissue mechanical properties have not been proposed). As with the features associated with 

impaired bone tissue strength above, additional experiments are required to determine a 

causative effect and mechanisms that lead to increased bone tissue strength. However, we 

can conclude that aspartame-based sweeteners– a common additive in microbiome studies 

in mice – should be used with caution as the additives could potentially influence bone 

phenotypes.

Our observation that alterations in the gut microbiome caused by neomycin alone led to 

impaired bone tissue strength while the cocktail (which included neomycin and sweetener) 

did not noticeably alter bone tissue strength may at first seem odd. There are two possible 

explanations: 1) the microbes that lead to altered bone tissue strength were depleted in the 

cocktail group; the cocktail removes 95% of the microbes from the gut, hence other changes 

caused by neomycin or sweetener could not occur; and 2) it is possible that sweetener in 

the cocktail group counteracted the effects of the changes caused by neomycin. Further 

study of the relationships between the gut microbiota and bone tissue strength are required 

to differentiate between these two possibilities and whether or not the changes in the 

microbiota that promote reduced bone tissue strength are the same as those that promote 

increased bone tissue strength. It is likely that there are distinct mechanisms leading to 

impaired bone tissue strength and enhanced bone tissue strength. For example, the reduced 

tissue strength in the neomycin group is consistent with the reduced mineral-to-matrix 

ratio (an assay of tissue composition positively correlated with bone tissue strength (39)) 

yet the increased tissue strength in the sweetener group was not associated with increased 

mineral-to-matrix ratio as compared to mice with normal bone tissue strength.

Our prior work associated microbiome-induced reductions in bone tissue strength (from oral 

neomycin+ampicillin) with reduced functional capacity to synthesize vitamin K (determined 

directly through shotgun metagenomic sequencing), cecal vitamin K concentrations and 

osteocalcin concentrations in bone (4). Vitamin K has long been associated with bone health. 

Although diet is a source of vitamin K (predominately phylloquinone) the gut microbiome 

is an important source of forms of vitamin K known as menaquinones. There are a 

number of vitamin K-dependent proteins in bone matrix including osteocalcin, the most 

abundant non-collagenous protein in bone (40,41). In the presence of vitamin K, osteocalcin 

synthesized by osteoblasts is carboxylated and can then bind to bone mineral. In the absence 

of osteocalcin, bone tissue is altered in ways that may reduce measures of bone tissue 

strength or brittleness (42,43). Alterations to the microbiome caused by oral antibiotics have 
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been linked to decreased abundance of menaquinone producers and decreased abundances of 

menaquinone biosynthesis genes(5). The current findings, however, are mixed with regard to 

vitamin K. The only group to show impaired bone tissue strength (the neomycin group) also 

displayed large reductions in many of the genes required to synthesize vitamin K, consistent 

with the idea that the impaired bone tissue strength is secondary to reduced vitamin K. 

Consistent with this finding, the concentration of the MK5 and MK6 forms of vitamin 

K were reduced in the cecum of animals in the neomycin group. However, while total 

cecal vitamin K concentrations in the neomycin group were lower than untreated controls 

(consistent with our prior work), some groups in the current study with similar or greater 

bone tissue strength showed similar or even lower concentrations of total cecal vitamin K. 

One possible explanation is that different forms of menaquinone either have different effects 

on bone or differences in the bioavailability and/or transport (45). Additional experiments 

that directly modulate dietary vitamin K and measure matrix-bound vitamin K-dependent 

proteins are required to further evaluate the vitamin K-based mechanism linking the gut 

microbiota to bone.

The current study has a number of strengths. First, the experimental design is novel 

among studies of the bone and microbiome in studying seven distinct gut microbial 

communities. An additional strength is that the different gut microbiota were generated 

using oral antibiotics which cause more immediate, consistent and sustained changes in 

the gut microbial community than manipulations such as pre- or probiotics(46). Second, 

the analysis includes biomechanical, chemical and structural analysis of the bone as well 

as measures of systemic factors. Lastly the current study focuses on the bone phenotype 

of skeletally-mature animals. Many studies of the gut microbiota and bone have evaluated 

the bone phenotype in young animals (12 weeks of age or younger) in which the rapidly 

growing skeleton can make it difficult to identify differences in bone phenotype (47).

Some limitations must be considered when interpreting our results. First, although most 

antibiotics chosen in this study are poorly absorbed in the gut, we cannot ignore the 

possibility that some antibiotics could have a small direct effect on bone. Ampicillin 

and metronidazole have recognized oral bioavailability and are distributed systemically; 

however, dosing with either of these antibiotics alone did not lead to alterations in bone 

tissue strength. In contrast, neomycin, the antibiotic we have associated with impaired 

bone tissue strength, has a zero oral bioavailability, strongly suggesting that observed 

reductions in tissue strength are the result of the alterations to the gut microbiome. 

Second, the gut microbiome may regulate bone by causing inflammation at the gut lining 

which can cause a “leaky gut” phenomenon that enhances translocation of gut microbial 

products into the systemic circulation and/or initiates inflammatory processes and altering 

the function of local and circulating T cell and cytokines(5,48). While we did not directly 

measure these alternate mechanisms in the current study, prior work suggests that neither of 

these mechanisms are likely explanations for changes in bone tissue strength. Increases 

in gut permeability lead to increased translocation of microbial proteins into systemic 

circulation(49), however we have previously shown that animals receiving ampicillin and 

neomycin over a similar time period did not have noticeably altered serum concentrations of 

the bacterial protein lipopolysaccharide(3), which would be expected if gut permeability had 

increased. Inflammatory processes associated with the gut microbiome regulate trabecular 
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bone remodeling and trabecular bone volume fraction by altering the function of T 

cells that migrate to the bone marrow (50). However, we did not observe differences in 

trabecular bone volume fraction in the neomycin group. Furthermore, while T cells are 

known to regulate bone remodeling, no mechanisms through which T cell activity would 

lead to altered bone tissue strength have been proposed/identified. Third, the study did 

not include measurement of food and water intake during the experiment so there may 

have been differences in nutrient intake. The gut microbiota may influence both appetite 
(51) and nutrient absorption (5) in complex feedback loops. However, it is unlikely that 

alterations in nutrient absorption are responsible for the observed differences in bone tissue 

strength because there were only minor differences in whole bone length and undetectable 

differences in serum markers of bone remodeling and periosteal bone formation. Hence if 

there were differences in nutrient absorption they were unlikely to have a major effect on 

bone tissue strength. Another limitation is that sweetener was only used in two groups and 

the study therefore does not provide a detailed effect of sweetener as a treatment. However, 

the current study does provide a comparison of the bone phenotypes resulting from seven 

distinct gut microbiota. Lastly, we must emphasize that the assessment of the functional 

capacity of the gut microbiome using the PICRUSt software is not direct and is predicted 

from taxonomy(32). PICRUSt uses reference genomes to predict functions or pathways 

from taxonomic information, therefore, any gaps or inaccuracies in the pathway databases 

will be reflected in the results. Although PICRUSt has limitations, it provides functional 

predictions that are useful to generate hypotheses. Complete metagenomic sequencing of 

the gut microbiota is required to confirm predictions made by PICRUSt and to directly 

determine the functional components of the gut microbiome associated with impaired bone 

tissue quality.

Many pharmaceuticals and mechanistic pathways are known to influence bone quantity by 

regulating bone remodeling. In contrast, there are few treatments and interventions that act 

by modulating bone tissue quality. Our findings show that the gut microbiome can modulate 

bone tissue quality and potentially provide a new therapeutic target to address bone fragility.
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Figure 1: 
The study included seven different gut microbiota (six different microbial communities 

and one cocktail group with a depleted gut microbiota). A) The relative abundance at the 

phylum level is shown. Each column represents the gut microbiota composition of a single 

mouse. B) Alpha diversity (Shannon diversity) was decreased in the vancomycin group 

and increased in the sweetener group. C) Beta diversity (unweighted UniFrac distance), 

represented in a principal coordinates plot, shows distinct beta diversity among groups. The 

ellipses represent 95% confidence.
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Figure 2: 
Removal of components of the gut microbiota using narrow spectrum antibiotics decreased 

(A) cross-sectional area and (B) section modulus. Mechanical and material properties 

of bone were influenced by neomycin dosing. (C) Removal of components of the gut 

microbiota using narrow spectrum antibiotics decreased whole bone strength. (D) A 

graphical representation of the data and ANCOVA analysis (lines) is shown. Alterations 

to the gut microbiota caused by dosing with neomycin led to bone strength lower than would 

be expected from geometry (ANCOVA, p < 0.001), indicating impaired tissue-level strength. 

The whole bone strength in animals receiving only sweetener was greater than would be 

expected from geometry (ANCOVA, p < 0.001), indicating increased tissue-level strength. 

Lines represent ANCOVA coefficients determined with generalized linear models. (E) 

Compared to untreated animals, body mass was decreased in animals receiving neomycin 

and increased in animals receiving sweetener. Bone material properties were analyzed in 

groups with altered tissue-level strength (sweetener and neomycin groups). F) Mineral-to-

matrix ratio was decreased in animals dosed with only neomycin. p values are indicated for 

all comparisons in which p < 0.10.
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Figure 3: 
Results from linear discriminant analysis (LDA) are shown including cladograms (A,B) 

and LDA scores (C,D). The cladogram shows different taxonomic ranks represented by 

rings with phyla in the innermost ring and genera in the outermost ring. Colored circles 

represent individual taxa and are sized in proportion to relative abundance. Features with 

an effect size greater than |2| are highlighted. The taxa in each level are colored indicating 

increased or decreased abundance in (A) impaired bone tissue-level strength (neomycin) or 

(B) enhanced bone tissue-level strength (sweetener) from that in animals with normal bone 

strength (untreated, ampicillin, vancomycin, metronidazole, LEfSe analysis confirms that the 

differences between groups are valid for all subgroups). The corresponding LDA scores are 

illustrated for p <0.05 (C,D) with taxonomic rank is shown in parentheses: (p) phylum, (c) 

class, (o) order, (f) family, (g) genus. Taxa in bold are lower rank taxa mentioned in the text 

that appear to dictate the differences at the higher ranks.
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Figure 4. 
A) Predicted functional capacity from PICRUSt results show a decreased abundance 

in vitamin K biosynthesis in animals with decreased tissue-level strength (dosed with 

neomycin). Pathways are listed and ordered by ascending p-value. B) Cecal vitamin K 

content varied among groups. Each color in a column represents the average concentration 

of phylloquinone (PK) or menaquinone (MK). C) Cecal menaquinone 5 (detection limit 

5 pmol/g) and D) cecal menaquinone 6 (detection limit 10 pmol/g) was reduced in the 

neomycin group when compared to the untreated group. p values for statistical comparisons 

are indicated for comparisons where p < 0.10.
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Table 1:

Cortical bone histomorphometry, serum bone turnover markers, and metaphyseal cancellous bone 

microcomputed tomography results for all groups (mean ± standard deviation, range in parentheses). Selective 

removal of components of the gut microbiota via antibiotics did not alter cortical bone histomorphometry, 

serum bone turnover markers, and metaphyseal Tb.N, Th.Sp or TBMD.

Untreated Sweetener Ampicillin Vancomycin Neomycin Metronidazole Cocktail

Cortical Bone 
Histomorphometry 

(n=6/group)

Periosteum 
Mineralizing 

Surface

0.42 ± 
0.12 

(0.23, 
0.58)

0.68 ± 
0.14 (0.51, 

0.87)

0.46 ± 
0.26 (0.00, 

0.73)
0.34 ± 0.19 
(0.13, 0.57)

0.54 ± 
0.26 

(0.23, 
0.83)

0.46 ± 0.45 
(0.01, 1.25)

0.35 ± 
0.22 

(0.01, 
0.58)

Periosteum 
MAR (μm/

day)

2.59 ± 
1.09 

(1.39, 
4.54)

3.05 ± 
0.60 (2.17, 

3.60)

2.04 ± 
1.15 (0.00, 

3.11)
1.17 ± 1.40 
(0.00, 3.31)

3.23 ± 
1.10 

(1.85, 
4.50)

2.10 ± 1.85 
(0.00, 4.46)

1.68 ± 
1.34 

(0.00, 
3.03)

Endosteum 
Mineralizing 

Surface

0.71 ± 
0.28 

(0.32, 
1.04)

0.51 ± 
0.12 (0.34, 

0.63)

0.65 ± 
0.34 (0.00, 

0.91)
0.65 ± 0.21 
(0.40, 0.99)

0.85 ± 
0.27 

(0.46, 
1.28)

0.69 ± 0.30 
(0.32, 1.08)

0.74 ± 
0.31 

(0.20, 
1.13)

Endosteum 
MAR (μm/

day)

2.62 ± 
1.01 

(1.33, 
4.19)

2.60 ± 
0.85 (1.65, 

3.74)

2.07 ± 
1.19 (0.00, 

3.42)
1.82 ± 1.10 
(0.00, 3.02)

2.23 ± 
0.71 

(1.67, 
3.54)

2.23 ± 0.44 
(1.71, 2.79)

2.08 ± 
1.10 

(0.00, 
2.89)

Serum Bone 
Turnover Markers 

(n=7–10/group)

Serum PINP 
(ng/mL)

22.38 ± 
3.71 

(18.16, 
29.23)

22.45 ± 
7.38 (9.71, 

32.91)

22.27 ± 
5.36 

(16.92, 
31.80)

19.70 ± 9.86 
(4.41, 32.39)

24.01 ± 
5.35 

(17.52, 
34.68)

21.95 ± 11.51 
(3.17, 38.73)

26.97 ± 
4.96 

(17.81, 
31.91)

Serum 
CTX-I 

(ng/mL)

25.04 ± 
16.45 

(11.96, 
58.05)

19.94 ± 
3.24 

(17.00, 
27.26)

22.96 ± 
20.66 

(10.61, 
69.27)

21.51 ± 6.16 
(14.66, 
31.27)

17.63 ± 
2.93 

(13.07, 
21.84)

17.07 ± 4.69 
(11.81, 24.57)

35.54 ± 
18.81 

(19.34, 
63.31)

Metaphyseal 
Cancellous Bone 

(n=6/group)

BV/TV
0.15 ± 
0.05 

(0.10, 
0.22)

0.21 ± 

0.02 
$ 

(0.19, 
0.23)

0.13 ± 
0.04 (0.08, 

0.18)
0.13 ± 0.03 
(0.09, 0.17)

0.11 ± 
0.02 

(0.08, 
0.14)

0.13 ± 0.04 
(0.09, 0.20)

0.13 ± 
0.02 

(0.10, 
0.16)

Tb.Th (mm)
0.05 ± 
0.005 
(0.04, 
0.06)

0.05 ± 

0.006 
# 

(0.05, 
0.06)

0.04 ± 
0.004 
(0.04, 
0.05)

0.04 ± 0.004 
(0.04, 0.05)

0.04 ± 
0.001 

(0.040, 
0.043)

0.04 ± 0.005 
(0.04, 0.05)

0.04 ± 
0.004 
(0.04, 
0.05)

Tb.N 
(1/mm)

4.69 ± 
0.48 

(4.20, 
5.60)

5.20 ± 
0.24 (4.90, 

5.63)

4.92 ± 
0.38 (4.30, 

5.24)
5.13 ± 0.18 
(4.82, 5.32)

4.83 ± 
0.48 

(4.25, 
5.38)

4.89 ± 0.32 
(4.32, 5.19)

5.01 ± 
0.32 

(4.63, 
5.53)

Tb.Sp (mm)

0.21 ± 
0.02 

(0.17, 
0.23)

0.18 ± 
0.01 (0.17, 

0.19)

0.20 ± 
0.02 (0.19, 

0.23)
0.19 ± 0.01 
(0.18, 0.20)

0.20 ± 
0.02 

(0.18, 
0.23)

0.20 ± 0.02 
(0.19, 0.23)

0.19 ± 
0.01 

(0.17, 
0.21)

$
Sweetener v. Untreated (p=0.036), Ampicillin (p = 0.005), Vancomycin (p=0.002), Neomycin (p < 0.001), Metronidazole (p=0.003), Cocktail (p 

=0.003)

#
Sweetener v. Ampicillin (p = 0.009), Vancomycin (p < 0.001), Neomycin (p = 0.001), Metronidazole (p = 0.022), Cocktail (p =0.001)
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