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Abstract

Antibiotic treatment, commonly prescribed for bacterial infections, depletes and subsequently 

causes long-term alterations in intestinal microbiota composition. Knowing the importance of the 

microbiome in the regulation of bone density, we investigated the effect of post-antibiotic 

treatment on gut and bone health. Intestinal microbiome repopulation at 4-weeks post-antibiotic 

treatment, resulted in an increase in the Firmicutes:Bacteroidetes ratio, increased intestinal 

permeability and notably reduced femoral trabecular bone volume (~30 %, p<0.01). Treatment 

with a mucus supplement (MDY) prevented the post-antibiotic induced barrier break as well as 

bone loss, indicating a mechanistic link between increased intestinal permeability and bone loss. A 

link between the microbiome composition and bone density was demonstrated by supplementing 

the mice with probiotic bacteria. Specifically, Lactobacillus reuteri, but not Lactobacillus 
rhamnosus GG or non-pathogenic Escherichia coli, reduced the post-antibiotic elevation of the 

Firmicutes:Bacteroidetes ratio and prevented femoral and vertebral trabecular bone loss. 

Consistent with causing bone loss, post-antibiotic induced dysbiosis decreased osteoblast and 

increased osteoclast activities, changes that were prevented by both Lactobacillus reuteri and 

MDY. These data underscore the importance of microbial dysbiosis in the regulation of intestinal 

permeability and bone health as well as identify Lactobacillus reuteri and MDY as novel therapies 

for preventing these adverse effects.
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Introduction

The discovery in 1928 of the first antibiotic, penicillin, is one of the most important medical 

advances in the history of human health. Since that time, new classes of antibiotics have 

been developed and used to treat human bacterial infections (1). For this reason, antibiotic 

use is widespread resulting in more than 260 million prescriptions issued in the US in 2011 

(2). Although antibiotics can be lifesaving, they also deplete commensal flora causing long-

term changes in intestinal microbiota composition. This can impact overall health (3–9) and 

increase the risk for developing diseases such as inflammatory bowel disease (IBD) (10,11), 

obesity (12–14) and diabetes (15).

The intestinal microbiota includes ~100 trillion bacteria as well as fungi and viruses. 

Research has focused predominantly on gut bacteria composition which is thought to 

comprise of ~1000 bacterial species and 28 different phyla (7,16). Firmicutes and 

Bacteroidetes are the predominant phylum in the human intestine (17). The environment, 

diet, drugs and disease can affect microbiota composition (18–20) and lead to dysbiosis, an 

altered microbial community that contributes to disease. Dysbiosis has been linked to 

increased intestinal permeability/leaky gut (10,21) and is thought to be a key contributor to 

the pathogenesis of several diseases including IBD, obesity and diabetes (11,14,15).

Previous studies support a role for the gut microbiota in the regulation of bone health. For 

example, intestinal infection with pathogenic bacteria induces bone loss in male mice (22). 

In contrast, treatment with beneficial bacteria (probiotics) enhances bone density in healthy 

male mice (23), ovariectomized female mice (24–26), inflamed intact female mice (27), and 

type 1 diabetic male mice (28). Although earlier studies in germ free mice suggested a 

negative role for normal microbiota in bone health (29), subsequent findings have been 

inconsistent (24,30,31). This may be due to several factors including differences in the 

composition of the microbiota used to conventionalize germ free mice. For example, the 

presence of segmented filamentous bacteria can influence immune responses and 

osteoarthritis (32,33). In addition, past germ free studies have used various mouse strains 

(C57BL/6, BALB/c and Swiss Webster (29–31,34,35) which can further contribute to 

disparate responses. Finally, another confounding factor is that germ free mice have 

significantly altered immune systems (29,34) which can affect intestinal and bone signaling 

and responses.

Antibiotic treated and post-treated mice serve as additional models for investigating the roles 

of a depleted microbiome and dysbiosis, respectively, on organ health (36–39). Only a few 

studies to date have examined the effect of antibiotic treatment on bone health and most 

focused on the impact of chronic treatment. The results have been inconsistent, likely due to 

different treatment lengths, differences in age at the initiation of treatment and possibly 

differences in starting microbiome composition (40–43). Acute oral antibiotics deplete the 
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intestinal microbiome and subsequently alter the microbiota composition long after 

cessation of treatment (44,45). Very few studies have investigated the effects of a 

repopulated microbiome following antibiotic treatment, and none have investigated the 

effects on bone health in skeletally mature mice. Based on previous studies demonstrating 

the beneficial and harmful effects of probiotic and pathogenic bacteria respectively on bone 

health (22,23,25,28), we hypothesized that dysbiosis following antibiotic treatment would 

cause bone loss. To test this, we treated skeletally mature mice with oral antibiotics for 2 

weeks to deplete the microbiome and allowed the treated mice to naturally repopulate the 

gut microbiome for 4 weeks. Our results demonstrate that although microbiota depletion per 

se has no effect on bone health, post-antibiotic dysbiosis markedly decreased bone density. 

Furthermore, we present evidence that the dysbiosis-induced bone loss is preventable by 

treatment with Lactobacillus reuteri and by enhancement of intestinal barrier function. Our 

studies underscore a key role for dysbiosis, following antibiotic treatment, in the pathogenic 

regulation of the gut-bone axis.

Methods

Animals and Experimental Design

Eleven-week old male BALB/c mice were obtained from Jackson Laboratories (Bar Harbor, 

ME). Mice were allowed to acclimate to the animal facility for 1-week prior to start of 

experiment. To deplete the commensal microbiota (15,46), at 12-weeks of age mice were 

treated with broad-spectrum antibiotics; ampicillin 1.0 g/L (Sigma, St. Louis, MO) and 

neomycin 0.5 g/L (Sigma, St. Louis, MO)(15,46), which are poorly absorbed by the intestine 

(47–49). Fresh antibiotics were given weekly into sterile drinking water; activity of the 

antibiotic-water was confirmed by its prevention of bacterial growth on agar plates. After 2-

weeks, antibiotic treatment was stopped and mice were treated for 4-weeks with sterile 

drinking water (Aquavive water; Innovive, Dan Diego, CA) alone or containing 3.3 × 108 

cfu/ml of either Lactobacillus reuteri 6475 (LR), Lactobacillus rhamnosus (LGG), non-

pathogenic E. coli (EC, ATCC O6:B1) or 1.25 % MDY (a high molecular weight polymer 

used as a mucus supplement)(50,51). In addition, to assure adequate intake of bacteria the 

mice were gavaged 3 times a week with 300 ul of either broth (used for bacterial cultures) or 

1×109 cfu/ml of the corresponding bacteria (LR, LGG, or EC). Experiments were repeated 

at least twice and the control and post-ABX mouse conditions were used in 5 separate 

experiments and gave similar responses in all runs. Mice were maintained on sterilized 

Teklad 2019 chow (Madison, WI) ad libitum and a 12 hr light/dark cycle in specific 

pathogen free conditions and housed in groups of 4–5 per cage. All animal procedures were 

approved by Michigan State University Institutional Animal Care and use Committee and 

conformed to NIH guidelines.

Bacterial culture

LR and LGG were cultured under anaerobic conditions on a de Man, Rogosa, Sharpe media 

(MRS, Difco) plates, while EC was cultured on Luria broth plates (LB, Invitrogen). Plates 

were kept at 37°C for a maximum of 1 week. For gavaging, single bacterial colonies were 

cultured in 10 ml of their respective broths. After 16–18 hours at 37° C, mice were gavaged 

with 300μl of bacteria (1×109 cfu/ml). When adding the bacteria to the drinking water, the 
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10 ml overnight culture was centrifuged at 5,000 RCF, re-suspended and cultured in fresh 

MRS/LB and grown until log phase (0D600 =0.4). Bacteria were pelleted, re-suspended in 

60 mls of sterile PBS, stored in 1 ml aliquots at −80°C. Samples are thawed and 

subsequently re-suspended in sterile drinking water at a final concentration of 3.3×108 

cfu/ml. Drinking water is changed 3X/week.

RNA analysis

Tibias were cleaned of muscle and connective tissue, flash frozen in liquid nitrogen and 

stored at −80°C. Frozen tibias were crushed under liquid nitrogen conditions with a 

Bessman Tissue Pulverizer (Spectrum Laboratories, Rancho Dominguez, CA). RNA was 

isolated using TriReagent (Molecular Research Center, Cincinnati, OH) and checked for 

integrity by agarose-gel electrophoresis. cDNA was produced by reverse transcription using 

Superscript II reverse transcriptase kit and oligo dT primers (Invitrogen, Carlsbad, CA). 

Intestines were flushed of their contents with 1X PBS and RNA isolated from mid colon 

sections. Gene expression levels were amplified by real-time PCR with iQ SYBR Green 

supermix (BioRad, Hercules, CA) and specific gene primers. Hypoxanthine guanine 

phosphoribosyltransferase (HPRT) mRNA levels, which do not change between treatment 

groups, were used as a house-keeping gene. PCR was carried out to 40 cycles using the 

iCycler (Bio-Rad) and data evaluated using the iCycler software. The cycle protocol 

consisted of 15 seconds at 95°C, 30 seconds at 60°C and 30 seconds at 72°C. Negative 

controls included primers without cDNA. Bacterial primers (targeted to bacterial specific 

16S RNA (52)) were as follows: Eubacteria (Forward, 5’- 
ACTCCTACGGGAGGCAGCAG- 3’, Reverse, 5’- ATTACCGCGGCTGCTGG- 3’). 
Primers for mouse genes were as follows: HPRT (Forward, 5’- 
AAGCCTAAGATGAGCGCAAG- 3’, Reverse, 5’- TTACTAGGCAGATGGCCACA), 

Osteocalcin (Forward, 5’- AAGCAGGAGGGCAATAAGGT- 3’, Reverse, 5’- 
TAGGCGGTCTTCAAGCCAT- 3’), TNF-α (Forward, 5’- AGGCTGCCCCGACTACGT- 

3’, Reverse, 5’- GACTTTCTCCTGGTATGAGATAGCAA- 3’) and IL-10 (Forward, 5’- 
TTGGAATCCCGAATTAACG- 3’, Reverse, 5’- GGTCACAGTGAAATACTGCTC- 3’).

μCT Bone Imaging

Femurs, tibias and vertebrae were scanned using a GE Explore Locus microcomputed 

tomography at a resolution of 20 μm obtained from 720 views. Each scan had control and 

antibiotic treated bones and was phantom calibrated to maintain consistency. A fixed 

threshold of 980 (determined based on automated and isosurface analyses) was used for all 

bones. The distal femur trabecular bone region was defined as beginning proximal (a 

distance of 1 % of the total bone length) to the growth plate and then extending 10 % of 

bone length toward the diaphysis and excluding the cortical bone. Trabecular bone was also 

analyzed within the lumbar (L3) vertebrae. Trabecular bone parameters including volume, 

thickness, spacing and number values were obtained using GE Healthcare MicroView 

software version 2.2. Cortical measurements were performed in a 2×2×2 mm cube centered 

midway down the length of the bone. All bone analysis was performed blinded to the mouse 

condition.
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Femoral Static and Dynamic Measures

For histomorphometric measures of bone formation, mice were intraperitoneally injected at 

7 and 2 days prior to harvest with 200μl of 10-mg/ml sterile calcein (Sigma, St. Louis, MO) 

dissolved in sterile saline. Femurs were embedded in paraffin blocks and sectioned in 5 

micron sections, as previously described (53). Distal femur metaphyseal sections were 

viewed with a fluorescent Nikon Eclipse E800 microscope (Nikon Instruments Inc, Melville, 

NY) and five digital images per section were taken. The distance between the calcein lines 

(mineral apposition rate, MAR) and the length of the calcein lines (single + double labeled 

surfaces; mineralized surface, MS) along the total bone surface (BS) were measured to 

calculate the bone formation rate (BFR) using Image Pro-Plus 7.0 (Media Cybernetics, 

Rockville, MD). Additionally, slides were stained for tartrate-resistant acid phosphatase 

(TRAP) activity and counterstained with hematoxylin according to manufacturer’s protocol 

(387A-1KT; Sigma-Aldrich). TRAP-positive osteoclast number (Oc.N/BS) and surface 

(Oc.S/BS) were quantitated and expressed relative to the total bone surface. 

Histomorphometric measures were made blinded to the mouse condition. Standard 

nomenclature for JBMR was used for all bone histomorphometry measures (54).

Serum Measurements

Sterile blood was collected at the time of harvest, allowed to clot at room temperature for 5 

minutes and then centrifuged at 5000g for 10 minutes. Serum was removed, aliquoted and 

snap frozen and in liquid nitrogen, and stored at −80°C. Serum tartrate resistant acid 

phosphatase 5b (TRAP5b) and osteocalcin (OC) were measured using mouse TRAP 

(Immunodiagnostic Systems Inc., Fountain Hills, AZ) and OC assay kits (Biomedical 

Technologies Inc., Stoughton, MA), respectively, according to manufacturer’s protocol.

Mechanical Testing

Before testing, the IA/P and c were determined at the site of fracturing by microCT imaging 

as described above. Mechanical properties of the mouse tibias were then determined under 

four-point bending using an EnduraTech ELF 3200 Series (Bose®, MA)(55). The base 

support span was 9mm with a load span of 3mm. The tibia was positioned in the loading 

device so the medial surface was in tension by placing the most distal portion of the tibia 

and fibula junction directly over the left-most support. Each tibia was loaded at 0.01 mm/s 

until failure, while the load and displacement were recorded. The force-deflection curve then 

used to calculate the structural-level properties, while tissue-level properties were estimated 

using the following beam-bending equations: Stress = σ = f∙a∙c / 2∙IA/P; Strain = ε = 6∙c∙d / a 

(3∙L – 4∙a). In each equation, f is the applied force, d is the resulting displacement, a is the 

distance between the inner spans (3mm), L is the distance of the outer spans (9mm), IA/P is 

the moment of inertia about the anterior/posterior axis, and c is the distance from the neutral 

axis to the medial surface under tension. The yield point was determined from the stress-

strain relationship using a 20% offset method (56). Mechanical testing was done blinded to 

conditions.
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In vivo Intestinal Permeability

For whole intestinal permeability, mice were gavaged with 300 mg/kg of 4kD fluorescein 

isothiocyanate dextran (FITC) in sterile PBS 4 hours prior to time of death. Sterile serum 

was collected via cardiac puncture. Serum fluorescence was analyzed using a Tecan Infinite 

M1000 fluorescent plate reader at an excitation/emission wavelength of 485/530 nm. The 

rate of 4kD FITC-dextran transfer into the serum was calculated and normalized to control 

mouse measures for each day of the experiment.

Ex Vivo Ussing Chamber Intestinal Permeability

Mice were harvested and segments of the mid-distal colon removed. Sections were mounted 

in Lucite chambers and placed in Ussing chambers (physiologic Instruments, San Diego, 

CA, USA) exposing mucosal and serosal surfaces to oxygenated (95 % O2, 5 % CO2) Krebs 

bicarbonate ringer buffer (Sigma, St, Louis, MO, USA). Buffer was maintained at 37°C by a 

heated water jacket and samples allowed to equilibrate for 20 minutes. For measurements of 

tissue flux, 4 kDa FITC-dextran (2.2 mg/ml final concentration) was added to the mucosal 

side of the chamber. 10 kDa rhodamine B isothiocyanate (RITC)-dextran (0.55mg/ml final 

concentration) was also added to the mucosal chamber to control for tissue integrity. Serosal 

chamber samples were taken at 0 and 60 minutes and fluorescence intensity determined 

(FITC excitation, 485 nm; emission, 530nm; RITC excitation, 595nm; emission, 615nm; 

Tecan). FITC-dextran/RITC dextran concentrations were determined using a standard curve 

and FITC-dextran flux calculated.

DNA preparation of fecal samples

Fecal samples were transferred to Mo Bio Ultra Clean Fecal DNA bead Tubes (MoBio) 

containing 360μl of buffer ATL (Qiagen) and homogenized for one minute in a BioSpec 

Mini-Beadbeater. 40μL Proteinase K (Qiagen) was added and samples were incubated for 30 

minutes at 55°C, then homogenized again for one minute and incubated at 55°C for 

additional 30 minutes. DNA was extracted with Qiagen DNeasy Blood and Tissue kit.

DNA extraction from mouse fecal samples, 16S rRNA gene amplification, and sequencing

DNA for microbial sequence analysis was extracted from mouse fecal samples by bead-

beating and modified extraction with Qiagen DNeasy Blood and Tissue kits as described 

previously (25,30). Bacterial 16S sequences spanning variable region V4 were amplified by 

PCR with primers F515/R806 with a dual indexing approach and sequenced by Illumina 

MiSeq described previously(57). 20μl PCR reactions were prepared in duplicate and 

contained 40ng DNA template, 1X Phusion High-Fidelity Buffer (New England Biolabs), 

200 μMdNTPs (Promega or Invitrogen), 10 nM primers, 0.2 units of Phusion DNA 

Polymerase (New England Biolabs), and PCR grade. Reactions were performed in an 

Eppendorf Pro thermal cycler with an initial denaturation at 98 °C for 30 s, followed by 30 

cycles of 10 s at 98 °C, 20 s at 51 °C, and 1 min at 72 °C. Replicates were pooled and 

purified with Agencourt AMPure XP magnetic beads (Beckman Coulter). DNA samples 

were quantified using the QuantIt High Sensitivity DNA assay kit (Invitrogen) and pooled at 

equilmolar ratios. The quality of the pooled sample was evaluated with the Bioanalyzer High 

Sensitivity DNA Kit (Agilent).
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Microbial community analysis

Sequence data was processed using the MiSeq pipeline for mothur using software version 

1.38.1 (58) as described previously(30). In brief, forward and reverse reads were aligned, 

sequences were quality trimmed and aligned to the Silva 16S rRNA gene reference database 

formatted for mother, and chimeric sequences were identified and removed using the mothur 

implementation of UCHIME. Sequences were classified according to the mothur-formatted 

Ribosomal Database Project (version 16, February 2016) using the Bayesian classifier in 

mothur, and those sequences classified as Eukarya, Archaea, chloroplast, mitochondria, or 

unknown were removed. The sequence data were then filtered to remove any sequences 

present only once in the data set. After building a distance matrix from the remaining 

sequences with the default parameters in mothur, sequences were clustered into operational 

taxonomic units (OTUs) with 97 similarity using the average-neighbor algorithm in mothur. 

871 OTUs were identified across all samples with an average rarefaction depth of 54,791 

reads per sample. Alpha and beta diversity analyses and visualization of microbiome 

communities were performed with R, utilizing the phyloseq package (59,60). The Bray-

Curtis dissimilarity matrix was used to describe differences in microbial community 

structure. Analysis of similarity (ANOSIM) was performed in mothur.

Statistical analysis

All measurements are presented as the mean ± SE. Significant outliers were removed using 

the ROUT test (5 total outliers were found with 1 maximum outlier detected per treatment 

group). All outliers excluded from data analysis shown in red. Student’s t-test and 1-way 

ANOVA with Tukey post-test were performed using GraphPad Prism software version 7 

(GraphPad, San Diego, CA, USA). A p-value ≤ 0.05 was considered significant and <0.01 

highly significant.

Results

Natural repopulation following antibiotic treatment causes dysbiosis in mice

To deplete the intestinal microbiota, we treated 12-week old male BALB/c mice with broad-

spectrum antibiotics, ampicillin (1 g/L) and neomycin (0.5 g/L), for 2 weeks. Microbiota 

depletion in antibiotic treated (ABX) mice was confirmed by a significant decrease in fecal 

bacterial colonies observed on agar dishes 24 hours after plating (p<0.0001; Fig 1A) and 

decreased colonic bacterial 16S rRNA DNA levels (p<0.001; Fig 1A). ABX-treated mice 

were allowed to naturally repopulate their microbiota during the next 4 weeks after which 

the gut microbiome was analyzed to assess if communities had recovered to their initial 

composition (Fig 1B). Analysis of colonic 16S rRNA bacterial levels indicated that there 

were no differences in bacterial load between 4-week post-ABX mice and controls (Fig 1C). 

However, the composition of the repopulated microbiome in post-ABX-treated mice was 

different compared to control mice. Post-ABX mice displayed changes in major phyla, 

specifically Firmicutes levels were increased and Bacteroidetes levels were decreased (Fig 

1D). Diversity metrics that utilize species richness and evenness (Bray-Curtis) also showed a 

statistically significant separation between the ABX and control groups (R=0.392 p<0.002; 

Fig 1E). These data indicate that post-ABX mice develop an altered, potentially dysbiotic 

gut microbiota.
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Antibiotic-induced dysbiosis decreases trabecular bone density.

To understand the effects of post-ABX dysbiosis on bone health parameters, we assessed 

femur trabecular bone density (Fig 2A). While ABX-depletion of the microbiota (at 2 weeks 

of ABX treatment) had no significant effect on trabecular bone volume fraction (p= 0.1466, 

Fig 2B), the 4-week post-ABX mice displayed a significant decrease in bone volume 

(~30 %, Fig 2B). Analyses of femoral bone architecture indicated a decrease in trabecular 

thickness (Tb.Th; p<0.01) and increase in trabecular spacing (Tb.Sp; p<0.05) in the post-

ABX compared to control mice (Fig 2C). No significant differences were seen in cortical 

bone parameters following microbiota depletion or dysbiosis (data not shown). These data 

indicate that while microbiome depletion per se does not affect bone volume, post-ABX 

dysbiosis was associated with bone loss.

Antibiotic-induced dysbiosis causes bone loss via gut barrier dysfunction

Previous studies have shown that increased intestinal permeability observed in diseases, such 

as IBD, is correlated with bone loss (50). Studies have also shown that ABX-induced 

dysbiosis can affect intestinal permeability (61,62). Thus we posited that ABX-induced 

dysbiosis decreases bone health through altering intestinal permeability (24). To test this 

directly, 2 week-ABX mice were given a high molecular weight polymer, MDY-1001 

(MDY), or vehicle for 4 weeks after cessation of ABX treatment. MDY is a non-absorbed 

mucus supplement that has previously been used to protect the intestinal epithelial layer 

during radiation injury (63). In vivo intestinal permeability was determined by gavaging 

mice with 4-kDa FITC-dextran 4 hours prior to harvest and then measuring serum FITC 

levels at harvest. Examination of permeability at the 2-week ABX treatment time point 

demonstrated no significant effect on intestinal flux compared to controls (Figure 3A). As 

expected, ABX-induced dysbiosis significantly increased permeability as demonstrated by 

elevated serum FITC levels, and MDY treatment was effective in preventing the increase 

(Fig 3A). Consistent with in vivo permeability, ex vivo colon flux was not affected by the 2-

week ABX treatment but was increased in the post-ABX-induced dysbiosis mice (p<0.05) 

and this trended to be reduced by MDY treatment (p=0.07, Fig 3B).

Next, we examined if MDY prevention of post-ABX-dysbiosis induced intestinal barrier 

dysfunction also prevents bone loss. As postulated, MDY treatment following ABX 

treatment prevented post-ABX induced femoral and vertebral bone loss (p<0.05, Fig 3C–D) 

as well as changes in femoral bone architecture (Fig 3E). Together, these data suggest that 

dysbiosis following ABX treatment causes intestinal barrier dysfunction leading to bone loss 

that is prevented by enhancing barrier function.

Post-ABX-induced bone loss is prevented by probiotic Lactobacillus reuteri 
administration.

To examine if treatment with probiotic bacteria could alter microbial repopulation and 

potentially overcome the effects of post-ABX dysbiosis, mice were supplemented with L. 
reuteri ATCC PTA 6475 (LR) bacteria immediately following antibiotic cessation. LR was 

selected based on previous studies demonstrating oral LR benefits bone health in different 

models of bone loss (23,27,28). LR or broth (vehicle) control were administered for 4-weeks 

continuously to post-ABX mice. In addition, another probiotic, Lactobacillus rhamnosus GG 
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(LGG) and a non-pathogenic bacterium Escherichia coli (EC, ATCC O6:B1) were included 

as treatment groups to determine response specificity. The relative abundance and 

composition of the intestinal microbiota was examined at the end of the study (Fig 4A). 

Analyses of diversity metrics, utilizing species richness and evenness (Bray-Curtis), showed 

significant separation between the control group (non-ABX) and all treated groups (Bray-

Curtis R= 0.272, p<0.001, Fig 4B). However, no significant differences in diversity metrics 

were detected between post-ABX mice treated with broth versus any of the bacterial 

treatment groups (Fig 4B). In contrast, analysis of OTUs identified differences in major 

bacterial phyla between groups. Treatment with LR did not significantly alter the abundance 

of most phyla examined but was the only treatment to decrease the post-ABX increase in 

Firmicutes:Bacteriodetes ratio (by 63 %, Fig 4C). At the specific strain level, the post-ABX 

induced dysbiosis was characterized by an increase in Firmicutes and significantly decreased 

levels of Bacteroidetes (p<0.0001; Fig 4D). LGG and EC, on the other hand, significantly 

increased OTUs classified to the phylum Verrucomicrobia compared to control and post-

ABX cohorts (by 20-fold and 3.9-fold, respectively; Fig 4D) and decreased levels of 

Firmicutes (2-fold) compared to post-ABX cohorts. Together, these results suggest that 

supplementation with different bacteria following ABX treatment can affect the repopulation 

of major phyla.

Knowing that bacterial supplementation altered the gut microbiota, we examined effects on 

bone density. As expected, post-ABX mice displayed a decrease in bone volume fraction 

(femur trabecular region) compared to untreated controls (Fig 5A, p<0.001). Interestingly, 

only LR treatment, not LGG or EC, prevented this bone loss (Fig 5B). Similarly, the post-

ABX decrease in vertebral trabecular volume was prevented by LR supplementation 

(p<0.01; Fig 5B), but not by LGG or EC. Measures of femur trabecular microarchitecture 

were correspondingly modulated by post-ABX, changes only prevented by LR (Fig 5C). 

Pearson’s correlation analyses demonstrated that femoral trabecular BV/TV negatively 

correlated with the Firmicutes:Bacteroidetes ratio (r = −0.4256, p=0.0097**; Fig 5D). 

Cortical bone parameters were not affected by bacterial supplementation (Table 2).

L. reuteri administration reverses ABX-dysbiosis-induced barrier leak

In Figure 3, we demonstrated that ABX-induced dysbiosis causes intestinal barrier 

disruption and identified that MDY treatment prevents barrier disruption and bone loss. To 

test if LR administration also prevents barrier disruption, we measured in vivo and ex vivo 
intestinal barrier function in control and post-ABX mice supplementation with broth, LR, 

LGG and EC. As shown in Figure 6A, ABX-dysbiosis-induced in vivo permeability was 

inhibited by LR treatment but not by LGG or EC (Fig 6A). Consistent with the in vivo 
intestinal flux data, post-ABX mice displayed a trend toward increased colon permeability, 

which was prevented with LR but not LGG or EC treatment (p<0.05, Fig 6B). Furthermore, 

all colon flux measures negatively correlated with femoral trabecular bone density (r= 

−0.4235, p=0.0027; Fig 5C). A compromised intestinal barrier in diseases such as IBD has 

been shown to skew gut inflammation towards a more pro-inflammatory state(64–66). 

Analyses of colon pro- and anti-inflammatory cytokine expression revealed that increased 

permeability in the post-ABX, dysbiotic cohort was accompanied by a trending increase in 

the TNF-α/IL-10 ratio (Fig 6D). Additionally, LR and MDY, which prevented barrier 
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dysfunction, reduced the TNF-α /IL-10 ratio to a level that was not significantly different 

from control mice (Fig 6D). Together, the data suggest that LR and MDY enhancement of 

intestinal barrier function prevents post-ABX gut inflammation and bone loss.

Analysis of Osteoblast/Osteoclast Bone Remodeling Markers

To determine whether the gut microbiota manipulations affect catabolic bone parameters, we 

measured markers of osteoclast activity. Osteoclast number, surface and serum levels of 

tartrate resistant alkaline phosphatase (TRAP) were increased in the post-ABX induced 

dysbiosis group (Fig 7A–C) and decreased by LR and MDY treatment (Fig 7A-C). LGG and 

EC treatment did not significantly affect osteoclast markers relative to post-ABX mice (Fig 

7A–C).

Markers of bone formation were also affected in post-ABX and treated mice. Serum 

osteocalcin was decreased in the post-ABX cohort (Fig 8A; p<0.05); both LR and MDY 

treatments prevented the suppression (Fig 8A; p<0.05) while LGG and EC did not. 

Consistent with serum osteocalcin levels, mineral apposition rate (MAR) and bone 

formation rate (BFR) were decreased in the post-ABX mice, and LR and MDY (but not 

LGG or EC treatment) prevented the suppression (Fig 8B, C). These results suggest that gut 

microbiome repopulation and/or manipulations following ABX treatment affect both 

anabolic and catabolic processes in bone.

Analysis of Mechanical Strength Testing Properties

Gut microbiome alterations under chronic antibiotic treatment have been shown to impair 

whole-bone mechanical properties (43). Therefore, we investigated whether acute antibiotic-

induced gut dysbiosis affected structural or tissue level properties. Comparisons across all 

treatment groups revealed no significant change in structural-level mechanical properties 

(Fig 9A, B). Analysis of tissue-level mechanical properties, which estimate material 

properties of bone, did not reveal differences between groups (Fig 9C, D). These results 

suggest that post-ABX microbial repopulation does not affect the overall strength and tissue 

properties of cortical bone in skeletally mature mice.

Discussion

Antibiotics save countless lives and can prevent the spread of pathogenic bacteria, however, 

a significant side-effect of antibiotics is that they also deplete the commensal microbiota 

(9,15,46). Increasing numbers of studies demonstrate a role for the intestinal bacteria, as 

well as its composition in the regulation bone health (11,23–25,27,30,67–69). In the present 

study we identify that repopulation of the microbiota following acute antibiotic treatment 

results in dysbiosis, increases intestinal permeability and has a detrimental effect on 

trabecular bone health. We further reveal that oral supplementation with the probiotic L. 
reuteri 6475 or direct inhibition of gut barrier leak significantly prevents trabecular bone loss 

and strengthens the role of the gut as a therapeutic target for bone health.

Antibiotics provide an effective way to deplete the microbiota (70–72) and are a means to 

understand 1) the requirement of the microbiota for bone health and 2) the consequence of 

subsequent microbial dysbiotic repopulation (37,44,45) on bone health. Our studies utilized 
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a 2-week treatment of ampicillin and neomycin to deplete the microbiome. Ampicillin and 

neomycin are poorly absorbed in the rodent intestine (47–49) and, when administered 

together, effectively kill a broad- spectrum of bacteria and deplete the intestinal microbiota 

(15,46). The depletion of bacteria, particularly the beneficial commensal bacteria, has been 

demonstrated to provide an environment conducive to dysbiotic bacterial repopulation 

(44,45,71). This doesn’t occur under microbiota replete conditions, in part because 

commensal bacteria produce anti-bacterial factors that decrease invasion by new bacterial 

competitors (73). Interestingly, acute antibiotic use in humans has been demonstrated to 

cause long-term (in some cases 4-years) alterations to microbiota composition (ie: dysbiosis)

(37,44,45,74). Thus, our model gave us the opportunity to study the consequences of 

dysbiosis on bone health.

In the current study, antibiotic treatment caused significant changes in microbial 

composition as evidenced by principle coordinate analyses (PCoA) and manifested in a 

substantial decrease in Bacteroidetes, a predominant phylum in healthy mice and humans 

(17,74–76). A decrease in Bacteroidetes abundance has been associated with pathologies 

such as IBD, IBS, and type 1 diabetes (10,17,68,69,77–79). While our treatment approaches 

did not shift the overall PCA fingerprint of the post-antibiotic treated mice, LR was able to 

reduce the Firmicutes:Bacteroidetes ratio and prevent bone loss, while LGG and EC did not 

affect the ratio or prevent bone loss. Interestingly, only mice treated with LGG or non-

pathogenic EC displayed an increase in the phylum Verrucomicrobia that has recently been 

shown to be increased by pro-inflammatory high fat-high sugar diets (80). The 

responsiveness observed in Bacteroidetes level and the link of the Firmicutes:Bacteroidetes 
ratio to bone health is most likely due to the abundance of these phyla and therefore reduced 

variability in comparisons. Deeper analyses of specific strains are variable across repeated 

experiments performed at different times of the year and in different animal rooms. We 

hypothesize that it is not the specific microbiota composition that regulates bone health; 

rather it is the balance of “disease promoting” versus “health promoting” bacteria. Our data 

support this but further studies are needed to understand which specific groups of bacterial 

strains are “healthy” in this context.

How does post-ABX induced dysbiosis promote bone loss? Dysbiosis has been linked to 

increased intestinal permeability/leaky gut (10,21,62) which has been linked to bone loss in 

diseases such as IBD (11,22,24,69,81) Our analyses indicate that colon flux significantly 

negatively correlates with trabecular bone density. By directly inhibiting barrier permeability 

with MDY treatment, our studies demonstrate that dysbiosis-induced intestinal barrier break 

contributes to post-ABX bone loss. This is consistent with our previous report demonstrating 

that chickens infected with intestinal salmonella benefit from MDY treatment and do not 

lose trabecular bone compared to untreated birds (82). Because MDY is not absorbed, its 

benefits to bone health are a consequence of its effects on the intestine, thereby underscoring 

the importance of the gut-bone signaling axis as a therapeutic target for osteoporosis. Under 

conditions of decreased barrier function (increased permeability), bacteria and their factors 

can translocate across the intestinal epithelium and move throughout the blood stream 

(50,83). Factors that promote intestinal permeability such as detergents (ie: DSS) skews the 

gut towards a more pro-inflammatory state (81) that is often characterized by increased 

levels of pro-inflammatory factors such as TNF-α and/or decreased levels of anti-
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inflammatory factors such as IL-10 (81,84). We used the colon TNF/IL-10 ratio as a marker 

of the balance between a pro-versus anti- inflammatory state. Post-ABX trended to increase 

TNF/IL-10 levels while MDY and LR trended to reduce the TNF/IL-10 ratio, suggesting a 

reduction in colon inflammation compared to post-ABX (dysbiotic) mice.

While previous studies have shown that probiotics can promote intestinal barrier function 

and reduce intestinal inflammation (24,62,85–88), in our studies only LR had this beneficial 

effect. Based on our current results, LR had the ability to alter the Firmicutes:Bacteriodetes 
ratio, strengthen intestinal barrier function and reduce intestinal inflammation while LGG 

did not. As expected, the non-pathogenic EC also did not influence these parameters. The 

ability of LR but not LGG to benefit gut and bone health was unexpected given that LGG 

has been elegantly shown to benefit bone health in ovariectomized mice and in male and 

female mice (24,89). It is possible that an effective response is dependent upon the specific 

dysbiosis/microbiota composition as well as the disease model, inflammatory status, sex, 

age and strain (24,27,28,90,91). LGG is known to differ from LR because of its requirement 

for epithelial cell interaction to mediate it effects(92). In addition, specific probiotic strains 

produce unique and varying combinations of biologically active metabolites and proteins 

that can benefit intestinal microbiome, inflammation and permeability (25,93,94).

Our studies demonstrate that post-ABX induced dysbiosis had a marked effect on trabecular 

bone parameters of both long bone and vertebral sites. This was observed in repeated 

experiments. On the other hand, cortical bone microarchitecture and strength were not 

affected. A response likely due to the length of the study which could be too short to see 

changes in the slow remodeling cortical bone, as we have seen in other mouse models (95). 

Additional analyses of bone anabolic and catabolic processes indicated that both are affected 

by dysbiosis. Specifically, dysbiosis significantly increased osteoclast markers and decreased 

osteoblast markers. Past studies examining dysbiosis and enhanced intestinal permeability-

induced bone loss have reported a predominant suppression of anabolic markers and some 

enhancement of resorption markers (22,81,83,96). Our treatment groups also affected these 

parameters but only MDY and LR were able to significantly reverse the effect of post-ABX 

dysbiosis. This is consistent with previous reports showing that LR can increase mineral 

apposition, osteoblast number, serum osteocalcin and decrease osteoclast markers in other 

mouse models such as type 1 diabetes and estrogen deficiency (23,25,28).

Our studies show that the microbiota depletion seen at the 2-week time point of antibiotic 

treatment did not affect bone density measures. Our results are similar to some germ free 

mouse studies (24,30). Studies in germ free mice, however, are inconsistent in terms of bone 

growth and density (increase, decrease, no change)(24,25,29,31,97). Caveats to the germ-

free model are that the mice have intestinal and immunological abnormalities (including 

fewer T cells and T cells skewed toward a Th2 phenotype)(21,29,98,99). While differences 

in mouse genetic strain, age, and sex can contribute to study variation, the differences in the 

microbiota composition used to conventionalize the germ-free mice could be a major factor 

in directing the final outcome. While both the germ-free and antibiotic models of microbiota 

depletion are useful, the antibiotic treatment model overcomes the issue of long-term 

absence of microbiota and its associated developmental abnormalities.
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Previous chronic antibiotic treatment studies examining bone health predominantly focused 

on longer antibiotic treatment times and used young mice (1-month of age) that are 

undergoing bone growth rather than remodeling. For example, a study treating young 

C57BL/6J mice at weaning with penicillin, chlortetracycline, or vancomycin for 4-months 

found a decrease in bone mineral content in males but not females (100). Chronic antibiotic 

treatment of 4 week old C57BL/6J mice with ampicillin and neomycin for 16 weeks 

decreased femoral bone bending (43). Studies in female mice have been more variable. For 

instance, 1-month old female C57BL/6J mice treated for ~2 months with penicillin, 

vancomycin and a combination displayed an early increase in bone mineral content at 3 

weeks, but by the end of the study (7 weeks) bone mineral content (BMC) did not differ 

from controls (40). Whereas, another study treating 2-month old female BALB/c mice with 

an antibiotic cocktail (ampicillin, vancomycin, metronidazole and neomycin) for 6 weeks 

showed a decrease in bone formation that was related to reduced IGF-1 (31) which is critical 

for postnatal bone growth (101,102). In our studies, we did not observe changes in serum 

IGF-1 levels (data not shown) or bone length, which suggests that IGF-1 does not play a role 

in microbiome-mediated bone remodeling in skeletally mature male mice. Together, these 

studies suggest that chronic antibiotic treatments can affect bone health in a sex-and age-

dependent manner. Direct comparison between studies is complicated due to differences in 

treatment duration, sex, genetic strain, age and antibiotics used.

There has yet to be any clinical studies examining the effects of ABX and post-ABX 

treatment on bone health. However, there are clinical studies looking into antibiotics/

probiotics and their effects on the gut microbiome. Past studies have shown that a common 

one-week antibiotic treatment regimen with clarithromycin and metronidazole resulted in 

marked compositional disturbances in the throat and the gut microbiota, which persisted for 

up to 4 years post treatment (44). In a recent study examining antibiotic perturbation in mice 

and humans (103), probiotics were shown to induce a different stool and mucosal 

microbiome repopulation that was maintained and therefore delayed recovery of the original 

pre-ABX microbiota. This study did not look at functional outcomes to systemic health 

following antibiotic induced alterations to the gut microbiota or probiotic treatment, so it is 

unclear which microbiota composition is most beneficial to the host.

In summary, it is now recognized that a healthy intestinal microbiota benefits overall host 

health. Our studies highlight the importance of microbiota composition and intestinal barrier 

function in regulating bone health and suggest that the period following antibiotic treatment 

could be important not only for intestinal health but also for bone health. Correcting 

dysbiosis, increasing barrier function, and decreasing intestinal inflammation can enhance 

gut and bone health. The mouse model serves as a straight forward way to study dysbiosis 

effects on bone and has implications for the treatment of bone loss linked to other conditions 

of dysbiosis such as inflammatory bowel disease, diabetes, menopause and poor dietary 

intake (high fat diets). Discovering the connection between the microbiome and bone health 

can speed identification of novel therapeutic targets for osteoporosis.
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Figure 1: Impact of 2-week ABX treatment on the intestinal microbiota immediately and 4-
weeks post-ABX treatment.
12-week-old male BALB/c mice were given sterile water or ABX (ampicillin and neomycin) 

for 2-weeks to deplete the intestinal microbiota. A) Fecal samples, from control and 2-week 

ABX treated mice, were plated on agar dishes to determine number of colony forming units 

(cfu)(n=18–20). Additionally, bacterial 16S rRNA was analyzed to assess levels of total 

eubacteria (n=6). B) The experimental design used to induce post-ABX dysbiosis. C) Total 

eubacteria levels were assed from control and 4-week post-ABX treated mice in first 

experimental run (n=6–7). D) Relative abundance of bacterial taxa in control and 4-week 

Schepper et al. Page 22

J Bone Miner Res. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



post-ABX fecal samples (n=3). Statistical analysis performed by Student’s t-test E) PCoA 

plot of fecal microbiome data, Bray-Curtis analysis performed to determine significance 

(n=8–9). Values are average ± SEM. **** p<0.0001.
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Figure 2: Effect of 2-week ABX treatment and subsequent 4-week natural microbiota 
repopulation on distal femur trabecular bone volume and architecture.
12-week-old male BALB/c mice were given sterile water or antibiotics for 2-weeks followed 

by sterile water for 4-weeks. A-B) Distal femoral metaphyseal trabecular bone volume was 

investigated at 2 weeks of antibiotic treatment and 4-weeks post- ABX treatment (n= 24,13,5 

respectably). C) Femoral bone architecture measures in control versus 2- weeks ABX and 4-

weeks post-ABX mice (n= 24,13,5 respectably). Values are average ± SEM. Statistical 

analysis performed with 1-way ANOVA with Tukey post-test. *** p<0.001;** p<0.01; 

*p<0.05.
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Figure 3: MDY supplementation prevents increased intestinal permeability and bone loss.
12-week-old male BALB/c mice were untreated (controls) or treated with ABX for 2 weeks. 

Post-ABX mice were given sterile water (Veh) or supplemented a high molecular weight 

polymer (MDY). A) Whole intestinal in vivo flux was measured by FITC dextran gavage 

(n=6–8). B) Colon sections were analyzed ex vivo. 4-kDa FITC flux was measured in ussing 

chambers (n=5–12). C-D) MicroCT analysis of femoral and vertebral trabecular bone 

volume fraction (n=6–16). E) Femoral bone microarchitecture [J.CT analyses (n=8–16) 
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Values are average ± SEM. Statistical analysis was performed with 1-way ANOVA with 

Tukey post-test. ** p<0.01; *p<0.05. Outlier excluded from data analysis shown in red.

Schepper et al. Page 26

J Bone Miner Res. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: Gut microbiome supplementation following antibiotics affects intestinal microbial 
composition.
12-week-old BALB/c male mice were untreated (controls) or treated with ABX for 2 weeks. 

Post-ABX mice were either given sterile water (Veh) or supplemented with L. reuteri (LR), 
Lactobacillus rhamnosus GG (LGG) or non-pathogenic Escherichia coli (EC) for 4 weeks. 

A) Relative abundances of bacterial communities following gut supplementation. B) PCoA 

plot of fecal microbiome, Bray-Curtis analysis performed. Analysis of operational 

taxonomic units (OTUs) classified to the phylum’s C) Firmicutes to Bacteroidetes ratio D) 

Firmicutes, Bacteroidetes and Verrucomicrobia. n = 8,9,10,4,5 respectively per group, 
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Values are average ± SEM. Statistical analysis of operational taxonomic units were 

performed by 1-way ANOVA with Tukey posttest. **** p<0.0001; *** p<0.001; ** p<0.01.
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Figure 5: L. reuteri prevents bone loss following ABX treatment.
A) Representative |iCT isosurface images of control, antibiotic treated ± L. reuteri, LGG or 

EC. B) MicroCT analysis of femoral and vertebral trabecular bone volume fraction (n=9–

16). C) Bone femur microarchitecture μCT analyses. (n=9–16) D) Correlation between bone 

volume fraction and Firmicutes to Bacteroidetes ratio. Both LGG and EC cohorts were 

statistically significant compared to controls in femoral BV/TV (%) and femur 

microarchitecture (p<0.05). Values are average ± SEM. Statistical analysis was performed 
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with 1-way ANOVA with Tukey post-test. *** p<0.001; ** p<0.01; *p<0.05. Outliers 

excluded from data analysis shown in red.
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Figure 6: L. reuteri prevents increased gut permeability caused by antibiotic induced dysbiosis.
To examine how the post-ABX treatments altered intestinal permeability. A) Whole in vivo 

intestinal flux was measured by 4-kDa FITC dextran gavage (n=6–12). B) Colon sections 

were analyzed ex vivo. 4-kDa FITC flux was measured in ussing chambers (n=5–13. C) 

Correlation between Colon flux measures and femoral trabecular BV/TV % in all mice that 

underwent 4-week post ABX +/− treatments. Number of XY pairs observed is 49. D) Colon 

RNA gene expression of TNF-α /IL-10 ratio (n=8–10). Both LGG and EC cohorts were not 

statistically significant compared to controls. Values are average ± SEM. Statistical analysis 

was performed with 1-way ANOVA with Tukey post-test. ** p<0.01, *p<0.05. Outlier 

excluded from data analysis shown in red.
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Figure 7. L. reuteri and MDY prevent increase in bone resorption markers induced by antibiotic 
microbial repopulation.
A) Serum TRAP 5b levels (n=10–15). B) Representative images of TRAP staining on 

section of the distal femoral trabecular region. C) Quantification of TRAP stain, osteoclast 

number and osteoclast surface/total bone surface in distal femur trabecular bone region 

(n=5–8). Both LGG and EC cohorts were statistically significant to controls in all resorption 

analyses (p<0.05). Values are average ± SEM. Statistical analysis was performed with 1-way 

ANOVA with Tukey post-test. **** p<0.0001; *** p<0.001; ** p<0.01; *p<0.05.
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Figure 8: L. reuteri and MDY prevent imbalance of bone formation markers induced by 
antibiotic microbial repopulation.
A) Serum levels of bone formation marker osteocalcin (OC) (n=10–13). B) Quantitation of 

trabecular bone mineral apposition rate (MAR)(n=5–10). C) Quantitation of trabecular bone 

formation rate (BFR)(n=5–10). Both LGG and EC cohorts were statistically significantly 

compared to controls in MAR/BFR analysis (p<0.05). Values are average ± SEM. Statistical 

analysis was performed with 1-way ANOVA with Tukey post-test. *** p<0.001; ** p<0.01; 

*p<0.05. Outlier excluded from data analysis shown in red.
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Figure 9: Microbial Manipulation does not Alter Mechanical Bone Properties.
Analysis of tibia (A and B) structural and (C and D) tissue level properties. Values are 

average ± SEM. n = 8–12 per group Statistical analysis was performed with 1 way ANOVA 

with Tukey post-test.
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Table 1:
Antibiotic treatment does not change general body parameters.

Body weight, inguinal fat, retroperitoneal fat, kidney, spleen and liver were weighed after 2-weeks of ABX 

and 4-weeks of treatment. Values are averages ± SE. Statistical analysis was performed with 1-way ANOVA 

with Tukey post-test.

Body Weight
Parameters

(n)

Control
(18)

ABX
(18)

ABX+LR
(16)

ABX+LGG
(10)

ABX+E.C.
(10)

ABX+MDY
(16)

Body weight (g) 29.1 ± 0.5 28.4 ± 0.5 28.3 ± 0.4 29.05 ± 0.8 29.0 ± 0.5 28.6 ± 0.4

Liver (g) 1.5 ± 0.03 1.40 ± 0.05 1.43 ± 0.06 1.39 ± 0.05 1.39 ± 0.5 1.35 ± 0.06

Inguinal Fat (g) 0.11 ± 0.01 0.13 ± 0.02 0.15 ± 0.01 0.11 ± 0.02 0.11 ± 0.01 0.12 ± 0.01

Retroperitoneal Fat (mg) 49.7 ± 4.2 49.7 ± 5.4 56.3 ± 9.1 55.5 ± 9.0 58 ± 5.0 48.8 ± 8.9

Kidney (g) 0.25 ± 0.01 0.24 ± 0.01 0.25 ± 0.01 0.25 ± 0.01 0.25 ± 0.01 0.24 ± 0.01

Spleen (mg) 87.9 ± 2.1 91.1 ± 4.4 88.3 ± 3.0 91.4 ± 4.6 89.2 ± 3.3 92.8 ± 3.0
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Table 2
Analyses of femoral cortical bone parameters.

Cortical area (Ct.Ar); cortical thickness (Ct.Th); marrow area (Ma.Ar); total area (Tt.Ar); bone mineral density 

(BMD); bone mineral content (BMC); inner perimeter and outer perimeter. Values are averages ± SE. n = 10–

16 per group. Nothing significant compared to control. Statistical analysis was performed with 1-way ANOVA 

with Tukey post-test.

Cortical
Parameters

(n)

Control
(18)

ABX
(18)

ABX+LR
(16)

ABX+LGG
(10)

ABX+E.C.
(10)

ABX+MDY
(16)

Ct.Ar (mm^2) 1.08 ± 0.05 1.02 ± 0.03 1.03 ± 0.04 1.01 ± 0.02 1.05 ± 0.03 1.05 ± 0.02

Ct.Th (mm) 0.29 ± 0.01 0.28 ± 0.003 0.29 ± 0.003 0.29 ± 0.003 0.28 ± 0.005 0.28 ± 0.005

Ma.Ar (mm^2) 0.65 ± 0.04 0.62 ± 0.04 0.64 ± 0.03 0.61 ± 0.05 0.65 ± 0.02 0.60 ± 0.02

Tt.Ar (mm^2) 1.39 ± 0.10 1.42 ± 0.08 1.38 ± 0.09 1.5 ± 0.05 1.53 ± 0.05 1.4 ± 0.06

BMD (mg/cc) 1019 ± 24.34 1024 ± 18.5 1045 ± 39.05 1044 ± 55.7 1043 ± 27.23 1021 ± 27.02

BMC (mg) 0.022 ± 0.001 0.021 ± 0.0005 0.022 ± 0.001 0.022 ± 0.001 0.023 ± 0.0007 0.021 ± 0.001

Inner Perimeter (mm) 3.12 ± 0.09 3.03 ± 0.09 3.06 ± 0.08 3.05 ± 0.12 3.14 ± 0.05 3.00 ± 0.05

Outer Perimeter (mm) 4.91 ± 0.13 4.75 ± 0.11 4.8 ± 0.11 4.79 ± 0.14 4.75 ± 0.08 4.74 ± 0.05
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