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Abstract  Age is a patient-specific factor that can
significantly delay fracture healing and exacerbate
systemic sequelae during convalescence. The basis
for this difference in healing rates is not well-under-
stood, but heightened inflammation has been sug-
gested to be a significant contributor. In this study,
we investigated the systemic cytokine and intestinal
microbiome response to closed femur fracture in
3-month-old (young adult) and 15-month-old (mid-
dle-aged) female wild-type mice. Middle-aged mice
had a serum cytokine profile that was distinct from
young mice at days 10, 14, and 18 post-fracture. This
was characterized by increased concentrations of IL-
17a, IL-10, IL-6, MCP-1, EPO, and TNFa. We also
observed changes in the community structure of the
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gut microbiota in both young and middle-aged mice
that was evident as early as day 3 post-fracture. This
included an Enterobacteriaceae bloom at day 3 post-
fracture in middle-aged mice and an increase in
the relative abundance of the Muribaculum genus.
Moreover, we observed an increase in the relative
abundance of the health-promoting Bifidobacterium
genus in young mice after fracture that did not occur
in middle-aged mice. There were significant correla-
tions between serum cytokines and specific genera,
including a negative correlation between Bifidobac-
terium and the highly induced cytokine IL-17a. Our
study demonstrates that aging exacerbates the inflam-
matory response to fracture leading to high levels of
pro-inflammatory cytokines and disruption of the
intestinal microbiota.

Keywords Microbiota - Secondary bone healing -
IL-17a - Inflammation - Aging

Introduction

Fractures are common events, especially in the elderly
that have a residual life-time fracture risk of 29% in
males and 56% in females [1]. Increased age is also a
well-established risk factor for delayed fracture repair
by impacting numerous steps of the healing process
[2-4]. This delay has been attributed to several fac-
tors, including decreased responsiveness of mesen-
chymal progenitor cells to growth and differentiation
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factors, an overall decrease in osteochondral pro-
genitor cell numbers, diminished propensity for cell
division and maturation of mesenchymal cells, and
delayed callus vascularization [5]. Most fractures
heal through secondary bone repair that involves an
intricate series of overlapping stages that is initiated
by a robust local and systemic inflammatory response
[6]. This reactive inflammatory phase is critical to the
progression of healing by facilitating the migration
and differentiation of mesenchymal progenitor cells
from the periosteum and bone marrow to the site of
injury [6].

The function of the immune system changes
with increasing age, which is often referred to as
immunosenescence [7]. Age is also associated with
increased levels of circulating inflammatory cytokines
such as TNFa and IL-6, even in the absence of
trauma [8, 9]. This excessive basal low-grade inflam-
mation can contribute to a prolonged inflammatory
phase that is detrimental to the progression of fracture
healing [10, 11]. Immune cells from aged mice also
display an enhanced pro-inflammatory response to
bacteria and bacterial-derived products (e.g., lipopol-
ysaccharide) [12]. This is important due to the age-
driven increase in intestinal permeability that allows
the paracellular translocation of microbial products
to enter the bloodstream and promote inflammation
[12]. Moreover, we recently demonstrated that simple
femur fracture rapidly disrupts the intestinal barrier
and alters the composition of the gut microbiota [13,
14]. However, little data exist concerning the inter-
play between the systemic inflammatory response
to fractures and the gut microbiota in the context of
aging [15, 16].

The gut microbiota is composed of a diverse group
of bacteria that remains relatively stable in adults
but undergoes dramatic changes with advanced age
[17]. Microbial dysbiosis, or imbalance in the com-
position of the gut microbiota, occurs with age and
these changes are sufficient to promote age-associated
inflammation [12]. This was further supported by
studies using young germ-free mice colonized with an
aged microbiota that displayed enhanced T cell differ-
entiation (CD4+ Th2, Thl, and Treg cells) and local
inflammation within the intestine [18]. As such, the
gut microbiota has emerged as a significant regula-
tor of systemic inflammation and more recently been
implicated in the maintenance and repair of the skel-
eton [13, 14, 19]. This study sought to characterize
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the differential systemic immune and gut microbi-
ome response to femoral fracture between young and
middle-aged mice. Herein, we demonstrate that the
systemic inflammatory profile is distinct between
young and middle-aged mice during the post-fracture
period. Moreover, we highlight unique responses of
the gut microbiota to femoral fracture in young and
middle-aged mice.

Methods
Animal husbandry

Three-month-old C57BL/6J (Strain #000664) female
mice were obtained from Jackson Laboratories and
allowed to acclimate to the vivarium for 2 weeks
prior to the start of all experiments. A separate cohort
of 3-month-old female C57BL/6J mice were pur-
chased from Jackson Laboratories and housed in the
animal facility until 15 months of age. We elected
to examine female mice in this study due to slower
rate of fracture healing as well as clinical evidence
showing that women may have an increased risk for
fractures and atrophic non-unions compared to males
[20]. Mice had ab libitum access to autoclaved food
(Envigo #2018S) and water (0.1 micron filtered).
All mice were group housed at the Atlanta Veterans
Affairs Medical Center (VAMC) vivarium in spe-
cific pathogen-free cages, with sterilized corn cob
bedding, and controlled conditions (temperature,
21- 24 °C; humidity, 40-70%; light/dark cycle, 12/12
h). Mice were weighed prior to fracture and at days
3, 7, 10, 14, and 18 post-fracture. Changes in body
weight are presented as percent change from baseline
(prior to fracture). Mice were maintained in accord-
ance with applicable state and federal guidelines and
all experimental procedures were approved by the
Atlanta VAMC Institutional Animal Care and Use
Committee.

Fracture model

Femoral fractures were generated using the Einhorn
method and as we have previously described [21-23].
Three-month-old (young) and 15-month-old (middle-
aged) mice were anesthetized with isoflurane inha-
lation and administered analgesics (Buprenorphine
SR), and the left hind limb was shaved and sterilized
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with chlorohexidine and isopropyl 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 stain-
less steel 316LVM wire (small part diameter 0.15
inch) into the medullary canal with the use of a ret-
rograde approach. A transverse mid-diaphyseal frac-
ture 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 histo-
logical and micro-computed tomography (uCT) stud-
ies. Mice were allowed to fully weight-bear without
any restrictions on activity after recovery from anes-
thesia. At either 10, 14, or 18 days post-fracture, mice
were euthanized by CO, asphyxiation followed by
cervical dislocation. These timepoints were selected
as they represent critical events during fracture heal-
ing, corresponding to callus vascularization (day 10),
the cartilaginous-to-bony callus transition (day 14),
and initiation of callus remodeling (day 18).

Micro-computed tomography

pPCT was performed on the fractured femur to deter-
mine callus bone using a pCT40 scanner (Scanco
Medical AG, Briittisellen, Switzerland) that was cali-
brated weekly using a factory-supplied phantom (day
14: n = S/group; day 18: n = 4/group). Bones were
first fixed for 1 week in 10% neutral buffered forma-
lin at 4 °C followed by scanning in PBS medium. For
fracture callus analyses, fracture calluses were manu-
ally segmented to exclude existing cortical bone and
any bone fragments at the center of the fracture cal-
lus. A Gaussian filter (sigma = 0.8, support = 1) was
applied to reduce noise, and 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).

Gene expression

An approximately 1-cm section of the small intes-
tines (n = 5/group) corresponding to the duode-
num was collected, flash frozen, and stored at
— 80 °C until analysis. The frozen small intestine

was homogenized using a tissue grinder and total
RNA was isolated using TRIzol (Invitrogen). First-
strand cDNA was synthesized with oligo(dT) and
random primers using qScript cDNA SuperMix
(Quantabio). All qRT-PCR were performed on an
Analytik Jena qTower’ G Real-Time PCR Detec-
tion System using PerfeCTa SYBR Green FastMix
(Quantabio). Amplicon authenticity was confirmed
by melt curve analysis. Expression of genes encod-
ing tight junction proteins (Ocln, Jam3, Cldn2,
Tjpl), the major component of the protective
mucus layer (Muc2), and biomarker of intestinal
dysbiosis and inflammation (Lcn2) were quanti-
fied. Primer sequences are provided in Supplemen-
tary Table 1 and fB-actin was used as the normali-
zation control. The data were analyzed using the
AACT method.

Measurement of serum cytokines

Whole blood was obtained by cardiac puncture at
time of harvest (n = 5/group/timepoint), allowed
to clot at room temperature for > 30 min, then cen-
trifuged at 10,000 x g for 10 min. Serum was then
removed, aliquoted, and stored at — 80 °C. Sys-
temic cytokines were assayed using a Meso Scale
Discovery U-Plex electrochemiluminescence assay
for a total of 20 cytokines according to manufac-
turer’s instructions at the Emory Multiplex Immu-
noassay Core. The investigated markers were EPO,
GM-CSF, IFN-y, IL-1p, IL-4, IL-6, IL-10, IL-13,
IL-16, IL-17a, IL-17¢, IL-17¢/IL-25, IL-17f, IL-21,
IL-22, 1L-23, IL-33, MCP-1, TNFa, and VEGF-a.
Lower limits of quantification (LLOQ) were as fol-
lows: EPO: 3.78 pg/ml; GM-CSF: 0.0629 pg/ml;
IFN-y: 0.0626 pg/ml; IL-10: 1.55 pg/ml; IL-13:
2.52 pg/ml; IL-16: 1.38 pg/ml; IL-17a: 0.0977 pg/
ml; IL-1f: 1.11 pg/ml; IL-4: 0.175 pg/ml; IL-6:
1.86 pg/ml; IL-17c: 0.789 pg/ml; IL-17e: 0.335 pg/
ml; IL-17f: 21.1 pg/ml; IL-21: 1.26 pg/ml; IL-22:
0.356 pg/ml; IL-23: 1.36 pg/ml; IL-33: 0.755 pg/
ml; MCP-1: 1.69 pg/ml; TNFa: 1.69 pg/ml; and
VEGF-a: 0.431 pg/ml. 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-17¢c, IL-17e/IL-25, IL-
17f, and IL-1p (day 10) which were not detected in
any sample and were excluded from analyses.
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Fecal metagenomic sequencing

Fecal pellets (~ 50 mg) were longitudinally collected
from mice (n = 4/group/timepoint) in sterile micro-
centrifuge tubes, placed in dry ice, and stored at
— 80 °C until analysis. DNA extraction, sequencing,
and bioinformatics were completed by Microbiome
Insights (Vancouver, Canada). Briefly, fecal DNA
was extracted using the Qiagen MagAttract Pow-
erSoil DNA KF kit using a KingFisher robot. DNA
quality was evaluated visually via gel electrophoresis
and quantified using a Qubit 3.0 fluorometer (Thermo
Fisher). Libraries were prepared using an Illumina
Nextera library preparation kit with an in-house pro-
tocol (Illumina). Paired-end sequencing (150 bp X 2)
was completed on a NextSeq 500 in medium-output
mode. Shotgun metagenomic sequence reads were
processed with the Sunbeam pipeline. Initial qual-
ity evaluation was completed using FastQC v0.11.5.
Processing took part in four steps: adapter removal,
read trimming, low-complexity-read removal, and
host-sequence removals. Adapter removal was done
using cutadapt v2.6. Trimming was done with Trim-
momatic v0.36 using custom parameters (LEAD-
ING:3 TRAILING:3 SLIDINGWINDOW:4:15 MIN-
LEN:36). Low-complexity sequences were detected
with Komplexity v0.3.6. High-quality reads were
mapped to the human genome (Genome Reference
Consortium Human Reference [24]) and the mouse
Mus musculus (house mouse) genome assembly
GRCm38.p6, and those that were mapped to it with
at least 50% similarity across 60% of the read length
were removed. The remaining reads were taxonomi-
cally classified using Kraken2 with the PlusPF data-
base from 17 May 2021. For functional profiling, fil-
tered reads were aligned against the SEED database
via translated homology search and annotated to sub-
systems (functional levels) 1-3 using Super-Focus
with level 1 being the most general and level 3 being
the most specific. Three of the middle-aged samples
(n = 1 at days 3, 14, 18) were removed from data
analysis because of high host contamination (> 25%).

Statistical and bioinformatic analysis
Results are shown as mean + SD. Statistical signifi-
cance was determined by either unpaired two-tailed

Student’s r-test, mixed-effects model for repeated
measures followed by Tukey’s multiple comparisons
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as appropriate, Scheirer-Ray-Hare test for the two-
factor analysis, or two-way ANOVA with Sidak post
hoc testing as indicated in the figure legends using
GraphPad Prism software (version 9.5.1). All statisti-
cal tests were performed at the 5% significance level.
Outliers were identified using the ROUT method (Q
= 1%) and were removed from datasets when appro-
priate. Prior to principal component analysis (PCA)
and heat map generation, serum cytokine concen-
trations were log-transformed then converted to
Z-scores. PCA of serum cytokine data was carried out
as an exploratory data analysis tool using JMP Pro 16
(SAS). Each dot represents a sample projected onto
the two main principal components and the color of
the dot represents the age of mice. Pearson’s corre-
lation test was utilized for correlation analyses com-
paring serum cytokines and the top ten most abun-
dant genera at day 18 post-fracture. Microbial alpha
diversity was estimated using the Shannon diversity
index on raw OTU abundances. Beta diversity was
estimated using OTUs to compute the Bray-Curtis
indices. Beta diversity was visualized using principal
coordinates analysis of ordination (PCoA) and vari-
ation in community structure was assessed with per-
mutational multivariate analyses of variance (PER-
MANOVA). Negative binomial models (DESEq2 R
package) were used for differential abundance testing
of taxonomic and function subsystem level 3 features
to examine differences between ages across time-
points (timepoint to age interaction). P-values were
calculated with LRT test with an adjusted P-value
= 0.01. Taxa and functions that were present in less
than 10% of the samples were excluded to reduce
false positives. All microbiome analyses were con-
ducted in the R environment by Microbiome Insights
(Vancouver, Canada).

Results
Fracture healing is delayed in middle-aged mice

Young (3-month-old) and middle-aged (15-month-
old) female C57BL/6J mice were subjected to uni-
lateral femoral fractures and were used to assess
fracture healing, systemic cytokines, and fecal
microbiome changes (Fig. 1A). Femur fracture
induced a rapid decrease in body weight in both
young (— 4%) and middle-aged (— 13%) mice
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Fig. 1 Middle-aged mice experience a delay in secondary
bone repair. A Young 3-month-old and middle-aged 15-month-
old female wild-type mice were used to assess the systemic
inflammatory cytokine and gut microbiome response to frac-
ture. B Fracture leads to a rapid and sustained decrease in body
weight in middle-aged mice. C MicroCT 3D reconstruction
of fracture calluses at day 14 (n = 5/group) and 18 (n = 4/

within the first 3 days; however, this decrease was
significantly greater in middle-aged mice (Fig. 1B).
Moreover, the young mice recovered from this ini-
tial loss in body weight by 1-week post-fracture and
continued to accrue body weight throughout heal-
ing, but the middle-aged mice never recovered to
their pre-fracture weight (Fig. 1B).

Assessment of fracture healing by microCT
revealed a significant decrease in callus bone volume
(BV, — 49%) at day 14 post-fracture in the middle-
aged mice (Fig. 1C). At day 18 post-fracture, the dif-
ferences between young and middle-aged mice were
more evident by microCT volumetric analyses, in
which the middle-aged mice had significantly larger
calluses (TV, + 73%) that contained less bone (BV/
TV, — 27%) (Fig. 1C). Together, these data indicate
that 15-month-old mice are a valid healing-chal-
lenged model.

Days post-fracture

Days post-fracture Days post-fracture

group) post-fracture shows differences in callus mineralization
between young and middle-aged mice. At day 14 post-fracture,
there was significantly less bone volume in middle-aged mice.
At day 18 post-fracture, the callus size was significantly larger
and contained less bone in middle-aged mice. Data represent
mean + SD. Student’s unpaired #-test, *P < 0.05 vs. young

mice

Middle-aged mice have an exacerbated systemic
inflammatory response to fracture

We next sought to determine if the systemic inflam-
matory response was altered in middle-aged mice.
PCA of serum cytokines revealed that the inflam-
matory response to fracture was distinct between
young and middle-aged mice at days 10, 14, and
18 post-fracture (Fig. 2A, B). There was a signifi-
cant effect of age on MCP-1, TNFa, EPO, IL-17a,
IL-6, IL-10, IFNy, and IL-16 concentrations and a
significant effect of time on EPO, IL-10, IL-17a,
TNFa, IFNy, VEGFa, IL-33, GM-CSF, IL-1p, and
IL-22 (Fig. 2C and Supplementary Fig. 1). Moreo-
ver, there was a significant interaction effect for IL-
17a (Fig. 2C). MCP-1 and TNFa were significantly
higher in middle-aged mice at all timepoints. At
day 14 post-fracture, serum IL-6 and IL-10 were

@ Springer
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«Fig. 2 Middle-aged mice have a distinct inflammatory
response to fracture. A Principal component analyses of serum
cytokines show a clear distinction between young and middle-
aged mice at days 10, 14, and 18 post-fracture (n = 5/group/
timepoint). B Heat map depicting group averages of serum
cytokines. C There was a significant effect of age on MCP-1,
TNFa, EPO, IL-17a, IL-6, and IL-10 concentrations and a sig-
nificant effect of time on EPO, IL-10, IL-17a, and TNFa. Out-
liers were identified the middle-aged dataset using the ROUT
method in day 18 IL-6 (excluded value 63.34 pg/ml), day 18
IL-10 (excluded value 45.91 pg/ml), day 18 TNFa (excluded
value 37.5 pg/ml), and day 14 IL-17a (excluded value 3.85 pg/
ml). Data represent mean + SD. Two-way ANOVA followed
by Sidak’s multiple comparisons test, *P < 0.05

significantly higher in middle-aged mice, whereas
at day 18 post-fracture, serum IL-17a and EPO were
significantly higher in middle-aged mice compared
to young mice. At day 18 post-fracture, there was
also a significant increase in the concentrations of
EPO, TNFa, IL-17a, and VEGFa when compared to
days 10 and 14 post-fracture in middle-aged mice,
which was not observed in young mice (Fig. 2C and
Supplementary Fig. 1). In young mice, there was a
significant increase in IL-33, GM-CSF, and IFNy at
day 18 post-fracture compared to days 10 and 14,
while the concentration of IL-22 decreased from
days 10 to 14 post-fracture in young mice (Supple-
mentary Fig. 1).

Middle-aged mice have differential expression of
intestinal tight junction-related genes

We next measured the expression of genes that
code for proteins involved in formation of tight
junctions between adjacent epithelial cells within
the small intestines of young and middle-aged mice
at day 18 post-fracture, a timepoint when callus
mineralization was significantly different between
ages (Fig. 1C). The expression of occludin (Ocln),
Z0-1 (Tjpl), and claudin-2 (Cldn2) was signifi-
cantly lower in middle-aged mice compared to
young mice (Fig. 3). The expression of Jam3 and
mucin-2 (Muc2) was not significantly different
between ages (Fig. 3). Moreover, the expression of
lipocalin-2 (Lcn2) that is induced during dysbiosis
[25] was significantly higher (+ 123%) in middle-
aged mice (Fig. 3). Together, these data suggest
that middle-aged mice have a compromised intes-
tinal barrier.

Femoral fracture alters the composition of the gut
microbiome

Metagenomic sequencing of longitudinally collected
fecal samples revealed that in young mice across all
timepoints, bacteria dominated the communities fol-
lowed by eukaryotes, archaea, and viruses accounting
for 99.62%, 0.22%, 0.14%, and 0.02%, respectively
(Supplementary Figure 2). In middle-aged mice,
bacteria also dominated the communities followed
by eukaryotes, archaea, and viruses accounting for
99.04%, 0.68%, 0.23%, and 0.05% respectively across
all timepoints (Supplementary Figure 2). There was
a significant effect of age on the abundance of bac-
teria, eukaryotes, archaea, and viruses (Supplemen-
tary Figure 2). There was also a significant interac-
tion between age and timepoint for viruses, with
middle-aged mice having an increased relative abun-
dance of viruses prior to fracture and at days 10,
14, and 18 post-fracture (Supplementary Figure 2).
As expected, there was a baseline difference (prior
to fracture) in the beta diversity between young and
middle-aged mice (Fig. 4A). Alpha diversity, cal-
culated using the Shannon diversity index, was sig-
nificantly different between ages while time and the
interaction between time and age were not significant
(Fig. 4B). Moreover, the middle-aged mice displayed
significantly higher alpha diversity prior to fracture
and at days 3, 10, and 18 post-fracture compared to
young mice (Fig. 4B). At day 14 post-fracture, there
were no significant differences in alpha diversity
between ages (Fig. 4B). Analysis of overall micro-
bial community composition changes throughout
fracture healing by PERMANOVA revealed a sig-
nificant effect of age (P = 0.001, R? = 0.389), time-
point (P = 0.047, R* = 0.041), and age to timepoint
interaction (P = 0.022, R?> = 0.051) (Fig. 4B). Sev-
eral indexes have been developed to assess intestinal
microbiota imbalances, primarily in the context of
metabolic disease [26]. No significant differences in
the Firmicutes/Bacteroidetes (F/B) ratio were identi-
fied between ages or across time (Fig. 4C). Middle-
aged mice, however, displayed a significant increase
in the Prevotella/Bacteroidetes prior to fracture and
at all post-fracture timepoints (Fig. 4D). We further
examined the relative abundance of the Enterobacte-
riaceae family, which is linked to inflammation, and
observed a significant bloom in Enterobacteriaceae in
the middle-aged mice compared to young mice at day
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Fig. 3 Middle-aged mice have gut barrier defects. Middle-
aged mice displayed decreased expression of occludin (Ocln),
ZO-1 (Tjpl), and claudin-2 (Cldn2) and increased expression
of lipocalin-2 (Lcn2) in the small intestine at day 18 post-
fracture. Outliers were identified the young dataset using the
ROUT method for Ocin (n = 1) and Tjpl (n = 1). Data repre-
sent mean + SD (n = 4-5/group). Student’s unpaired #-test, *P
< 0.05 vs. young mice

3 post-fracture (Fig. 4E). Together, these data indicate

that middle-aged mice have a baseline level of dys-
biosis which can be exacerbated by femoral fracture.

A

B

The taxonomic composition at the genus level
displayed marked changes that persisted throughout
the course of fracture healing in young and middle-
aged mice (Fig. 5A). In young mice, there was an
increase in the relative abundance of Bifidobac-
terium at days 10 and 14 post-fracture compared
to pre-fracture levels (Fig. 5B). The change in the
abundance of Bifidobacterium was not observed in
middle-aged mice (Fig. 5B). Fracture also led to a
significant decrease in the abundance of Lactobacil-
lus in young mice at days 10, 14, and 18 post-frac-
ture compared to pre-fracture levels, which was not
observed in middle-aged mice (Fig. 5B). Moreover,
there was a significant expansion of Muribacu-
lum and decreased Ligilactobacillus at day 3 post-
fracture in middle-aged mice (Fig. 5B). The abun-
dance of Ligilactobacillus and Muribaculum did not
change in young mice. At the species level, similar
disturbances in the top 10 must abundant species
were observed after femoral fracture in young and
middle-aged mice (Fig. 5C). Differential abun-
dance testing (DESEq2) for differences between
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Fig. 4 Middle-aged mice experience dysbiosis. A Principal
coordinates ordination analyses (PCoA) of fecal beta diversity
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all timepoints except day 14 post-fracture. C No difference in
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and age to timepoint interaction. D Middle-aged mice had sig-
nificantly higher Prevotella/Bacteroidetes ratios at each time-
point. E At day 3 post-fracture, there was a significant increase
in Enterobacteriaceae in middle-aged mice compared to young
mice. Two-way ANOVA followed by multiple comparisons
testing, *P < 0.05 vs. young mice
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A Detailed relative abundance of bacteria showing changes in
tive abundances of specific genera throughout fracture healing.
Data were assessed using a mixed-effects model followed by

ages across timepoints (age to timepoint interac-
tion) identified 73 significant taxa (Supplementary
Table 2).

To determine if the relative abundance of the top
10 genera were related to serum cytokines, heat maps
were created based on Pearson’s correlation coef-
ficient (r) using day 18 samples. This timepoint was
selected for this analysis because the serum cytokines
and fecal samples were obtained from the same ani-
mals. Bifidobacterium was negatively correlated with
IL-17a and MCP-1 levels. Alistipes and Bacteroides
were negatively correlated with VEGFa. Duncaniella
and Muribaculum were positively correlated with
IL-17a, IL-6, and TNFa. Faecalibacterium was posi-
tively correlated with EPO and GM-CSF. Our results
suggest that changes in the cytokine profile after
fracture are closely correlated with alterations in the
abundance of the fecal microbiota.

Muribaculum=

EPO

GM-CSF -
IL-6
IL-10
IL-33

w172

IFN-y -
1L-16
IL-1B-
IL-22

Tukey’s multiple comparison testing. C Detailed relative abun-
dance of bacteria showing changes in the top 10 most abundant
species prior to fracture (day 0) and at days 3, 10, 14, and 18
post-fracture. D Pearson correlation matrix heat map showing
relationships between serum cytokine levels and the relative
abundance of the top 10 most abundant genera at day 18 post-
fracture, *P < 0.05

Femoral fracture does not markedly alter the
metagenomic functional profile

Analysis of overall functional profile changes
throughout fracture healing by PERMANOVA
revealed a significant effect of age (P = 0.001, R?
= 0.180). There were no significant differences in
functional profiles due to timepoint (P = 0.057, R*
0.058) or interaction between age and timepoint (P
0.079, R* = 0.05). Differences in functional profiles
between young and middle-aged mice were present
prior to fracture (P = 0.044, R?> = 0.384) and day 14
post-fracture (P = 0.031, R? = 0.386) (Fig. 6A). Dif-
ferential abundance testing for differences between
ages across timepoints (age to timepoint interac-
tion) identified 17 significant functions of subsystem
level 3 SEED features (Supplementary Table 3). The
majority of (5 of 17) differentially abundant functions
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B Differential abundance testing of SEED subsystem level 3

involved amino acid metabolism, including threonine
anaerobic catabolism gene cluster, proline synthesis,
isoleucine degradation, valine degradation, and glu-
tamine synthetases (Fig. 6B).

Discussion

Increased age is associated with a number of pathol-
ogies and comorbidities. This includes an overall
increased risk of fracture as well as a higher likeli-
hood of experiencing complications during healing
[2, 27-29]. Geriatric fracture healing is also associ-
ated with more negative systemic complications than
those of younger patients. The heightened inflam-
matory response that occurs in aging likely contrib-
utes to this phenomenon. In our study, we observed
a large initial (— 13%), yet sustained loss of body
weight in middle-aged mice. Traumatic injuries,
including fracture, induce an initial suppression in
appetite before entering into a hypermetabolic state
[30, 31]. For instance, a well-nourished patient with
a fracture can experience a 20-25% increase in meta-
bolic rate [32]. This hypermetabolism is partly driven
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functions revealed that functions related to amino acid metabo-
lism were different between groups across timepoints, (n =
3—4/group/timepoint)

by the inflammatory reaction to injury, which was
exacerbated in the middle-aged mice [31]. The sus-
tained decrease in body weight may contribute to the
impaired fracture healing phenotype as the period
of rapid bone formation during healing is metaboli-
cally expensive. Although we did not directly address
energy expenditure in these mice, our data point to
inflammation as a contributor to the weight loss in
middle-aged mice which could be further addressed
in future studies.

Aging has been shown to delay fracture healing,
with aged mice having larger fracture calluses that
contain less bone [2, 33, 34]. Our study demonstrat-
ing delayed healing in 15-month-old mice is in agree-
ment with these previous reports. The systemic driv-
ers that underpin this delay in fracture healing are not
well-defined. It is established that aged mice have a
basal pro-inflammatory state that is characterized
by higher levels of the proinflammatory cytokines
[28]. The systemic inflammatory response to injury
and fracture is also exacerbated in aged mice [16,
24, 33, 35]. These prior studies support our find-
ings of a distinct systemic inflammatory cytokine
profile in middle-aged mice during fracture healing.



GeroScience (2023) 45:3115-3129

3125

The middle-aged mice in our study had significantly
higher levels of several pro-inflammatory cytokines
after fracture, including IL-17a, IL-10, IL-6, MCP-1,
and TNFa. The high levels of inflammatory cytokines
may have impaired the natural progression of sec-
ondary bone healing, therefore delaying healing in
the middle-aged mice. In fact, high concentrations of
TNFa can not only impair fracture healing [36-38]
but also impair angiogenesis [39]. Increased IL-6 has
also been associated with unfavorable outcomes [40,
41]. Heightened levels of these cytokines may con-
tribute to the delayed fracture healing observed in
middle-aged mice.

IL-17a was the only cytokine with a significant
interaction effect between time and age. Moreover, it
was the most strongly increased cytokine in the mid-
dle-aged mice at days 10 (+ 485%), 14 (+ 2367%),
and 18 (+ 10408%) post-fracture compared to young
mice. Similarly, IL-17a was reported to be strongly
induced after bone injury where it promoted osteo-
blastogenesis of injury-associated mesenchymal cells
[42]. Conversely, inhibiting IL-17a in vivo by inject-
ing an IL-17a blocking antibody improved intram-
embranous ossification in a drill hole model of bone
regeneration [43]. Thus, the influence of IL-17a on
osteogenesis is controversial, with no clear consensus
of its effects on osteogenic differentiation. Some stud-
ies classify IL-17a as a pro-osteogenic effector [42,
44-48], whereas others report either no effect [49]
or repression of osteogenesis [42, 50-54]. Additional
studies are ultimately warranted to fully interrogate
the influence of IL-17a on fracture healing in the con-
text of aging.

We and others have reported that age and simple
femoral fractures can promote intestinal dysfunction
characterized by a rapid disruption of the intestinal
barrier [12—14, 55]. Increased gut permeability can
increase systemic inflammation due to the paracel-
lular translocation of microbial-derived antigens that
can reach distal sites [55]. In our study, we observed
decreased expression of genes (Ocln, Tjpl, Cldn2)
involved in the formation of tight junctions within the
small intestine in middle-aged mice at day 18 post-
fracture. We also observed a significant increase in
the gene expression of lipocalin-2 (Lcn2) within the
small intestine in middle-aged mice. Lcn2 expres-
sion is strongly induced by endotoxin, and it has been
identified as an indicator of intestinal inflammation
[56, 57]. Moreover, dysbiosis can induce lipocalin-2

expression, which functions to limit bacterial growth
by sequestering iron [58].

There is an increasing number of studies that have
identified characteristic alterations in the gut micro-
biota in the elderly that are associated with health
outcomes [59-64]. We also identified marked taxo-
nomic differences in the microbiomes of young and
middle-aged mice prior to fracture. Interestingly, we
observed increased alpha diversity in middle-aged
mice prior to fracture and throughout fracture heal-
ing, with the exception of day 14 post-fracture. The
Shannon index of alpha diversity is a measure of
within-sample diversity accounting for both species
richness (i.e., number of species) and evenness (i.e.,
distribution). While increased diversity is largely con-
sidered to be beneficial, several studies have reported
increased alpha diversity in aging [17, 65, 66]. Impor-
tantly, our results highlight a stability in alpha diver-
sity in young mice, which fluctuated in middle-aged
mice after fracture. We also observed an increase in
the Enterobacteriaceae family at day 3 post-fracture
in middle-aged mice compared to young mice. Many
members of the Enterobacteriaceae family are fac-
ultative anaerobic bacteria with pathogenic proper-
ties [67]. These bacteria contain immunostimula-
tory microbe-associated molecular patterns, such
as lipopolysaccharides, that have been linked to
enhanced inflammatory responses [68]. The bloom
of potentially pathogenic Enterobacteriaceae family
may have contributed to the heightened post-fracture
systemic inflammation response observed in middle-
aged mice.

In our study, fracture led to unique perturbations in
bacterial communities in both young and middle-aged
mice. There was an expansion of the beneficial Bifi-
dobacterium genus in young mice after fracture that
was not observed in middle-aged mice, whereas the
abundance of the Lactobacillus genus decreased after
fracture in young mice. Bifidobacterium and Lactoba-
cillus are both lactic acid bacteria that utilize similar
substrates [69]. The fracture-induced expansion of
Bifidobacterium in young mice may have contributed
to the decreased abundance of Lactobacillus. Alterna-
tively, the decrease in Lactobacillus may have opened
ecological niches that permitted the expansion of Bifi-
dobacterium. Bacteria belonging to the Bifidobacte-
rium and Lactobacillus genera are common probiot-
ics and have received considerable attention for their
health-promoting properties in a variety of disease
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states, including bone health [70]. We recently pub-
lished that supplementing aged mice (18-month-
old) with Bifidobacterium longum accelerated and
enhanced fracture healing [13]. We also reported a
beneficial effect of Bifidobacterium adolescentis sup-
plementation on fracture-related sequalae in young
3-month-old male mice [14]. In both studies, supple-
menting with species from the Bifidobacterium genus
dampened systemic inflammation [13, 14]. The pre-
sent study revealed a negative correlation between the
relative abundance of the Bifidobacterium genus with
IL-17a and MCP-1 levels at day 18 post-fracture, sug-
gesting that Bifidobacterium may attenuate systemic
inflammation after bone fracture. In agreement with
our study, negative correlations between the abun-
dance of Bifidobacterium and IL-17a levels have
been reported in the context of various disease states
[71-74]. Therefore, it is tempting to speculate that the
expansion of Bifidobacterium during the reparative
phase of secondary bone repair (days 10 and 14) in
young mice may have contributed to the differences
in callus mineralization and systemic inflammation.
At day 3 post-fracture, there was also a significant
decrease in the abundance of the Ligilactobacillus
genus and increase in the Muribaculum genus in mid-
dle-aged mice but not in young mice. We observed
similar effects in 18-month-old female mice at day
3 post-fracture [13]. Muribaculum, which belongs
to the family Muribaculaceae previously known as
S24-7, has been reported to rapidly bloom after liver
injury and was correlated with inflammatory gene
expression [75]. We also observed a positive correla-
tion between Muribaculum and serum TNFa concen-
trations. TNFa is a potent pro-inflammatory cytokine
that was identified as a central regulatory cytokine
induced by aged microbiota in conventionally raised
mice and germ-free mice colonized with an aged
microbiota [18]. TNFa and the gut microbiota were
also demonstrated to be critical for age-associated
inflammation [12]. Future experimental studies are
ultimately needed to decipher whether and how post-
fracture fluctuations in these genera contribute to
bone healing and the systemic inflammatory response
to fracture.

Beyond the influence on immune system, the
indigenous gut microbiota produce a wide reper-
toire of metabolites from dietary substrates that can
influence host physiology, including short-chain
fatty acids, secondary bile acids, and tryptophan
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metabolites. Prior studies have identified functional
differences between young and aged microbiomes,
including associations between amino acid metabo-
lism and aging [59, 76]. While the functional profiles
between young and middle-aged mice were similar in
our study, we did identify several significant features.
Approximately 30% (5 of 17) of the identified func-
tions in with a significant age to timepoint interaction
were related to amino acid metabolism. We do not
know if these changes in metabolic features resulted
in altered systemic metabolite levels. It is also unclear
what effect, if any, these changes in microbial func-
tional profiles have on fracture healing and systemic
inflammation. Future studies will need to determine
if alterations in the functional capacity of the middle-
aged microbiota influence bone repair and post-frac-
ture systemic inflammation.

This study is not without limitations. We utilized
15-month-old mice, which are generally considered
upper middle-aged and not yet considered old. How-
ever, these mice exhibit a pro-inflammatory cytokine
profile and delay in fracture healing that is consist-
ent with aging. We would expect to find similar, if
not more pronounced, differences in older animals
(18-24 months old). Another limitation of the cur-
rent study is that we did not assess basal cytokines
prior to fracture or at a later timepoint when heal-
ing is complete. This limits our ability to determine
if fracture was the primary driving force behind the
heightened inflammation, or if the middle-aged mice
had a basal level of inflammation that was already
distinct from the young mice. It is conceivable that
the middle-aged mice had elevated levels of cytokines
prior to fracture that became more pronounced during
the post-traumatic period [28]. We were also unable
to examine the longitudinal relationships between
systemic inflammation and the gut microbiota at all
timepoints due to the terminal nature of blood collec-
tion. Future studies are needed to determine whether
the observed longitudinal changes in bone healing
and systemic inflammation in aging are due to enrich-
ment of specific species, changes in microbiota inter-
actions, or changes in the availability of microbiota-
derived biomolecules.

In conclusion, we demonstrated that middle-aged
mice have a distinct systemic inflammatory pro-
file after fracture. This profile was characterized by
high levels of the pro-inflammatory cytokine IL-
17a. We also observed fracture-induced changes in
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the composition of the gut microbiota that differed
between young and middle-aged mice, which cor-
related to systemic cytokine levels. Importantly, this
study adds new insight into the relationship between
bone-gut axis in the context of aging.
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