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Abstract

Background and aim Post-traumatic osteoarthritis (PTOA) is a subtype of osteoarthritis (OA). Exercise may produce
and release the myokine irisin through muscle fiber contraction. However, the effect of exercise-promoted irisin pro-
duction on the internal interactions of the muscle—bone unit in PTOA studies remains unclear.

Methods Eighteen 8-week-old Sprague—-Dawley (SD) rats were randomly divided into three groups: Sham/seden-
tary (Sham/Sed), PTOA/sedentary (PTOA/Sed), and PTOA/treadmill-walking (PFTOA/TW). The PTOA model was estab-
lished by transection of anterior cruciate ligament (ACLT) and destabilization of medial meniscus (DMM). After

4 weeks of modeling, the PTOA/TW group underwent treadmill exercise (15 m/min, 30 min/d, 5 d/ week, 8 weeks),
and the other two groups were free to move in the cage. Evaluation and correlation analysis of muscle, cartilage,
subchondral bone and serological indexes were performed after euthanasia.

Results Eight weeks of treadmill exercise effectively alleviated the trauma-induced OA phenotype, thereby main-
taining cartilage and subchondral bone integrity in PTOA, and reducing quadriceps atrophy and myofibril degra-
dation. Exercise reversed the down-regulated expression of peroxisome proliferator-activated receptor-gamma
coactivator-1a (PGC-1a) and fibronectin type Il structural domain protein 5 (FNDC5) in muscle tissue of PTOA rats,
and increased the blood irisin level, and the irisin level was positively correlated with the expression of PGC-1a
and FNDC5. In addition, correlation analysis showed that irisin metabolism level was strongly negatively correlated
with Osteoarthritis Research Society International (OARSI) and subchondral bone loss, indicating that irisin may be
involved in cartilage biology and PTOA-related changes in cartilage and subchondral bone. Moreover, the metabolic
level of irisin was strongly negatively correlated with muscle fiber cross-sectional area (CSA), Atrogin-1 and muscle
ring-finger protein-1(MuRF-1) expression, suggesting that irisin may alleviate muscle atrophy through autocrine
action.

Conclusion Treadmill exercise can alleviate the atrophy and degeneration of muscle fibers in PTOA rats, reduce

the degradation of muscle fibrin, promote the expression of serum irisin, and alleviate the degeneration of articular
cartilage and subchondral bone loss in PTOA rats. These results indicate that treadmill exercise can affect the process
of PTOA by promoting the expression of myokine irisin in rat muscle—bone unit.
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Introduction

Osteoarthritis (OA) represents a degenerative ailment
primarily characterized by alterations within the articu-
lar cartilage, subchondral bone, periarticular muscula-
ture, and synovial tissue of joints. This frequently results
in symptoms like stiffness, inflammation, pain, restricted
range of motion, and compromised joint function.
Remarkably prevalent in the elderly, this condition stands
as a significant contributor to diminished quality of life
due to its debilitating effects [1, 2].

Post-traumatic osteoarthritis (PTOA) is considered
to be a subtype of OA, accounting for roughly 12% of
all instances of symptomatic OA. Among dominant risk
factors may contribute to PTOA, incidence of anterior
cruciate ligament (ACL) injury that progresses to PTOA
is as high as 87%. In addition to ACL injury, many other
associated alterations including the damage of articular
cartilage, meniscus and subchondral bone and ligament
laxity as well as atrophy or arthrogenic muscle inhibition
may be concurrent during initial trauma and subsequent
instability [3, 4].

Numerous evidences have revealed that a tight func-
tional and developmental relationship exists between
muscle and bone mass, which was identified as mus-
cle-bone unit. Thus, in the complex muscle—bone cross-
talk, both tissues are complementary and necessary for
locomotion and individual activities [5]. Exercise, as a
nonsurgical and non-pharmacological strategy, which
is considered to be safe and effective in OA treatment,
mainly regarding the alleviation of pain and improvement
of physical function [6]. However, the mechanism of
exercise in the prevention and treatment of OA between
muscle and bone driven by mechanical stress are still not
clearly illuminated. Current studies have indicate that
exercise-induced skeletal muscle contraction may trigger
the synthesis and secretion of myokines, thus connecting
muscles with other human organs such as gut, bone and
brain, and also acting on themselves through myokines
[7]. The identification of myokines and their pivotal roles
in regulating metabolic processes may provide new ideas
to interpret the protective effects of exercise in treating
OA [8].

Irisin is a newly identified myokine. Under the inter-
vention of exercise, irisin is mainly secreted by skeletal
muscle in large amount and released in the blood stream,
participating in the resistance to inflammation and aging,
which is a possible explanation for the protective and
preventive mechanism of exercise on bones and joints
[8]. Its precursor is fibronectin type III domain protein 5
(FNDCS5), and the domain is fibronectin III. As a trans-
membrane protein, its C-terminal fragment exists in the
interior of the cell membrane, and its N-terminal frag-
ment is exposed to the outside of the cell. After cleavage,

Page 2 of 12

the N-terminal fragment located outside the cell is
hydrolyzed to produce a protein, named irisin.[9].

As a secretory protein, irisin is an N-glycosylated pro-
tein hormone consists of 112 amino acids, which travel
out systemic circulation and act on the target organs to
play physiological parts [10]. A study conducted by He
et al. exhibited that irisin exhibited a remarkable role to
salvage bone volume (BV) fraction and trabecular num-
ber (Tb.N) in mice OA model induced by transection of
the anterior cruciate ligament (ACLT). This intervention
concurrently enhanced bone mineral density (BMD) by
counteracting osteoblast apoptosis [11]. Furthermore,
scientific literature has documented the anti-OA impact
of irisin in chondrocytes [12]. These collective findings
have paved the way for our hypothesis, which posits that
irisin might indeed serve as a pivotal driving force in OA
therapy. Studies have shown that peroxisome prolifera-
tor-activated receptor-y (PPAR-y) and its coactivator-1-a
(PGC-1a) is increased in skeletal muscle after exercise,
and the production of its downstream protein FNDC5
is increased to form the cleavage product irisin [13]. A
recent study has demonstrated that moderate-intensity
treadmill exercise protects against chondrocyte inflam-
mation and pyroptosis through increasing the levels of
irisin in OA rat models. However, the mechanisms by
which exercise-induced irisin promotes the interaction
between muscle and bone to achieve therapeutic effect
on PTOA remains unclear [14].

In this study, our hypothesis centers on the poten-
tial of exercise training to ameliorate the advancement
of PTOA by triggering the activation of the PGC-la/
ENDCS5/irisin signaling pathway, thereby fostering the
intrinsic interplay within the muscle-bone unit. To inves-
tigate this hypothesis, we subjected a PTOA rat model to
a regimen of moderate exercise training. Subsequently,
we scrutinized the impact on muscle, cartilage, subchon-
dral bone, and serological factors, while assessing their
interrelationships. This comprehensive approach aims to
unravel the intricate links between the regulatory influ-
ence of treadmill exercise on irisin serum expression, the
dynamics of the muscle-bone unit, and its consequential
impact on the progression of PTOA.

Methods

Animals

The experimental animals were Eighteen 8-week-old
Sprague—Dawley(SD) rats underwent adaptive training
on a treadmill for 1 week at an intensity of 10 m/min,
10 min/d, and 5 d/ week rats with a weight of 250+10 g,
which provided by the Experimental Animal Centre of
Tongji Medical College, Huazhong University of Sci-
ence and Technology (Wuhan). All animals were kept
in SPF-grade environment for long-term experiments.
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The Experimental Animal Ethics Committee author-
ized the experimental protocol. (approval number: TJH-
202007010). Every two animals were housed in a plastic
cage with irradiated sawdust bedding in a steady tem-
perature (22 +2 °C) and humidity (60 + 5%) room for 12 h
on a cycle between day and night. The animals are given
unrestricted access to food, drink, and movement within
their enclosures. All experimental animal behaviors
strictly adhered to the International Association for the
Study of Pain’s appropriate animal protection and usage
laws.

Exercise protocol and experimental design

In Fig. 1, the study’s protocols are displayed. Eighteen
SD rats underwent adaptive training on a treadmill for
1 week at an intensity of 10 m/min, 10 min/d, and 5 d/
week (Zhenghua Biological Instrument Equipment,
China). After one week of training, the rats were ran-
domly assigned to one of two groups: sham (n=6) or
PTOA (n=12). Isoflurane anesthesia was used during all
surgical procedures. The capsule of the right knee joint
was opened in the PTOA rats, was subjected to the ACLT
and the destabilization of the medial meniscus (DMM),
and the joint capsule and skin were sutured layer by
layer after disinfection of the joint cavity. While the rats
in the sham group were sutured after opening the right

Eighteen 8-week old Male SD Rats (250 + 10g, SPF-grade)

~or
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knee capsule and no extra surgery was undertaken. The
PTOA group was randomly divided into two groups four
weeks after surgery: PTOA/sedentary (PTOA/Sed) group
(n=6) and PTOA/treadmill-walking (PTOA/TW) group
(n=6), while the Sham/sedentary (Sham/Sed) group
(n=6) received all of the sham animals. We chose exer-
cise protocol based on earlier study that exercise training
at 15 m/min, 30 min/day, 5 d/week, 8 weeks was effec-
tive in maintaining cartilage and subchondral bone integ-
rity, and could reduce cartilage degeneration, systemic
inflammation and mechanical pain [15, 16].For eight
weeks, the rats in the Sham/Sed and PTOA/Sed groups
were free to move around in their cages. These rats were
allowed to rest on the treadmill for 30 min each day, but
no running platform exercise was conducted. All SD rats
were euthanized within 48 h of the last treadmill exercise.
Blood supernatant was collected after cardiac puncture,
and tissue samples were collected and weighed.

Micro-CT analysis of subchondral bone

The intact knee joint of the animal was removed and
fixed with 4% paraformaldehyde solution for 24—48 h.
Then the knee joints of each group were scanned by
micro-CT (micro-CT 50 Scanco Medical, Switzerland) at
100 kV, 98pA, and 10.5 pm resolution. The three-dimen-
sional reconstruction of tibial plateau was performed

Sham/Sendentary

(n=6)
\” Sham(right knee)

PTOA/Sendentary

(n=6)
PTOA/Exercise
(n=6)
week (0 week 1 week 5 week 13

Adaptive exercise ACLT+DMM Therapeutic exercise animal euthanasia
(10 m/min 10 min/day  (right knee) (15 m/min 30 min/day
5 days/week) 5 days/week)

Fig. 1 Eighteen SD rats underwent adaptive training on a treadmill for 1 week at an intensity of 10 m/min, 10 min/d, and 5 d/week. After one week
of training, rats were randomly divided into three groups: Sham/sedentary (Sham/Sed), PTOA/sedentary (PTOA/Sed), and PTOA/treadmill-walking
(PTOA/TW). The PTOA model was established by transection of anterior cruciate ligament (ACLT) and destabilization of medial meniscus (DMM).
While the rats in the sham group were sutured after opening the right knee capsule and no extra surgery was undertaken. The PTOA/TW group
performed 8 weeks of treadmill exercise at an intensity of 15 m/min, 30 min/d, 5 d/week. All SD rats were euthanized within 48 h of the last
treadmill exercise, blood supernatant was collected after cardiac puncture, and tissue samples were collected and weighed
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using the three-dimensional image processing system of
micro-CT software. The analysis software of the system
was used to quantitatively analyze the subchondral bone
area at the same position of the tibial plateau reconstruc-
tion image of SD rats. The analysis indicators included:
bone volume/tissue volume fraction (BV/TV), trabecular
number (Tb.N), trabecular separation (Tb.Sp) and tra-
becular thickness (Tb.Th).

Histological analysis of articular cartilage

Following a micro-CT scan of the knee, it was decalcified
for 4 weeks using a 10% ethylenediaminetetraacetic acid
(EDTA) solution. Following dehydration with a graded
ethanol solution, the specimen is embedded in paraffin.
Slices were cut in the sagittal plane of the joint, with 4 pm
of each section collected for histological examination.
The tissue and morphological characteristics of the slices
were studied under a microscope after they were stained
with hematoxylin—eosin (HE) and safranin O (SafO)/fast
green. The Osteoarthritis Research Society International
(OARSI) scoring system was employed to evaluate the
degree of damage at the histopathological level of carti-
lage in SD rats (0—6 points), which has a high sensitivity
and reproducibility for the histopathological manifesta-
tions of cartilage in PTOA rats. The medial tibial plateau
(MTP) was selected for scoring, and scores were summed
and reported, with higher scores suggesting higher histo-
pathological grading of OA.

Immunohistochemical analysis of articular cartilage

Slices of the joint were prepared in the sagittal plane,
with each slice measuring 4 um in thickness for immu-
nohistochemical analysis. Tissue expression of matrix
metalloproteinases-13 (MMP-13, 1:100; proteintech,
18,165-1-AP) and collagen type II alpha 1 (COL2A1,
1:100; proteintech, 28,459-1-AP) was assessed through
immunohistochemistry. The computer image analysis
technique (Image-Pro Plus) was employed to analyze the
percentage of positively stained cells in all the cartilage
slices.

Muscle mass/mass ratio

Within 48 h of the last exercise, the SD rats were placed
on a weighing scale and after quieting, the net weight
was measured and recorded. The quadriceps muscle
was removed after execution and the excess tissue was
removed, and the wet weight was weighed and recorded.
The mass ratio of quadriceps muscle/body weight was
calculated.

Histological analysis of muscle
The separated intact quadriceps muscle was paraform-
aldehyde fixed, ethanol dehydrated and then paraffin
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embedded. Tissue slices and HE staining were performed
on the muscle belly of the quadriceps muscle to assess the
muscle fiber cross-sectional area (CSA) size and convert
it into digital images. A computer-based image analysis
technique (Image-Pro Plus) was used to analyze muscle
hypertrophy by measuring the CSA of the abdominal fib-
ers of the quadriceps muscle by measuring the area of
100 fibers located at 5 different sites.

Immunohistochemical analysis of muscle

The effect of treadmill exercise on quadriceps muscle
atrophy and the PGC-1a/FNDC5/irisin axis under OA
was assessed using immunohistochemical staining. Tis-
sue slices were performed in the abdominal region of
the quadriceps muscle and positive tissue expression
of Atrogin-1 (1:100; proteintech, 67,172-1-1G), mus-
cle ring-finger protein-1 (MuRF-1, 1:100; proteintech,
55,456-1-AP), PGC-1a (1:100; proteintech, 66,369 1-1G)
and FNDC5 (1:100; proteintech, 23,995-1-AP) were
detected by immunohistochemistry. All sections were
analyzed for the percentage of positive tissue staining
using computer-based image analysis technology (Image-
Pro Plus).

The expression of mRNA levels of muscle

RNA was extracted from muscle using a total RNA
extraction kit (Omega Biotek, R6834-01). It was then
reverse transcribed into c¢cDNA using Hifair®IIl 1st
Strand cDNA Synthesis SuperMix (Yeasen, 11141ES60).
c¢DNA sequences were amplified using SYBR Green Mas-
ter Mix (Yeasen, 11203ES03). The pri-mers sequences
were as follows: FNDCS5 (F) 5 -TAACCGTCAGGC
ACCTCAAGG-3’, (R) 5'-CGCAGCATCCTCACATCC
TTC-3". MurF-1 (F) 5-CTGCTGGTGGAGAACATC
ATCG-3', (R) 5-TTCTCGTCTTCGTGTTCCTTGC-
3’. Atrogin-1 (F) 5'-GGTCCAGAGAGTCGGCAAGTC-
3’, (R) 5'-GGCAGGTCGGTGATCGTGAG-3'. B-actin
(F) 5'-CTGTGTTGTCCCTGTATGCCTCTG-3’, (R)
5 -GGAACCGCTCATTGCCGATAGTG-3". Each
cDNA sample was repeated at least three times.

Serum biochemical analysis

The animals were anesthetized with isoflurane before
euthanasia, after which the blood supernatant was col-
lected by cardiac puncture and temporarily stored at
— 80 °C for subsequent analysis. Enzyme-linked immu-
nosorbent assay (ELISA) was used to measure serum iri-
sin concentration (RA21204; Bio-Swamp, China).

Statistical analysis

GraphPad Prism 8.0 was used for statistical analy-
sis of the data in this experimental study. The study
employed one-way analysis of variance (ANOVA) to
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facilitate comparisons among multiple groups, while
independent samples t-test were employed to com-
pare the two groups, and the results were reported as
mean t standard error. When p-value<0.05, the dif-
ference was considered statistically significant. Non-
parametric Spearman correlation analysis was used to
analyze the correlation between the two factors. When
p value <0.05, the difference was considered statistically
significant.

Sham/Sedentary

PTOA/Sedentary

Safranin O

-Fast green

Sham/Sedentary PTOA/Sedentary

MMP13

Sham/Sedentary PTOA/Sedentary

PTOA/TW

PTOA/TW

PTOA/TW
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Results

Exercise attenuates PTOA-relevant phenotypes of cartilage
and subchondral bone

At 12 weeks post-surgery, the histological phenotypes
of the cartilage and subchondral bone in the PTOA/Sed
group exhibited evident articular cartilage degenera-
tion and subchondral bone damage. As demonstrated in
Fig. 2a, degeneration of cartilage in the PTOA/Sed group
was defined by cartilage clefts, disordered chondrocyte

OARSI score
IS
1
-Ft
>

2- [}

° == °
0 T T T

QQ(DC\ é@d ‘?(\é

O
& Y@?’b ¢
@ <O
d 2
*%¥ *
*kk *kk 80

Hokk Hkk

}

COL2AT positive cells(%)
N s
83 8
MMP13 positive cells(%)
Iy IS
3 35

Y%

To.N(t/mm)

To.Sp(mm)
To.Thimm)

) S
& &
& & &
& $©

Fig. 2 Exercise attenuates PTOA-relevant phenotypes of cartilage and subchondral bone. a The representative images of hematoxylin—eosin (HE)
and safranin O (SafO)/fast green staining (scale bar=400 um, black) in a sagittal plane. b Osteoarthritis Research Society International (OARSI) score
of the Sham/Sed, PTOA/Sed, and PTOA/TW groups. ¢ Immunohistochemical staining of COL2A1 and MMP13 positive cells was performed in tibial
plateau sections of each group (scale bar=200 um, black). d Percentage of COL2A1 and MMP13 positive cells in each group. e Three-dimensional
micro-CT reconstruction of tibial coronal plane of rats in each group (scale bar=1 mm, white). f Statistical analysis of tibial trabecular parameters:
volume/tissue volume fraction (BV/TV), trabecular number bone (Tb.N), trabecular separation (Th.Sp) and trabecular thickness (Tb.Th). The mean
and standard error are used to represent the data, n=6. *<0.05, **<0.01, ***<0.001
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sequences, and loss of cartilage matrix. These histologi-
cal changes were further confirmed by OARSI scoring
(Fig. 2b). Immunohistochemical staining of tibial sec-
tions from the PTOA/Sed group demonstrated a higher
proportion of MMP13-positive cells in the cartilage
matrix compared to the Sham/Sed group, while the pro-
portion of COL2A1-positive cells was lower (Fig. 2c and
d). These findings collectively suggest an accelerated
cartilage degeneration in the PTOA model. Micro-CT
results revealed significant bone loss and remodeling in
the subchondral bone of the PTOA/Sed group (Fig. 2e
and f). In the PTOA animal model, these changes imply
a decreased cartilage and subchondral bone integrity.
However, 8 weeks of treadmill exercise effectively miti-
gated trauma-induced OA phenotypes, thereby main-
taining cartilage health and subchondral bone structure
in PTOA. In comparison to the PTOA/Sed group, the

a

PTOA/TW

Sham/Sedentary

PTOA/Sedentary

C Sham/Sedentary PTOA/Sedentary PTOA/TW
Atrogin-1
MuRF-1
e Sham/Sedentary PTOA/Sedentary PTOA/TW

PGC-la

FNDCS [
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PTOA/TW group exhibited reduced cartilage degen-
eration, decreased OARSI scores, a lower proportion
of MMP13-positive cells, and an increased proportion
of COL2A1-positive cells in the cartilage matrix after
8 weeks of postoperative treadmill exercise. Additionally,
a sustained reduction in subchondral bone reaction char-
acterized by decreased bone loss was displayed in the
exercised animals (Fig. 2).

Exercise increases quadriceps muscle volume

and improves muscle atrophy

At 12 weeks post-surgery, histological staining of muscle
tissues using HE staining in the Sham/Sed group revealed
regular and well-arranged muscle fibers. In contrast, the
PTOA/Sed group displayed shorter muscle fiber diam-
eters, indicative of atrophic changes (Fig. 3a). The three
groups of rats’ body weights did not significantly differ
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Fig. 3 Exercise increases quadriceps muscle volume and improves muscle atrophy. a Histological sections of quadriceps femoris in each group
were stained with HE (scale bar=200 pum, black). b Body weight and quadriceps femoris mass/mass ratio in each group. ¢ Immunohistochemical
staining of Atrogin-1 and MuRF-1 was performed in quadriceps femoris muscle sections of each group (scale bar=50 um, black). d Percentage

of Atrogin-1 and MuRF-1 positive area in each group. e Immunohistochemical staining of PGC-1a and FNDC5 was performed in quadriceps femoris
muscle sections of each group (scale bar=50 um, black). f Percentage of PGC-1a and FNDC5 positive area in each group. g The mRNA levels

of FNDC5 ~ Atrogin-1 and MuRF-1 in each group by gRT-PCR. The mean and standard error are used to represent the data, n=6.*<0.05, **<0.01,

***<0.001. ns not significant
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from one another. The PTOA/Sed group exhibited a trend
of lower quadriceps muscle mass/mass ratio compared
to the Sham/Sed group (Fig. 3b). Immunohistochemical
staining was performed to detect the expression of mus-
cle atrophy-related proteins, Atrogin-1 and MuRF-1, and
the mRNA expression levels were detected by qRT-PCR.
The proportion of positive staining and mRNA levels of
Atrogin-1 and MuRF-1 tended to increase in the PTOA/
Sed group compared with the Sham/Sed group (Fig. 3c,
d and g). These changes suggest severe quadriceps mus-
cle fiber atrophy in the PTOA animal model. However,
8 weeks of treadmill exercise effectively mitigated quadri-
ceps muscle atrophy and reduced muscle fiber protein
degradation. In comparison to the PTOA/Sed group,
the PTOA/TW group significantly improved the quadri-
ceps muscle mass/mass ratio, increased CSA scores, and
decreased the proportion of muscle fiber which related to
the production of Atrogin-1 and MuRF-1(Fig. 3).

Exercise increase serum levels of irisin and PGC-1a

and FNDC5 expression in muscle

We evaluated the expression of PGC-1a and FNDCS5 in
quadriceps muscle by immunohistochemical analysis.
At 12 weeks post-surgery, the expression of PGC-1a and
ENDC5 was downregulated in the PTOA/Sed group.
In parallel, we performed qRT-PCR experiments and
observed a significant decrease in FNDC5 mRNA expres-
sion levels. Surprisingly, 8 weeks of treadmill exercise
reversed the downregulation of PGC-la and FNDC5
expression levels in the muscle tissue of PTOA rats
(Fig. 3e, f and g). Additionally, the impact of exercise on
serum levels of irisin was investigated by ELISA. ELISA
results revealed decreased serum irisin levels in the
PTOA/Sed group. However, 8 weeks of treadmill exercise
significantly increased blood levels of metabolically active
irisin (Fig. 4a). Moreover, the metabolic status of irisin
was negatively correlated with the expression of PGC-1a
and FNDCS5 positive tissues (Fig. 4e). These outcomes
collectively hint at the prospect that treadmill exercise
could potentially enhance the expression of PGC-1a and
ENDC5 within the quadriceps femoris, leading to an aug-
mented concentration of metabolized irisin in the mus-
cle. Together with these findings, we speculated that the
PGC-1a/ENDCS5 signaling axis may be involved in the
mechanisms of exercise-induced increased serum irisin
concentration.

Exercise activate PGC-1a/FNDC5-irisin signaling axis

to promote muscle-bone cross-talk

Taking into account the impacts of treadmill exercise on
cartilage, subchondral bone, and quadriceps muscle, we
used correlation analysis to further investigate the con-
nection between these impacts. As shown in Fig. 4, we
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established correlations encompassing various factors,
including joint structural evaluation index (OARSI score
and micro-CT data), muscle atrophy-related parameters
(CSA and expression levels of Atrogin-1 and MuRF-1),
and irisin levels. Intriguingly, a compelling negative cor-
relation emerged between irisin serum levels and both
OARSI scores and subchondral bone loss (Fig. 4b and
d). This striking observation implies that irisin might
actively participate in cartilage biology while concur-
rently exerting influence over PTOA-associated changes
in the subchondral bone. Furthermore, the metabolic sta-
tus of irisin exhibited a robustly negative correlation with
CSA measurements, as well as with the expression of
Atrogin-1 and MuRF-1 (Fig. 4c, e and f). This compelling
association suggests that irisin might potentially counter-
act muscle atrophy through autocrine pathway.

These results suggested the underlying mechanism of
PTOA alleviation by moderately intensive exercise, which
significantly increased serum irisin concentration and
promoted the internal interaction of the muscle-bone
unit of the knee joint.

Discussion
PTOA is a type of OA. OA due to trauma is also com-
mon in young adults. For example, in the USA alone,
6—8% of active youth experience menisci injuries each
year, and this number is increasing in older age groups.
In fact, according to a 2020 epidemiological study
of young adults, approximately 13% of patients with
meniscus injury develop OA 18 years after injury. The
8-week-old rats used in this experiment are also com-
mon in the PTOA model, consistent with the age stage
of young rats [17, 18]. Currently, the treatment strate-
gies for PTOA primarily aim to restore proper kinematic
and biomechanical conditions and mitigate the inflam-
matory response. Nonetheless, research indicates that
more than 20% of patients experience unexpected PTOA
progression despite these efforts, highlighting the exist-
ence of crucial underlying factors beyond inflammatory
responses and biomechanics [19, 20]. Anatomically and
in terms of cellular origin, cartilage, bone, and muscle
are intricately interlinked, constituting what is known
as the muscle-bone unit [21]. The muscles are key pro-
ducers of an array of peptides known as myokines. Most
studies suggest that myokines exert autocrine control
over muscle metabolism while also engaging in parac-
rine interactions with distant organs and tissues, such as
liver, adipose tissue, bone and brain [22]. In this context,
we speculated that manipulation of the muscle-bone unit
through the agency of myokines might influence the pro-
gression of OA (Fig. 5).

Exercise has been shown to be effective in the man-
agement of OA. Our prior investigations have already
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illustrated that moderate mechanical loading can effec-
tively maintain the integrity of articular cartilage [19].
Our study also showed that treadmill exercise could slow
down articular cartilage degeneration and subchondral
bone loss. The preventive mechanism of exercise against
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OA was better elucidated when it was found that skeletal
muscle would show the release of myokines under the
intervention of exercise [23]. In a recent investigation,
it was elucidated that moderate-intensity exercise sig-
nificantly increased serum irisin levels and bolstered the
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The muscle-bone unit
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Fig.5 Cartilage, bone, and muscle are intricately interlinked,
constituting what is known as the muscle-bone unit. The muscles
are key producers of the myokine irisin. Moderate-intensity exercise
can promote the release of irisin by activating the PGC-1a/FNDC5/
irisin signal axis in muscle, maintain the health of the cartilage
and the structure of the subchondral bone, and improve muscle
atrophy. Exercise can improve OA by promoting muscle—bone
cross-talk of the knee joint (created with biorender.com)

presence of the anti-inflammatory factor interleukin-10
(IL-10) in elderly women with concurrent sarcopenia and
OA. This exercise-induced response effectively repressed
the expression of the inflammatory factor tumor necro-
sis factor-a(TNF-a), consequently leading to a reduction
in OA index [24]. Our findings are consistent with the
above conclusion that exercise training increases irisin
expression and may be involved in alleviating the pro-
gression of OA.

Recently, there has been a growing body of studies
dedicated to elucidating the protective impact of irisin
on OA cartilage tissue. Wang et al. demonstrated that
irisin plays a cartilage protective role in the development
of OA by promoting mitochondrial biogenesis and main-
taining the process of autophagy to resist oxidative stress
and catabolism of extracellular matrix under inflam-
matory response [25]. At the same time, some studies
have shown that irisin can reduce joint wear caused by
4 weeks after ACLT, maintain the proportion of hyaline
cartilage, promote more complete cartilage structure and
lower OARSI score [11]. Irisin is thought to be produced
by cleavage of the transmembrane protein FNDC5 [26].
ENDCS5, identified as a type I membrane protein, has
been recognized as a target gene of PGC-1la in murine
models [27]. PGC-1a expressed abundantly in healthy
skeletal muscle cells, plays a pivotal role in augmenting
mitochondrial biogenesis and enhancing skeletal muscle
strength [28]. Indeed, our study showed that rats in the
PTOA/Sed group had reduced PGC-1a expression in the
quadriceps femoris and severe denervated muscle atro-
phy, and the expression level of PGC-1a may be closely
related to resistance to muscle fiber atrophy. At the
same time, some studies have found that PGC-1a is not
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required for the effect of exercise training on mitochon-
drial content through biogenesis, because PGC-1a dele-
tion does not prevent exercise-induced mitochondrial
biogenesis, suggesting the existence of an independent
mechanism other than PGC-1 [29]. While the associa-
tion between FNDC5 expression, irisin regulation, and
exercise in humans has been explored, the mechanisms
underlying this connection remain subject to ongoing
debate. First of all, the details of FNDC5 cleavage are
unknown. Yu et al. demonstrated that a member of the
disintegrin and metalloproteinase (ADAM) family, pos-
sibly ADAMI10, is a candidate for FNDC5 cleavage [30].
Angiotensin II can up-regulate ADAM10, suggesting that
angiotensin II may promote FNDC5 cleavage [26]. Sec-
ondly, certain studies have found that the expression of
FNDCS5 in muscle remained unelevated during simulated
exercise. Notably, some exercise training regimens that
did not observe an upregulation in FNDC5 also failed
to demonstrate increased PGC-la expression, or didn’t
investigate alterations in PGC-la levels. This suggests
that modifications in FNDC5 expression consequent to
exercise could indeed be influenced by the regulatory
mechanism of PGC-1a [31]. The discrepancies observed
among various studies can likely be attributed to varia-
tions in factors such as exercise intensity, mode, sampling
time points, and the subjects under investigation. Based
on this premise, we observed that treadmill exercise
reversed the pronounced down-regulation of PGC-la
and FNDCS5 expression levels in muscle tissue of PTOA
rats at an exercise intensity set at 15 m/min, 30 min per
day duration, 5 days per week and an 8-week interven-
tion. Moreover, exercise stimulated an increase in the
concentration of metabolic irisin in the blood of PTOA
rats, which was closely correlated with the expression
levels of PGC-1a and FNDC5. The outcomes of our
study find resonance in the research conducted by Jia
et al. as well [14]. Of note, some studies have shown that
FNDC5 mRNA expression in skeletal muscle increased
after 12 weeks of training in humans, without significant
increase in circulating irisin content [13]. However, many
studies in mice and humans have shown that endurance
exercise can induce irisin [32-34]. Identification and
quantification of human irisin in blood by mass spec-
trometry with stable isotope-enriched control peptides as
internal standards have been reported. This precise state-
of-the-art method shows that human irisin circulates at
a rate of approximately 3.6 ng/ml in sedentary individu-
als; In individuals undergoing aerobic training, this level
increased to approximately 4.3 ng/ml. These data une-
quivocally demonstrate that human irisin exists, circu-
lates, and is regulated by exercise [34].

Given that our findings have unveiled a potential con-
nection between the PGC-1a/FNDC5/irisin signaling
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axis and OA, we further embarked on an investigation
of the intricate associations between muscle, cartilage,
subchondral bone, and irisin levels within the Sham/
Sed, PTOA/Sed, and PTOA/TW rat groups. Evidently,
the PTOA/Sed group exhibited a decrement in serum
irisin metabolism levels. In contrast, the relevant mark-
ers exhibited an augmentation in response to treadmill
exercise within the PTOA/TW group. Notably, these
indicators exhibited a robust negative correlation with
both OARSI scores and subchondral bone loss in the
PTOA/TW cohort. Our results find resonance in the
research conducted by Mao et al. [35], who in their study
involving 215 knee OA patients, discovered a negative
correlation between serum and joint fluid irisin levels
and the severity of human OA, as determined by the
Kellgren-Lawrence (KL) grading system. Additionally,
Jia et al. demonstrated that treadmill exercise consid-
erably elevated irisin levels in the blood circulation as
well as in the synovial fluid of the knee joint, and exer-
cise-induced irisin exerted anti-inflammatory and anti-
pyroptotic effects in chondrocytes. This was achieved
through the inhibition of the PI3K/Akt/NF-kB signaling
pathway, thereby conferring potential for OA treatment
[14]. The nexus between irisin and BMD also garners
support from various pieces of evidence. In a study con-
ducted by Zhang et al. in 2020, it was shown that irisin
levels showed a trend of positive correlation with BMD
in older men living in China [36]. To further substanti-
ate the connection between irisin and bone metabolism,
Zhu'’s team carried out a study in 2021 involving FNDC5/
irisin knockout mice. Their findings revealed that these
knockout mice displayed markedly reduced BMD during
both development and adulthood, accompanied by delays
in bone development and mineralization. Additionally,
the increase in bone thickness typically prompted by
wheel running in mice was weakened in irisin knockout
individuals [37]. Irisin, by interacting with integrins and
activating the Wnt/B-catenin and ERK/MAPK signaling
pathways within cells, facilitates bone remodeling [38].
Furthermore, our study unearthed a potent negative cor-
relation between irisin metabolism levels and the expres-
sion of Atrogin-1 and MuRF-1 positive tissues, as well as
CSA, across the Sham/Sed, PTOA/Sed, and PTOA/TW
rat groups. This underpins the notion that irisin’s auto-
crine actions might indeed mitigate muscle atrophy. This
premise is substantiated by the research conducted by
Guo et al., who observed that aging FNDC5/irisin knock-
out mice exhibited accelerated loss of muscle mass and
strength. Intriguingly, intraperitoneal injection of recom-
binant irisin protein effectively attenuated age-related
sarcopenia and metabolic disorders. Mechanistically,
irisin hindered the effects of MuRF1 and Atrogin-1—
key players in muscle atrophy—by modulating the
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ubiquitin—proteasome system [39]. However, the pre-
cise downstream pathways of irisin signaling necessi-
tate further investigation. Building upon these collective
insights, our hypothesis postulates that exercise may
effectively mitigate chondrogenic inflammation through
the regulation of the muscle-based PGC-1a/FENDC5/iri-
sin signaling axis. This activation, in turn, could curtail
the PIBK/Akt/NF-«kB signaling pathway—culminating in
a decline in the expression of cartilage matrix-degrading
enzymes like MMP-13 and a disintegrin and metallopro-
teinase with thrombospondin motifs (ADAMTS-5). By
intervening at this juncture, exercise could significantly
suppress the expression of inflammatory cytokines such
as TNF-a and interleukin-1B(IL-1p), both implicated in
the apoptotic protease pathway. As a cascading effect,
this suppression could help ameliorate the degradation
of COL2A1 and bolster the production of glycosamino-
glycans within chondrocytes [21, 40, 41]. Concomitantly,
exercise exerts a downregulatory influence on the expres-
sion of inhibitors tied to the Wnt/B-catenin pathway,
which in turn curtails bone loss. This strategic modula-
tion of the pathway serves to invigorate bone remode-
ling processes [42]. Concurrently, exercise demonstrates
its prowess by quelling the expression of MuRF1 and
Atrogin-1, pivotal factors in muscle atrophy, by modu-
lating the intricate ubiquitin—proteasome system [36].
This comprehensive orchestration of effects collectively
engenders favorable outcomes for individuals grappling
with osteoarthritic joints.

Our study remains certain limitations that warrant
acknowledgment. To begin with, the size of the rat
sample included in our study remains relatively mod-
est. Secondly, this study only revealed the correlation
between irisin, PTOA, muscle-bone unit and exercise,
and did not deeply explore the regulatory mechanism
of irisin with PGC-1a and FNDCS5 by regulating target
genes. Subsequently, we will verify the relevant mecha-
nism through cell experiments and animal experiments,
and provide direct evidence for irisin-mediated signal-
ing pathways by adding irisin inhibitors. In addition, it
is crucial to consider the marked biomechanical dispar-
ities between human and rat knees, requiring valida-
tion through experimental verification in future human
cohorts. Finally, the effect of exercise may be due to the
short training duration and uniform end time point.
Therefore, there should be corresponding improvement
programs for different severity of OA animal models.
Our future trajectory involves refining our protocol to
enhance its applicability to human studies. Subsequent
experiments are poised to delve into relevant down-
stream signaling pathways within the muscle-bone unit,
thus offering a more comprehensive perspective on the
mechanisms.
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In conclusion, exercise significantly ameliorated the
severity of PTOA by improving cartilage degeneration,
subchondral bone loss and muscle atrophy. In addition, our
study suggests that irisin may lead us to a more compre-
hensive understanding of the beneficial effects of exercise
and develop new ideas and therapeutic targets for the treat-
ment of OA in the future.

Abbreviations

PTOA Post-traumatic osteoarthritis

OA Osteoarthritis

SD Sprague-Dawley

Sed Sedentary

T™W Treadmill-walking

ACLT Transection of the anterior cruciate ligament
DMM Destabilization of the medial meniscus
PGC-1a Peroxisome proliferator-activated receptor-gamma coactivator-1a
FNDC5 Fibronectin type Il structural domain protein 5
OARSI Osteoarthritis Research Society International
CSA Cross-sectional area

MuRF-1 Muscle ring-finger protein-1

ACL Anterior cruciate ligament

BMD Bone mineral density

PPAR-y Peroxisome proliferator-activated receptor-y
BV/TV Bone volume/total volume

Tb.N Trabecular number

Tb.Sp Trabeculae separation

Tb.Th Trabecular thickness

EDTA Ethylenediaminetetraacetic acid

HE Hematoxylin-eosin

SafO Safranin O

MTP Medial tibial plateau

MMP-13  Matrix metalloproteinases -13

COL2A1 Collagen type Il alpha 1

ELISA Enzyme-linked immunosorbent assay

ANOVA One-way analysis of variance

IL-10 Interleukin-10

ADAM A disintegrin and metalloproteinase

ADAMTS A disintegrin and metalloproteinase with thrombospondin motifs

KL Kellgren-Lawrence
TNF-a Tumor necrosis factor-a
=18 Interleukin-103

Acknowledgements
Not applicable.

Author contributions

XRS carried out the design of the experiment, the operation of the experi-
ment and the writing of the paper; XXH directed the experimental technique,
assisted in the experimental operation, and revised the paper; WJH and

JWL collated the experimental data collation; RMC, XFD and CRP assisted

in the experimental procedures. The authors read and approved the final
manuscript.

Funding
National Natural Science Foundation of China, Grant/Award Number: No.
82072556.

Availability of data and materials
Data sharing is not applicable to this article as no datasets were generated or
analyzed during the current study.

Page 11 of 12

Declarations

Ethics approval and consent to participate

Ethics committee: Ethical Committee of Tongji Hospital, Tongji Medical Col-
lege, Huazhong University of Science and Technology Reference number:
TJH-202007010.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Rehabilitation, Tongji Hospital, Tongji Medical College,
Huazhong University of Science and Technology, 10954, Jie-Fang Avenue,
Qiaokou District, Wuhan 430030, Hubei, China.

Received: 17 October 2023 Accepted: 3 January 2024
Published online: 09 January 2024

References

1. Hunter DJ, Bierma-Zeinstra S. Osteoarthritis. Lancet.
2019;393(10182):1745-59. https://doi.org/10.1016/50140-6736(19)
30417-9.

2. Abramoff B, Caldera FE. Osteoarthritis: pathology, diagnosis, and treat-
ment options. Med Clin North Am. 2020;104(2):293-311. https://doi.org/
10.1016/j.mcna.2019.10.007.

3. Wang LJ, Zeng N, Yan ZP, Li JT, Ni GX. Post-traumatic osteoarthritis follow-
ing ACL injury. Arthritis Res Ther. 2020;22(1):57. https://doi.org/10.1186/
$13075-020-02156-5.

4. Schulze-Tanzil G. Intraarticular ligament degeneration is interrelated with
cartilage and bone destruction in osteoarthritis. Cells. 2019. https://doi.
0rg/10.3390/cells8090990.

5. Tagliaferri C, Wittrant Y, Davicco MJ, Walrand S, Coxam V. Muscle and
bone, two interconnected tissues. Ageing Res Rev. 2015;21:55-70.
https://doi.org/10.1016/j.arr.2015.03.002.

6. Raposo F,Ramos M, Lucia CA. Effects of exercise on knee osteoarthritis: a
systematic review. Musculoskeletal Care. 2021;19(4):399-435. https://doi.
0rg/10.1002/msc.1538.

7. Severinsen MCK, Pedersen BK. Muscle-organ crosstalk: the emerging
roles of myokines. Endocr Rev. 2020;41(4):594-609. https://doi.org/10.
1210/endrev/bnaa016.

8. Roggio F, Petrigna L, Trovato B, Di Rosa M, Musumeci G. The role of
Lubricin, irisin and exercise in the prevention and treatment of osteoar-
thritis. Int J Mol Sci. 2023. https://doi.org/10.3390/ijms24065126.

9. Maak S, Norheim F, Drevon CA, Erickson HP. Progress and challenges in
the biology of FNDC5 and irisin. Endocr Rev. 2021;42(4):436-56. https://
doi.org/10.1210/endrev/bnab003.

10. Ning K, Wang Z, Zhang XA. Exercise-induced modulation of myokine
irisin in bone and cartilage tissue-positive effects on osteoarthritis: a nar-
rative review. Front Aging Neurosci. 2022;14: 934406. https://doi.org/10.
3389/fnagi.2022.934406.

11. He Z LiH, Han X, Zhou F, Du J,Yang Y, et al. Irisin inhibits osteocyte
apoptosis by activating the Erk signaling pathway in vitro and attenuates
ALCT-induced osteoarthritis in mice. Bone. 2020. https://doi.org/10.
1016/j.bone.2020.115573.

12. Li X, Zhu X, Wu H, Van Dyke TE, Xu X, Morgan EF, et al. Roles and mecha-
nisms of irisin in attenuating pathological features of osteoarthritis. Front
Cell Dev Biol. 2021;9: 703670. https://doi.org/10.3389/fcell.2021.703670.

13. Norheim F, Langleite TM, Hjorth M, Holen T, Kielland A, Stadheim HK,
et al. The effects of acute and chronic exercise on PGC-1alpha, irisin
and browning of subcutaneous adipose tissue in humans. FEBS J.
2014;281(3):739-49. https://doi.org/10.1111/febs.12619.

14. JiaS,Yang Y, Bai Y, Wei Y, Zhang H, Tian Y, et al. Mechanical stimulation
protects against chondrocyte pyroptosis through irisin-induced suppres-
sion of PI3K/Akt/NF-kappaB signal pathway in osteoarthritis. Front Cell
Dev Biol. 2022;10: 797855. https://doi.org/10.3389/fcell.2022.797855.


https://doi.org/10.1016/S0140-6736(19)30417-9
https://doi.org/10.1016/S0140-6736(19)30417-9
https://doi.org/10.1016/j.mcna.2019.10.007
https://doi.org/10.1016/j.mcna.2019.10.007
https://doi.org/10.1186/s13075-020-02156-5
https://doi.org/10.1186/s13075-020-02156-5
https://doi.org/10.3390/cells8090990
https://doi.org/10.3390/cells8090990
https://doi.org/10.1016/j.arr.2015.03.002
https://doi.org/10.1002/msc.1538
https://doi.org/10.1002/msc.1538
https://doi.org/10.1210/endrev/bnaa016
https://doi.org/10.1210/endrev/bnaa016
https://doi.org/10.3390/ijms24065126
https://doi.org/10.1210/endrev/bnab003
https://doi.org/10.1210/endrev/bnab003
https://doi.org/10.3389/fnagi.2022.934406
https://doi.org/10.3389/fnagi.2022.934406
https://doi.org/10.1016/j.bone.2020.115573
https://doi.org/10.1016/j.bone.2020.115573
https://doi.org/10.3389/fcell.2021.703670
https://doi.org/10.1111/febs.12619
https://doi.org/10.3389/fcell.2022.797855

Shang et al. Journal of Orthopaedic Surgery and Research

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34

(2024) 19:49

Deng X, Xu H, Pan C, Hao X, Liu J, Shang X, et al. Moderate mechanical
strain and exercise reduce inflammation and excessive autophagy in
osteoarthritis by downregulating mitofusin 2. Life Sci. 2023;332: 122020.
https://doi.org/10.1016/j.1fs.2023.122020.

Hao X, Zhang J, Shang X, Sun K, Zhou J, Liu J, et al. Exercise modifies the
disease-relevant gut microbial shifts in post-traumatic osteoarthritis rats.
Bone Joint Res. 2022;11(4):214-25. https://doi.org/10.1302/2046-3758.
114.BJR-2021-0192.R1.

Lieberthal J, Sambamurthy N, Scanzello CR. Inflammation in joint injury
and post-traumatic osteoarthritis. Osteoarthr Cartil. 2015;23(11):1825-34.
https://doi.org/10.1016/jjoca.2015.08.015.

Trivedi J, Betensky D, Desai S, Jayasuriya CT. Post-traumatic osteoarthritis
assessment in emerging and advanced pre-clinical meniscus repair
strategies: a review. Front Bioeng Biotechnol. 2021;9: 787330. https://doi.
0rg/10.3389/fbioe.2021.787330.

Hao X, Wang S, Zhang J, Xu T. Effects of body weight-supported treadmill
training on cartilage-subchondral bone unit in the rat model of posttrau-
matic osteoarthritis. J Orthop Res. 2021;39(6):1227-35. https://doi.org/10.
1002/jor.24791.

Zhang X, Yang Y, Li X, Zhang H, Gang Y, Bai L. Alterations of autophagy in
knee cartilage by treatment with treadmill exercise in a rat osteoarthritis
model. Int J Mol Med. 2019;43(1):336-44. https://doi.org/10.3892/ijmm.
2018.3948.

Travis C, Srivastava PS, Hawke TJ, Kalaitzoglou E. Diabetic bone disease
and diabetic myopathy: manifestations of the impaired muscle-bone
unitin type 1 diabetes. J Diabetes Res. 2022;2022:2650342. https://doi.
0rg/10.1155/2022/2650342.

Huh JY. The role of exercise-induced myokines in regulating metabo-
lism. Arch Pharm Res. 2018;41(1):14-29. https://doi.org/10.1007/
$12272-017-0994-y.

LiF, LiY,DuanY, Hu CA,Tang Y, Yin Y. Myokines and adipokines: involve-
ment in the crosstalk between skeletal muscle and adipose tissue.
Cytokine Growth Factor Rev. 2017;33:73-82. https://doi.org/10.1016/].
cytogfr2016.10.003.

Park J, Bae J, Lee J. Complex exercise improves anti-inflammatory and
anabolic effects in osteoarthritis-induced sarcopenia in elderly women.
Healthcare. 2021. https://doi.org/10.3390/healthcare9060711.

Wang FS, Kuo CW, Ko JY, Chen YS, Wang SY, Ke HJ, et al. Irisin mitigates
oxidative stress, chondrocyte dysfunction and osteoarthritis develop-
ment through regulating mitochondrial integrity and autophagy. Antioxi-
dants. 2020. https://doi.org/10.3390/antiox9090810.

Bao JF, She QY, Hu PP, Jia N, Li A. Irisin, a fascinating field in our times.
Trends Endocrinol Metab. 2022,33(9):601-13. https://doi.org/10.1016/j.
tem.2022.06.003.

Arhire LI, Mihalache L, Covasa M. Irisin: a hope in understanding

and managing obesity and metabolic syndrome. Front Endocrinol.
2019;10:524. https://doi.org/10.3389/fendo.2019.00524.

Halling JF, Pilegaard H. PGC-1a-mediated regulation of mitochondrial
function and physiological implications. Appl Physiol Nutr Metab.
2020;45(9):927-36. https://doi.org/10.1139/apnm-2020-0005.

Ballmann C, Tang Y, Bush Z, Rowe GC. Adult expression of PGC-1alpha
and -1beta in skeletal muscle is not required for endurance exercise-
induced enhancement of exercise capacity. Am J Physiol Endocrinol
Metab. 2016;311(6):E928-38. https://doi.org/10.1152/ajpendo.00209.
2016.

Yu Q KouW, Xu X, Zhou S, Luan P, Xu X, et al. FNDC5/irisin inhibits patho-
logical cardiac hypertrophy. Clin Sci. 2019;133(5):611-27. https://doi.org/
10.1042/CS20190016.

Alvehus M, Boman N, Soderlund K, Svensson MB, Buren J. Metabolic
adaptations in skeletal muscle, adipose tissue, and whole-body oxida-
tive capacity in response to resistance training. Eur J Appl Physiol.
2014;114(7):1463-71. https://doi.org/10.1007/500421-014-2879-9.

Kim H, Wrann CD, Jedrychowski M, Vidoni S, Kitase Y, Nagano K, et al.
Irisin mediates effects on bone and fat via alphaV integrin receptors. Cell.
2018;175(7):1756-68. https://doi.org/10.1016/j.cell.2018.10.025.

Bostrom P, Wu J, Jedrychowski MP, Korde A, Ye L, Lo JC, et al. A PGC1-
alpha-dependent myokine that drives brown-fat-like development of
white fat and thermogenesis. Nature. 2012;481(7382):463-8. https://doi.
org/10.1038/nature10777.

Jedrychowski MP, Wrann CD, Paulo JA, Gerber KK, Szpyt J, Robinson MM,
et al. Detection and quantitation of circulating human irisin by Tandem

35.

36.

37.

38.

39.

40.

41.

42.

Page 12 of 12

mass spectrometry. Cell Metab. 2015;22(4):734-40. https://doi.org/10.
1016/j.cmet.2015.08.001.

Mao Y, Xu W, Xie Z, Dong Q. Association of irisin and CRP levels with the
radiographic severity of knee osteoarthritis. Genet Test Mol Biomark.
2016;20(2):86-9. https://doi.org/10.1089/gtmb.2015.0170.

Zhang J, Huang X, Yu R, Wang Y, Gao C. Circulating irisin is linked to bone
mineral density in geriatric Chinese men. Open Med. 2020;15(1):763-8.
https://doi.org/10.1515/med-2020-0215.

Zhu X, Li X, Wang X, Chen T, Tao F, Liu C, et al. Irisin deficiency disturbs
bone metabolism. J Cell Physiol. 2021;236(1):664-76. https://doi.org/10.
1002/jcp.29894.

Shen G, Ren H, Shang Q, Zhao W, Zhang Z, Yu X, et al. Foxf1 knockdown
promotes BMSC osteogenesis in part by activating the Wnt/beta-catenin
signalling pathway and prevents ovariectomy-induced bone loss. EBio-
Medicine. 2020;52: 102626. https://doi.org/10.1016/j.ebiom.2020.102626.
Guo M, Yao J, Li J, Zhang J, Wang D, Zuo H, et al. Irisin ameliorates age-
associated sarcopenia and metabolic dysfunction. J Cachexia Sarcopenia
Muscle. 2023;14(1):391-405. https://doi.org/10.1002/jcsm.13141.

Riordan EA, Little C, Hunter D. Pathogenesis of post-traumatic OA with

a view to intervention. Best Pract Res Clin Rheumatol. 2014;28(1):17-30.
https://doi.org/10.1016/j.berh.2014.02.001.

Zampogna B, Papalia R, Papalia GF, Campi S, Vasta S, Vorini F, et al. The role
of physical activity as conservative treatment for hip and knee osteoar-
thritis in older people: a systematic review and meta-analysis. J Clin Med.
2020. https://doi.org/10.3390/jcm9041167.

Colaianni G, Mongelli T, Cuscito C, Pignataro P, Lippo L, Spiro G, et al.
Irisin prevents and restores bone loss and muscle atrophy in hind-limb
suspended mice. Sci Rep. 2017,7(1):2811. https://doi.org/10.1038/
s41598-017-02557-8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1016/j.lfs.2023.122020
https://doi.org/10.1302/2046-3758.114.BJR-2021-0192.R1
https://doi.org/10.1302/2046-3758.114.BJR-2021-0192.R1
https://doi.org/10.1016/j.joca.2015.08.015
https://doi.org/10.3389/fbioe.2021.787330
https://doi.org/10.3389/fbioe.2021.787330
https://doi.org/10.1002/jor.24791
https://doi.org/10.1002/jor.24791
https://doi.org/10.3892/ijmm.2018.3948
https://doi.org/10.3892/ijmm.2018.3948
https://doi.org/10.1155/2022/2650342
https://doi.org/10.1155/2022/2650342
https://doi.org/10.1007/s12272-017-0994-y
https://doi.org/10.1007/s12272-017-0994-y
https://doi.org/10.1016/j.cytogfr.2016.10.003
https://doi.org/10.1016/j.cytogfr.2016.10.003
https://doi.org/10.3390/healthcare9060711
https://doi.org/10.3390/antiox9090810
https://doi.org/10.1016/j.tem.2022.06.003
https://doi.org/10.1016/j.tem.2022.06.003
https://doi.org/10.3389/fendo.2019.00524
https://doi.org/10.1139/apnm-2020-0005
https://doi.org/10.1152/ajpendo.00209.2016
https://doi.org/10.1152/ajpendo.00209.2016
https://doi.org/10.1042/CS20190016
https://doi.org/10.1042/CS20190016
https://doi.org/10.1007/s00421-014-2879-9
https://doi.org/10.1016/j.cell.2018.10.025
https://doi.org/10.1038/nature10777
https://doi.org/10.1038/nature10777
https://doi.org/10.1016/j.cmet.2015.08.001
https://doi.org/10.1016/j.cmet.2015.08.001
https://doi.org/10.1089/gtmb.2015.0170
https://doi.org/10.1515/med-2020-0215
https://doi.org/10.1002/jcp.29894
https://doi.org/10.1002/jcp.29894
https://doi.org/10.1016/j.ebiom.2020.102626
https://doi.org/10.1002/jcsm.13141
https://doi.org/10.1016/j.berh.2014.02.001
https://doi.org/10.3390/jcm9041167
https://doi.org/10.1038/s41598-017-02557-8
https://doi.org/10.1038/s41598-017-02557-8

	Exercise-induced modulation of myokine irisin on muscle-bone unit in the rat model of post-traumatic osteoarthritis
	Abstract 
	Background and aim 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Animals
	Exercise protocol and experimental design
	Micro-CT analysis of subchondral bone
	Histological analysis of articular cartilage
	Immunohistochemical analysis of articular cartilage
	Muscle massmass ratio
	Histological analysis of muscle
	Immunohistochemical analysis of muscle
	The expression of mRNA levels of muscle
	Serum biochemical analysis
	Statistical analysis

	Results
	Exercise attenuates PTOA-relevant phenotypes of cartilage and subchondral bone
	Exercise increases quadriceps muscle volume and improves muscle atrophy
	Exercise increase serum levels of irisin and PGC-1α and FNDC5 expression in muscle
	Exercise activate PGC-1αFNDC5-irisin signaling axis to promote muscle–bone cross-talk

	Discussion
	Acknowledgements
	References


