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Abstract

:

This study aimed to evaluate the effect of exercise on the superficial zone of the osteoarticular cartilage during osteoarthritis progression. Three-month-old, nine-month-old, and eighteen-month-old Sprague Dawley rats were randomly divided into two groups, moderate exercise and no exercise, for 10 weeks. Histological staining, immunostaining, and nanoindentation measurements were conducted to detect changes in the superficial zone. X-ray and micro-CT were quantitated to detect alterations in the microarchitecture of the tibial subchondral bone. Cells were extracted from the superficial zone of the cartilage under fluid-flow shear stress conditions to further verify changes in vitro. The number of cells and proteoglycan content in the superficial zone increased more in the exercise group than in the control group. Exercise can change the content and distribution of collagen types I and III in the superficial layer. In addition, TGFβ/pSmad2/3 and Prg4 expression levels increased under the intervention of exercise on the superficial zone. Exercise can improve the Young’s modulus of the cartilage and reduce the abnormal subchondral bone remodeling which occurs after superficial zone changes. Moderate exercise delays the degeneration of the articular cartilage by its effect on the superficial zone, and the TGFβ/pSmad2/3 signaling pathways and Prg4 play an important role.
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1. Introduction


Osteoarthritis (OA) is the most prevalent chronic joint disease worldwide, and its incidence is expected to increase annually because of ageing and increasing obesity. For the non-surgical treatment of early- and mid-stage OA, lifestyle changes and physical activity are important alternatives to new effective drugs for long-term treatment; in addition, they may delay surgical intervention [1]. A combination of exercise regimens to reduce OA symptoms may be a potential treatment strategy [2,3].



Recently, the Osteoarthritis Research Society International (OARSI) proposed structured land-based exercise programs as the core treatment options for OA [4]. Moderate exercise is recommended as a non-drug intervention for OA [5]. Regular physical activity, especially aerobic exercises, can reduce pain and improve the function and health of patients with knee and hip OA [6,7,8]. Several animal studies have demonstrated the effects of exercise on arthritis symptoms. Planned exercise can reduce inflammation and pain in rodent models with chronic pain [9,10,11,12]. In addition, it can regulate the OA-related inflammatory response and protect the articular cartilage [13,14,15]. The pathogenesis of OA comprises many aspects, among which mechanical loads are common, suggesting that homeostasis of the articular cartilage may require appropriate mechanical loads, including shear stress in the superficial zone (SFZ) and compressive force in the deep zone. The integrity of the superficial zone, containing parallel collagen fibers and a relatively large number of flat chondrocytes, is essential for the protection and maintenance of the deep cartilage. This area is in contact with the synovial fluid and plays a crucial role in maintaining the integrity, elasticity, and other mechanical properties of the articular cartilage [16,17].



Cartilage degeneration is first observed with fibrosis in the SFZ; after the destruction of this zone, the cartilage in the deep zone degenerates [18]. There are two main types of collagens (types I and III) in the superficial zone of the cartilage. Fukui et al. reported that the expression of collagen type I was most enhanced in the SFZ of osteoarthritic cartilage [19]. Aigner et al. and Hosseininia et al. found deposits of type III collagen in the SFZ of osteoarthritic cartilage [20,21]. The chondrocytes of SFZ secrete numerous proteins that maintain their integrity and function. Superficial zone protein (SZP), also known as lubricin, is a secretory proteoglycan encoded by the Prg4 site and it is secreted by the superficial articular chondrocytes and synovial cells [22,23]. Lubricin and proteoglycans are essential for maintaining proper lubrication of the boundary of articular cartilage surfaces. There is growing evidence that the superficial zone plays various roles in joint homeostasis [24]. Therefore, we explored changes in the content and distribution of collagen and Prg4 in the superficial zone during exercise.



Under external mechanical stress, the SFZ of the articular cartilage is affected first (positively or negatively); afterward, the mechanical signal is transmitted to the middle and deep zone. Interestingly, mechanical stimulation can activate TGFβ signaling in chondrocytes [25,26]. Proteins in the TGFβ family can increase the expression level of SZP, stimulating the accumulation of SZP in superficial chondrocytes and synovial cells, and regulate the coefficient of friction in the joint [27,28]. In contrast, the inhibition of TGFβ/pSmad2/3 activity reduces the expression and accumulation of SZP and offsets the anabolic activity induced by mechanical stress [29]. Maintaining an appropriate level of TGFβ is essential for articular cartilage homeostasis and is closely related to mechanical stress.



Similar to mechanical loads of a certain degree, moderate exercise resolves inflammation and improves cartilage friction and lubrication properties. The direct protective effect of the SFZ in the joint cavity microenvironment is worth investigating. In the present study, we used moderate exercise methods [30] to explore the effects of exercise on the superficial zone of the osteoarticular cartilage.




2. Materials and Methods


Experimental animals



In this study, 3- (n = 16, body weight: 431.8 ± 16.9 g), 9- (n = 16, body weight: 519.7 ± 18.7 g), and 18-month-old (n = 16, body weight: 583.1 ± 24.5 g) male Sprague Dawley rats were purchased from Shulb Biotechnology Co., Ltd. (Wuhan, China). The rats were housed in individual cages with ad libitum access to food and water. The feed stuff was provided by SPF Biotechnology Co., Ltd. (Beijing, China) according to the national standards for rodent animal feed. The room temperature was 20 ± 3 °C, and the relative humidity was 55–70%. All procedures were approved by the Animal Ethics Committee of the Second Hospital of Shanxi Medical University (permit number: 2021007).



Animal models and treadmill exercise protocols



The 3- (n = 16), 9- (n = 16), and 18-month-old (n = 16) rats were randomly assigned to the following two groups (n = 8 each): control group and exercise group (treadmill exercise) [30]. Rats in the exercise group performed adaptive treadmill exercise for 1 week and thereafter maintained an appropriate intensity of exercise for 9 weeks (Monday–Friday, 45 min/day, treadmill speed of 20 m/min).



X-ray and micro-computed tomography (μCT) analysis



After 10 weeks of exercise or sedentary, anteroposterior and lateral radiographs of the right knee joint of 3- (n = 16), 9- (n = 16), and 18-month-old (n = 16) rats were captured to evaluate the development of osteophytes and joint degeneration using a small-animal X-ray apparatus (Faxitron UltraFocus USA). The joint space was exposed on anteroposterior radiography, and the knee joint was maintained at approximately 120° on lateral radiography, with the femoral condyles on both sides as close as possible. The exposure time and dose were set to ‘fully automatic’. The articular space width and patellar shape of the knee joint were evaluated based on the X-ray radiographs.



Tibial plateaus were harvested from 3- (n = 16), 9- (n = 16), and 18-month-old (n = 16) rats for in vitro μCT (μCT80; Scancomedical AG Switzerland) analysis. Scanning parameters were as follows: 70 kV, voxel size 15.6 μm, 0.5 mm aluminum filter, and exposure time, 250 ms. Ten cubic regions of interest (0.56  ×  1.5  × 1.5 mm3 each) were selected from the subchondral bone of the tibial plateau (Supplementary Materials Figure S1). The volume of interest (VOI) consisted of a stack of ROIs drawn over 36 cross-sections, resulting in a height of 0.56 mm. The VOI included the subchondral trabecular bone starting below the subchondral plate, and extending distally towards the growth plate, excluding both the cortical bone and growth plate interface. To quantitatively characterize the morphology and properties of the subchondral bone within the selected regions, bone volume fraction (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp) were calculated using manufacturer-provided 3D standard microstructure analysis (μCT Evaluation Program V6.6 SCANCO MEDICAL). All of the imaging was assessed by two experienced orthopedists; all disputes were resolved by discussion.



Nanoindentation measurements of cartilage tissue



After euthanasia, the tibial plateau of rats (n = 3 rats/group) was dissected free of tendon and ligament tissues and glued onto Optics11 (Holland) sample discs using a cyanoacrylate adhesive gel. After fixation, the samples were rehydrated in PBS for 15 min at RT. Before analysis, excess PBS was poured over the sample to prevent drying during measurement. A suitable probe (stiffness of 3–50 N/m) was selected for installation and immersed in a PBS solution for waveform detection; the appearance of a sinusoidal waveform indicated that the probe was fully usable. After inserting the flat hard surface of the probe in a liquid environment, the probe was pressed down to obtain the calibration factor, which is usually approximately 80% of the calibration factor in air. The probe was pressed on the cartilage surface in a liquid environment; the medial and lateral cartilages of each tibial plateau sample were assessed five times, and the average value was obtained for the final result (Supplementary Materials Figure S2). The measurements were fitted and calculated using the Hertz model, and the Young’s modulus of the cartilage was reported [31].



Histological staining and immunohistochemistry



Ten weeks after treatment, the rats (n = 5 rats/group) were sacrificed, and articular cartilage samples were collected. The knee joints were fixed in 4% paraformaldehyde for 24 h, decalcified in 10% EDTA (pH 7.4) for 6 weeks, and embedded in paraffin wax. The paraffin-embedded tissue was cut into 5 μm-thick sections. After sectioning and deparaffinization, the slides were stained using the Safranin O staining kit to examine the cartilage loss, according to the manufacturer’s instructions. For each section, positively stained cells were counted and the area occupied by the cells was measured in 20 fields. The degree of cartilage degeneration was assessed using the OARSI score [32]. Specifically, the number of cells arranged parallel to the articular surface and the area occupied by the cells were analyzed.



For immunohistochemistry, the sections were placed in 3% H2O2, incubated at room temperature in the dark for 10 min, and blocked at 37 °C with 10% goat serum for 30 min. Slices were then incubated overnight at 4 °C with primary antibodies COLⅠ (Bioss 1:100), COLⅢ (Bioss 1:100), Prg4 (Abmart 1:200), TGFβ (Abcam1:500), and pSmad2/3 (Abclonal 1:100), and the next day at room temperature for 40 min with secondary antibody. After sufficient washing, 3,3’-diaminobenzidine peroxidase substrate and hematoxylin solution were added. The IHC images were obtained using a Panoramic MIDI Scanner (3DHISTECH, Budapest, Hungary). Quantitative analysis was conducted in a blinded manner using Image-Pro Plus 6.0 software (Media Cybernetics, Rockville, MD, USA).



For Sirius Red staining, the slides were incubated with Sirius Red solution for 1 h. After washing with PBS to remove the residual staining solution from the surface, the nuclei were stained with a hematoxylin staining solution (Mayer type) for 3–5 min; afterwards, the slides were dehydrated frequently. Images were captured using a polarizing microscope. Type I collagen fibers were of intense orange-yellow or bright red color, while type III collagen fibers were green.



Isolation and culture of superficial zone cells



Superficial chondrocytes were isolated via transient enzymatic digestion as described previously [33]. Knee tissues were isolated from neonatal mice (P3–P5, n = 8), incubated with 0.25% trypsin (Gibco, Norristown, PA, USA) for 1 h, and digested with collagenase type 1 (Sigma SCR103, Darmstadt, Germany) for 1.5 h. Isolated cells were seeded on plates coated with 0.1% plasma fibronectin solution (Sigma F0895, Germany) for 2 h and thereafter blocked with 3% BSA for 30 min. After 20 min, unattached cells were washed twice with DMEM, and the attached cells were maintained in DMEM containing 10% fetal bovine serum. These cells were confirmed to be SFZ cells by detection of superficial zone and cell stemness markers (Supplementary Materials Figure S2).



Superficial zone cells under static or fluid-flow shear stress conditions



The SFZ cells (P1) were seeded in culture dishes in two groups (culture plate diameter = 10 cm). Cells of the control group were incubated in a static state at 37 °C. The cells of the fluid-flow shear stress (FFSS) group were incubated in an orbital shaker with a 20 mm radius of gyration (Sk-O180-S China) that was set to rotate at 2 rotations per sec. This exposed the chondrocytes to a stable laminar flow; the non-pulsating shear stress was approximately 7.6 dyn/cm2 [34]. After 8 h of incubation on a shaker, the cells were harvested for further experimentation [35].



Reverse-transcription quantitative polymerase chain reaction



SFZ cells (P1) were collected and total RNA was isolated using TRIzol™ reagent (Invitrogen). Total RNA concentrations were measured using NanoDrop Onec (Thermo Scientific, USA). Further, 1 µg total RNA was reverse transcribed into first-strand complementary DNA (cDNA) using PrimeScript™ RT Master Mix (Takara). The cDNA samples were used to conduct qPCR with an Applied Biosystems™ QuantStudio™ 6 Flex real-time PCR System in a 25 µL reaction using TB Green™ Premix Ex Taq™ II (Takara). Primer sequences are shown in Table 1.



Western blotting



Total proteins were extracted from the chondrocytes using radio immunoprecipitation assay lysis buffer, separated using 10% SDS-PAGE, and transferred to PVDF membranes. After blocking with 3% BSA, the membranes were incubated overnight at 4 °C with the following primary antibodies: Prg4 (Abmart 1:1000), TGFβ (Abcam 1:1000), and pSmad2/3 (Abclonal 1:1000). The membranes were subsequently incubated with secondary antibodies for 1 h at room temperature. Supersensitive ECL chemiluminescent substrates and an imager (BIO-RAD ChemiDoc XRS+ System, USA) were used, and the associated average optical densities of proteins were analyzed using ImageJ 1.4.3.67 software.



Statistical analysis



Statistical analyses were performed using SPSS statistical software (version 24.0). We performed unpaired Student’s t-test for in vivo and vitro statistics. Differences between groups were considered statistically significant at p * < 0.05.




3. Results


The changes in the articular cartilage in the early stage of OA were mainly concentrated in the superficial zone. Through exercise intervention in rats of different ages, we observed changes in the superficial articular cartilage and subchondral bone of the exercise group compared with those of the control group.



3.1. Subchondral Bone Change after Exercise


Radiographs and 3D reconstructions of the joints from the μCT analyses are shown in Figure 1. In the 3-month-old rat model, no significant changes were observed in the subchondral bone or joint space in radiography. An irregular bone surface, abnormal patellar shape, and narrower joint space were observed in the control group compared with the exercise group, including the 9- and 18-month-old rat models (Figure 1A,B). μCT analyses demonstrated that the BV/TV in the exercise group was significantly higher than that in the control group of 9- and 18-month-old rats’ medial compartment; Tb.N in the exercise group was higher than that in the control group in the 9-month-old rats’ medial compartment and the 18-month-old rats’ medial and lateral compartments; Tb.Th in the exercise group was higher than that in the control group in 9-month-old rats’ medial and lateral compartments and the 18-month-old rats’ medial compartment; and Tb.Sp in the exercise group was lower than that in the control group in the 3- and 18-month-old rats’ medial compartments (Figure 1B,C). These parameters indicated that exercise suppressed bone destruction in vivo.




3.2. Change in Cartilage Nanoindentation Modulus after Exercise


The prevention of the reduction in the Young’s modulus on the medial side markedly preceded that on the lateral side. The effect of exercise on the Young’s modulus of the medial side was observed as early as in the 3-month-old rats and continued in the 9- and 18-month-old rats, whereas a significant prevention of reduction in the Young’s modulus of the lateral space was observed only in 18-month-old rats (Figure 2A,B).




3.3. Change in the Number and Distribution of SFZ Chondrocytes after Exercise


Safranin O/Fast Green staining was used to visualize the severity of cartilage damage in the knees (Figure 3A), and articular cartilage damage was quantified using OARSI scoring. The OARSI scores of the control group were markedly higher than those of the exercise group of 9- and 18-month-old rats, whereas there were no significant differences between the exercise and control groups of 3-month-old rats. Interestingly, we obtained different results in the SFZ of the cartilage. At 3 months of age, the numbers of cells parallel to the surface of the cartilage and the Safranin O-stained area of the SFZ (yellow arrow) in the exercise group were significantly higher than those in the control group (Figure 3B).




3.4. Change in the Distribution and Content of Type Ⅰ and Type Ⅲ Collagens in SFZ after Exercise


Type I and type III collagens were detected by immunohistochemistry. The expression of type I collagen decreased, whereas that of type III collagen increased, in the exercise group compared with the control group in 3- and 9-month-old rats (Figure 4A,B). These results were also obtained in Sirius Red staining. The staining intensity of type I collagen (intense orange-yellow) in the exercise group was significantly higher than that in control group of 3-month-old rats, whereas the staining intensity of type Ⅲ collagen (green) in the exercise group was lower than that in control group of 3-, 9-, and 18-month-old rats (Figure 4C). In addition, exercise mainly delayed the degeneration of SFZ collagen fibers by changing the type I: type III collagen ratio.




3.5. Change in Expression of Lubricin/Prg4 and TGFβ-pSmad2/3 in SFZ after Exercise In Vivo


Owing to the close relationship between the superficial zone of the cartilage and Prg4, we examined the expression of Prg4 in the exercise and control groups of rats at different ages by using immunohistochemistry. We determined that moderate exercise increased Prg4 expression in the SFZ of cartilage, which was confirmed in the 3-, 9-, and 18-month-old rats (Figure 5A). Moreover, TGFβ-pSmad2/3, as a classical pathway of cartilage mechanical conduction, is closely related to exercise and mechanical load. TGFβ-pSmad2/3 expression increased in the exercise group compared with that in the control group of 3-, 9-, and 18-month-old rats, a result that was consistent with the trend of increasing Prg4 expression (Figure 5B,C).




3.6. SFZ Cells Change after FFSS In Vitro


Harvested SFZ cells under static or FFSS conditions are shown in Figure 6A. We detected the expression of these key factors in the harvested SFZ cells under static or FFSS conditions (Figure 6A). After exercise intervention, there was a significant increase in the expressions of TGFβ, Smad2, and Prg4 at the gene level, whereas there was no change in Smad3 expression (Figure 6C). TGFβ, pSmad2/3, and Prg4 expressions increased at the protein level (Figure 6B,D).





4. Discussion


In the present study, we evaluated changes in SFZ development and the expression of associated proteins and molecules in a rat treadmill exercise model over time. Our results showed that moderate exercise can delay cartilage degeneration in the early stages of knee osteoarthritis by its effects on the SFZ of the cartilage and subchondral bone. Changes in the SFZ of the cartilage were the primary focus of this study. We used a spontaneous OA rat model instead of the conventional post-traumatic OA model because it is more consistent with the natural course of OA development and allows the observation of changes in the SFZ in a more specific, detailed, and realistic way. We did not use older rats in this study for two reasons. Firstly, the main purpose of our study was to investigate the changes in the superficial zone of articular cartilage, which is completely worn out in the knee joints of older rats and cannot be observed. Secondly, older rats may have a reduced tolerance to the moderate amount of exercise used in this study, which may lead to negative effects. At present, the clinic shows that it is older patients who suffer from osteoarthritis. What may explain this result is that most of the research on the pathogenesis and treatment of cartilage degeneration mainly focuses on the overall process of OA, ignoring research on the early stage of cartilage degeneration. Most patients are not diagnosed with OA until they develop relevant symptoms. And the reason why we focused on the superficial zone of cartilage was that we found that, in the very early stages of degeneration, there was no change in the middle and deep zone of the articular cartilage while the superficial zone of the articular cartilage was significantly changed in the histological diagnosis. Our findings that moderate exercise intervention in middle and old age can delay the degeneration of the articular cartilage by protecting the environment of the superficial cells and cell matrix of the articular cartilage may provide a new idea for the prevention of early cartilage degeneration at a relatively young age rather than in old age.



Standard mild or moderate exercises had a beneficial effect on the severity of cartilage lesions in a rat model with OA [30,36]. Moderate physical activity and normal mechanical joint load in older rats can improve the tribology and lubrication properties of the articular cartilage, thereby preventing cartilage degradation [37]. In addition, there are many benefits for patients with knee OA. These benefits are sufficient to stimulate interest in the exploration of related mechanisms. Several studies have shown that physiological exercise loading suppresses osteoarthritis progression through its effect on the thickness and glycosaminoglycan (GAG) content of the articular cartilage, subchondral bone, synovium, and microenvironment of the cartilage. However, there is limited research on the effect of exercise in the SFZ and its regulatory mechanisms because of the lack of knowledge on the function of the SFZ. Additionally, it is more difficult to observe the SFZ of the cartilage than the whole cartilage tissue.



The SFZ has a unique structure with a low proteoglycan content, high density of flat cells, and collagen orientation parallel to the joint surface. The surface is well lubricated, with a low coefficient of friction [38]. Because of these characteristics, the functions and effects of the SFZ differ from those of the deep cartilage tissue and cells. In the present study, the number of unique flat cells in the SFZ and the surrounding matrix GAG increased after exercise. This was also demonstrated by an increase in cell viability under FFSS conditions in vitro. These changes are essential for maintaining the integrity of the SFZ. Furthermore, these changes were observed as early as in the 3-month-old rats. In the present study, the focus on the SFZ compensated for the absence of changes noted in previous studies on early-stage OA where the entire cartilage tissue may not change significantly.



Lubricin/Prg4, a relatively well-studied functional protein of the superficial surface of articular cartilage at this stage, is mainly distributed on the superficial surface. It maintains joint surface lubrication [24], acts as a signaling molecule [39,40,41], and regulates the differentiation of SFZ cells [42]. Among the many signaling pathways that can regulate Prg4 expression, we focused on the TGFβ-pSmad2/3 signaling pathway. The TGFβ-pSmad2/3 pathway is a classical pathway that affects cartilage mechanical conduction and is closely related to the mechanical load we studied in this experiment [43,44]. However, TGFβ plays an important role in inducing Prg4 expression in muscle-derived mesenchymal stem [45] and synovial cells [46]. Therefore, we investigated the effect of the TGFβ pathway on Prg4 expression in superficial cartilage cells with exercise intervention. Appropriate mechanical stress stimulation may transform mechanical signals into biological signals through the TGFβ pathway and act on Prg4, thereby affecting the function and morphology of the SFZ of articular cartilage. To further verify changes in the TGFβ pathway and Prg4 expression and their regulatory mechanisms in vitro, we used SFZ cells under the FFSS condition to simulate changes in the superficial cartilage in response to shear stress, which is the main force acting on the SFZ in vivo. In addition, we demonstrated that TGFβ, pSmad2/3, and Prg4 expressions increased synchronously under shear force. These findings may lead to novel therapeutic strategies for early-stage OA and further reveal the mechanisms underlying joint homeostasis.



Collagen is the most abundant protein of the ECM protein family, accounting for two-thirds of soft shaft mass in adult joints [47]. Type II collagen and aggregation glue are the main ECM proteins in the cartilage. Although only a small fraction of the mature matrix is present, these secondary collagens not only play important structural roles in the mechanical properties, organization, and shape of the articular cartilage but also perform specific biological functions [48]. The progressive degeneration of the cartilage involves the degradation of matrix components, including secondary collagens.



As shown by our experimental results, we focused on type I and III collagens in the SFZ. In the SFZ of normal and early-stage OA cartilage, type I collagen content was higher than that in advanced- and late-stage OA cartilage, and its expression was further enhanced by exercise intervention. Therefore, when exposed to mechanical stress, type I collagen is likely synthesized as a modifier of the existing fibril network in response to tissue and matrix damage. Type I collagen content gradually decreased with increasing age, which was inconsistent with the changes observed in the conventional PTOA model. It was considered that the mechanism of joint metabolic imbalance and significant loss of chondrocytes with age were different from those of young OA caused by the trauma model. The age-related decrease in collagen outweighed the compensatory increase caused by traumatic injury owing to the limited repair capacity of the articular cartilage in the elderly. This is one of the major reasons we used a spontaneous OA model in the present study. Furthermore, this suggests that, compared with type III collagen, type I collagen may have a more direct and important relationship with age. The filamentous polymer of type III collagen may add cohesion to a swollen and perhaps weakened existing collagen II fiber network [49]. Notably, the earliest changes observed in the articular cartilage in experimental animal models of OA were swelling of the collagen fiber network. A reduction in collagen III leads to thickened collagen fibers and increased collagen cross-links [50]. Type III collagen expression is part of the early response repertoire of articular chondrocytes on intact articular surfaces of joints undergoing progressive osteoarthritic molecular failure. Although this expression occurs in normal adult joints, it is significantly more pronounced in the OA cartilage [21]. We found that exercise increased type I collagen expression and decreased type III collagen expression in the SFZ at an early stage when the whole cartilage appeared macroscopically intact. However, the collagen network was altered in the SFZ due to collagen fiber thinning, in addition to the change in collagen types. This phenotypic alteration of collagen may result from the production of mechanically dysfunctional ECM; in addition, it is thought to be an important mechanism leading to the loss of cartilage homeostasis in OA.



The temporal sequences of changes in the superficial and subchondral bone zone were examined. Nanoindentation experiments were performed to examine the changes in the biomechanical properties of the cartilage caused by early changes in the SFZ. μCT is mainly used to detect changes in the trabecular bone in the subchondral bone. Some findings suggest that subchondral bone changes might precede cartilage degeneration during OA, without considering the SFZ of the articular cartilage [51]. Combined with the previous results, the comparison between the superficial and subchondral bones revealed that exercise had no significant effect on the trabecular bone mass, thickness, and separation in the subchondral bone of 3-month-old rats, whereas the biomechanics, cell number, and surrounding cellular matrix of the superficial cartilage changed significantly under exercise intervention. In both 9- and 18-month-old rats, the biomechanical changes in the cartilage affected by exercise were consistent with the changes in the subchondral bone, both of which indicated that the influence of exercise on the medial tibial plateau of the knee joint was earlier and greater than that on the lateral plateau. The effect of exercise on the SFZ occurred earlier than on the subchondral bone, and the effect on the medial plateau occurred earlier than on the lateral plateau.




5. Conclusions


Our study demonstrated that exercise played a significant role in delaying the degeneration of the superficial zone of the knee articular cartilage during age-related osteoarthritis progression through the TGFβ-pSmad2/3 pathway, which converts mechanical signals of mechanical loading into biological signals and affects Prg4 expression. These results provide a new insight into the function and structure of the SFZ and the influence of nonoperative therapy on early-stage OA.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/diagnostics13203193/s1, Figure S1: Representative cubic regions of interest (0.56  ×  1.5  × 1.5 mm3) were selected from the subchondral bone of the tibial plateau. Figure S2: (A) The load–indentation curve ensured the reliability of tests. (B) Pressing on the cartilage surface under liquid conditions. Figure S3: Isolation and culture of SFZ cells and related gene expression analysis: (A) The SFZ cells and chondrocytes (CC) were observed using a fluorescence microscope. Total RNAs were prepared from SFZ or chondrocyte confluent cultures and subjected to quantitative PCR analysis for SFZ markers (B: Prg4, Erg, and Tenascin C), and stem cell markers (C: CD34, CD105, and Sox2).





Author Contributions


Conceptualization, Y.Y., L.L., and X.W.; Formal analysis, Y.Y., Y.Z., and G.W.; Funding acquisition, P.L., L.G., D.W., X.Z., and X.W.; Investigation, Y.Y.; Methodology, Y.Y., Y.Z., and L.H.; Resources, X.W.; Software, L.G. and G.W.; Validation, Y.Y., L.L., and X.W.; Writing—original draft, Y.Y.; Writing—review and editing, Y.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This work was partially supported by National Natural Science Foundation of China grant no. U21A20353; National Natural Science Foundation of China grant no. 82172503; Natural Science Foundation of Shanxi Province grant no. 20210302123285; Natural Science Foundation of Shanxi Province grant no. 202303021211208; and Natural Science Foundation of Shanxi Province grant no. 202203021211034.




Institutional Review Board Statement


Ethics Committee Name: Department of Second Hospital of Shanxi Medical University Medical Ethics Committee. Approval Code: 2021007 and (2021) YX (019).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data sets are not publicly available due to restrictions under the license for the current study. However, they are available on reasonable request from the corresponding author.




Acknowledgments


We would like to acknowledge the hard and dedicated work of all the staff that implemented the intervention and evaluation components of the study.




Conflicts of Interest


The authors declared no potential conflicts of interest with respect to the research, authorship, and/or publication of this article.




References


	



Mobasheri, A.; Batt, M. An update on the pathophysiology of osteoarthritis. Ann. Phys. Rehabil. Med. 2016, 59, 333–339. [Google Scholar] [CrossRef]

	



Katz, J.N.; Arant, K.R.; Loeser, R.F. Diagnosis and Treatment of Hip and Knee Osteoarthritis: A Review. Jama 2021, 325, 568–578. [Google Scholar] [CrossRef]

	



Nelligan, R.K.; Hinman, R.S.; Kasza, J.; Crofts, S.J.C.; Bennell, K.L. Effects of a Self-directed Web-Based Strengthening Exercise and Physical Activity Program Supported by Automated Text Messages for People with Knee Osteoarthritis: A Randomized Clinical Trial. JAMA Intern. Med. 2021, 181, 776–785. [Google Scholar] [CrossRef] [PubMed]

	



Bannuru, R.R.; Osani, M.C.; Vaysbrot, E.E.; Arden, N.K.; Bennell, K.; Bierma-Zeinstra, S.M.A.; Kraus, V.B.; Lohmander, L.S.; Abbott, J.H.; Bhandari, M.; et al. OARSI guidelines for the non-surgical management of knee, hip, and polyarticular osteoarthritis. Osteoarthr. Cartil. 2019, 27, 1578–1589. [Google Scholar] [CrossRef] [PubMed]

	



McAlindon, T.E.; Bannuru, R.R.; Sullivan, M.C.; Arden, N.K.; Berenbaum, F.; Bierma-Zeinstra, S.M.; Hawker, G.A.; Henrotin, Y.; Hunter, D.J.; Kawaguchi, H.; et al. OARSI guidelines for the non-surgical management of knee osteoarthritis. Osteoarthr. Cartil. 2014, 22, 363–388. [Google Scholar] [CrossRef] [PubMed]

	



Semanik, P.A.; Chang, R.W.; Dunlop, D.D. Aerobic activity in prevention and symptom control of osteoarthritis. PM R J. Inj. Funct. Rehabil. 2012, 4, S37–S44. [Google Scholar] [CrossRef]

	



Cormier, J.; Cone, K.; Lanpher, J.; Kinens, A.; Henderson, T.; Liaw, L.; Bilsky, E.J.; King, T.; Rosen, C.J.; Stevenson, G.W. Exercise reverses pain-related weight asymmetry and differentially modulates trabecular bone microarchitecture in a rat model of osteoarthritis. Life Sci. 2017, 180, 51–59. [Google Scholar] [CrossRef] [PubMed]

	



Castrogiovanni, P.; Di Rosa, M.; Ravalli, S.; Castorina, A.; Guglielmino, C.; Imbesi, R.; Vecchio, M.; Drago, F.; Szychlinska, M.A.; Musumeci, G. Moderate Physical Activity as a Prevention Method for Knee Osteoarthritis and the Role of Synoviocytes as Biological Key. Int. J. Mol. Sci. 2019, 20, 511. [Google Scholar] [CrossRef] [PubMed]

	



Stagg, N.J.; Mata, H.P.; Ibrahim, M.M.; Henriksen, E.J.; Porreca, F.; Vanderah, T.W.; Philip Malan, T., Jr. Regular exercise reverses sensory hypersensitivity in a rat neuropathic pain model: Role of endogenous opioids. Anesthesiology 2011, 114, 940–948. [Google Scholar] [CrossRef] [PubMed]

	



Pitcher, M.H.; Tarum, F.; Rauf, I.Z.; Low, L.A.; Bushnell, C. Modest Amounts of Voluntary Exercise Reduce Pain- and Stress-Related Outcomes in a Rat Model of Persistent Hind Limb Inflammation. J. Pain 2017, 18, 687–701. [Google Scholar] [CrossRef] [PubMed]

	



Kuphal, K.E.; Fibuch, E.E.; Taylor, B.K. Extended swimming exercise reduces inflammatory and peripheral neuropathic pain in rodents. J. Pain 2007, 8, 989–997. [Google Scholar] [CrossRef] [PubMed]

	



Allen, J.; Imbert, I.; Havelin, J.; Henderson, T.; Stevenson, G.; Liaw, L.; King, T. Effects of Treadmill Exercise on Advanced Osteoarthritis Pain in Rats. Arthritis Rheumatol. 2017, 69, 1407–1417. [Google Scholar] [CrossRef]

	



Galois, L.; Etienne, S.; Grossin, L.; Watrin-Pinzano, A.; Cournil-Henrionnet, C.; Loeuille, D.; Netter, P.; Mainard, D.; Gillet, P. Dose-response relationship for exercise on severity of experimental osteoarthritis in rats: A pilot study. Osteoarthr. Cartil. 2004, 12, 779–786. [Google Scholar] [CrossRef]

	



Cifuentes, D.J.; Rocha, L.G.; Silva, L.A.; Brito, A.C.; Rueff-Barroso, C.R.; Porto, L.C.; Pinho, R.A. Decrease in oxidative stress and histological changes induced by physical exercise calibrated in rats with osteoarthritis induced by monosodium iodoacetate. Osteoarthr. Cartil. 2010, 18, 1088–1095. [Google Scholar] [CrossRef] [PubMed]

	



Martins, J.B.; Mendonça, V.A.; Aguiar, G.C.; da Fonseca, S.F.; Dos Santos, J.M.; Tossige-Gomes, R.; Melo, D.S.; Oliveira, M.X.; Leite, H.R.; Camargos, A.C.R.; et al. Effect of a Moderate-Intensity Aerobic Training on Joint Biomarkers and Functional Adaptations in Rats Subjected to Induced Knee Osteoarthritis. Front. Physiol. 2019, 10, 1168. [Google Scholar] [CrossRef]

	



Sophia Fox, A.J.; Bedi, A.; Rodeo, S.A. The basic science of articular cartilage: Structure, composition, and function. Sports Health 2009, 1, 461–468. [Google Scholar] [CrossRef] [PubMed]

	



He, B.; Wu, J.P.; Chen, H.H.; Kirk, T.B.; Xu, J. Elastin fibers display a versatile microfibril network in articular cartilage depending on the mechanical microenvironments. J. Orthop. Res. Off. Publ. Orthop. Res. Soc. 2013, 31, 1345–1353. [Google Scholar] [CrossRef] [PubMed]

	



Poole, A.R. An introduction to the pathophysiology of osteoarthritis. Front. Biosci. J. Virtual Libr. 1999, 4, D662–D670. [Google Scholar] [CrossRef] [PubMed]

	



Fukui, N.; Ikeda, Y.; Ohnuki, T.; Tanaka, N.; Hikita, A.; Mitomi, H.; Mori, T.; Juji, T.; Katsuragawa, Y.; Yamamoto, S.; et al. Regional differences in chondrocyte metabolism in osteoarthritis: A detailed analysis by laser capture microdissection. Arthritis Rheum. 2008, 58, 154–163. [Google Scholar] [CrossRef]

	



Aigner, T.; Bertling, W.; Stöss, H.; Weseloh, G.; von der Mark, K. Independent expression of fibril-forming collagens I, II, and III in chondrocytes of human osteoarthritic cartilage. J. Clin. Investig. 1993, 91, 829–837. [Google Scholar] [CrossRef] [PubMed]

	



Hosseininia, S.; Weis, M.A.; Rai, J.; Kim, L.; Funk, S.; Dahlberg, L.E.; Eyre, D.R. Evidence for enhanced collagen type III deposition focally in the territorial matrix of osteoarthritic hip articular cartilage. Osteoarthr. Cartil. 2016, 24, 1029–1035. [Google Scholar] [CrossRef] [PubMed]

	



Marcelino, J.; Carpten, J.D.; Suwairi, W.M.; Gutierrez, O.M.; Schwartz, S.; Robbins, C.; Sood, R.; Makalowska, I.; Baxevanis, A.; Johnstone, B.; et al. CACP, encoding a secreted proteoglycan, is mutated in camptodactyly-arthropathy-coxa vara-pericarditis syndrome. Nat. Genet. 1999, 23, 319–322. [Google Scholar] [CrossRef]

	



Jay, G.D.; Cha, C.J. The effect of phospholipase digestion upon the boundary lubricating ability of synovial fluid. J. Rheumatol. 1999, 26, 2454–2457. [Google Scholar] [PubMed]

	



Saito, T. The superficial zone of articular cartilage. Inflamm. Regen. 2022, 42, 14. [Google Scholar] [CrossRef] [PubMed]

	



Furumatsu, T.; Matsumoto, E.; Kanazawa, T.; Fujii, M.; Lu, Z.; Kajiki, R.; Ozaki, T. Tensile strain increases expression of CCN2 and COL2A1 by activating TGF-β-Smad2/3 pathway in chondrocytic cells. J. Biomech. 2013, 46, 1508–1515. [Google Scholar] [CrossRef] [PubMed]

	



Bougault, C.; Aubert-Foucher, E.; Paumier, A.; Perrier-Groult, E.; Huot, L.; Hot, D.; Duterque-Coquillaud, M.; Mallein-Gerin, F. Dynamic compression of chondrocyte-agarose constructs reveals new candidate mechanosensitive genes. PLoS ONE 2012, 7, e36964. [Google Scholar] [CrossRef]

	



DuRaine, G.; Neu, C.P.; Chan, S.M.; Komvopoulos, K.; June, R.K.; Reddi, A.H. Regulation of the friction coefficient of articular cartilage by TGF-beta1 and IL-1beta. J. Orthop. Res. Off. Publ. Orthop. Res. Soc. 2009, 27, 249–256. [Google Scholar] [CrossRef] [PubMed]

	



Niikura, T.; Reddi, A.H. Differential regulation of lubricin/superficial zone protein by transforming growth factor beta/bone morphogenetic protein superfamily members in articular chondrocytes and synoviocytes. Arthritis Rheum. 2007, 56, 2312–2321. [Google Scholar] [CrossRef] [PubMed]

	



Neu, C.P.; Khalafi, A.; Komvopoulos, K.; Schmid, T.M.; Reddi, A.H. Mechanotransduction of bovine articular cartilage superficial zone protein by transforming growth factor beta signaling. Arthritis Rheum. 2007, 56, 3706–3714. [Google Scholar] [CrossRef] [PubMed]

	



Ni, G.X.; Liu, S.Y.; Lei, L.; Li, Z.; Zhou, Y.Z.; Zhan, L.Q. Intensity-dependent effect of treadmill running on knee articular cartilage in a rat model. BioMed Res. Int. 2013, 2013, 172392. [Google Scholar] [CrossRef] [PubMed]

	



Bos, E.J.; van der Laan, K.; Helder, M.N.; Mullender, M.G.; Iannuzzi, D.; van Zuijlen, P.P. Noninvasive Measurement of Ear Cartilage Elasticity on the Cellular Level: A New Method to Provide Biomechanical Information for Tissue Engineering. Plastic and reconstructive surgery. Glob. Open 2017, 5, e1147. [Google Scholar] [CrossRef]

	



Gerwin, N.; Bendele, A.M.; Glasson, S.; Carlson, C.S. The OARSI histopathology initiative—Recommendations for histological assessments of osteoarthritis in the rat. Osteoarthr. Cartil. 2010, 18 (Suppl. S3), S24–S34. [Google Scholar] [CrossRef]

	



Yasuhara, R.; Ohta, Y.; Yuasa, T.; Kondo, N.; Hoang, T.; Addya, S.; Fortina, P.; Pacifici, M.; Iwamoto, M.; Enomoto-Iwamoto, M. Roles of β-catenin signaling in phenotypic expression and proliferation of articular cartilage superficial zone cells. Lab. Investig. J. Tech. Methods Pathol. 2011, 91, 1739–1752. [Google Scholar] [CrossRef] [PubMed]

	



Pearce, M.J.; McIntyre, T.M.; Prescott, S.M.; Zimmerman, G.A.; Whatley, R.E. Shear stress activates cytosolic phospholipase A2 (cPLA2) and MAP kinase in human endothelial cells. Biochem. Biophys. Res. Commun. 1996, 218, 500–504. [Google Scholar] [CrossRef] [PubMed]

	



Ogawa, H.; Kozhemyakina, E.; Hung, H.H.; Grodzinsky, A.J.; Lassar, A.B. Mechanical motion promotes expression of Prg4 in articular cartilage via multiple CREB-dependent, fluid flow shear stress-induced signaling pathways. Genes Dev. 2014, 28, 127–139. [Google Scholar] [CrossRef]

	



Rios, J.L.; Boldt, K.R.; Mather, J.W.; Seerattan, R.A.; Hart, D.A.; Herzog, W. Quantifying the Effects of Different Treadmill Training Speeds and Durations on the Health of Rat Knee Joints. Sports Med. Open 2018, 4, 15. [Google Scholar] [CrossRef]

	



Musumeci, G.; Castrogiovanni, P.; Trovato, F.M.; Imbesi, R.; Giunta, S.; Szychlinska, M.A.; Loreto, C.; Castorina, S.; Mobasheri, A. Physical activity ameliorates cartilage degeneration in a rat model of aging: A study on lubricin expression. Scand. J. Med. Sci. Sports 2015, 25, e222–e230. [Google Scholar] [CrossRef] [PubMed]

	



Ali, L.; Flowers, S.A.; Jin, C.; Bennet, E.P.; Ekwall, A.K.; Karlsson, N.G. The O-glycomap of lubricin, a novel mucin responsible for joint lubrication, identified by site-specific glycopeptide analysis. Mol. Cell. Proteom. MCP 2014, 13, 3396–3409. [Google Scholar] [CrossRef] [PubMed]

	



Iqbal, S.M.; Leonard, C.; Regmi, S.C.; De Rantere, D.; Tailor, P.; Ren, G.; Ishida, H.; Hsu, C.; Abubacker, S.; Pang, D.S.; et al. Lubricin/Proteoglycan 4 binds to and regulates the activity of Toll-Like Receptors In Vitro. Sci. Rep. 2016, 6, 18910. [Google Scholar] [CrossRef] [PubMed]

	



Al-Sharif, A.; Jamal, M.; Zhang, L.X.; Larson, K.; Schmidt, T.A.; Jay, G.D.; Elsaid, K.A. Lubricin/Proteoglycan 4 Binding to CD44 Receptor: A Mechanism of the Suppression of Proinflammatory Cytokine-Induced Synoviocyte Proliferation by Lubricin. Arthritis Rheumatol. 2015, 67, 1503–1513. [Google Scholar] [CrossRef] [PubMed]

	



Alquraini, A.; Jamal, M.; Zhang, L.; Schmidt, T.; Jay, G.D.; Elsaid, K.A. The autocrine role of proteoglycan-4 (PRG4) in modulating osteoarthritic synoviocyte proliferation and expression of matrix degrading enzymes. Arthritis Res. Ther. 2017, 19, 89. [Google Scholar] [CrossRef]

	



Maenohara, Y.; Chijimatsu, R.; Tachibana, N.; Uehara, K.; Xuan, F.; Mori, D.; Murahashi, Y.; Nakamoto, H.; Oichi, T.; Chang, S.H.; et al. Lubricin Contributes to Homeostasis of Articular Cartilage by Modulating Differentiation of Superficial Zone Cells. J. Bone Miner. Res. Off. J. Am. Soc. Bone Miner. Res. 2021, 36, 792–802. [Google Scholar] [CrossRef]

	



Madej, W.; van Caam, A.; Blaney Davidson, E.; Buma, P.; van der Kraan, P.M. Unloading results in rapid loss of TGFβ signaling in articular cartilage: Role of loading-induced TGFβ signaling in maintenance of articular chondrocyte phenotype? Osteoarthr. Cartil. 2016, 24, 1807–1815. [Google Scholar] [CrossRef] [PubMed]

	



Madej, W.; van Caam, A.; Blaney Davidson, E.N.; van der Kraan, P.M.; Buma, P. Physiological and excessive mechanical compression of articular cartilage activates Smad2/3P signaling. Osteoarthr. Cartil. 2014, 22, 1018–1025. [Google Scholar] [CrossRef] [PubMed]

	



Andrades, J.A.; Motaung, S.C.; Jiménez-Palomo, P.; Claros, S.; López-Puerta, J.M.; Becerra, J.; Schmid, T.M.; Reddi, A.H. Induction of superficial zone protein (SZP)/lubricin/PRG 4 in muscle-derived mesenchymal stem/progenitor cells by transforming growth factor-β1 and bone morphogenetic protein-7. Arthritis Res. Ther. 2012, 14, R72. [Google Scholar] [CrossRef]

	



Iwakura, T.; Sakata, R.; Reddi, A.H. Induction of chondrogenesis and expression of superficial zone protein in synovial explants with TGF-β1 and BMP-7. Tissue Eng. Part A 2013, 19, 2638–2644. [Google Scholar] [CrossRef] [PubMed]

	



Eyre, D.R. Collagens and cartilage matrix homeostasis. Clin. Orthop. Relat. Res. 2004, 427, S118–S122. [Google Scholar] [CrossRef] [PubMed]

	



Luo, Y.; Sinkeviciute, D.; He, Y.; Karsdal, M.; Henrotin, Y.; Mobasheri, A.; Önnerfjord, P.; Bay-Jensen, A. The minor collagens in articular cartilage. Protein Cell 2017, 8, 560–572. [Google Scholar] [CrossRef]

	



Wu, J.J.; Weis, M.A.; Kim, L.S.; Eyre, D.R. Type III collagen, a fibril network modifier in articular cartilage. J. Biol. Chem. 2010, 285, 18537–18544. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.; Brisson, B.K.; Terajima, M.; Li, Q.; Hoxha, K.; Han, B.; Goldberg, A.M.; Sherry Liu, X.; Marcolongo, M.S.; Enomoto-Iwamoto, M.; et al. Type III collagen is a key regulator of the collagen fibrillar structure and biomechanics of articular cartilage and meniscus. Matrix Biol. J. Int. Soc. Matrix Biol. 2020, 85–86, 47–67. [Google Scholar] [CrossRef]

	



Castañeda, S.; Roman-Blas, J.A.; Largo, R.; Herrero-Beaumont, G. Subchondral bone as a key target for osteoarthritis treatment. Biochem. Pharmacol. 2012, 83, 315–323. [Google Scholar] [CrossRef] [PubMed]








[image: Diagnostics 13 03193 g001] 





Figure 1. Exercise attenuated knee degeneration and enhanced the subchondral bone mass of rats. (A) Anterior and lateral knee X-rays of rats aged 3 months, 9 months, and 18 months (n = 8 each) in the exercise and control groups. (B) Representative three-dimensional micro-CT images of sagittal and coronal views of subchondral bone of 3-, 9-, and 18- month-old rats (n = 8 each) in the exercise and control groups. (C) Analyses of BV/TV, Tb.N, Tb.Th, and Tb.Sp are shown. Data are represented as mean ± S.E.M. p * < 0.05. ns: no significance. BV/TV: bone volume fraction, Tb.N: trabecular number, Tb.Th: trabecular thickness, Tb.Sp: trabecular separation. 
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Figure 2. Exercise improves the Young’s modulus of a rat’s knee cartilage. Young’s modulus of the cartilage in the medial and lateral tibial plateaus of rats aged 3 months, 9 months, and 18 months (n = 3 each) in the exercise and control groups. Data are represented as mean ± S.E.M. p * < 0.05. ns: no significance. 
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Figure 3. Exercise increases the number of cells and the content of surrounding GAG in the SFZ. Scale bar: 100 μm. (A) Safranin O/fast green staining in rats aged 3 months, 9 months, and 18 months (n = 5 each) in the exercise and control groups. (B) Histomorphometric analyses for Osteoarthritis Research Society International (OARSI) scores, cell number/area, and Safranin O-stained area/total area in the superficial zone (yellow arrow) in rats aged 3 months, 9 months, and 18 months in the exercise and control groups. Data are represented as mean ± S.E.M. p * < 0.05. ns: no significance. The dotted squares represent the area selected for magnification. 
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Figure 4. Exercise changes the content and distribution of type Ⅰ and Ⅲ collagens in the SFZ. Scale bar: 20 μm. Immunostaining for (A) type Ⅰ and (B) type Ⅲ collagens in knee sections of rats aged 3 months, 9 months, and 18 months (n = 5 each) in the exercise and control groups. (C) Sirius Red staining of the superficial zone of cartilage. Type I collagen fibers appear intense orange-yellow or bright red, while type Ⅲ collagen fibers appear green. (D) Immunohistochemical analyses for positive area percentages of type Ⅰ and type Ⅲ collagens in the superficial zone. Data are represented as mean ± S.E.M. p * < 0.05. ns: no significance. The dotted squares represent the area selected for magnification. 
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Figure 5. Exercise increases the protein expression of PRG4, TGFβ, and pSmad2/3. Scale bar: 20 μm. Immunostaining for (A) PRG4, (B) TGFβ, and (C) pSmad2/3 on knee sections of rats aged 3 months, 9 months, and 18 months (n = 5 each) in the exercise and control groups. (D) Immunohistochemical analyses for positive cell percentages of PRG4, TGFβ, and pSmad2/3 in the superficial zone (scale bar = 100 μm). Data are represented as mean ± S.E.M. p * < 0.05. The dotted squares represent the area selected for magnification. 
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Figure 6. Shear force interferes with SFZ cells and promotes the expression of TGFβ, pSmad2/3, and PRG4. (A) Procedure for extraction, isolation, and shear force intervention of SFZ cells. (B) Western blotting for protein expression of TGFβ, pSmad2/3, and PRG4 in the FFSS and control groups. (C) RT-qPCR analyses for gene expression of TGFβ, Smad2, Smad3, and PRG4 in the FFSS and control groups. (D) Western blotting statistical analyses for these key indicators. Data are represented as mean ± S.E.M. p * < 0.05. ns: no significance. 
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Table 1. Primer sequences used for real-time PCR assay.
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	Primers
	Sequences (5’ to 3’)





	Prg4
	CACCATCTCCACCACGCAGAAT



	
	TGCTGAATGTTGCCACCTCTCTTG



	Erg
	GGTCTTGAAGGTCCCGATGC



	
	CACTCTGCGCTCATTTGTGG



	TenascinC
	CAGTACCACGGCTACCACAG



	
	CATTCTCCGATGCCGTCCAG



	TGFβ
	ATGGTGGACCGCAACAACGC



	
	GGCACTGCTTCCCGAATGTCTG



	Smad2
	CCGTGCTCCCTCCGTCTTCC



	
	CTGCCGCCCGCTGATTGG



	Smad3
	TTGACAGAGAGCAACACAGTAT



	
	CTTCATCCAGATCGATTGCTTG



	GAPDH
	GGTCCCAGCTTAGGTTCATCA



	
	ATCCGTTCACACCGACCTTC
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file4.png
NN
o O,
1 1

's modulus (Mpa)

ng

* Il control
|—| ns :
— WM exercise

medial lateral

3 months

Young's modulus (Mpa)

1.5+

medial

ns @ control
B exercise

lateral

9 months

medial

%

lateral

18 months

Il control
B exercise





nav.xhtml


  diagnostics-13-03193


  
    		
      diagnostics-13-03193
    


  




  





media/file2.png
>

Control

Exercise

0o

O
o
)
-
S
o
K2
®)
o
O]
X
LLI
804 NS ns
o] S sy
S 60- = 60-
> i '
- 40 E 40-
> 20- S
m m 20_
medial lateral -media| lateral
3 months 9 months
0.207 S 257 ¥ *
E 0.15_ E 0.20_
f 010 Z0.157
= F 0.10
o] 0
— 0.05- | o 0.05-
medial lateral medial lateral

3 months

i

3 months

9 months

.
,-\ 80 Ml ns
X 60
; 40
>
m 20—
medial lateral
18 months
0.207 %
L
£ 0.151
=
l-E. 0.104
2 0.05-
medial lateral
18 months

ns ns
6- -
E
E 4
=
5 27
-
0_
medial lateral
3 months
*
= ns
,\ 0.257 — R
£ 0.20+
E 0.151
Q.
0 0.10-
F 0.05-
medial lateral
3 months

y'_'f_‘i,:'}g\
. \'vmu%g%ﬁm

18 months

control
M exercise
* ns
87 —f 6 F,
£ 6 E
E £ 41
S+ =
. P-4
£ 21 g 2]
J 0-
medial lateral medial lateral
9 months 18 months
ns ns E 3
0.204 — 0.307 = ns
T 015 '
E 0.15 E 0.20_
‘%0.10- (%
i g 0.107
2 0.05 =
0_ - -
medial lateral medial lateral
9 months 18 months





media/file13.png





media/file5.jpg
Control

Exercise

3 months

‘W

»

g/

ot






media/file3.jpg
- control

] 12 eerose
20] -

s, M, Wcowo g - control

oese 3 L m everse

(Mpa)
I
o

Young's modulus (Wps)
s modu

‘Young's modulus (

modial _latoral medial lateral =00 ol tateral

3months 9months 18 months.





media/file1.jpg
18 _months

18 months

Control 3>

8
£
g
i
B
B
s
o
H
€
&
i
c

FY

AR






media/file7.jpg
b

Control

O Exercise

Control

Exercise

3months  9months 18 months B 3months

s
2 can
gty S =
- = = 34 8 ==
T 25 -
D
Smonths  9months 18 months

9 months

I

18 months






media/file10.png
3 months 9 months 18 months B 3 months 9 months 18 months

Exercise
Exercise

C

* I control * * I control
100
% H * W exercise _ 80 FL H ) M exercise
g o H £ 60
I} r
— o 60 * s
e ° H R 40
=] ‘s 40 tn
c e & 20
o) g 2 2
] 0 0
3M 9M 18M 3M  9M 18M
580 |:‘ M control
?S ,11 » M exercise
2 60 H
[0} 8
L % 40
o 8
—_
o <20
x Z
L e0

©»
=
©
=
=
®
=





media/file12.png
B Control FFSS

0.25%trypsin
Collagenase [

sl TGFB wimw'm“‘

|
0.1% plasma
/ ot PSMAd2/3 e sEn S SR SN .

solution
SFZcels . -
FESS static
TGFp Prg4 TGFB Prg4
I—I’lt * 3 * S 0.8-
2.5+ 2.0- e 157 & . *
5 520 — 2 L
7} n 4 o
0 2.