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Lipopolysaccharides (LPSs) released by gut microbiota are correlated with the pathophysiology of
osteoarthritis (OA). Exercise remodels the composition of gut microbiota. The present study investigated
the hypothesis that wheel-running exercise prevents knee OA induced by high-fat diet (HFD) via reducing
LPS from intestinal microorganisms. Male C57BL/6 J mice were treated with sedentary or wheel-running
exercise, standard diet (13.5% kcal) or HFD (60% kcal), berberine or not according to their grouping. Knee
OA severity, blood and synovial fluid LPS, cecal microbiota, and TLR4 and MMP-13 expression levels were
determined. Our findings reveal that HFD treatment decreased gut microbial diversity. Increase in
endotoxin-producing bacteria, decrease in gut barrier-protecting bacteria, high LPS levels in the blood
and synovial fluid, high TLR4 and MMP-13 expression levels, and severe cartilage degeneration were
observed. By contrast, voluntary wheel running caused high gut microbial diversity. The gut microbiota
were reshaped, LPS levels in the blood and synovial fluid and TLR4 and MMP-13 expression levels were
low, and cartilage degeneration was ameliorated. Berberine treatment reduced LPS levels in the samples,
but decreased the diversity of intestinal flora with similar changes to that caused by HFD. In conclusion,
unlike taking drugs, exercising can remodel gut microbial ecosystems, reduce the circulating levels of LPS,
and thereby contribute to the relief of chronic inflammation and OA. Our findings showed that moderate
exercise is a potential therapeutic approach for preventing and treating obesity-related OA.
� 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Osteoarthritis (OA) is one common arthritic illness, but its etiol-
ogy and pathogenesis are not fully understood. Current pharmaco-
logic treatments may improve the pain but there is no effect on the
progression of the illness. However, non-pharmacologic treat-
ments in cartilage disease, such as physical activity, nutrients
and vitamins, have been shown to affect the course of the disease
(Ageberg and Roos, 2015; Messina et al., 2019). Obesity or over-
weight is considered to be a predisposing risk inductor for OA.
Nowadays, exercise is prescribed as an indispensable treatment.
Apart from weight loss, exercise improves joint biomechanics
and thus beneficial to OA treatment (Rios et al., 2018). However,
the high frequency of OA occurrence in non-weight-bearing joints
suggests that the investigation of the mechanism of exercise in OA
treatment is incomplete (Leung et al., 2014).

In obesity, chronic inflammation, as a result of homeostasis
imbalance between immune and metabolic responses, underlies
many chronic metabolic diseases (Hotamisligil and Erbay, 2008).
Emerging evidence suggests that enteric dysbacteriosis caused by
high -fat diet (HFD) feeding is the potential drivers of metabolic
inflammation, and perturbations in gut microbiota composition
and intestinal barrier disruption can increase epithelial permeabil-
ity and the translocation of lipopolysaccharides (LPSs) from the
intestinal cavity to the circulatory system and activate innate
immune responses (Hersoug et al., 2016). As a pathogen-related
molecular pattern, the bacterial membrane component LPS can
trigger many proinflammatory pathways, thereby initiating signal-
ing cascades (Huang and Kraus, 2016). Toll-like receptors (TLRs)
can recognize LPS, thereby activating the TLR pathways (Huang
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and Kraus, 2016). In LPS/TLR4 pathways, the upregulated expres-
sion of TLR4 directly or indirectly activates matrix metallopro-
teinases (MMPs) and leads to cartilage degeneration (Matsumoto
et al., 2008). Hence, high circulating LPS levels and imbalanced
gut microbiota are presumed to be closely associated to the initia-
tion of OA (Huang and Kraus, 2016; Robinson et al., 2016). Some
animal experiments have supported this inference. In the rats fed
with HFD, the serum LPS levels were higher than those fed with
chow; moreover, the abundance in Lactobacillus spp. exhibited a
significant negative relationship with the progression of OA,
whereas the abundance in Methanobrevibacter spp. showed a
strong positive relationship (Collins et al., 2015). Similarly, an
HFD-induced increase in LPS levels, but different microbes, such
as Bacteroides/Prevotella, Bifidobacterium, and Roseburia, were neg-
atively related to OA (Rios et al., 2019).

Exercise improves human health and fitness, exemplified by
reducing body fat and fasting blood insulin level. An experimental
study proved that autonomous wheel movement relieves the
development of OA (Griffin et al., 2012). The comprehensive treat-
ment combined with exercise and dietary intake exerted better
protective effect on knee health than that a single intervention
(Rios et al., 2019). To date, OA is no longer considered as a simple
cartilage degenerative disease, but as a global joint chaos with
heterogeneity and multiple etiologies (Robinson et al., 2016). Sim-
ilar to obesity, metabolic OA is a chronic, systemic, and low-grade
inflammatory condition (Berenbaum, 2013; Robinson et al., 2016).
Scientific evidence suggests that moderate-level running provides
not only cyclical loading to the knee, which is important to main-
taining cartilage homeostasis, but also improves metabolic state in
individuals with chronic systemic inflammation (Ageberg and
Roos, 2015; Uchiyama et al., 2019), wherein the improvement
may be driven by reshaped gut microbiota. Exercise, unlike HFDs,
can be a stronger modulator of gut intestinal homeostasis. Akker-
mansia muciniphilla abundance was found inversely correlated
with obesity and associated metabolic disorders; interestingly,
athletes with low body mass indices (BMIs) demonstrated higher
Akkermansia levels than those with high BMIs (Clarke et al.,
2014). Lactobacillus and Bifidobacterium, which have potential
values in OA treatment (Schott et al., 2018), also can be positively
regulated by exercise (Codella et al., 2018). Increasing evidence
reveals that exercise can diversify intestinal microorganisms and
reform the balance between the richness of beneficial and harmful
microbes (Mailing et al., 2019; Matsumoto et al., 2008). Therefore,
moderate running exercise, such as voluntary wheel running,
seems to reduce systemic inflammation and metabolic dysregula-
tion and thus contribute to OA prevention.

Insights into the inflammatory pathophysiology underpinnings
of OA suggest that alleviating inflammation may prevent the onset
or minimize the progression of OA (Berenbaum, 2013; Griffin et al.,
2012; Huang and Kraus, 2016). To clarify the mechanism of
obesity-associated OA and find a potential therapeutic approach,
we used male C57BL/6J mice to establish an OA model of obese
mice with HFD feeding and investigated the difference in intestinal
flora composition, LPS level in the blood and knee joint cavity, LPS/
TLR4 pathway, and the degrading degree of OA after HFDs and/or
voluntary wheel running. The data reveal that voluntary wheel
running ameliorates OA by reducing LPS level in the blood and
knee joint cavity. Whether the mechanism on how exercise
reshapes intestinal flora community and alleviates inflammation
is the same as that of intestinal -regulating drugs on intestinal flora
must be investigated (Gao et al., 2017a). Therefore, berberine,
which is an isoquinolinederivative alkaloid that has been tradition-
ally used in the treatment of gastrointestinal infections, was
selected as the control due to its antimicrobial properties. Berber-
ine also regulates metabolic endotoxemia levels and demonstrates
therapeutic potential for OA (Wong et al., 2019).
2. Materials and methods

2.1. Animals and treatment

The experimental protocol has been approved by Animal Care
and Use Committee of Shandong Sport University. Dietary intake
in this experiment included either standard diets (13.5% kcal) or
HFDs (60% kcal; No. D12492, Beijing Keao Co-operative Feed Co.,
Ltd.). All the mice were allowed to eat freely, weighed once a week,
kept one per cage throughout the experiment and maintained in
the same environment. We used the standard = RAND () function
in Microsoft Excel to realize the random grouping.

After 4 weeks of environmental acclimatization (1 rat per cage;
fed with standard diet), 54 male C57BL/6J mice (body mass =
20.1 ± 2.0 g) were randomly divided into either the standard diet
group (control group, n = 18) or HFD group (fed with HFDs,
n = 36) at 12 weeks of age. When the 8-week dietary intervention
was ended, six mice in each group were randomly selected to take
their knee joints for histological and histochemical analyses to
verify whether knee OA has been successfully induced by the
8-week-old HFDs.

The remaining mice aged 20 weeks in the control group were
randomly divided into RC_Sed group (sedentary, n = 6) and RC_Ex
group (exercise, n = 6). In the HFD group, the obese mice with a
body weight of 20% greater than that of the control group were
divided into HF_Sed group (sedentary, n = 6) and HF_Ex group (ex-
ercise, n = 6). A free-wheel running device (with a diameter of
11.0 cm) was introduced to the exercise group but not to the
sedentary group. The number of cycles was recorded through a
magnetic inductor (Li et al., 2018). The wheel revolutions in the
previous day were counted at 8:00 a.m. every day in the following
4-week experimental period. In the following description, exercise
refers to voluntary wheel running, unless otherwise specified. Six
obese mice were exposed to drug treatment (HF_Bbr), with a dose
of 150 mg/kg of berberine administered twice a week.

After the last exercise, the mice were subjected to 12 h fasting,
but water was made available ad libitum. Blood samples were
obtained by retro-orbital phlebotomy under ether anesthesia. The
mice were then sacrificed through cervical dislocation. We
obtained the following materials from the mice: 1) The left and
right knee joints were obtained. 2) The knee -joint synovial fluid
was collected from their knee joint cavities. We used a syringe to
prick one side of the joint capsule along the frontal surface to form
a ‘‘puncture hole.” Endotoxin-free water (500 ll) was slowly
pushed into the joint cavity with the syringe on the opposite side
of the ‘‘puncture hole” and then flowed from the ‘‘puncture hole”
into an endotoxin-free tube. The fluid from both knee joints was
pooled as one sample. 3) The cecum contents were collected in a
sterile Eppendorf tube for the following intestinal flora composi-
tion analysis.
2.2. Bacterial community analysis

Microbial DNA was extracted from the cecum contents for bac-
terial analysis. Illumina MiSeq platform (Majorbio Co, Shanghai,
China) was used to amplify and sequence the 16S rRNA gene of
the bacterial microbes. The raw sequencing data were quality-
filtered for further analysis on I-Sanger Platform. Operational tax-
onomic units were clustered with a similarity of 97%.
2.3. Histological and histochemical analyses

We used hematoxylin–eosin (HE) staining to assess the
complete morphology and structural change of articular cartilage
and toluidine blue staining to display proteoglycan content. The
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muscles, ligaments, and patella around the joint were removed (by
paying attention not to injure the cartilage surface). The whole left
joint was fixed in 4% paraformaldehyde fixative solution. After half
an hour of flushing with running tap water, the knee joint was cut
along the median sagittal plane and decalcificated in a solution of
10% EDTA (pH 7.4) for one month (Gao et al., 2017b). The decalci-
fication solution was replaced every 3 days, the needle could easily
penetrate the bone for complete decalcification, and the joint was
paraffin-embedded. Then, these samples were sliced serially on the
coronal plane with a thickness of 4 lm. One section every 100 lm
was stained with HE and toluidine blue referring to the method of
Schmitz et al. (2010) with minor modifications.

2.4. Evaluation of OA

Sections stained with HE and Toluidine blue were evaluated for
degenerative joint changes (at least 10 sections scored per knee) by
three trained, blinded reviewers. Scores were recorded for four
areas, lateral femur, lateral tibia, medial femur, and medial tibia
according to a 14-point Mankin scale, which included structure,
cellularity, staining intensity, and tidemark integrity (Mankin
et al., 1971). Scores were averaged to determine Mankin scores
for the entire joint with high values indicating severe cartilage
degeneration.

2.5. Quantification of cartilage thickness

Six sections of each joint (3 sections of the inner and outer
joints) were collected. The thickness of cartilage layer (from the
cartilage surface to tidemark) was measured at 11 pointscentered
on the weight-bearing area of the tibial plateau. Five points were
taken every 25 lm left and right at �40 magnification, and the
average value was obtained.

2.6. LPS determination in blood and knee joint synovial fluid

The serum samples were obtained by centrifugation of the
blood samples at 3500 rpm for 20 min. To remove the cellular ele-
ments of synovial fluid, the sample was centrifuged at 13,500 rpm
for 10 min and the supernatant was taken for further testing. LPS
determination in blood and knee joint cavity fluid was conducted
by the Limulus amebocyte lysate chromogenic endpoint assay
(HIT302; Hycult Biotec). The LPS concentration of samples was cal-
culated by a logarithmic standard curve.

2.7. Western blot analysis

We extracted total protein from articular cartilage homogenate
with 1 ml of tissue lysate and protease inhibitor, and collected the
supernatant after centrifugation at 12,000 rpm for 15 min at 4 �C,
then determined the protein concentration via a BCA Protein Assay
Kit (Beyotime Biotechnology Co.). An equal amount of protein was
put into gels and resolved. Proteins were transferred to polyvinyli-
dene difluoride membranes and exposed first to anti-MMP13 anti-
body ab39012, anti-TLR4 antibody ab13556, and anti -GAPDH
antibody (ab8245) (Abcam, UK) and then to goat anti-rabbit IgG
H&L (HRP) ab6721 (Abcam, MA). Bands were detected and
analyzed using ChemiDocTM XRS+ with Image LabTM software
(BIO-RAD, USA).

2.8. Statistical analysis

The a-diversity indices (Ace index and Simpson index) were
calculated. Community bar plot analysis was conducted by calcu-
lating the average of the absolute abundance values within each
group. SPSS version 20 (IBM; Chicago, IL) and GraphPad Prism V
6.02 (La Jolla, California, USA) were used for statistical analysis.
LPS level in the blood is shown as the mean ± SEM, and other data
are shown as mean ± SD. The two-way ANOVA with Tukey’s mul-
tiple comparison post-test was used for the comparisons between
multiple groups. For comparisons between two groups, Student’s t
test was used for parametric distribution data, and Mann–Whitney
tests for non-parametric distribution data. Adjustment for multiple
testing was estimated using false discovery rate functions. The
differences were considered significant at p < 0.05.
3. Results

3.1. The weight loss effect of exercise

We fed the mice with HFDs from the age of 12 weeks to obtain
obese mice. At 20 weeks old, the high-fat diet significantly
increased the weight of the mice (Fig. 1A, p < 0.01). With prolonged
feeding time, the average body weight of HF_Sed mice was 1.36
times that of RC_Sed mice at 24 weeks of age with significant dif-
ference (Fig. 1B, p < 0.0001). Thus, the obesity level of mice was
increased. With exercise intervention, the weight of HF_Ex mice
decreased significantly (Fig. 1B, p < 0.01), suggesting that 4-week
free-wheel running played a role in weight loss. No significant dif-
ference were observed in the exercise distance between RC_Ex and
HF_Ex groups (Fig. 1C), indicating that HFDs did not affect the
activity of mice.

3.2. Evaluation of knee OA

Severe articular cartilage fibrillation, loss of tidemark integrity,
and surface irregularities were observed in the HF_Sed group
(Fig. 2E). The mice in the HF_Ex group exhibited ameliorative car-
tilage degeneration compared with the sedentary mice. Compared
with RC_Sed, the Mankin scores of medial femur, medial tibia, and
lateral tibia in HF_Sed were significantly higher (Fig. 2A, B, and C).
The score of lateral femur in HF_Sed increased by an insignificant
amount (p = 0.209; Fig. 2D). On the contrary, the scores of medial
tibia decreased significantly (p < 0.05, Fig. 2A), and those of medial
femur, lateral tibia, and femur in HF_Ex decreased insignificantly
(p = 0.485, 0.270, 0.687; Fig. 2B, C, and D) compared with those
in the HF_Sed group. Table 1 shows that HFDs could significantly
reduce the cartilage thickness of medial joint and lateral joint
(RC_Sed vs. HF_Sed), whereas exercise could increase the cartilage
thickness of medial joint (p < 0.001). These results indicated that
HFDs lead to severe cartilage degeneration, whereas wheel running
exercise could ameliorate cartilage degeneration.

3.3. Microbial community diversity characterized by exercise, HFDs,
and berberine

We examined whether the dietary and exercise interventions in
mice could alter the gut microbial communities in the investiga-
tion of the latent mechanism of diet and exercise on OA. The results
of bacterial community diversity (Fig. 3A; measured using the Ace
index) revealed no difference in community richness between
RC_Sed and RC_Ex groups. The diversity of HF_Sed group was sig-
nificantly lower than that of RC_Sed group (p < 0.05). However, the
diversity of HF_Ex group was significantly higher than that of
RC_Sed group and HF_Sed group (p < 0.05, p < 0.01, respectively)
groups. There was no statistically significant difference among
groups tested with the Simpson diversity index (Fig. 3B). These
results showed that HFDs can reduce the community richness of
intestinal microflora in mice. Exercise had no effect on the micro-
biota richness in mice fed with normal diets but increased mirco-
biota richness in the mice fed with HFDs.



Fig. 1. Effects of HFD and/or physical activity on the body weight of mice at 8 weeks (A), 12 weeks (B), and daily running distance (C). **p < 0.01, ***p < 0.001.
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We also investigated whether berberine has an effect on Intesti-
nal microorganism. The biodiversity of HF_Bbr group was signifi-
cantly lower than that of HF_Ex group (p < 0.01). There was no
change between HF_Sed group and HF_Bbr group. These results
suggested that berberine treatments could not augment intestinal
microbial diversity.

Distinct intestinal microbial populations were observed among
the RC_Sed, RC_Ex, HF_Sed, and HF_Ex groups. Firmicutes, Bac-
teroidetes, and Proteobacteria are the three major phyla of gut
microbiota. Obese mice in HF_Sed demonstrated increased abun-
dance in Firmicutes and Proteobacteria but decreased Bacteriode-
tes, and the Firmicutes/ Bacteriodetes ratio increased relative to
that in RC_Sed (Fig. 4A). Exercise intervention can reverse the pat-
tern of increase or decrease caused by HFDs. Lower abundance in
Firmicutes and Proteobacteria, higher abundance in Bacteriodetes
and decreased Firmicutes/ Bacteriodetes ratio were observed in
HF_Ex compared with those in HF_Sed. The performance of the
phyla Firmicutes, Bacteroidetes, and Proteobacteria after berberine
treatment (HF_Bbr) was similar to that of the HF_Sed group,
wherein the distinct increases in phyla Firmicutes and Proteobac-
teria and distinct decrease in phylum Bacteroidetes were observed
(Fig. 4A).

At the family level, the described reversal role of exercise was
found in Bacteroidales_S24-7, Lachnospiraceae, Desulfovibri-
onaceae, Ruminococcaceae, Lactobacillaceae, Prevotellaceae, Pep-
tostreptococcaceae, Bifidobacteriaceae, and Staphylococcaceae
(Fig. 4B). For instance, Bacteroidales_S24-7, Prevotellaceae, and
Bifidobacteriaceae appeared at the lower level in HF_Sed compared
with those in RC_Sed and at the higher level in the HF_Ex mice
compared with that in the HF_Sed ones. However, Desulfovibri-
onaceae and Peptostreptococcaceae indicated reverse patterns.
Additionally, the performance of berberine treatment was the
same as that of HFD and even led to the complete disappearance
of certain bacteria, such as Bifidobacteriaceae and Prevotellaceae
(Fig. 4B). This pattern indicated that exercise, unlike berberine,
can remodel the composition of the intestinal microflora in HFD
animals. We further investigated which bacteria changed signifi-
cantly due to exercise (Fig. 5). Compared with HF_Sed, exercise
led to a significant increase in some beneficial bacteria (p < 0.05),
such as two members of the Prevotellaceae family (Prevotel-
laceae_UCG-001 and another unidentified species) and an uniden-
tified member of the family Bacteroidales_S24-7.

3.4. LPS levels determined in the knee -joint synovial fluid and blood

We measured the LPS levels in the samples to determine the
effects of HFDs and exercise on endotoxin translocation or clear-
ance. The results showed that the 12-week feeding of HFDs with-
out exercise significantly increased the LPS levels in the blood
and synovial fluid compared with that in RC_Sed, RC_Ex, and HF_Ex
(Fig. 6). The blood LPS level in HF_Ex was significantly higher than
that in RC_Ex (Fig. 6A). These results suggested that HFDs con-
tribute to the high LPS level in the blood.

The blood LPS level of RC_Ex group was significantly lower than
that of RC_Sed group (p < 0.05, Fig. 6A), and that of HF_Ex group
was significantly lower than that of the HF_Sed group (p < 0.01,
Fig. 6A). The LPS level in the synovial fluid significantly decreased
in the HF_Ex group compared with that in the HF_Sed group
(Fig. 6B). No significant changes were found in the HF_Ex and
RC_Ex mice. Our results indicated that exercise intervention could
reduce the LPS concentrations in the blood and joint fluids.

Compared with HF_Sed group, berberine treatment significantly
decreased the LPS level in synovial fluid in the HF_Bbr group
(p < 0.001, Fig. 6B). Additionally, compared with HF_Sed group,
an insignificant decrease in blood LPS level was found in the
HF_Bbr group (p > 0.05, Fig. 6A).

3.5. TLR4 and MMP-13 expression profiles induced by HFD and
exercise

The severity and progress of OA are closely related to the
levels of TLR4 and MMP (such as MMP-13) in chondrocytes.



Fig. 2. Changes in articular cartilage with HFD and exercise interventions. Mankin scores of articular cartilage in medial tibia (A), medial femur (B), lateral tibia (C), and lateral
femur (D);*p < 0.05, **p < 0.01. E. Histological changes in the effects of HFD and exercise for 12 weeks on articular cartilage at 400� views; sheared articular surface (blue and
red arrows) were observed in HF_Sed group.
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The association of HFDs and exercise with changes in the
expression of TLR4 and MMP-13 in cartilage is depicted in
Fig. 7. Compared with RC_Sed group, the expression levels of
TLR4 and MMP-13 were significantly upregulated in the HF_Sed
group (p < 0.05). The levels of HF_Ex mice were significantly
downregulated compared with those in HF_Sed (p < 0.05). No
significant changes were observed between the RC_Sed and
HF_Ex mice. These results indicated that HFDs led to severe



Table 1
Comparison of cartilage thickness of medial and lateral joints (lm; mean ± SD).

C_Sed HF_Sed C_Ex HF_Ex

Medial joint 30.98 ± 4.67 26.35 ± 2.35*** 32.98 ± 4.67 30.00 ± 5.05###

Lateral joint 33.54 ± 5.18 31.99 ± 3.18* 33.54 ± 6.30 31.78 ± 5.66

Note: *p < 0.05, ***p < 0.001, vs. C-Sed group; ###p < 0.001, vs. HF-Sed group.

Fig. 3. Community richness altered by exercise, HFDs, and berberine (a-diversity).

Fig. 4. The average relative abundance of each group is shown in the histogram. Firmicutes/Bacteriodetes (shown in A) and the five families (Bacteroidales_S24-7,
Prevotellaceae, Bifidobacteriaceae, Desulfovibrionaceae, and Peptostreptococcaceae; shown in B) for each group are calculated and averaged.
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cartilage degeneration, whereas exercise might ameliorate this
phenomenon.

4. Discussion

HFDs are an unhealthy dietary pattern contributing to obesity.
HFD can boost the proliferation of proinflammatory microbiota
but inhibit the probiotics and prebiotics and increase the intestinal
permeability and circulating levels of LPS. The absence of activity
combined with obesity is a high risk factor of OA onset. According
to our data, HFDs can significantly induce weight gain and OA
onset. It has been proved that the gut microbiota holds high -fat
feeding, obesity, and OA together. Therefore, controlling obesity
by modulating the intestinal microflora may be beneficial to pre-
vent obesity-associated OA. Prior works have shown that voluntary
exercise is more beneficial to the improvement of inflammation
than compulsive exercise (Matsumoto et al., 2008). Hence, we used
a free-wheel running protocol on the C57BL/6J mice to evaluate the
role of exercise.

The intestinal microorganism of humans constitutes a superor-
ganism. Thus, the balance between good and maleficent bacteria in
the gut microbial community fluctuates due to the host diets. HFDs



Fig. 5. Comparison of the relative abundance of the intestinal microorganism between HF_Sed and HF_Ex at the species level (top 11). *p < 0.05, ** p < 0.01.

Fig. 6. Changes in the LPS levels in the (A) blood and (B) synovial fluid *p < 0.05, n = 6.
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can alter the microbial community structure and reduce the micro-
bial diversity, whereas exercise can diversify the gut microbiota
(Codella et al., 2018). It has been hypothesized that Firmicutes
are more effective as an energy source than Bacteroidetes, thus
promoting more energy harvest from colonic fermentation and
subsequently gaining weight (Koliada et al., 2017). Fluctuations
in phyla Bacteroidetes and Firmicutes are often used to analyze
the changes in intestinal flora. Although with inconsistencies, the



Fig. 7. Changes in the protein expression levels of (A) TLR4 and (B) MMP-13 induced by HFD and exercise. Anti-GAPDH antibodies acted as the loading controls.
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majority of results showed that HFDs and obesity increase the Fir-
micutes/Bacteroidetes ratio whereas exercise decreases this value
(Codella et al., 2018). This viewpoint was validated in our study.
We observed a significantly low diversity in the mice fed with
HFDs and no movements. Exercise had no effect on the microbiota
richness in the mice fed with normal diets but could increase the
richness in the mice fed with HFDs. The changes in microbial ecol-
ogy induced by HFDs and exercise were shown by the comparison
of dominant phyla with HFDs or exercise intervention. The results
revealed that Firmicutes, Bacteroidetes, and Proteobacteria are sus-
ceptible to the treatment with exercise and HFDs. HFDs increased
Firmicutes and Proteobacteria and reduced Bacteroidetes. Con-
versely, exercise increased Bacteroidetes and reduced Firmicutes
and Proteobacteria.

At the family level, we also observed the remolding of the flora
driven by exercise. The family Bacteroidales_S24-7, Prevotellaceae,
and Bifidobacteriaceae decreased but Desulfovibrionaceae and
Peptostreptococcaceae increased in the HFD-fed mice. However,
exercise tended to reverse these changes induced by HFD. The fam-
ilies Desulfovibrionaceae and Peptostreptococcaceae have been
identified as endotoxin-producing bacteria (Schott et al., 2018;
Zhang et al., 2009), and Bifidobacteriaceae and Prevotellaceae can
strengthen the intestinal barrier function, reduce the endotoxin
level, and ameliorate metabolic inflammation (Cani et al., 2007).
Notably, an uncultured family S24-7 was dominant in the mouse
gut microbiota (Ormerod et al., 2016), and the emerging data sug-
gest that these microbes are associated with positive health effects.
HFD reduced the abundance of S24-7, whereas exercise substan-
tially rescued its loss in obesity. Additionally, few Bacteroidetes
and substantial Firmicutes are associated with the increased gut
permeability and LPS translocation (Cani et al., 2007; Hersoug
et al., 2016). Therefore, the above results suggested that exercise
might facilitate the enhancement of intestinal barrier but inhibit
LPS translocation.

LPS serves as a key mediator of metabolic perturbations in
obesity and OA (Cani et al., 2007; Huang and Kraus, 2016). High
endotoxin levels have been observed in a sedentary lifestyle; con-
versely, low endotoxin levels are induced by physical activity
(Lira et al., 2010). This phenomenon suggests that physical activ-
ity may be beneficial to eliminating LPS in vivo. However, differ-
ent patterns and intensities of exercise may have various effects
on the intestinal flora; for example, voluntary wheel running
decreases the Firmicutes/Bacteroidetes ratio, whereas forced
treadmill running increases this value (Codella et al., 2018;
Mailing et al., 2019). Exercise intensity has similar effects on
the intestinal permeability and LPS levels. The intestinal perme-
ability (Pals et al., 1997) and LPS level (Antunes et al., 2019)
increase after heavy exercise. Therefore, a compulsory high-
intensity exercise seems to be a proinflammatory factor in the
body. By contrast, moderate running exercise, such as voluntary
wheel running, may contribute to the relief of inflammation,
maintenance of metabolic homeostasis (Griffin et al., 2012), and
protection against OA. Our results in the LPS measurement concur
with this hypothesis, that is, exercise intervention can reduce the
high LPS concentrations induced by HFDs in the blood and joint
fluids. The increased protein expression levels of TLR4 and
MMP-13 induced by HFDs was also decreased by exercise. The
histologic assessment showed that exercise could reduce the high



Fig. 8. Exercise imparts protective effects on cartilage via its effects on the modification of gut microbiota and reduction of circulating LPS in addition to losing weight.
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rate of OA induced by HFDs, increase cartilage thickness, and
ameliorate cartilage degeneration.

We further tested the role of berberine on the gut microbiota
and LPS clearance in this experiment to determine whether or
not exercise had the same effect. We found berberine could reduce
the level of LPS in the serum and synovial fluid, which is similar to
the effect of exercise. However, the mechanism of berberine on LPS
may be different from that of exercise. Berberine reduces the diver-
sity of intestinal flora along with substantial Firmicutes and few
Bacteroidetes. These results are similar to those of HFDs but differ-
ent from those of exercise. The clearance mechanism of LPS
through exercise is different from that via drugs. The results of
blood LPS determination indicated that berberine showed a less
scavenging effect on LPS compared with exercise. Based on the
above results and discussions, exercise is highly conducive to the
reconstruction of healthy intestinal flora and the elimination of
LPS in vivo.

The appropriate modality and intensity of exercise have posi-
tive and multifaceted effects on OA. In addition to losing weight
(benefits of biomechanics), exercise can alleviate OA by reducing
the LPS production (improving intestinal flora) and transport
(strengthening intestinal barrier) and improving the LPS clearance
in the circulatory system (Fig. 8). However, many problems need to
be discussed further. For example, the microbiota is altered as a
result of physical activity, but the positive modulation of such
activity remains unclear. A one-unit decrease in pH (from 6.5 to
5.5) has an important selective effect on the microbiota and is con-
ducive to the reproduction of probiotics (Duncan et al., 2009). Thus,
could exercise directly or indirectly alter the intestinal pH or could
the biomechanic force from exercise increase the gut motility and
then accelerate the mixing of intestinal contents? Whether exer-
cise can directly or indirectly reduce the circulating LPS (activate
LPS clearance or metabolic mechanism) when the microbiota is
unregulated also remains unclear.
5. Conclusions

LPS is recently considered as a trigger for the pathology of OA.
The LPS level of HFD-fed mice increased but decreased after exer-
cise intervention. These changes were highly related to the alter-
ation of the intestinal microorganism. The HFD treatment
resulted in decreased gut microbial diversity, increases in
endotoxin-producing bacteria, and decrease in gut barrier-
protecting bacteria. Voluntary wheel running caused high gut
microbial diversity and reshaped gut microbiota. Microbiota alter-
ations caused by exercise were completely different from those
induced by intestinal -regulating drugs. The increased protein
expression levels of TLR4 and MMP-13 induced by HFDs decreased
because of exercise. The histologic assessment showed that exer-
cise can reduce OA rate induced by HFDs, increase cartilage thick-
ness, and ameliorate cartilage degeneration. This study revealed
that, apart from losing weight, exercise has protective effects on
the cartilage by influencing the modification of the gut microbiota
and reducing circulating LPS level. We proposed that voluntary
wheel running should be an intervention strategy for the preven-
tion and treatment of OA. Moreover, microbiome monitoring can
be translated into diagnostic and clinical practice.
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