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Abstract

Background
Knee osteoarthritis (KOA) is a progressively degenerative form of arthritis characterized by chondrocyte
apoptosis and cartilage degeneration. KOA also involves limb muscle atrophy, especially in the
quadriceps muscles. However, there are limited options for the treatment of KOA. miR-29b stimulates
apoptosis in the chondrocytes from patients with KOA and muscle atrophy in other models. Therefore, we
investigated the therapeutic effect of miR-29b in cartilage autophagy and muscle atrophy.

Methods
Ten rats comprised the control cohort without anterior cruciate ligament transection. The treatment group
(KOA induced in the right knee via anterior cruciate ligament transection) was divided into a model
untreated group and a miR-29b-antagomir group (miR-29b antagomir injected 1 wk before surgery).

Results
Real-time polymerase chain reaction revealed successful downregulation of miR-29b using antagomir in
the joints and muscles. A weight-bearing test showed that miR-29b downregulation affected joint
function. Enzyme-linked immunosorbent assays demonstrated that downregulating miR-29b reduced pro-
in�ammatory cytokine expression. Immunohistochemistry revealed that miR-29b depletion enhanced
autophagy by activating LC3 and beclin-1 in the cartilage. Autophagy was stimulated by the activation of
MAPK and mTOR signaling. Depletion of miR-29b ameliorated the decrease in the weight of the
quadriceps and the quadriceps weight/body weight ratio of the rats. Hematoxylin–eosin and periodic
acid–Schiff staining showed that miR-29b downregulation inhibited muscular atrophy.
Immuno�uorescence showed that miR-29b downregulation affected IGF/PI3K/AKT signaling.

Conclusions
This study demonstrated the therapeutic effect of miR-29b on autophagy in the cartilage and on muscle
atrophy in a rat model for KOA, highlighting the potential of miR-29b as a therapeutic target for KOA.

1. Background
Osteoarthritis (OA) affects the global population that is more than 45 years of age, especially those over
65 years [1]. OA markedly reduces the quality of life and is an economic burden to patients and their
families [2]. Among all the joints in the body, OA commonly affects the knees and hips. Trauma and
degeneration in the joints, such as anterior cruciate ligament tears and cartilage degeneration, primarily
result in knee osteoarthritis (KOA) [3]. The pathogenesis of KOA involves in�ammation, cartilage
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destruction, and subchondral bone sclerosis [4]. KOA is characterized by knee pain and the inability to
move, stand, and bend. Another symptom associated with KOA is muscle atrophy in the lower limbs,
especially in the quadriceps [5, 6]. This increases risks associated with walking, di�culty in standing or
getting up, and falling. Limb muscle atrophy plays a crucial role in the pathogenesis of KOA [7].
Therefore, alleviation of muscle atrophy and weakness may help prevent and/or treat KOA [8].

MicroRNAs are single-stranded non-coding RNAs that inhibit translation or induce target mRNA
degradation. Studies have shown the involvement of microRNAs in muscle activity, such as miR-29 [9],
miR-149-5p [9], miR-155 [11], miR-206 [12], and miR-491 [13]. The miR-29 family comprises three
members: miR-29a, miR-29b, and miR-29c. The miR-29 family plays multiple roles in muscle development
[14]. miR-29b is involved in different mechanisms of muscle atrophy, including aging, cancer, and fasting,
by targeting PI3K/AKT signaling [15]. The downregulation of miR-29b causes muscle atrophy and leads
to chronic kidney disease [16, 17]. Unlike the prevalent clarity on bone and cartilage pathology, the
intrinsic mechanism and progression involved in muscle atrophy of patients with KOA remain to be
elucidated. Studies have indicated that muscle atrophy in KOA involves arthrogenic muscle inhibition,
which is induced by abnormalities in the knee joint but not by aging, cancer, toxicity, and fasting [18].
Therefore, the role of miR-29b in muscle atrophy in patients with KOA needs to be investigated.

Chondrocyte cell death is an important aspect of KOA pathogenesis. Type 1 and 2 cell death include
apoptosis and autophagy, respectively. The past decades have focused on apoptosis in chondrocytes for
the treatment of KOA. Recent studies have suggested that autophagy is also important and can help
prevent KOA and alleviate its symptoms [19, 20]. miR-29b-3p is overexpressed in patients with KOA [21],
and upon inhibition, apoptosis is ameliorated in KOA by targeting progranulin [22]. However, the effect of
miR-29b on autophagy in chondrocytes remains to be explored.

The aim of this study was to elucidate the therapeutic role of miR-29b and its mechanisms involved in
muscle atrophy in individuals with KOA. Moreover, we investigated the role of miR-29b in chondrocyte
autophagy.

2. Methods

2.1 Chemicals and agents
The kits for protein extraction, BCA protein estimation, and periodic acid–Schiff (PAS) staining were
purchased from Beyotime Institute of Biotechnology (Haimeng, China). TRIzol was procured from Sigma-
Aldrich (St. Louis, MO, USA). The antagomir against miR-29b was designed and synthesized by Gene
Pharma (Shanghai, China). Enzyme-linked immunosorbent assays were obtained from R&D Systems
(Minneapolis, MN, USA). Primary antibodies and secondary antibodies were purchased from Abcam
(Cambridge, UK). All other chemicals were of analytical grade.

2.2 Animals and treatment
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All animal experiments were approved by the Institutional Animal Care and Use Committee of Fudan
University (approval number 202006007S). Female Sprague–Dawley (SD) rats [150–160 g, 6-wk-old,
healthy, and speci�c-pathogen free (SPF)] were obtained from Shanghai SIPPR-Bk Lab Animal Co., Ltd.,
and housed at Fudan University in an SPF environment with a temperature of 20–25 °C, humidity of 40%
± 5%, and 12 h light/dark cycles. Rats were maintained in a cage with sawdust bedding and free access
to adequate diet-maintaining pellets for rats/mice and SPF-grade water.

A total of 30 SD rats were distributed into three groups: 10 rats comprised the control cohort without
anterior cruciate ligament transection (ACLT), and 20 rats constituted the OA group with ACLT. After ACLT,
the 20 rats were further divided into two groups of 10 rats each: a model group (receiving no treatment)
and miR-29b-antagomir group (receiving miR-29b antagomir 1 wk before ACLT). The animal experiment
lasted for 5 wk. At the end of the experiment, the anesthetized rats were euthanized by CO2 in an animal-
euthanasia chamber (45 × 30 × 30 cm), and the �ll rate of carbon dioxide was 100% with the gas �ow rate
kept at 45L/min.

2.3 Anesthetic method and surgery
ACLT was performed as previously described [20] under anesthesia using pentobarbital sodium at
40 mg/kg (intraperitoneal) and a maintenance mixture of O2 and iso�urane (2.5%). After the anterior
cruciate ligament was transected, rats were subjected to the drawer test to ensure successful operation.
Subsequently, the rats were permitted free activity in the cage and injected with penicillin (Beyotime,
Haimeng, China) to avoid infection.

2.4 Behavior study
A weight-bearing distribution test was performed as described previously [20]. Brie�y, a dual-channel
weight average was used to measure the weight distribution of the hind paws every week. The index of
joint discomfort and function was calculated as the ratio of the experimental right sides to the untreated
left sides.

2.5 Muscle weight and morphology
After the administration of antagomir, we recorded the body weight (BW), quadriceps muscle weight
(QW), and quadriceps muscle weight/body weight (QW/BW) ratio. Subsequently, we analyzed the
morphology of the quadriceps muscle. Brie�y, the quadriceps muscle samples were washed using
phosphate-buffered saline, �xed in formaldehyde, and embedded in para�n as described previously[23].
The muscles were cut into 5-µm-thick sections and stained using hematoxylin–eosin (HE). The staining
pro�le was visualized using light microscopy (MF31; Mshot, Guangzhou, China). The myo�ber cross-
sectional area and diameter were calculated as per previous reports [24, 25]. For PAS staining, the
sections were incubated in 0.5% periodate solution and stained using the PAS staining kit following the
protocol provided.

2.6 Joint morphology and ankle histological scores
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After the last injection, knee joint morphology was assayed per a previously published report [26]. The
right knee joints of rats were harvested, �xed using 10% paraformaldehyde, embedded, and sectioned into
5 µm slices. The sections were subjected to HE staining and toluidine blue, followed by visualization
using light microscopy. Arthritic histology was analyzed using Mankin scores by a third-party pathologist
[27, 28].

2.7 Serum cytokines
Brie�y, rat blood was harvested and centrifuged at 4,000 rpm/min for 10 min, and the supernatants were
collected into tubes. The concentrations of tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) in
rat sera were quanti�ed using enzyme-linked immunosorbent assays following the kit protocol.

2.8 Immunohistochemistry (IHC)
IHC was performed to detect autophagy in the rat knee joints [29]. The joints were harvested and �xed.
After 2 months of mild decalci�cation, samples were cut into 5-µm sections. The sections were incubated
overnight at 4 °C with rabbit polyclonal antibody against speci�c proteins (p-ERK, Abcam, No: ab192591,
1:100; p-P38, Abcam, No: 170099, 1:100; mTOR: Abcam, No: ab109268, 1:100; LC3B: Abcam, No: 48394,
1:100; and Beclin-1: Abcam, No: 210498, 1:100). The sections were washed and incubated with an anti-
rabbit horseradish peroxidase-conjugated secondary antibody for 10 min at room temperature and
visualized by light microscopy.

2.9 Immuno�uorescence
Immuno�uorescence was performed to assay the quadriceps from the three groups. Samples were
collected, �xed with 4% pre-cooled paraformaldehyde, and embedded in para�n. Subsequently, the
muscles were cut into 5-µm sections and incubated with primary antibodies (PI3K: Abcam, No: 140307,
1:100; p-AKT: Abcam, No: 38449, 1:100). Images were captured using a slide-driver �uorescence
microscope (3DHistech Ltd., Budapest, Hungary) to analyze the intensity of staining. The images were
processed using Image-Pro Plus software 6.0.

2.10 RNA isolation, cDNA synthesis, and real-time
polymerase chain reaction (qPCR)
RNA was isolated using TRIzol (Takara), and cDNA was synthesized using the Mir-X™ miRNA FirstStrand
Synthesis system (Takara) using the protocol provided. Each qPCR volume (20 µL) was set up using
50 ng of cDNA, 200 µM of the desired primer, and TB Green® qRT-PCR (1×) and analyzed using 40 cycles
of 5 s at 95 °C, 20 s at 60 °C, and 10 s at 95 °C using the Applied Biosystems® StepOne RT-PCR system.
The housekeeping gene U6 was used as the internal standard for qPCR using the following primers:
forward, 5′-GGAACGATACAGAGAAGATTAGC-3′ and reverse, 5′-TGGAACGCTTCACGAATTTGC-G-3′. The
primers used to amplify miR-29a, miR-29b, and miR-29c were 5′-CGCTAGCACCATCTGAAATCGGTTA-3′, 5′-
CGCGTAGCACCATTTGAAATCAGTGTT-3′, and 5′-CGCGTAGCACCATTTGAAATCGGTTA-3′.

2.11 Statistical analysis
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Data are represented as mean ± standard deviation and were analyzed using one-way analysis of
variance followed by the Bonferroni test. P < 0.05 was considered statistically signi�cant. All statistical
analyses were performed using SPSS22.0 (Chicago, IL, USA) and plotted using GraphPad Prism 6.0 (San
Diego, CA, USA). The person who did the data analysis did not have any information regarding the
research design and methods.

3. Results

3.1 Functional and histological changes of the knee joint in
the KOA model
The right hind limb of all the SD rats bore ~ 50% of the weight 1 wk before ACLT, suggesting a balance
between left and right knee function (Fig. 1A). Rats treated with/without antagomir against miR-29b
showed a reduction in the ability of the right hind limb to bear weight after ACLT. The miR-29b antagomir
ameliorated the extent of this decrease, indicating the involvement of miR-29b in the recovery of the right
knee. HE staining revealed histological changes, such as synovial proliferation, in�ammatory in�ltrates,
angiogenesis, edema, pannus formation, granuloma, focal loss of cartilage, bone erosion, and presence
of extra-articular in�ammation in the model group. Downregulation of miR-29b alleviated these
phenotypes (Fig. 1B). Mankin scores were higher in the model group than in the control group. However,
Mankin scores decreased in the antagomir group as compared to those in the model group (Fig. 1C).
Furthermore, Masson and toluidine blue staining showed differences in the structural alterations in the
cartilages. The thicknesses of cartilage in the model group were lower than those in the control group,
while downregulating miR-29b enhanced cartilage thickness (Fig. 1D and 1E), indicating that
downregulating miR-29b alleviates the symptoms of KOA.

3.2 Histological changes in the limb muscle of rats with
KOA
We successfully con�rmed muscle atrophy (Fig. 2A) in the model group as compared to the control
group. Depleting rats of miR-29b alleviated the atrophy in the quadriceps muscles. Muscle atrophy was
evaluated based on the decrease in QW, ratio of QW/BW, grip strength, myotube cross-sectional area and
diameter (HE staining), and mitochondria and glycogen content (PAS staining). Figure 2B shows the
decrease in QW and QW/BW in the model group. The downregulation of miR-29b ameliorated the
decrease in QW and QW/BW ratio. Moreover, the downregulation of miR-29b increased muscle �ber cross-
sectional area, diameter of quadriceps, diameter of muscle �ber (Fig. 2C and 2D), and mitochondrial and
glycogen content in the quadriceps (Fig. 2E).

3.3 TNF-α and IL-1β levels in the sera of SD rats with KOA
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We observed a marked increase in the levels of pro-in�ammatory cytokines in the serum of SD rats in the
model group compared to those in the control group. Depleting miR-29b rescued this increase (Fig. 3A
and 3B). TNF-α levels in the model group were high, while those in the antagomir group were low. We
detected a similar trend for IL-1β levels in the sera from these rats.

3.4 Autophagy in the cartilage and atrophy-associated
signaling
qPCR con�rmed the downregulation of miR-29b in the antagomir group, with no off-target effects on miR-
29a and miR-29c expression in the muscles and joints (Fig. 4A–4F). miR-29b expression increased in the
joints and muscles of rats in the KOA model group; this was in accordance with the �ndings of Chen et al.
[22] and Chan et al. [15], respectively. Autophagy-related proteins, such as beclin-1 and LC3, were
upregulated by the depletion of miR-29b (Fig. 5A and 5B). Moreover, IHC demonstrated that depleting
miR-29b downregulated p-ERK and p-38 in the cartilage as compared to that in the cartilage of rats in the
KOA model group (Fig. 5C and 5D). mTOR levels reduced with the downregulation of miR-29b as
compared to mTOR levels in the model group (Fig. 5E). Immuno�uorescence showed that downregulating
miR-29b reduced the expression of the atrophy-related proteins PI3K and p-AKT in the quadriceps (Fig. 6–
8).

4. Discussion
KOA is a debilitating disease that leads to knee dysfunction, disability, and poor quality of life in patients.
The underlying mechanisms of KOA pathogenesis involve apoptosis in the chondrocytes, in�ammation,
and reduced autophagy. Autophagy is essential for normal cellular function. Apoptosis is crucial for
normal cellular activity and recycling of organellar material during nutrient de�ciency or stress-related
in�ammation, ischemia, or excessive production of reactive oxygen species. Studies have shown that
autophagy in chondrocytes is important for the development of KOA. Recent reports have also linked
autophagy to in�ammation. In�ammation inhibits autophagy and promotes disease in the knee joint in
individuals with KOA [30]. Thus, regulated autophagy might be a novel therapeutic strategy for KOA.
Agents such as Butea monosperma �ower extract and ozone have been found to reduce the levels of pro-
in�ammatory cytokines in in vitro-regulated autophagy models [30, 31]. Exercise using the treadmill has
also been found to activate autophagy (via multiple signaling pathways) and ameliorate the symptoms
associated with KOA in rats [32]. Increases in LC3B and beclin-1 in models with KOA stimulate autophagy
in chondrocytes [32]. In this study, miR-29b enhanced the levels of the autophagy-related proteins LC3B
and beclin-1, which alleviated the symptoms associated with KOA.

The MAPK signaling pathway comprises P38, ERK, and JNK and is involved in KOA pathogenesis in vitro
[33, 34] and in vivo [35, 36]. MAPK signaling is an important mediator of synovial in�ammation. NF-κB
signaling modulates apoptosis in chondrocytes, which is essential for nitric oxide-induced apoptosis in
articular chondrocytes [37] and leads to the activation of P38 [38]. mTOR is a signaling pathway that is
involved in cell growth and differentiation and is downstream of the AKT and MAPK signaling pathways.
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mTOR signaling inhibits cellular catabolism by blocking autophagy in KOA models. Therefore, mTOR
might be an e�cient therapeutic target for KOA. Rapamycin inhibits mTOR signaling and activates
autophagy, thereby restoring the synthesis of catabolic enzymes and alleviating the symptoms of KOA in
mice [39]. In this study, we investigated the importance of MAPK signaling in a rat model depleted of miR-
29b.

KOA affects muscle function around the joints [40]. The muscles around the knees are important for joint
movement and maintaining joint stability. These muscles also protect the knees from stress and improve
proprioception. Therefore, muscle damage may affect the occurrence, development, and severity of
arthritis. Moreover, since arthritis has a negative impact on muscle function, it further augments disease
progression and forms a vicious cycle of joint degradation, muscle weakness, and muscle atrophy [41,
42]. The cross-sectional area of muscles in the lower extremities are lowered by 12–19% in patients with
hip or knee arthritis[43, 44]. Muscle atrophy occurs when protein degradation exceeds synthesis and is
induced in adult skeletal muscle in a variety of conditions, including starvation, denervation, cancer
cachexia, heart failure, and aging [45]. The primary molecular mechanisms underlying muscle atrophy
involve reduced protein synthesis, increased proteolysis, and impaired regeneration of muscle satellite
cells [46]. IGF-1/AKT signaling is associated with protein synthesis. We found elevated levels of miR-29b
and reduced IGF-1/AKT signaling in the muscles of rats with KOA. Downregulating miR-29b enhanced
IGF-1/AKT signaling, upregulated protein synthesis, and stimulated anti-atrophy. Pro-in�ammatory
cytokines such as TNF-α and IL-1β are associated with articular cartilage disease and enhanced
catabolism in in�ammatory diseases. These cytokines also trigger muscle atrophy [47, 48]. miR-29b
downregulated the levels of these pro-in�ammatory cytokines.

Conclusion
To sum up, this study revealed an ameliorative effect of miR-29b on autophagy in the cartilage and
muscle atrophy in a rat model in KOA. Depleting rats of miR-29b promoted limb function recovery and
alleviated cartilage damage and the atrophy in the quadriceps muscles. MAPK signaling in the cartilage
and PI3K/AKT signaling in the muscle play important roles in the therapeutic effect of miR-29b. Thus,
miR-29b may serve as a therapeutic target for KOA.
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Figure 1

Behavior and morphology of the knee joint in a Sprague-Dawley rat model of knee osteoarthritis (KOA).
(A) Weight-bearing assay. (B) Hematoxylin–eosin staining of the cartilage in the knee joint. (C) Mankin
scores across the different groups of rats. (D) Masson staining of the cartilage in the knee joint. (E)
Toluidine blue staining of the cartilage in the knee joint. Scale bar = 25 μm. *P < 0.05, **P < 0.01, and ***P
< 0.001 (model group); ##P < 0.01 and ###P < 0.001 (other groups; comparison with the KOA group).
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Figure 2

Weight-bearing ability and morphology of the quadriceps muscle in the rat model of KOA. (A) A typical
picture of the quadriceps muscle of each group. (B) Body weight, quadriceps weight, and quadriceps
weight/body weight ratio. (C) Hematoxylin–eosin staining of the quadriceps muscle. (D) The diameter
and cross-sectional area of the quadriceps. (E) Periodic acid–Schiff staining of the quadriceps. Scale bar
= 50 μm. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 3

Levels of in�ammatory cytokines in rat sera. (A) Expression of TNF-α. (B) Expression of IL-1β. *P < 0.05,
**P < 0.01, and ***P < 0.001.
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Figure 4

Levels of microRNAs in the miR-29 family in the joint and quadriceps muscle. (A) Expression of miR-29a
in the joint. (B) Expression of miR-29b in the joint. (C) Expression of miR-29c in the joint. (D) Expression
of miR-29a in the quadriceps muscle. (E) Expression of miR-29b in the quadriceps muscle. (F) Expression
of miR-29c in the quadriceps muscle. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 5

Immunohistochemistry for the expression of autophagy-related proteins in the cartilage of rats with KOA.
(A) Expression of beclin-1. (B) Expression of LC3. (C) Expression of p-ERK. (D) Expression of p-P38. (E)
Expression of mTOR. (F)–(J) Quantitative analysis of protein expression. *P < 0.05, **P < 0.01, and ***P <
0.001.
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Figure 6

Immuno�uorescence for the expression of the atrophy-related protein PI3K in the rat quadriceps muscle.
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Figure 7

Immuno�uorescence for the expression of the atrophy-related protein p-AKT in the rat quadriceps muscle.
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Figure 8

Quantitative analysis of PI3K and p-AKT expression. *P < 0.05, **P < 0.01, and ***P < 0.001.
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