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Abstract

The gut microbiota is an important contributor to both health and disease. While previous studies
have reported on the beneficial influences of the gut microbiota and probiotic supplementation on
bone health, their role in recovery from skeletal injury and resultant systemic sequelae remains
unexplored. This study aimed to determine the extent to which probiotics could modulate bone
repair by dampening fracture-induced systemic inflammation. Our findings demonstrate that
femur fracture induced an increase in gut permeability lasting up to 7 days after trauma before
returning to basal levels. Strikingly, dietary supplementation with Bifidobacterium adolescentis
augmented the tightening of the intestinal barrier, dampened the systemic inflammatory response
to fracture, accelerated fracture callus cartilage remodeling, and elicited enhanced protection of
the intact skeleton following fracture. Together, these data outline a mechanism whereby dietary
supplementation with beneficial bacteria can be therapeutically targeted to prevent the systemic
pathologies induced by femur fracture.
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1. Introduction

Long bone fractures are common traumatic injuries that have a remarkable capacity to heal
in most individuals. These fractures primarily heal through secondary bone healing, which
largely progresses through endochondral ossification. Secondary bone healing is a well-
orchestrated series of overlapping events that is initiated by an initial reactive inflammatory
stage [1-4]. The local inflammatory environment is critically important for the synthesis

of matrix, recruitment of mesenchymal stem cells, and vascularization of the callus [1,5].
However, fractures have far-reaching effects beyond the local injured tissue environment,
including induction of systemic inflammation, suppression of anti-inflammatory mediators
(e.g., IL-10), and bone loss within the intact skeleton [6-8]. Traumatic injuries, such as
femur fracture, can also disrupt gut physiology by disturbing the intestinal barrier and
increasing various T-cell populations within the intestinal Peyer’s patches [7,9]. These
alterations can facilitate paracellular antigen translocation and endotoxemia, culminating in
increased systemic inflammation.

Traumatic injuries can also rapidly induce dysbiosis by decreasing bacterial diversity [10].
In healthy states, the microbiota that reside within the gastrointestinal tract can positively
influence health, largely by preventing pathogen colonization and by the generation of
immunomodulatory factors and nutrients. These health effects stretch beyond digestive
tissues extending to various organs in the body, including bone [11-16]. Transiently
altering the indigenous gut microbiome using probiotic supplements has also been shown
to benefit bone health in a variety of models. Many of the promoted probiotic bacteria are
lactic acid bacteria, including species from the Lactobacillus and Bifidobacterium genera.
Recently, administration of the probiotic strain Lactobacillus casei Shirota was shown to
significantly improve pain and functional outcomes in elderly patients with distal radius
and humerus fractures [17,18]. Bifidobacterium species are also one of the most well
studied and widely consumed probiotic bacteria, benefitting the host by altering the diversity
of the gut microbiota, modulating immune responses, and improving epithelial barrier
function [19,20]. Two Bifidobacterium species predominate in the gut of healthy adults,
Bifidobacterium adolescentis ( B. adolescentis) and Bifidobacterium longum (B. longum)
[21]. B. adolescentis is considered a genuine symbiont that does not promote systemic or
intestinal inflammation in a healthy state. However, it does have potent immunomodulatory
properties in diseased states that can attenuate the inflammatory host response to intestinal
injury and pathogen invasion [22,23].

It is now recognized that the gut microbiome and individual probiotic species have potent
immunomodulatory functions that can indirectly influence bone metabolism; however, the
role of the gut microbiota during secondary bone healing remains unknown. Herein, we
first describe an increase in gut permeability in response to femur fracture during the

early stages of healing that is corrected by altered expression of tight junction-associated
genes. We then demonstrate that supplementation with a single probiotic species, namely B.
adolescentis ATCC 15703 tightened the intestinal barrier, dampened systemic inflammation,
and altered the intestinal microbiota community structure during fracture healing. These
responses resulted in protection against post-traumatic bone loss and accelerated callus
cartilage remodeling. Our data outline a potential therapeutic intervention where dietary
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supplementation with beneficial bacteria may prevent the systemic pathologies induced by
femur fracture.

2. Methods

2.1. Animal husbandry

Eight-week-old male C57BL/6 J mice were obtained from Jackson Laboratories and allowed
to acclimate to the vivarium for two weeks prior to the start of all experiments. Male

mice were used in this study because of the higher incidence of fractures in young males
compared to young females [24]. Mice had ab /ibitum access to autoclaved food (Envigo
#2018S) and water (0.1 um filtered). All mice were housed at the Atlanta Veterans Affairs
Medical Center (VAMC) animal facility in specific pathogen free cages and controlled
conditions (temperature, 21-24 °C; humidity, 40-70 %,; light/dark cycle, 12/12 h). All
experiments were performed in accordance with the NIH Guide for the Care and Use of
Laboratory Animals and were approved by the Atlanta \eterans Affairs Medical Center
Institutional Animal Care and Use Committee (Approval #/006-17 and V017-19).

2.2. Assessment of gut permeability after fracture

Naive twelve-week old male C57BL/6 J mice were fasted for 4 h with access to water

then orally gavaged with 150 pl/mouse of 80 mg/ml fluorescein isothiocyanate—dextran 4
(FITC-Dextran MW: 3-5 kDA, Sigma-Aldrich #FD4) in sterile PBS (Invitrogen). After an
additional four hour fast without food or water the tail was cleaned with alcohol then nicked
using a sterile scalpel blade. Blood was collected using heparinized capillary tubes and
plasma isolated by centrifugation for 10 min at 5000 rpm at 4 °C. Plasma concentration of
FITC-dextran was then determined by measuring the fluorescence at 528 nm with excitation
at 485 nm using a Spectramax M2 plate reader (Molecular Devices). Assessment of plasma
FITC-dextran concentrations were assessed in the same mice at two days prior to femur
fracture and at day 3, 7, 10, and 18 post-fracture.

2.3. Probiotic supplementation

Ten-week old male mice were randomly assigned to receive either sterile PBS (Life
Technologies) or 1 x 108 CFU of Bifidobacterium adolescentis (B. adolescentis, ATCC
15703) through oral gavage 5 times per week. Probiotic and control animals were housed
separately with ad /ibitum access to autoclaved food (Envigo #2018S) and water (0.1 um
filtered) and unrestricted cage activity. After two weeks of supplementation, one cohort of
mice (n = 5/treatment) was randomly selected to be sacrificed prior to fracture and referred
to as Day 0, while the remaining mice were subjected to a closed mid-diaphyseal fracture as
described below. All mice continued to receive either B. adolescentis or PBS vehicle control
for 10, 14, 18, and 22 days post-fracture. The experimental design is depicted in Fig. 2A.
Mice were weighed weekly throughout the duration of the study.

2.4. Fracture model

Femoral fractures were generated as we have previously described [25-28]. Twelve-week
old mice were anesthetized with isoflurane inhalation, given analgesics (Buprenorphine
SR, 0.05 ml/mouse), and the left hind limb shaved and sterilized with chlorohexidine and
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alcohol. The articular surface of the femoral intercondylar notch was then perforated with a
25-gauge needle through the skin, followed by insertion of a precut stainless steel 316LVM
wire (Small Parts, diameter 0.15 inch) into the medullary canal with the use of a retrograde
approach. A transverse mid-diaphyseal fracture was then created using three-point bending
via a blunt guillotine device. The fractured limbs were radiographically examined by digital
X-ray (Bruker) immediately post-fracture to confirm fracture location and pin placement.
Animals with comminuted, distal, or proximal fractures were excluded from the histological
and UCT studies, but were used for other outcomes used to assess systemic effects of
fracture. Mice were allowed to fully weight-bear without any restrictions on activity after
recovery from anesthesia. Mice were then randomly assigned to be euthanized by CO»
asphyxiation followed by cervical dislocation at either 10, 14, 18, or 22 days post-fracture.

2.5. Bacterial culture

B. adolescentis was cultured under anaerobic conditions in reinforced clostridial media
containing 9 % Oxyrase (Sigma-Aldrich #SAE0013) at 37 °C for approximately 24 h. Each
day prior to gavage the bacteria were centrifuged at 3000xg, media aspirated, and washed in
sterile PBS for a total of two times. The washed pellet was resuspended in 3 ml of sterile
PBS and used for gavage.

2.6. Micro-computed tomography

Micro-Computed tomography (UCT) was performed on the fractured femur to determine
callus bone. pCT was also performed on the un- fractured contralateral femur and 3rd
lumbar (L3) vertebrae ex vivoto assess trabecular and cortical bone microarchitecture

using a UCT40 scanner (Scanco Medical AG, Brittisellen, Switzerland) that was calibrated
weekly using a factory-supplied phantom. Bones were first fixed for 1 week in 10 % neutral
buffered formalin at 4 °C followed by scanning in PBS medium. For fracture callus analyses,
the entire callus was manually segmented to exclude existing cortical bone and any bone
fragments. The following measures of callus structure and composition were quantified for
each fracture callus: total callus volume (TV); mineralized callus volume (BV); and bone
volume fraction (BV/TV).

Microarchitecture of the unfractured contralateral femurs was analyzed from 99 tomographic
slices taken from the distal femoral metaphysis starting 0.5 mm proximal from distal
growth plate. Trabecular bone was manually segmented from the cortical shell at a voxel
size of 6 um (70 kVp and 114 mA, and with 200 ms integration time). Cortical bone

was quantified at the femoral mid-diaphysis from 104 tomographic slices. Projection
images were reconstructed using the auto-contour function for vertebral body trabecular
bone between the cranial and caudal growth plates from approximately 350 tomographic
slices. Representative 3D images of vertebral body trabecular bone based on mean BV/TV.
The following indices were analyzed: bone volume fraction (BV/TV, %), trabecular
number (Th.N, mm?), trabecular thickness (Tb.Th, um), trabecular separation (Th.Sp, um),
volumetric bone mineral density (vBMD, mg HA/cm3), cortical thickness (Ct.Th, mm),
cortical porosity (Ct.Po, %), and cortical area (Ct.Ar, mm?2). All indices and units were
standardized according to published guidelines [29].
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2.7. Histology and static histomorphometry

After uCT scanning fractured femurs were decalcified in 14 % EDTA (pH 7.2) for =2 weeks
before embedding in paraffin. Five micrometer thick sections were obtained and stained with
hematoxylin and eosin and Safranin O/Fast green. The percent of cartilage and bone within
the fracture callus was quantified using Osteomeasure (Osteometrics) by normalizing the
amount of each tissue type to the size of the callus. Histological sections were also stained
for TRAP (Sigma) and the number of osteoclasts (TRAP + cells adjacent to bone) and
chondroclasts (TRAP + cells adjacent to cartilage) within the fracture callus were quantified.
For intestinal histology, the small intestine was equally divided into three parts. The ileum
was flushed and fixed with methanol Carnoy solution (60 % methanol, 30 % chloroform,

10 % glacial acetic acid), cut open longitudinally and coiled into a Swiss-roll, which were
fixed in 10 % neutral buffered formalin and processed for analysis of goblet cell numbers.
Eight-micrometer thick sections of the ilea were used for histological staining [30]. Slides
were stained using an Alcian Blue (pH 2.5) stain kit (Poly Scientific R&D Corporation
#S111A) and counter-stained with nuclear fast red. The number of Goblet cells per villi
were manually counted from 2 to 5 representative fields per slide and averaged per mouse.

2.8. Gene expression

A 1 cm section of the small intestines corresponding to the duodenum and proximal

colon was collected, flash frozen, and stored at =80 °C until analysis. The frozen small
intestine and colon was pulverized using a SPEX Freezer/Mill and total RNA was isolated
using TRIzol (Invitrogen). Whole bone marrow was obtained from the tibia (contralateral
unfractured hindlimb) and flash frozen prior to RNA isolation using TRIzol (Invitrogen).
First-strand cDNA was synthesized with oligo(dT) and random primers using gScript cDNA
SuperMix (Quantabio). All gRT-PCR were performed on an Analytik Jena qTower3 G
Real-Time PCR Detection System using PerfeCTa SYBR Green FastMix (Quantabio).
Amplicon authenticity was confirmed by melt curve analysis. Primer sequences are provided
in Supplementary Table 1 and B-actin was used as the normalization control. The data were
analyzed for fold change using the AACT method.

2.9. Measurement of serum inflammatory and bone turnover markers

Whole blood was obtained by cardiac puncture at time of harvest, allowed to clot at room
temperature for =30 min, then centrifuged at 10,000¢ for 10 min. Systemic cytokines were
assayed using a Meso Scale Discovery U-Plex electrochemiluminescence assay for a total of
20 cytokines according to manufacturer’s instructions at the Emory Multiplex Immunoassay
core. The investigated markers were EPO, GM-CSF, IFN-vy, IL-1pB, IL-4, IL-6, IL-10, IL-13,
IL-16, IL-17a, IL-17c, IL-17e/IL-25, IL-17f, IL-21, IL-22, IL-23, IL-33, MCP-1, TNF-a,
and VEGF-a. Undetectable concentrations of any cytokine were recorded as one-half of the
lower limit of quantification, with the exception of GM-CSF, IL-13, IL-4, IL- 17c, IL-17¢/
IL-25, and IL-17f which were not detected in any sample and were excluded from analyses.
N-terminal propeptide of type I procollagen (PINP) (ImmunoDiagnostic Systems) were
assayed using an Enzyme-Linked Immunosorbent Assay kit according to the manufacturer’s
recommendations.
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2.10. Measurement of serum endotoxin/lipopolysaccharide

To assess serum endotoxin levels, serum samples were diluted 100-fold in sterile,
pyrogen-free water and heated at 70 °C for 15 min. Endotoxin levels were quantified

using the Pierce Chromogenic Endotoxin Quant Kit (#A39552; Thermo Scientific)
according to the manufacturer’s directions. The absorbance of each sample was measured
spectrophotometrically at 405 nm, and the concentration of endotoxin was calculated from a
standard curve.

2.11. 16 s rRNA sequencing

Bacterial 16S rRNA gene V4 amplicons from fecal samples were generated on an Illumina
MiSeq using the 300-bp paired-end kit (v.3) by Microbiome Insights Inc. (Vancouver,
Canada). Sequences were denoised, taxonomically classified using Greengenes (v.13_8)
as the reference database, and clustered into 97 %-similarity operational taxonomic units
(OTUs) with the mothur software package (v. 1.39.5) [31]. The resulting dataset had 5535
OTUs (including those occurring once with a count of 1, or singletons). An average of
35389 quality-filtered reads were generated per sample. Co-sequencing DNA amplified from
fecal samples, template-free controls, and extraction kit reagents processed the same way
as the samples were used to address contamination. Any OTU with a mean abundance that
reached or exceeded 25 % of their mean abundance in specimens were considered putative
contaminants and were removed.

2.12. Statistical & bioinformatic analysis

Results are shown as mean + SD. Statistical significance was determined by either paired
two-tailed Student’s #test, unpaired two-tailed Student’s #test, Mann-Whitney U Test,
one-way or two-way ANOVA as indicated in the figure legend using GraphPad Prism
software (version 8.3.0). All statistical tests were performed at the 5 % significance level.
The presence of outliers was determined using the ROUT method (Q = 1%). Prior to
principal component analysis (PCA), serum cytokine concentrations were log-transformed
then converted to Z-scores. PCA of serum cytokine data was carried out as a tool of
exploratory data analysis using the prcomp function in R (version 6.3.2) and scatter plots

of PC1 and PC2 where generated using ggbiplot R package. Each dot represents a sample
projected onto the two main principal components and the color of the dot represents the
treatment. Microbial alpha diversity was estimated with the Shannon index on raw OTU
abundance tables after filtering out contaminants. To estimate beta diversity across samples,
OTUs occurring with a count of less than 3 in at least 10 % of the samples were excluded
and then used to computed Bray-Curtis indices. Beta diversity was visualized using Principal
Coordinates Analysis (PCoA) ordination and variation in community structure was assessed
with permutational multivariate analyses of variance (PERMANOVA) with treatment group
as the main fixed factor and using 9999 permutations for significance testing. All analyses
were conducted in the R environment by Microbiome Insights (Vancouver, Canada).
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3. Results

3.1. Fracture induces increased gut permeability in mice up to day 7 following trauma

Severe traumatic injuries can disrupt the intestinal barrier and permit paracellular
translocation of bacteria and bacterial by-products, such as endotoxin/lipopolysaccharide
[32-34]. However, whether simple bone fractures also impair gut barrier function throughout
the healing process has not been fully described. Thus, we sought to determine if fracture
would also impact gut barrier function throughout secondary bone healing by measuring

gut permeability in the context of an established model of closed femur fracture (Fig.

1A). Compared to pre-fracture levels, induction of a closed femur fracture significantly
increased gut permeability, as measured by plasma FITC-Dextran levels at day 3 and day 7
post-fracture (Fig. 1B). At day 10 and 18 post-fracture, the gut permeability had returned to
baseline pre-fracture levels (Fig. 1B). Consistent with the observations of a return to baseline
permeability levels by day 10, we detected a significant increase in the gene expression

of small intestine tight junction proteins, including Claudin-3, -4, and —15, Occludin,

and ZO-1 at both day 10 and 18 post-fracture compared to pre-fracture expression levels
(Fig. 1C). In addition, gene expression of the mucus subunit protein Mucin-2 (Muc2) was
significantly elevated at 10- and 18-days post-fracture compared to pre-fracture expression
levels (Fig. 1C). These data indicate that fracture induces a leaky gut phenotype in mice up
to about 10 days post-fracture, which then resolves and returns to baseline levels. Elevated
levels of gut epithelial tight junction proteins correlated with a return to baseline levels of
gut permeability.

3.2. Probiotic supplementation accelerates callus cartilage remodeling

Probiotics can tighten the intestinal barrier and decrease gut permeability [15,35,36]. Thus,
we next sought to determine if prophylactic dietary supplementation with a candidate
beneficial bacterium, which is analogous to consuming a probiotic supplement as part of
normal daily health routine, would prime the body to respond to an unanticipated traumatic
fracture that typically occur in young adults. Mice were randomly assigned to receive an
oral gavage of sterile PBS (vehicle control) or the candidate probiotic Bifidobacterium
adolescentis (B. adolescentis) daily for two weeks before fracture (Fig. 2A). Thereafter, a
mid-diaphyseal femur fracture was inflicted, and healing assessed at 10, 14, 18, and 22 days
post-fracture (Fig. 2A). The mice continued to receive their respective dietary supplement
throughout the 22 day post-fracture period. Supplementation of B. adolescentis did not
influence total body weight, spleen weight, or macroscopic appearance of the intestines
throughout the study, suggesting there are no detectable adverse effects of daily consumption
of B. adolescentis (Supplementary Fig. 1A-C). Micro-CT analyses of fracture calluses did
not reveal any significant differences in callus size (TV) or bone volume (BV) between
groups; however, temporal differences were detected (Fig. 2B). In particular, there was

a significant difference of dietary supplementation with B. adolescentis on callus bone
volume fraction (BV/TV), with the probiotic-supplemented mice exhibiting significantly
less bone at day 14 post-fracture (Fig. 2B). B. adolescentis supplementation resulted in
accelerated remodeling of the cartilaginous callus between day 10 and 14 post-fracture,
which was not observed in the PBS control group (Fig. 2C). Static histomorphometry also
revealed an increase in callus bone throughout fracture healing in both groups that was
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move evident in the control group (Fig. 2C). TRAP staining of fracture calluses at day

10 and 18 post-fracture and quantification of TRAP + cells did not reveal any significant
differences in chondroclasts or osteoclasts between groups at day 10 post-fracture (Fig. 2D).
However, there was a significant increase in the number of osteoclasts within the calluses

of B. adolescentis supplemented mice at day 18 post-fracture (Fig. 2D). These data indicate
that dietary supplementation with B. adolescentis before and following a mid-diaphyseal
femur fracture accelerated callus cartilage remodeling and influences callus osteoclasts.

3.3. B. adolescentis dampens the systemic inflammatory response to fracture

Beyond the local inflammatory response to injury, fracture can also initiate systemic
inflammation and lead to inflammatory response syndrome which can be detrimental

for bone healing [6,37]. Serum from PBS and B. adolescentis supplemented mice was
subjected to a multiplex immunoassay to determine systemic levels of 20 cytokines.
Principal component analyses (PCA) revealed that B. adolescentis supplementation induced
a distinct inflammatory profile particularly evident at day 10 post-fracture (Fig. 3A). This
included significantly lower levels of pro-inflammatory cytokines IL-16 and IL-6 at day

10 post-fracture (Fig. 3A). The serum levels of the anti-inflammatory cytokine IL-10 were
also higher, although the differences did not reach the threshold for statistical significance
(Fig. 3A). No significant differences were observed in the assessed serum cytokine levels at
day 18 post-fracture (Fig. 3A). Furthermore, no significant differences were detected in the
other measured cytokines at day 10 or 18 post-fracture (Supplemental Fig. 2). Assessment
of pro-inflammatory cytokine gene expression within the bone marrow compartment of

the contralateral tibia did not reveal any significant differences after two weeks of B.
adolescentis supplementation (Fig. 3B). However, at day 14 post-fracture gene expression
of IL-1B, TNFa, and IL-6 was significantly lower within the bone marrow of mice given

B. adolescentis (Fig. 3B). Similarly, there were no differences in cytokine gene expression
within the colon between groups prior to fracture (Fig. 3C). At day 14 post-fracture, there
were no significant differences in expression of IL-1p and TNFa; however, there was a
significant increase in gene expression of the anti-inflammatory cytokine IL-10 in the colon
of B. adolescentis supplemented mice (Fig. 3C). Gene expression of 1L-6 was not detected
in the colon samples at either timepoint (data not shown). Together, these data show that B.
adolescentis supplementation significantly dampens the systemic pro-inflammatory response
that occurs following fracture.

3.4. Probiotic supplementation increases expression of intestinal tight junction proteins

One mechanism whereby probiotics influence human health and systemic inflammation is
by buttressing the intestinal epithelial barrier [38]. Considering that femoral fracture induces
gut permeability (Fig. 1), we sought to determine whether B. adolescentis supplementation
would augment the expression of intestinal tight junction proteins to tighten the gut
epithelial barrier and prevent translocation of pro-inflammatory bacterial products such as
endotoxin to sub-epithelial compartments. Before fracture, two weeks of B. adolescentis
supplementation induced a significant increase in the expression of Claudin 3 (C/an3) within
the small intestine but did not alter the expression of other tight junction proteins within

the small intestine or colon (Fig. 4A and Supplemental Fig. 3). At day 10 post-fracture,

B. adolescentis supplementation significantly increased small intestine expression of Oc/n
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(Occludin), Jam3, Tjp1 (Z0O-1), and Cldn15 (Claudin 15) and decreased the expression

of Cldn2 compared to PBS supplemented mice (Fig. 4A). All tight junction-associated
genes examined were significantly up-regulated, with the exception of CldnZ2, in the

small intestine in response to B. adolescentis supplementation at day 18 post-fracture

(Fig. 4A). Histological assessment of the small intestine revealed a significant increase

in the number of mucin-producing Goblet cells per villus at 14 days post-fracture in B.
adolescentis supplemented mice relative to baseline (Fig. 4B). Similar to tight junction
protein gene expression, no differences were observed in the expression of the predominate
intestinal mucus glycoprotein Mucin 2 (Muc2) prior to fracture; however, at day 10 and

18 post-fracture there was a significant increase in small intestine Muc2 expression in

B. adolescentis supplemented mice (Fig. 4C). Within the colon, expression of Muc2was
also significantly increased in the probiotic group at day 14 post-fracture (Supplemental
Fig. 3). We measured serum endotoxin levels to determine whether these changes in gut
barrier defense-related genes translated to reduced gut permeability. Prior to fracture no
differences in serum endotoxin were observed between groups; however, B. adolescentis
supplementation resulted in lower serum endotoxin at both day 10 and 18 post-fracture
(Fig. 4D). These data show that B. adolescentis supplementation increases expression of
intestinal tight junction proteins which is particularly strong during the period following
fracture (between day 7 and day 10) when gut barrier integrity is restored to baseline levels
following the fracture induced leaky gut.

3.5. B. adolescentis supplementation alters the community structure of the gut

microbiome

Previous reports have shown that probiotic supplementation can alter the gut microbiome
community structure [16]. In order to assess the extent to which B. adolescentis
supplementation may elicit a similar effect, the microbiome of groups of mice were
normalized by repeated rounds of bedding exchanges. Mice were then supplemented with
B. adolescentis or PBS for 2 weeks before sequence analysis of bacterial 16S rRNA V4
region was conducted on fecal samples collected prior to fracture (Day 0), and at days

10 and 18 post-fracture. Principal coordinates analysis (PCoA) ordination visualization

of beta diversity demonstrate a clear separation between each treatment groups (Fig.

5A) (PERMANOVA, p = 0.0001, R2 = 0.3520); indicating that there is dissimilarity
between the gut microbiota of PBS and B. adolescentis supplemented mice. PERMANOVA
did not reveal a significant effect of time on microbiota composition (p = 0.45, R? -
0.075). However, visual inspection of the PCoA plots indicates, that in B. adolescentis-
supplemented mice, there was an initial shift in beta diversity at day 10 post-fracture that
becomes more similar to the non-fractured mice at day 18 post-fracture. In the control PBS
supplemented mice, there was a progressive shift in the beta-diversity throughout healing,
characterized by a large shift in the microbiota diversity at day 18 post-fracture (Fig. 5A).
Microbial alpha diversity was also significantly increased in B. adolescentis-supplemented
mice at day 18 post-fracture (Fig. 5B). B. adolescentis supplementation did not significantly
alter the taxonomic composition at the class level prior to fracture (day 0) (Fig. 5C and

D). However, at day 10 post-fracture the frequency of Bacilli in the B. adolescentis-treated
mice (3 %) was significantly higher than the control mice (0.56 %) (Fig. 5C and D).

At day 18 post-fracture, B. adolescentis significantly increased the relative frequency of
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Clostridia within the intestine (20 % versus 10.8 %) (Fig. 5C and D). Similar results were
observed at the species level, in that B. adolescentis supplementation did not significantly
alter the species prior to fracture with the exception of unclassified Ruminococcus (Fig.
5E). However, at 10 days post-fracture probiotic supplementation lead to a decrease in
the proportion of Bacteroides ovatus, which persisted at day 18 post-fracture compared
to control mice (Fig. 5E). At day 18 post-fracture, there was a significant increase in

the relative proportions of unclassified Lachnospiraceae, unclassified Coprococcus, but a
decrease in unclassified Clostridialesin B. adolescentis supplemented mice compared to
control mice (Fig. 5E). These data show that B. adolescentis supplementation alters the
community structure of the gut microbiome which may be a contributory factor in the
observed differences in fracture healing between B. adolescentis and PBS supplemented
groups.

3.6. Probiotic supplementation protects against post-traumatic bone loss

Fractures can lead to bone loss within the intact skeleton, such as the vertebrae, through

a mechanism largely attributed to heightened inflammation [6]. We sought to determine if
the immunosuppressive activities of B. adolescentis (Fig. 3) would prevent post-traumatic
bone loss within the intact skeleton after fracture. In the control mice supplemented with
PBS, there was an initial loss of trabecular bone volume fraction (BV/TV), volumetric
bone mineral density (vBMD), and trabecular number (Tb.N) in the L3 vertebral body
that was sustained until day 22 post-fracture (Fig. 6A). This early post-traumatic decrease
in L3 trabecular bone microarchitecture was blunted in the B. adolescentis supplemented
mice that may have stemmed from a significant increase in Th.N (Fig. 6A). No differences
were observed between groups in the trabecular or cortical bone of the intact contralateral
femur (Supplemental Fig. 4). Assessment of serum procollagen type | N-terminal propeptide
(P1NP), a biomarker of bone formation, did not reveal significant differences between
groups prior to fracture (day 0) or at days 10 and 14 post-fracture (Fig. 6B). At

day 18 post-fracture, serum levels of PLNP were significantly higher in mice given B.
adolescentis supplements; however, at day 22 post-fracture PLNP was significantly lower
in the B. adolescentis supplemented group (Fig. 6B). These data show that B. adolescentis
supplementation protects against post-traumatic bone loss, likely through dampening the
systemic inflammatory response elicited by bone fracture.

4. Discussion

In this study, we investigated whether prophylactic dietary supplementation with B.
adolescentis would prime the body for improved outcomes in the event of an unanticipated
fracture and its effects throughout secondary fracture healing. It is established that fracture
results in the systemic elevation of pro-inflammatory cytokines. Here, we demonstrate that
fracture also induces a leaky gut phenotype up to 7 days following infliction of trauma,

and the leaky gut phenotype is resolved and restored to pre-fracture basal levels by day 10
following fracture. During the period of tightening of the leaky gut, probably between days
7-10 following fracture, we detected an increase in the expression of tight junction proteins
within the gut epithelium. Critically, we also showed that dietary supplementation with

B. adolescentis elicited reduced intestinal permeability, and increased expression of tight
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junction proteins within the gut epithelium. Consistently, B. adolescentis supplemented mice
had lower systemic inflammation following fracture, and exhibited accelerated remodeling
of the cartilaginous callus likely by reducing systemic inflammation. Finally, we show that
B. adolescentis supplemented mice had altered microbiome community structure compared
to PBS supplemented mice.

The inflammatory changes stemming from traumatic injuries are thought to be secondary
to increased gut permeability. Injury leads to increased intestinal permeability that drives a
systemic inflammatory response driven by paracellular transport of bacterial proteins and
products that permeate to sub-epithelial compartment of the gut [39-41]. Furthermore, the
severity of trauma is strongly associated with the degree of intestinal permeability [42].
Simple bone fractures can also impact gut function by increasing intestinal permeability as
soon as 24 h after femur fracture [9]. We also observed an increase in gut permeability
during the early stages of fracture healing in our mouse model of fracture infliction;
however, in our femur fracture model permeability persisted until one-week post-fracture.
This increase in gut permeability corresponds to the inflammatory reactive stage when
systemic inflammation is highest, which may be synergistically driven by gut-derived pro-
inflammatory bacterial proteins and products and intrinsic host derived factors. We also
observed that expression of many intestinal tight junction-associated genes were upregulated
10 days after fracture, which corresponded to the return to basal levels of gut permeability.
This increased expression likely reflects the intestine’s response to correct the fracture-
induced disruption of the intestinal barrier function that may be an evolutionary adapted
mechanism to evoke a heightened immune response immediately following fracture.

Supplementing the existing microbiota with probiotics for improved bone repair is
therapeutically promising. Our data hint at accelerated fracture healing in mice that received
B. adolescentis supplements. This was indicated by faster cartilaginous callus remodeling,
which likely stemmed from increased osteoclast numbers within the fracture calluses. To
our knowledge, this is the first study to report an acceleration of fracture healing by
consuming probiotic supplements. Two prior studies have suggested that fracture healing
was accelerated in elderly individuals who consumed a supplement containing Lactobacillus
casei Shirota; however, these studies only examined pain and functional outcomes rather
than radiographic indicators of healing [17,18]. Nonetheless, our study adds to the growing
body of evidence that consumption of probiotics can positively influence fracture healing.

Mechanistically, probiotics, including B. adolescentis, partly benefit the host by influencing
gut physiology [43]. This involves preservation of tight junction integrity through regulating
the expression and assembly of tight junction proteins that function to firmly anchor
adjacent epithelial cells to each other [35]. Our data suggests that B. adolescentis
supplementation functions in a similar capacity in the post-fracture period by protecting
against fractured-mediated dysfunction of intercellular tight junctions in the small intestine.
At day 10 post-fracture, there was a significant increase in the expression of several

tight junction genes in the probiotic group that remained significantly higher than the
control group at day 18 post-fracture. ZO-1 ( 7jpI) is a scaffolding protein that forms

the link between the transmembrane tight junction proteins (e.g., Occludin, Claudins,
Jams) and the cytoskeleton to stabilize the tight junction [44]. Upregulated expression of
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Z0-1 may facilitate the assembly of bicellular tight junctions consisting of Occludin and
Jam3. Interestingly, Claudin 2 (C/dn2) levels were significantly downregulated by probiotic
supplementation. Claudin 2 is a pore-forming claudin that is consistently upregulated in
inflammatory conditions [45,46] and in response to high levels of certain cytokines, such
as IL-6 [47,48], TNF-a [49], and IL-13 [50]. Elevated levels of Claudin 2 can decrease
the transepithelial resistance when inserted into the tight junction; thereby, increasing
permeability [51]. At day 18 post-fracture CldnZ2 levels did not differ from the control
mice, but expression of other barrier forming claudins (i.e., Cldn3, Cldn4) and Cldn15
were significantly up-regulated in the probiotic-supplemented mice suggesting that tight
junction activity may have been augmented. We also observed a significant increase in the
gene expression of the predominate intestinal mucus protein Muc2in the small intestine
and colon as well as increased number of mucin-producing goblet cells within the small
intestine in B. adolescentis-supplemented mice. The mucus layer acts as a physical shield
to prevent direct contact of luminal content with the epithelial cells [52]. It also functions
to prevent dilution of antimicrobial compounds secreted by Paneth cells and enterocytes,
thereby generating an anti-microbial gradient from the epithelial cells towards the lumen
[53]. The increase in IL-10 expression in B. adolescentis supplemented mice may have
driven the increase in mucin production as IL-10 facilitates protein folding and stimulates
mucus production by goblet cells [54]. Together these data suggest that the probiotic B.
adolescentis is able to fortify intestinal barrier defenses after fracture through upregulation
of tight junction proteins and mucin production.

Improved gut function in B. adolescentis supplemented mice likely resulted in the
significantly lower serum endotoxin levels observed after fracture. Endotoxin or
lipopolysaccharide (LPS) is a product of the outer membrane of gram-negative bacteria
that is a potent trigger of inflammation [55,56]. LPS-induced systemic inflammation

has previously been shown to influence bone regeneration by impairing vascularization
and decreasing bone turnover by osteoblasts and osteoclasts and lead to hypertrophic

and immature calluses [57,58]. The lower levels of endotoxin may also be responsible
for the dampened inflammatory response observed in the serum and bone marrow of
probiotic-supplemented mice. This dampened inflammation could have contributed to the
accelerated fracture healing phenotype and protected the vertebrae trabecular bone against
post-traumatic bone loss.

Fracture induces systemic pathologies that extend beyond the fractured bone to impact

the intact skeleton. Incident fractures accelerate loss of cancellous bone of the vertebral
body and hip bone mineral density by increasing osteoclast numbers [6,59,60]. Similar to
these studies, we observed a significant decrease in trabecular microarchitectural indices
within the L3 vertebral body in the control mice; however, this bone loss was attenuated in
the B. adolescentis supplemented mice. Importantly, our study is consistent with previous
reports and shows that the detrimental effects of fracture on the intact skeleton primarily
affects the cancellous bone within the vertebral body rather than that of the femur, which
likely stems from compensatory loading on the unfractured limb [6]. The bone formation
biomarker PLNP was significantly higher at day 18 post-fracture in mice given the probiotic.
Interestingly, at day 22 the control mice had higher levels of PLNP. Levels of PANP naturally
increase throughout secondary fracture healing as new bone is being formed, returning to
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baseline levels during the later remodeling stages (21-23 days post-fracture) of fracture
healing [61]. This increase in PLNP in control mice may reflect recovery from this initial
bone loss, which occurs by 4-6 weeks in young mice [6].

Intriguingly, the majority of the observed beneficial effects of B. adolescentis
supplementation were only observed after fracture. Our findings are supported by previous
studies that classify B. adolescentis as a bona fide symbiont that does not induce intestinal
or systemic inflammation in a healthy host [62]. However, in the context of an inflammatory
host response B. adolescentis can impart anti-inflammatory potential. For example, B.
adolescentis was able to decelerate induction of intestinal inflammation in a dextran sodium
sulfate-induced colitis model and led to a reduction in the Yersinia invasion-triggered

IL-8 production by epithelial cells [22]. These data along with our study suggest that B.
adolescentis requires an injury or assault to exert its anti-inflammatory effect; however, the
mechanism by which B. adolescentis imparts these beneficial effects remains enigmatic.

B. adolescentis has been shown to produce and secrete metabolites that can suppress
NSAID-induced intestinal ulcer formation [63]. The production of post-biotics (e.g., lactate,
formate and acetate) may be partly responsible for the observed effects. Both acetate

and formate can improve tight junction barrier function by upregulating the expression of
tight junction proteins [64]. Beyond these metabolites, B. adolescentis has been shown to
metabolize various dietary phenolic compounds such as quercetin and fisetin into bioactive
anti-inflammatory molecules [65, 66].

Another explanation for the observed effects during the post-fracture period may be
attributable to changes in the microbial community structure or activity of resident microbes
within the gut. In fact, it is theorized that the health benefits of probiotics are not directly

a result of the strain consumed; rather, a result of interactions with the indigenous gut
microbiota that can significantly alter the activity, without influencing the composition [67—
69]. B. adolescentisis a lactic acid bacteria that can not only ferment dietary prebiotics into
lactate but also partially breakdown dietary fibers which can support the growth of other
populations of bacterial species through cross-feeding [70]. Furthermore, the metabolic
interactions can lead to changes in the bacterial community landscape within the intestine
and colon through changes in pH driven by fermentation products. In our study, we
observed a general stability in the gut microbiome diversity during fracture healing in mice
supplemented with B. adolescentis. We also observed an increase in the relative frequency
of Clostridia, a major SCFA-producing class of bacteria, that may have contributed to
accelerated fracture healing and bone-protective effects observed [71,72]. SCFAs, primarily
butyrate, produced by these bacteria have important roles in maintaining and restoring
intestinal barrier integrity by controlling the expression of tight junction proteins [73-77].
Butyrate also induces mucin production, which we observed in our study [78]. Although we
did not assess SCFA levels in the present study it remains conceivable that the levels would
be elevated in B. adolescentis supplemented mice. We also observed differences in several
bacterial species in B. adolescentis supplemented mice, mainly the Gram-negative species
Bacteroides ovatus. In inflammatory bowel disease (IBD) patients, Bacteroides ovatuswas
shown to be one the predominant commensal species that induces a systemic antibody
response [79]. It also increases 1gG and IgA production in mono-colonized germ-free mice
[80,81]. B. ovatus may have exaggerated the inflammatory response to fracture in control
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mice, which was repressed with B. adolescentis supplementation. Ultimately, we cannot
ascribe causality to these microbial changes and future work will need to experimentally
determine the significance of these changes in the context of fracture healing. We also did
not examine the changes at a later time-point to determine if the diversity would revert back
to pre-fracture levels after successful fracture healing. l.e., if the effects were a transient
response to femur fracture or long-lasting.

Whether the observed effects of B. adolescentis on fracture healing and the intact skeleton
are specific to this species and strain remains to be determined. Currently, there are

seven core genera of microbial organisms with identified probiotic properties, including
Bifidobacterium, Lactobacillus, Saccharomyces, Enterococcus, Streptococcus, Bacillus, and
Escherichia. Many of these species have demonstrated protective effects on bone mass in
ovariectomy and glucocorticoid-induced osteoporosis models [15,82]. Thus, it is conceivable
that one or more probiotic species may also have similar effects, especially considering

that many probiotics influence health in a similar mechanism as B. ado/escentis. In human
studies, Lactobacillus casei Shirota was found to benefit pain and functional outcomes

in elderly patients with radius and humerus fractures [17,18]. However, whether or not

this probiotic supplement influences fracture healing remains unknown. Future studies are
certainly warranted to determine if other probiotic species can elicit similar effects.

In summary, this study demonstrates that transiently altering the intestinal microbiota using
probiotic supplements, such as B. adolescentis, can influence bone healing and limit the
systemic pathologies induced by fracture. Collectively, our study argues that probiotic
supplements may be a convenient, yet clinically relevant strategy to prevent the negative
consequences of fracture-induced gut leakiness.
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Fig. 1. Fractureinducesan early increasein intestinal per meability.
(A) Radiographs of a representative fractured femur immediately after fracture (Day 0) and

throughout healing. (B) Plasma FITC-Dextran concentrations were significantly higher at
day 3 and 7 post-fracture compared pre-fracture levels, with return to pre- fracture levels by
day 10 (n = 6). Two-tailed paired Student’s t-test, * < 0.05 vs prior to fracture (Fx) control.
(C) Fracture upregulates gene expression of tight junction-associated proteins and Muc2
within the small intestines (n = 4). Significance determine with one-way ANOVA followed
by Tukey’s multiple comparisons test. Data not sharing a common letter are significantly
different at £< 0.05. Data represent mean + SD.
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Fig. 2. Supplementation with B. adolescentis increases cartilage remodeling.
(A) Study design and sample sizes for each timepoint. 10-week old male mice were

randomly assigned to receive PBS (vehicle control) or B. adolescentis (probiotic)
supplements five times per week by oral gavage. After two weeks of supplementation, a
mid-diaphyseal fracture (Fx) was created and healing and systemic effects were assessed
at day 10, 14, 18, and 22. (B) MicroCT analyses of fracture calluses did not reveal any
significant differences in callus size (TV) or bone volume (BV) between groups but did
show significantly less bone volume fraction (BV/TV) at day 14 in probiotic treated mice.
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Two-way ANOVA followed by Bonferroni’s multiple comparison testing to determine effect
of treatment (Tx), *P< 0.05 (n = 5-9 per group). (C) B. adolescentis supplementation
resulted in faster remodeling of the cartilaginous callus between day 10 and 14. Scale bar,
100 pm. Data analyzed by two-way ANOVA followed by Bonferroni’s multiple comparison
testing to determine effect of time. Values represent mean + SD, values of the same color
not sharing a common letter are significantly different (n = 4-6 per group per timepoint).
(D) Significant increase in the number of TRAP + osteoclasts (OC) but not chondroclasts
(CC) within the fracture calluses of B. adolescentis supplemented mice. Scale bar, 40 um.
Significance determined by unpaired two-tailed Student’s #test, *~< 0.05 (n = 3-6).
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Fig. 3. Probiotic supplementation dampensthe systemic inflammatory responseto fracture.

O B. adolescentis

(A) Principal component analyses of serum cytokines revealed that B. adolescentis
supplementation created an inflammatory profile that was distinct from control mice at day
10 and 18 post-fracture. B. adolescentis supplementation decreased serum levels of 1L-16
and IL-6 at day 10 post-fracture. Data analyzed by Mann-Whitney U-test, *£< 0.05. n = 3-6
in each group and timepoint. (B) At day 14 post-fracture B. adolescentis supplementation
repressed the expression of IL-1B, TNFa, and IL-6 within the bone marrow compartment

of the unfractured contralateral tibia. (C) At day 14 post-fracture there was a significant
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increase in colonic IL-10 gene expression. Significance of gene expression was determined
by unpaired two-tailed Student’s #test, *£< 0.05 (n = 3—4 in each group). Abbreviations:
Fx, fracture; B. adolescentis, Bifidobacterium adolescentis.
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Fig. 4. B. adolescentistightenstheintestinal barrier.
(A) Prior to fracture (Fx; Day 0) B. adolescentis supplementation increased the expression

of Cldn3. At day 10 post-fracture, B. adolescentis supplementation significantly increased
the gene expression of Oc/n, Jam3, Tjpl1, and Cldn15, and decreased the expression of
Cldnzwithin the small intestine. B. adolescentis supplementation significantly increased

the expression of Ocln, Jam3, Tjp1, Cldn3, Cldn4, and Cldn15 at day 18 post-fracture
compared to control mice. n = 4-6 per group. (B) Representative histological sections of
small intestine isolated from control and B. adolescentis supplemented mice prior to fracture
and at day 14 post-fracture. Scale bar, 40 um. There was a significant increase in the number
of goblet cells per villi in the probiotic supplemented mice at day 14 post-fracture. Two-way
ANOVA followed by Bonferroni’s multiple comparisons testing to determine effect of time
on goblet cell number. Values represent mean + SD, values of the same color not sharing

a common letter are significantly different, < 0.05 (n = 3—4 per group). (C) Significant
increase in MucZ2 expression at day 10 and 18 post-fracture in mice supplemented with B.
adolescentis. n = 4-5 per group per timepoint. (D) At post-fracture day 10 and 18 there was
significantly less endotoxin in B. adolescentis mice. n = 5-6 per group per timepoint. Gene
expression and serum endotoxin data analyzed using an unpaired two-tailed Student’s £test,
*P < 0.05. Abbreviations: Fx, fracture; B. adolescentis, Bifidobacterium adolescentis, TX,
treatment.
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Fig. 5. B. adolescentis supplementation influences the composition of theintestinal microbiome.
(A) Principal coordinates ordination analyses of fecal beta diversity (n = 4). (B) B.

adolescentis increased bacterial alpha-diversity at day 18 post-fracture. (C) Detailed relative
abundance of bacterial taxa at the class level within fecal pellets at day 0 (prior to fracture)
and day 10 and 18 post-fracture. (D) B. adolescentis increases the relative frequency

of Bacilli at day 10 post-fracture and Clostridia at day 18 post-fracture in the gut. (E)
Bacteroides ovatus was significantly lower in B. adolescentis supplemented mice at day

10 and 18 post-fracture. B. adolescentis increased the relative frequency of unclassified
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Lachnospiraceae, unclassified Coprococcus, and unclassified Clostridiales at day 18 post-
fracture. Each dot represents an individual animal and the line represents the mean.
Unpaired two-tailed Student’s #test, *~ < 0.05.
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Fig. 6. B. adolescentis supplementation protects against systemic bone loss.
(A) Representative microCT 3D reconstructions of the L3 vertebrae trabecular bone and

volumetric analyses show decrease in trabecular bone volume fraction (BV/TV), volumetric
bone mineral density (vBMD) and trabecular number (Th.N) in control mice that was
attenuated in the B. adolescentis supplemented mice after fracture. Data analyzed by two-
way ANOVA followed by Bonferroni’s multiple comparison testing to assess effect of time.
Values of the same color not sharing a common letter are significantly different, £< 0.05 (n
= 5-9 per group). (B) Serum P1NP was significantly higher in B. adolescentis supplemented
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mice at day 18 post-fracture, but significantly lower at day 22 post-fracture. Assessed by
unpaired two- tailed Student’s #test, *P< 0.05 (n = 4 per group).
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