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Aims

Post-traumatic osteoarthritis (PTOA) is a subset of osteoarthritis (OA). The gut microbiome
is shown to be involved in OA. However, the effect of exercise on gut microbiome in PTOA
remains elusive.

Methods

A total of 18 eight-week Sprague-Dawley rats were assigned into three groups: Sham/sed-
entary (Sham/Sed), PTOA/sedentary (PTOA/Sed), and PTOA/treadmill-walking (PTOA/TW).
PTOA model was induced by transection of the anterior cruciate ligament (ACLT) and the
destabilization of the medial meniscus (DMM). Treadmill-walking (15 m/min, 30 min/d, five
days/week for eight weeks) was employed in the PTOA/TW group. The response of cartilage,
subchondral bone, serology, and gut microbiome and their correlations were assessed.

Results

Eight-week treadmill-walking was effective at maintaining the integrity of cartilage-
subchondral bone unit and reducing the elevated systematic inflammation factors and
microbiome-derived metabolites. Furthermore, 16S ribosomal ribonucleic acid (rRNA) se-
quencing showed disease-relevant microbial shifts in PTOA animals, characterized by the
decreased abundance of phylum TM7 and the increase of phylum Fusobacteria. At the genus
level, the abundance of Lactobacillus, Turicibacter, Adlercreutzia, and Cetobacterium were in-
creased in the PTOA animals, while the increase of Adlercreutzia and Cetobacterium was weak-
ened as a response to exercise. The correlation analysis showed that genus Lactobacillus and
Adlercreutzia were correlated to the structural OA phenotypes, while phylum Fusobacteria
and genus Cetobacterium may contribute to the effects of exercise on the diminishment of
serological inflammatory factors.

Conclusion

Exercise is effective at maintaining the integrity of cartilage-subchondral bone unit, and the
exercise-induced modification of disease-relevant microbial shifts is potentially involved in
the mechanisms of exercise-induced amelioration of PTOA.
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Article focus
Gut microbiome is involved in post-

Key messages
Moderate exercise in the form of

traumatic osteoarthritis (PTOA) develop-
ment. However, the effect of favourable
exercise on gut microbiome in PTOA
remains elusive. This study aims to inves-
tigate the relationships between exercise,
gut microbiome, and PTOA.

treadmill-walking is effective at main-
taining the integrity of articular cartilage-
subchondral bone unit and eliminating
the microbial-relevant low-degree inflam-
mation in PTOA animals, possibly by
modifying the PTOA-relevant shifts of the
gut microbiome.

The disease-relevant microbial shift in
PTOA is characterized by the decreased
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abundance of phylum TM7 and the increase of
phylum Fusobacteria. At the genus level, the abun-
dance of Lactobacillus, Turicibacter, Adlercreutzia, and
Cetobacterium were increased in the PTOA animals,
while the increase of Adlercreutzia and Cetobacterium
was weakened as a response to exercise.

The genera Lactobacillus and Adlercreutzia were
correlated to the structural OA phenotypes, while
phylum Fusobacteria and genus Cetobacterium may
contribute to the effects of exercise on the diminish-
ment of serological inflammatory factors.

Strengths and limitations

This study demonstrates the underlying mechanisms
of physical exercise by the modifications of disease-
relevant microbial shifts, and sheds light on the
exercise-induced modification of gut microbiome in
OA management.

These findings support the idea that exercise is poten-
tially associated with PTOA-relevant gut microbial
shifts, however the exercise protocol employed in
this study has a limited effect on the modification of
gut microbiome, which may be attributed to short-
term training, single-ending timepoint, or the limited
sample size.

This study only reveals the correlations between gut
microbiome, PTOA, and exercise. Experimental valida-
tion by microbial manipulation would help to clarify
the cause-effect relationships with adequate evidence.

Introduction

Osteoarthritis (OA) is a highly common musculoskeletal
disorder involving the whole joint, characterized by the
progressive degradation of articular cartilage, osteophyte
formation, as well as synovial membrane inflamma-
tory response and subchondral bone sclerosis, causing
severe pain, morning stiffness, joint swelling, limited
range of motion, physical dysfunction, and restriction
of social activity."? As a subtype of OA, post-traumatic
osteoarthritis (PTOA) is characterized by a distinct initial
joint-associated structural injury followed by secondary
inflammation, immune response, instability, and attenu-
ated neuromuscular feedback. Persistent inflammation in
PTOA, locally or systematically, is detectable.>*

The gut microbiome is the collection of trillions of
microbial organisms that populate the gastrointestinal
tract, and play a key role in the development and regu-
lation of host metabolism, immune system, and inflam-
matory responses.> Microbiome alterations have an
established role in chronic clinical conditions, including
osteoporosis,® and two diseases associated with OA,
namely obesity and diabetes,” by activating the innate
immune system, resulting in an increased production
of proinflammatory cytokines and bacterial metabolites.
Given that low-grade inflammation is well characterized

as a key mediator of the pathogenesis of OA 2 it is reason-
able to conclude that the microbiome is involved in OA,
via lipopolysaccharide (LPS)-induced low-grade inflam-
mation, metabolic endotoxemia, macrophage activation,
and joint damage.

Recent evidence suggests the involvement of the gut
microbiome in OA progression.>’® When comparing
specific pathogen-free (SPF) mice and germ-free (GF)
mice, a connection was established in a mouse model
between the severity of OA and gut microbiome induced
by destabilized medial meniscus (DMM) surgery, which
suggests a decline in the severity of PTOA under germ-
free circumstances.” In this context, the modulation of
the gut microbiome is being investigated as a poten-
tially novel strategy in the treatment of OA, which can
be reached by maintaining a healthy lifestyle, including
a healthy diet supplemented with vitamins, minerals,
prebiotics, and probiotics, as well as regular sleeping
habits.> Moreover, emerging research has shown that
exercise, which is effective at alleviating OA symptoms
and improving joint function and quality of life,’*' can
independently alter the composition, abundance, and
functional capacity of the gut microbiome.’ However,
the effect of exercise-training on the gut microbiome in
experimental animals or OA patients remains elusive.

In our previous study,” we found that exercise is
effective at maintaining PTOA structural integrity. In this
study, we speculated that exercise-training may modify
OA progression by modulating the relevant changes of
the gut microbiome. We used moderate exercise-training
on a PTOA rat model, and assessed the response of the
cartilage, subchondral bone, serology, and gut micro-
biome, and their correlations, to investigate: 1) how the
gut microbiome changes during PTOA development; 2)
what effects exercise has on gut microbiome in PTOA; and
3) whether exercise ameliorates PTOA by modifiying gut
microbiome.

Methods

Animals. All animal experimental protocols were ap-
proved by the Experimental Animal Ethics Committee of
Tongji Medical College, Huazhong University of Science
and Technology (Wuhan, China). A total of 18 eight-week-
old male Sprague-Dawley (SD) rats were bred in the SPF
condition. Given that animals kept in the same cage tend
to have similar microbiomes, the SD rats were individual-
ly allocated to ventilated cages filled with irradiated saw-
dust bedding to avoid this “cage effect”,'® and maintained
on a 12-hour light/dark cycle under a consistent tempera-
ture (22°C (£ 1°C)). The animals were able to move freely
in the cages and had free access to autoclaved food and
water. An ARRIVE checklist has been included to demon-
strate compliance with the ARRIVE guidelines.

Study design and exercise protocols. The protocols of this
study are presented in Figure 1. The animals were ran-
domly assigned into either the sham group (n = 6) or
the PTOA group (n = 12). A minimum sample size of five
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Experimental protocols. A total of 18 eight-week-old Sprague Dawley (SD) rats were assigned into three groups: sham/sedentary (Sham/Sed) (n = 6), post-
traumatic osteoarthritis ("'TOA)/sedentary (PTOA/Sed) (n = 6), and PTOA/treadmill-walking (PTOA/TW) (n = 6). PTOA was induced by the transection of the
anterior cruciate ligament (ACLT) and the destabilization of the medial meniscus (DMM). Exercise-training was performed at four weeks after surgery on a
flatbed treadmill at a rate of 15 m/min for 30 min/day, five days/week, for eight weeks. After eight weeks of treadmill-walking, the rats were euthanized and
assessed with the analysis of micro-CT, histology, serology, and gut microbiome.

rats per group is based on the ability to detect a mini-
mal meaningful difference in histological score of the
knee joint to provide an a = 0.05 and a power of 80%.
Calculation of sample size was performed using G*Power
Software (version 3.0.10, Germany).” Data for sample
size calculations were obtained from a previous study."
All surgeries were performed under anaesthesia with
Pentobarbital. As described previously,'” the PTOA group
was subjected to the transection of the anterior cruciate
ligament (ACLT) and the DMM on the right knee joint,
while the incision of skin and medial capsule in sham
group was also performed on the right knee joint as an
internal control. PTOA animals were further randomly as-
signed to either the PTOA/sedentary (PTOA/Sed) group
(n = 6) or the PTOA/treadmill-walking (PTOA/TW) group
(n = 6), while all the sham animals were assigned to the
Sham/sedentary (Sham/Sed) group (n = 6). The PTOA/TW
group was subjected to treadmill exercise at four weeks
after surgery on a flatbed treadmill (Zhenghua Biological
Instrument Equipment, China) at a rate of 15 m/min for
30 min/day, five days/week, for eight weeks. The animals
in the Sham/Sed and the PTOA/Sed groups were allowed
to move freely in cages without any treadmill exercise for
eight weeks. The animals were euthanized at the age of

20 weeks, and knee joints were harvested for analysis.
Prior to euthanasia, fresh fecal samples were individually
collected from each rat within one minute of excretion us-
ing sterile 10 ml centrifuge tubes (the tubes having been
frozen on dry ice), transported immediately to the labora-
tory, and then stored at -80°C before total genomic DNA
extraction (within 12 hours). Additionally, blood samples
were collected through cardiac puncture.

Micro-CT analysis of subchondral bone. After the ani-
mals were euthanized, all rat knee joints were scanned
using a micro-CT system (micro-CT 50 Scanco Medical,
Switzerland) with the following parameters: voxel size of
10.5 pym resolution, voltage of 100 kV, and current of 98
MA. The reconstructed images and data were obtained
from 3D built-in software. To measure the subchondral
bone of tibia, the following parameters were calculated:
bone volume/tissue volume fraction (BV/TV), trabecular
thickness (Tb.Th), trabecular number (Tb.N), and trabec-
ular separation (Tb.Sp).

Histological analysis of articular cartilage. After micro-
CT scanning, knee joints were fixed in 4% paraform-
aldehyde solution for 48 hours at room temperature,
decalcified for four weeks by 10% ethylenediamine-
tetraacetic acid (EDTA) solution at 4°C, dehydrated in
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Fig. 2

Exercise attenuates post-traumatic osteoarthritis (PTOA)-relevant phenotypes of cartilage-subchondral bone unit and dismisses the serological inflammatory
factors and microbiome-derived metabolites. a) The representative images of Safranin O-Fast staining (scale bar = 400 pm, black) in a sagittal plane and
Osteoarthritis Research Society International (OARSI) score of the Sham/sedentary (Sed), PTOA/Sed, and PTOA/treadmill-walking (TW) groups. b) Micro-CT
representative images of the tibial subchondral bone of each group (scale bar = 2 mm, black) in a coronal plane, and histograms representing the parameters
of tibial trabecular bone: trabecular number (Tb.N), volume/tissue volume (BV/TV), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp).

©) Quantitative analysis of the serological inflammatory factors interleukin beta (IL-18) and tumour necrosis factor alpha (TNF-a) and the microbiome-derived
metabolites liposaccharide (LPS) and endotoxin. Data are presented as the mean and standard deviation, n = 6. *p < 0.05, *p < 0.01, PTOA/Sed or PTOA/TW
versus Sham/Sed, one-way analysis of variance (ANOVA); #p < 0.05, ##p < 0.01, PTOA/Sed versus PTOA/TW, one-way ANOVA. ns, not significant.

graded ethanol solutions, and embedded in paraffin.
The joints were embedded using paraffin in the sagittal
plane, and then ten to 20 slides were prepared, each
with 4 pm sections collected for histological exami-
nation. From each sample, slides from a specific loca-
tion in the mid-sagittal region were used for safranin

O (SafO)/fast green staining to observe the change
of chondrocytes, articular cartilage structure, and ex-
tracellular matrix. The Osteoarthritis Research Society
International (OARSI) scoring system* and modified
Mankin scoring system?' were used to describe cartilage
lesions. SafO reflecting cartilage proteoglycan content
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was scored according to a published scoring system.?
Two areas were evaluated: medial tibial plateau (MTP)
and the medial femoral condyle (MFC). These two sites
were separately assigned a score based on the stand-
ard OARSI score (0 to 6), modified Mankin score (0 to
16), and SafO score (0 to 12). Scoring was performed
by three different blinded scorers (XXH, RMC, XRS). The
data were double-checked by the organizers (JMZ, TX)
and the mean value of three individual scores was cal-
culated for one slide. The mean score of randomly cho-
sen ten slides was calculated to represent one sample.
Scores from the tibial and femoral articular cartilage of
the medial compartments were summed and reported.
A higher score suggests a more advanced histopatho-
logical grade of OA.

Serum biochemical analysis. Blood was collected prior
to euthanasia through cardiac puncture. Serum was
obtained and stored at -80°C until analysis. Serum
concentrations of endotoxin, tumour necrosis factor a
(TNF-a), lipopolysaccharides (LPS), and interleukin-183
(IL-1B) were measured using enzyme-linked immuno-
sorbent assay kits (ET, RA20354; TNF-a, RA20035-S;
LPS, RA20650; IL-1B, RA20020-S; Bio-Swamp, China)
according to the manufacturer’s instructions.

DNA extraction, 16S rRNA amplification, and Illumina
Miseq sequencing. Bacterial genomic DNA was extract-
ed from 200 mg of each fecal sample using Fast DNA
SPIN extraction kits (MP Biomedicals, USA) according
to the manufacturer’s instructions. The quantity and
quality of extracted DNA were confirmed by agarose gel
electrophoresis and NanoDrop ND-1000 spectropho-
tometer (Thermo Fisher Scientific, USA), respectively.
The V3-V4 region of the bacterial 16S ribosomal ribo-
nucleic acid (rRNA) genes was amplified by polymer-
ase chain reaction (PCR) with the forward primer 338 F
(5’-ACTCCTACGGGAGGCAGCA-3") and the reverse
primer 806 R (5’-GGACTACHVGGGTWTCTAAT-3’). Each
PCR reaction contained 5 pl of Q5 reaction buffer (5x),
5 pl of Q5 High-Fidelity GC buffer (5x), 0.25 pl of Q5
High-Fidelity DNA Polymerase (5 U/ul), 2 pl (2.5 mM)
of dNTPs, 1 pl (10 uM) of forward and reverse primer,
2 pl of DNA Template, and 8.75 pl of double-distilled
water (ddH20). The following PCR thermocycler pro-
tocol was used: initial denaturation at 98°C for two
minutes, 25 cycles consisting of denaturation at 98°C
for 15 seconds, annealing at 55°C for 30 seconds, ex-
tension at 72°C for 30 seconds, and a final extension
of five minutes at 72°C. PCR products were purified
with Agencourt AMPure Beads (Beckman Coulter, USA)
and quantified using the PicoGreen dsDNA Assay Kit
(Invitrogen, USA). After the individual quantification
step, products were sequenced using paired-end meth-
od and Illumina MiSeq platform with MiSeq Reagent Kit
v3 at Shanghai Personal Biotechnology (China).
Bioinformatics analysis of sequencing data. Sequences
with a mean Phred score lower than 20, ambiguous
bases, mononucleotide repeats exceeding 8 bp, and se-
quence lengths shorter than 150 bp were removed. Only

sequences with overlaps longer than 10 bp and without
any mismatch were assembled according to their over-
lap sequences. Barcode and sequencing primers were
trimmed from the assembled sequence. The remaining
high-quality sequences were clustered into operational
taxonomic units (OTUs) at 97% sequence similarity by
USAEARCH.'® Taxonomic classification was performed by
Basic Local Alignment Search Tool (BLAST) searching of
the representative sequences, set against the Greengenes
Database? using the best hit method.* Sequence data
analyses were mainly performed using QIIME and R pack-
ages (v3.2.0, R Foundation for Statistical Computing,
Austria). An OTU table was further generated to record
the abundance of each OTU in each sample and the tax-
onomy of these OTUs. The abundance of bacteria in each
taxon depends on the number of reads in the sequence. A
Venn diagram was generated for comparisons among the
OTUs of the groups. The a diversity values of each sample
were assessed on the basis of the observed OTUs, bias-
corrected Chao richness estimator (Chao1), Shannon in-
dex, and Simpson index. 3 diversity measures depending
on Bray-Curtis distance were calculated using mothur
software. Linear discriminant analysis Effect Size (LEfSe)
was performed to identify abundant taxa differentially
across groups.?

Statistical analysis. Comparisons between two groups
were performed by two-tailed independent-samples t-
test and one-way analysis of variance (ANOVA) for com-
parison among multiple groups. All data were displayed
as means and standard deviations, and analyzed using
GraphPad Prism software version 7.0 (GraphPad, USA).
A p-value < 0.05 was considered statistically significant.
Correlations were analyzed by using Spearman’s correla-
tion in R (version 3.5.3). A p-value < 0.05 was considered
statistically significant.

Results

Exercise attenuates PTOA-relevant phenotypes of carti-
lage-subchondral bone unit and decreases the serological
inflammatory factors and microbiome-derived metabo-
lites. Since obesity and overloading are risk factors for
OA, body weight was strictly controlled. As shown in
Supplementary Figure a, there was no significant differ-
ence among three groups at the beginning and the end-
ing timepoint. The PTOA-relevant histological phenotypes
of cartilage-subchondral bone unit were notably induced
in the PTOA/Sed group at the 12th week after surgery,
characterized by articular cartilage degeneration and
subchondral bone lesion. As shown in Figure 2a, the car-
tilage degeneration observed in the PTOA/Sed group was
characterized by cartilage fissures, disorganized chon-
drocyte sequence, and cartilage matrix loss, which were
consistent with OARSI score, modified Mankin score, and
SafO score (Supplementary Figure b). The lesion of the
subchondral bone in the PTOA/Sed group was charac-
terized by bone loss (Figure 2b). These changes suggest
the attenuated integrity of cartilage-subchondral bone
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unit in the PTOA animal model. However, it is striking
that eight weeks of treadmill-walking efficiently attenuat-
ed these trauma-induced OA phenotypes, consequently
maintaining the integrity of cartilage-subchondral bone
unit in PTOA. Compared with the PTOA/Sed group, the
cartilage degeneration was alleviated as a response to
eight-week treadmill-walking in the PTOA/TW group
after surgery (Figure 2a, Supplementary Figure b). The
response of subchondral bone characterized by the re-
duction of bone loss was also consistently observed in
the exercised animals (Figure 2b). The serum concentra-
tions of pro-inflammatory factors IL-13 and TNF-a were
elevated as a response to PTOA as expected (Figure 2c),
while the levels of IL.-18 and TNF-a were decreased sig-
nificantly in PTOA/TW group compared with PTOA/Sed
group as a response to eight-week treadmill-walking.
Considering microbiome-derived metabolite LPS can ac-
tivate inflammatory responses via intestinal barrier into
the circulation,? we then assessed the levels of serum
LPS, which were shown to be decreased in PTOA/TW
group compared with PTOA/Sed group. Interestingly, an
increased concentration of LPS in the PTOA/Sed group
may provide association between gut microbiome, in-
flammation, and joint damage. As a biomarker related to
intestinal permeability, serum endotoxin was not signifi-
cantly increased in PTOA/Sed group (p = 0.065, one-way
ANOVA) and decreased significantly in PTOA/TW group
compared with PTOA/Sed group. It is striking that exer-
cise was also able to reduce the increased LPS and en-
dotoxin, suggesting that the modification of microbiome
induced by exercise may involve systematic inflammation
and/or OA. Together these findings support the hypoth-
esis that treadmill-walking prevents the progression of
PTOA-relevant phenotypes, maintains the integrity of
articular cartilage-subchondral bone unit, and reduces
pro-inflammatory mediators and microbiome-derived
metabolites in serum.

Exercise modifies the PTOA-relevant changes of gut mi-
crobiome. Due to the finding that treadmill-walking
suppressed LPS and endotoxin, we speculated that the
gut microbiome may be involved in the mechanisms of
exercise-induced favourable outcomes. To address this
question, the microbiome composition and diversity of
18 fecal samples were assessed by deep sequencing of the
V3-V4 region of the 16S rRNA genes. On the basis of 97%
sequence similarity, we obtained 23,441 OTUs, 1,540 of
which existed in all groups and were thus defined as core
OTUs. The core OTUs comprised 6.57% of the total OTUs,
whereas 8,102, 5,168, and 6,090 OTUs were uniquely
identified at the Sham/Sed, PTOA/Sed, and PTOA/TW
groups, respectively (Figure 3a). The OTUs were classi-
fied into 36 bacterial phyla and 432 genera. According
to the number of reads in the sequence, the top 20 phyla
and genera in relative abundance of the fecal microbiome
are displayed in Figure 3b and Supplementary Figure c.
Firmicutes and Bacteroidetes were the most dominant
phyla in these three groups, followed by Proteobacteria
and Actinobacteria. These four phyla accounted for

98.43%, 98.88%, and 96.99% of the reads in Sham/
Sed, PTOA/Sed, and PTOA/TW. Other phyla (Tenericutes,
Verrucomicrobia, — Chloroflexi, ~TM7,  Cyanobacteria,
Chlorobi, Acidobacteria, Nitrospirae, Planctomycetes, WS6,
Gemmatimonadetes, Spirochaetes, Fusobacteria, ODI],
Synergistetes, and OP8) were present at very low relative
abundances. At the genus level, Prevotella was the most
dominant in three groups. Other major genera includ-
ed Oscillospira, Lactobacillus, Clostridium, Coprococcus,
and Turicibacter. These six genera accounted for 29.03%,
26.09%, and 14.71% of the sequences of the Sham/Sed,
PTOA/Sed, and PTOA/TW groups.

Some differences identified at the levels of phylum
and genus of fecal microbiome among the three groups
are displayed in Figure 3c. The relative abundance of the
phylum TM7 was consistently lower in both PTOA/Sed
and PTOA/TW groups compared to the Sham/Sed group.
The phylum Fusobacteria, which was robustly abundant
in the gut of the PTOA rats without exercise, was nearly
absent in the Sham/Sed and PTOA/TW groups. In this
context, phylum TM7 and Fusobacteria were identified
as the PTOA-relevant phyla and exercise decreased the
abundance of Fusobacteria. At the genus level, the relative
abundance of Lactobacillus, Turicibacter, Adlercreutzia,
and Cetobacterium was increased in the PTOA/Sed group
compared to Sham/Sed group, while the PTOA-induced
Adlercreutzia and Cetobacterium were reduced by exercise
(Figure 3d).

Microbial composition was further analyzed using the
LEfSe. At the phylum level, the LEfSe analysis revealed
that the phylum TM7 was significantly enriched in fecal
samples of the Sham/Sed group while phylum Fusobac-
teria was significantly enriched in the PTOA/Sed group
(Figure 4a). At the genus level, four genera (Oscillospira,
Anaeroplasma, Desulfovibrio, and Butyricicoccus) were
significantly enriched in the Sham/Sed group and other
four genera (Lactobacillus, Turicibacter, Coprobacillus,
and Adlercreutzia) were significantly enriched in PTOA
groups. We also observed that the class TM7_3 and the
three orders (Desulfovibrionales, Anaeroplasmatales, and
CW040) were enriched in the Sham/Sed group, whereas
the four classes (Bacilli, Fusobacteriia, Erysipelotrichi, and
Coriobacteriia) and the four orders (Turicibacterales, Fuso-
bacteriales, Erysipelotrichales, and Coriobacteriales) were
enriched in the PTOA/Sed group. Additionally, at the
family level, Anaeroplasmataceae and F16 were highly
enriched in the Sham/Sed group, while Turicibactera-
ceae, Clostridiaceae, and Coriobacteriaceae were enriched
in PTOA/Sed group and Micrococcaceae was enriched in
the PTOA/TW group. Moreover, we also assessed a and
B diversity of the fecal microbiome. The Chao 1 index
in PTOA groups consistently decreased as a response to
experimental injury compared to the Sham animals, while
no remarkable difference was noted in the Shannon and
Simpson indexes among the three groups (Figure 4b).
The principal coordinate analysis (PCoA) based on Bray-
Curtis distance showed no connection between B diver-
sity and OA or exercise (Figure 4c). These results indicated
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The altered abundance of gut microbiome in the exercised post-traumatic osteoarthritic (PTOA) animals. a) A Venn diagram was generated to compare
operational taxonomic units (OTUs) among three groups and to depict OTUs that were unique to the three groups. b) Taxonomic profiles of the fecal bacteria
from 16S ribosomal ribonucleic acid (rRNA) gene sequencing show the relative abundance of the top 20 phyla and the top 20 genera of fecal bacteria
presented in the Sham/sedentary (Sed), PTOA/Sed, and PTOA/treadmill-walking (TW) groups. Changes in the c) two bacterial phyla and d) five genera in the
gut microbiome composition of three groups. p < 0.05, p < 0.01, PTOA/Sed or PTOA/TW versus Sham/Sed, one-way analysis of variance (ANOVA); #p < 0.05,
##p < 0.01, PTOA/Sed versus PTOA/TW, one-way ANOVA; ns, not significant. Data are presented as the mean and standard deviation, n = 6.
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The composition and diversity of gut microbiome in the exercised post-traumatic osteoarthritic ("'TOA) animals. a) Linear discriminant analysis effect size
(LEfSe) analysis of the fecal bacterial community of the sham/sedentary (Sed), PTOA/Sed, and PTOA/treadmill-walking (TW) groups. b) Comparison of

the fecal microbial community diversity of the Sham/Sed, PTOA/Sed, and PTOA/TW group, including comparison of the number of observed operational
taxonomic units, Chao 1 index, Shannon index, and Simpson index. c) Trajectory of the gut microbiome structure of rats based on Bray-Curtis distance. LDA,

linear discriminant analysis.

that both joint injury and exercise induce the alterna-
tions of the intestinal microbiome composition, and that
microbiome offers a potential connection between OA
and exercise due to the effects of exercise on OA-relevant
microbial shifts.

Exercise-induced modification of microbial shifts is asso-
ciated with the integrity of cartilage-subchondral bone
unit and systematic inflammation. Given that the effects
of exercise on cartilage-subchondral bone unit and gut

microbiome were defined respectively, we further inves-
tigated the relationship of these effects by correlation
analysis. As shown in Figure 5a, the correlations of joint
structural features, including OARSI score and micro-CT
data, and PTOA-relevant microorganisms, including two
phyla (phylum TM7 and phylum Fusobacteria) and four
genera (genus Lactobacillus, Turicibacter, Adlercreutzia,
and Cetobacterium) were defined. Interestingly, phy-
lum Fusobacteria and genus Cetobacterium showed
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Exercise-induced modification of microbial shifts is associated with the integrity of cartilage-subchondral bone unit and systematic inflammation.

a) Correlation analysis of Osteoarthritis Research Society International (OARSI) score and subchondral bone micro-CT parameters and the abundance of the
post-traumatic osteoarthritis (PTOA)-relevant gut microbiome. b) Scatter plot of the correlation of phylum Fusobacteria and genus Cetobacterium and OARSI.
) Scatter plot of the correlation of genus Lactobacillus and genus Adlercreutzia and micro-CT parameters. d) Correlation analysis of serological inflammatory
factors and microbiome-derived metabolites and PTOA-relevant gut microbiome. e) Scatter plots of the correlation of the phylum Fusobacteria and the genus
Cetobacterium with serological inflammatory factors and microbiome-derived metabolites. BV/TV, volume/tissue volume; g_Adl, genus Adlercreutzia; g_Get,
genus Cetobacterium; g_Lac, genus Lactobacillus; g_Pha, genus Phascolarctobacterium; g_Tur, genus Turicibacter; p_Fus, phylum Fusobacteria; p_TM7, phylum
TM7; Tb.N, trabecular number; Tb.Sp, trabecular separation; Tb.Th, trabecular thickness.

strong positive correlations with OARSI (Figure 5b), in-
dicating their potential involvement in cartilage biology
and the PTOA-relevant cartilage changes, while genus
Lactobacillus and Adlercreutzia showed stronger nega-
tive correlations with subchondral bone loss than the
other PTOA-relevant microorganisms (Figure 5c). These
results indicated a strong connection between structural
phenotypes and PTOA-relevant microorganisms, among
which exercise-responsive genus Lactobacillus and ge-
nus Adlercreutzia may be at least partially involved in
the mechanisms of the exercise-induced maintenance
of cartilage-subchondral bone unit integrity. Moreover,
we performed correlation analysis between serological
factors and the relative abundance of the OA-relevant
microbiome. As shown in Figures 5d and 5e, phylum
Fusobacteria and genus Cetobacterium were positive-
ly correlative to the levels of IL-1B3, TNF-a, LPS, and en-
dotoxin. These results suggested the potential mech-
anism that exercise reduces the PTOA-relevant genera
Lactobacillus and Adlercreutzia, resulting in the dismission

of systematic inflammation and subsequent PTOA struc-
tural amelioration.

Discussion

Low-grade inflammation is well characterized as a
key mediator of the pathogenesis of OA.8%# It is widely
accepted that the gut microbiome produces a wide range
of molecules, including enzymes and pro-inflammatory
metabolites, making their way from the ‘leaky gut’ to
the systemic circulation and inducing systematic inflam-
mation.?®? |n this context, it is feasible to hypothesize
that the modulation of gut microbiome by external
approaches may modify OA progression.

Exercise therapy not only reduces pain and improves
functioning for OA individuals,*® but also may modu-
late the composition, functions, and metabolites of gut
microbiome to exert possible benefits for the host.>' In
our previous study, treadmill training is a favourable
intervention to slow down the development of PTOA by
remodelling the cartilage-subchondral unit.”” The aim
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of this study was to identify potential cross-sectional
associations between gut microbiome, OA histological
severity, and inflammatory biomarkers in the context
of injury-induced OA. Our results support the idea that
treadmill-training attenuates PTOA progress in a possible
mechanism of modifying the PTOA-relevant microbial
shifts and reducing the systematic pro-inflammatory
cytokines and metabolites to maintain the integrity of the
cartilage-subchondral unit.

Before exploring mechanisms potentially responsible
for the effects of gut microbiome on OA severity, we
investigated a specific bacterial product, LPS, reported to
be increased in serum and synovial samples of osteoar-
thritic individuals.3? Studies have shown that gut bacterial
products, including LPS, can enter the systemic circula-
tion and affect both organs and joints by causing low-
grade inflammation.?* Similar to LPS, endotoxin was
shown to be recognized by Toll-like receptors (TLRs) and
associated with inflammatory response.** In particular,
endotoxins trigger macrophage-mediated inflamma-
tion, which is thought to have a causal role in OA-related
pain and severity.>> Although some lines of evidence are
conflicted, ¥ systematic inflammatory response and
serum LPS are responsive to antibiotic perturbations on
gut microbiome. Exercise not only downregulates genes
associated with the inflammatory process,*® but also
improves the clearance of endotoxins by Kupffer cells,*
which indicates that the elimination of systematic inflam-
matory factors and microbiome-derived metabolites
may be the mechanisms of exercise-induced cartilage-
subchondral bone unit integrity maintenance. Indeed,
our study showed a substantial elimination of LPS and
endotoxin in the PTOA exercised animals, whereas PTOA/
Sed rats might develop increased gut permeability with
endotoxemia in association with upregulation of circu-
lating proinflammatory molecules consistent with an
activated innate immune system. The cytokines elevated
in the PTOA/Sed rats, IL-1B3, and TNF-a are well character-
ized as the key mediators in the pathological joint destruc-
tion in PTOA.*° Taking these lines of evidence together, it
is not surprising to infer the favourable effects of exercise
on the integrity of gut permeability and the elimination
of systematic inflammation in PTOA animals.

Since these results suggest a connection between
gut microbiome and OA, we examined the differences
in OTU abundance between the Sham/Sed, PTOA/Sed,
and PTOA/TW rats. The abundance of Fusobacteria was
increased in the PTOA/Sed group and consistently posi-
tively correlated with OARSI score, serum concentra-
tions of IL-1B, TNF-a, LPS, and endotoxin, which were
suppressed by exercise in the PTOA/TW group. Our
results are supported by Huang et al* who demonstrated
a positive correlation of abundance of Fusobacterium with
OA histological severity and inflammatory biomarker
concentrations. The links between Fusobacterium species
and host immune response are supported by some lines
of evidence. Okahashi et al*?> showed that Fusobacterium
species can produce LPS and enhance IL-1 production

by murine peritoneal macrophages. Ye et al** showed
that Fusobacterium induced CCL20 protein expression in
monocytes and stimulated the monocyte/macrophage
activation and migration in an in vitro co-culture assay.
Most recently, Martin-Gallausiaux et al** showed that
Fusobacterium-derived extracellular vesicles trigger innate
immunity of gut epithelial cells by promoting nuclear
factor kappa B (NF-kB) activation via dynamin-mediated
endocytosis. Together with these findings, we speculated
that exercise might reduce IL-18, TNF-a, LPS, and endo-
toxin by reducing the abundance of Fusobacteria and/or
increasing the integrity of the intestinal barrier to block
its effect, which suppresses systematic low-grade inflam-
mation and, in doing so, benefits the osteoarthritic joint.
Besides Fusobacteria, we also found that Cetobacterium
positively correlated with OARSI score and concentrations
of serological inflammatory factors and microbiome-
derived metabolites, while there is no evidence to directly
support the links between Cetobacterium and OA. More-
over, we did not identify similar changes in the previously
reported bacterial families/species associated with OA,*
such as Lactobacillus, which could be attributed to the
differences in sample size and the type of OA models
(injury-induced vs obesity-associated OA). Still, this study
suggests that gut microbiome may be involved in OA by
modifying low-grade inflammation, and that exercise has
a favourable effect on osteoarthritic joints, possibly by
manipulating gut microbiome.

Although these findings suggest that exercise is poten-
tially associated with PTOA-relevant gut microbial shifts,
the exercise protocol employed in this study has a limited
effect on the modification of gut microbiome. In this way,
we admit several limitations in the present study. First, the
sample size of the rat study was relatively small. Second,
the difference in gut microbiome between species should
be considered, and validation in human samples would
be valuable in the future. Furthermore, this study did
not reveal the effects of exercise on gut microbiome in
the sham animals, because we did not include a sham
group with treadmill training. Moreover, this study
only reveals the correlations between gut microbiome,
PTOA, and exercise. Experimental validation by micro-
bial manipulation, such as fecal microbiome transplan-
tation,*' co-housing,* antibiotic intervention,* and the
use of germ-free animals,*’ would help to speculate
the cause-effect relationships with adequate evidence.
Finally, limited effects of exercise on the modification of
gut microbiome may be attributed to short-term training
and a single-ending timepoint. As a result, the modified
protocols should be expected in different stages of OA in
animals.

In conclusion, exercise is effective at maintaining
the integrity of cartilage-subchondral bone unit, and
exercise-induced modification of PTOA-relevant gut
microbial shifts may be the key mechanism of the favour-
able outcomes of exercised PTOA animals.
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Supplementary material

Additional information of body weight, histo-
pathological evaluations, and the relative abun-
dance of fecal bacteria in the individual rats, as

well as the ARRIVE checklist.
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