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Abstract:

 Despite the susceptibility to frequent intrinsic and extrinsic injuries, especially in the inner zone, the meniscus does not heal spontaneously owing to its poor vascularity. In this study, the effect of platelet-rich plasma (PRP), containing various growth factors, on meniscal mechanisms was examined under normal and post-traumatic inflammatory conditions. Isolated primary meniscal cells of New Zealand white (NZW) rabbits were incubated for 3, 10, 14 and 21 days with PRP(−), 10% PRP (PRP(+)), IL(+) or IL(+)PRP(+). The meniscal cells were collected and examined using reverse-transcription polymerase chain reaction (RT-PCR). Culture media were examined by immunoblot analyses for matrix metalloproteinases (MMP) catabolic molecules. PRP containing growth factors improved the cellular viability of meniscal cells in a concentration-dependent manner at Days 1, 4 and 7. However, based on RT-PCR, meniscal cells demonstrated dedifferentiation, along with an increase in type I collagen in the PRP(+) and in IL(+)PRP(+). In PRP(+), the aggrecan expression levels were lower than in the PRP(−) until Day 21. The protein levels of MMP-1 and MMP-3 were higher in each PRP group, i.e., PRP(+) and IL(+)PRP(+), at each culture time. A reproducible 2-mm circular defect on the meniscus of NZW rabbit was used to implant fibrin glue (control) or PRP in vivo. After eight weeks, the lesions in the control and PRP groups were occupied with fibrous tissue, but not with meniscal cells. This study shows that PRP treatment of the meniscus results in an increase of catabolic molecules, especially those related to IL-1α-induced inflammation, and that PRP treatment for an in vivo meniscus injury accelerates fibrosis, instead of meniscal cartilage.
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1. Introduction

Various cartilaginous tissues such as articular cartilage, menisci, and other fibrocartilages, differ from each other with respect to molecular composition [1,2]. The unique functional properties of each type of cartilage depend mainly on the composition of the extracellular matrix (ECM), such as collagens and proteoglycans [3]. The meniscus is a wedge-shaped semi-lunar disc that plays an important role in knee function. Meniscal tissue contains mainly water (72%), collagens (22%), and glycosaminoglycans (0.8%) [4]. Type I collagen accounts for over 90% of the total collagen content. Types II–V collagen are the remaining meniscal collagens [4,5]. The peripheral two-thirds of the meniscus consists of type I collagen, whereas type II collagen comprises a significant portion of the inner meniscus with chondrocyte-like cells [4,5,6,7]. One of the interesting features of meniscus healing arises from the finding that the tissue is differentially vascularized, with fibrocartilaginous tissue in the vascularized region (red outer zone) and cartilaginous tissue in the avascular region (white inner zone). The inner zone lacks the innate ability for self-repair thus, damage to the meniscus can be permanent, leading to a loss of function [8,9]. Maintenance of the meniscal cartilage is highly important for preventing the accelerated degeneration of the knee joint [10,11], which means we need to understand the cellular mechanisms responsible for meniscal degradation and the cellular matrix changes necessary for intrinsic or therapeutic meniscal repair.

Meniscus tears and degeneration are common, and natural healing is limited [12,13,14]. Pathological changes in the meniscus can be caused by direct injury or joint inflammation, and contribute to the initiation and progression of synovitis and osteoarthritis (OA) of the knee joint. The pro-inflammatory cytokines interleukin-1 (IL-1) and tumor necrosis factor-alpha (TNF-α) are upregulated in injured joints as well as the meniscus [7,12,13,14,15]. In turn, these increased levels of IL-1α can suppress matrix biosynthesis and accelerate enzymatic degradation in the affected lesion. Specifically, IL-1α increases the expression and activity of matrix metalloproteinases (MMPs) in meniscal cells and explants [16,17]. Meniscal cells express MMP-1, MMP-2, MMP-3, MMP-8, MMP-9, and MMP-13 [18,19]. In patients with meniscal injuries, MMP-3 levels are elevated 30- to 40-fold, and levels of tissue inhibitor of metalloproteinases (TIMP)-1 increased 10-fold in the synovial fluid within 24 h of injury [20,21,22]. However, the role of MMPs and other biomechanical molecules in integrative meniscal repair is not fully understood, especially when platelet-rich plasma (PRP) is used as a growth factor source.

PRP is an autologous enriched source of various growth factors, including transforming growth factor-beta (TGF-β), vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), fibroblast growth factor (FGF), and insulin growth factor-1 (IGF-1) [22,23]. One of the most potent stimulators of matrix deposition in meniscal cells is TGF-β, although other growth factors such as FGF-2, PDGF, and IGF-1 can increase matrix production [24,25]. TGF-β and FGF-2 have been shown to increase meniscus cell proliferation in monolayer culture as well as in tissue regeneration [25]. In addition, TGF-β, IGF-1 and PDGF support the activity of meniscal cells [24,25,26]. Based on the positive effects of PRP on cell proliferation, collagen synthesis, and vascularization, PRP has been used as a potential biological stimulus for meniscus tissue regeneration [25,26,27,28,29].

Previous studies have described the regenerative effects of PRP and several growth factors, especially PDGF and TGF-β, for meniscal repair by in vivo [19,25,30,31,32]. However, most previous studies have not used PRP itself, but a PRP/hydrogel composite scaffold. Additionally, previous studies have not reported the roles of each growth factor in meniscus injury. For the clinical application of growth factors, PRP is a strong candidate resource owing to its natural autologous growth factors [33,34,35,36,37]. In this study, we investigated the role of PRP in meniscal tissues and examined its role in the presence of IL-1, including the sequential and temporal modulation of mechanical functional proteins, such as aggrecan, type II collagen, MMPs, TGF-β, and PDGF, using meniscal cells and New Zealand white (NZW) rabbits.



2. Results


2.1. In Vitro


2.1.1. Assessment of the Prepared PRP

In the analysis of growth factor expression in PRP samples, a mean platelet count of 4 × 106 platelets/μL, using semi-quantitative reverse-transcription polymerase chain reaction (RT-PCR), revealed a negligible relationship between growth factor levels and both animal age and body weight of NZW rabbits (Figure 1A). The mean body weight was 1.5–1.7 kg for the young (Y, age 4 weeks) group and 2.3–2.6 kg for the old (O, age 16 weeks) group. Semi-quantitative RT-PCR revealed the major functional growth factors of PRP were most highly expressed in the Y group. Based on ELISA (enzyme-linked immunosorbent assay), the growth factor expression levels were higher in the O group than that in the Y group. Similar to previous results in humans, growth factors of NZW rabbits have no relationship with aging.

Figure 1. (A) Assessment of individual growth factors in platelet-rich plasma (PRP) by semi-quantitative RT-PCR. * p < 0.05, ** p < 0.01, *** p < 0.001 versus individual Y rabbits. #p < 0.05, ###p < 0.001 versus individual O rabbits; (B) Evaluation of individual growth factors containing PRP from young rabbits (Y) and old rabbits (O) by ELISA. * p < 0.05; ** p < 0.01; *** p < 0.001 versus individual Y rabbits. #p < 0.05; ##p < 0.01; ###p < 0.001 versus individual O rabbits; (C) Cellular viability after PRP treatments. Each value is expressed as the mean ± standard error. The p-value is approximate (from a chi-square distribution). * p < 0.05, ** p < 0.01, *** p < 0.001 versus the untreated cells. #p < 0.05; ###p < 0.001 versus the 0.1% PRP-treated cells.
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2.1.2. Effects of PRP on Meniscal Cell Viability

A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) viability assay revealed that PRP increased cellular viability and meniscal cells activity in a dose-dependent manner, except in the presence of 20% PRP (Figure 1C). The results were consistent with concentration- and time-dependent PRP-mediated promotion of meniscal cell viability.



2.1.3. Effects of PRP on Gene and Protein Expression of Meniscal Cells

The results of meniscal cell-related mRNA expression after culture with 10% PRP (PRP(+))are summarized Figure 2. PRP(+) a decreased in aggrecan over time. mRNA expression levels of type I collagen and biglycan were upregulated in both PRP(−) and PRP(+) up until Day 14 of the culture period. Type II collagen gene expression decreased sharply after Day 10 in PRP(+) compared to PRP(−) and, PRP(+) was reduced to low levels, by approximately 50%, at Day 14 compared to Day 10. PRP(+) exhibited decreased type II collagen and TIMP-1 expression after Day 10 (Figure 2A). The PRP(+) initially showed a relatively higher mRNA expression of MMP-1, MMP-3, and MMP-13 than did the PRP(−) at Days 3 and 10. MMP-13 and TIMP-2 expression decreased in a time-dependent manner in the PRP(+). Aggrecan expression in PRP(+) was very low during the same period. MMP-1, MMP-3, and TIMP-1 showed similar protein expression patterns to those observed at the mRNA level in PRP(+), which affected aggrecan, biglycan, and type II collagen expression. There were no significant differences in the levels of MMP-9 and MMP-13 protein expression in both PRP(−) and PRP(+) (Figure 2B).

Figure 2. (A) mRNA expression in meniscal cells with/without PRP. Aggrecan mRNA expression decreased in a time-dependent manner in PRP(+). Type II collagen gene expression decreased in PRP(+) compared to PRP(−) after Day 10. In initial examinations, MMP-3, MMP-9, and MMP-13 displayed increased expression in the PRP(+); (B) Protein expression analysis in culture media of meniscal cells with/without PRP. PRP(+) showed a relative upregulation in the protein levels of MMP-1, MMP-3, and TIMP-1 compared to PRP(−). * p < 0.05; ** p < 0.01 versus Day 3. #p < 0.05; ##p < 0.01; ###p < 0.001 versus PRP(−).
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Conclusively, in the PRP(+) group, RT-PCR showed decreased ECM content in meniscal cells and an immunoblot analysis revealed ECM degradation by MMP expression in culture media.



2.1.4. Effects of IL-1α and PRP on Gene and Protein Expression in Meniscal Cells

Treatment with the pro-inflammatory cytokine IL-1α induced meniscal cell injury and served as a surrogate for in vivo experiments. The relative mRNA expression for cartilage-specific proteins, especially aggrecan, in the IL(+)PRP(+) was lower than that in the IL(+) (Figure 3A). Biglycan expression showed a similar time-dependent pattern in the IL(+) and IL(+)PRP(+). The mRNA level of aggrecan decreased in the IL(+) from Day 10, whereas type I collagen gradually increased in the IL(+). High gene expression levels of MMP-1 were maintained until Day 14, and type II collagen levels were markedly decreased during the experimental period in the IL(+)PRP(+). IL(+)PRP(+) showed a time-dependent decrease in MMP-9, MMP-13, and TIMP-2 gene expression. There was a high level of type I collagen in IL(+)PRP(+) culture media.

Figure 3. (A) mRNA expression in IL-1α-treated meniscal cells with/without PRP. mRNA expression of aggrecan and type II collagen was generally low compared to that observed in IL(+). The aggrecan and type II collagen expression levels were lower in IL(+)PRP(+) than IL(+); (B) Immunoblot analysis in IL-1α-treated culture media of meniscal cells with/without PRP. At every time point, protein expression levels of MMP-1, MMP-3, and TIMP-1 were higher in IL(+)PRP(+) than in IL(+), and there was no significant difference in their time courses. * p < 0.05; ** p < 0.01 versus Day 3. #p < 0.05; ##p < 0.01; ###p < 0.001 versus IL(+).
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2.1.5. Temporal Sequential Modulation of PRP-Derived Growth Factors on Meniscal Cells

Changes in the mRNA levels of TGF-β, PDGF-D, and fibroblast growth factor-2 (FGF-2) were similar between PRP(−) and PRP(+). IGF-1 expression decreased in a time-dependent manner in PRP(+) (Figure 4A). The relative gene expression ratio of VEGF was higher (approximately 2–3-fold) in PRP(+) and IL(+)PRP(+) for the entire experimental period (Figure 4A,B). Gene expression levels of TGF-β, VEGF, PDGF-D, and FGF-2 had a similar pattern in both IL(+) and IL(+)PRP(+). Protein levels of general growth factors were higher in PRP(+) and IL(+)PRP(+)than in the other groups(Figure 4C,D).

Figure 4. (A,B) Time sequential mRNA expression of each growth factor from meniscal cells with and without either PRP or IL-1α. The changes in the mRNA levels of TGF-β, VEGF, PDGF-D, and FGF-2 showed similar patterns between PRP(−) and PRP(+), as well as between IL-treated groups; (C,D) Time sequential protein expression of each growth factor from culture media of meniscal cells with and without either PRP or IL-1α. Protein levels of growth factors were higher in PRP(+) and IL(+)PRP(+)than in the other groups. * p < 0.05; ** p < 0.01 versus Day 3.
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2.1.6. Apoptosis Evaluation of the Effects of PRP on Meniscal Cells

The mRNA expression of caspase-3 decreased in a time-dependent manner in PRP with/without IL beginning at Day 3. Normal meniscal cells, PRP(−),exhibited gradual apoptosis in cultures, but PRP-treated cells did not exhibit significant changes in Bax/Bcl2 expression. In addition, the IL(+) group revealed a marked increase in Bax/Bcl2 on Day 3, which decreased four-fold afterwards and remained at that level for the remainder of the experimental period. The IL(+)PRP(+) showed sharp time-dependent increases in Bax/Bcl2, indicating the acceleration of apoptosis by PRP treatment (Figure 5).

Figure 5. Effects of PRP on apoptosis in meniscal cells. The PRP(+) had no change in the ratio of Bax to Bcl2 mRNA in all examined periods, but the value of Bax/Bcl2 increased significantly in a time-dependent manner in IL(+)PRP(+). * p < 0.05; ** p < 0.01 versus Day 3.
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2.2. In Vivo


Histopathological Changes in Meniscal Wounds after PRP Implantation

All rabbits were freely mobile in their cages post-operation and did not show signs of post-operative infection. At four and eight weeks, all groups showed diffuse hypercellularity at the wound sites and there was no degeneration of articular cartilage of the femur or tibia. At four weeks, defective lesions of the controls were composed of connective tissue showing severe fibrillation or disruption (Figure 6A,B). The PRP group revealed a distinct border between normal and reparative tissues. The reparative region was mostly composed of eosinophilic fibrous connective tissue (Figure 6C,D). At eight weeks, the menisci of controls was completely replaced by fibrous tissue, without meniscal cartilage formation (Figure 6E,F). PRP-treated lesions were also occupied by fibrous tissue, and the reparative tissue was thicker than that of the control (Figure 6G,H). The control and PRP groups demonstrated moderate fibrillation or markedly undulating lesions at eight weeks.

Figure 6. Histopathological analysis of full-thickness defects of the meniscus. The defective lesions of control and PRP-treated groups were completely replaced by fibrous tissue, instead of meniscal cartilage, at four and eight weeks. PRP-treated lesions were relatively thickened with hypercellularity of fibroblasts when compared to the control (black full line arrow: repair site, black dotted line arrow: non-defective site) H & E, magnifications 40× and 100×. A 4wk (40×)-Control; B 4wk (100×)-Control; C 4wk (40×)-PRP; D 4wk (100×)-PRP; E 8wk (40×)-Control; F 8wk (100×)-Control; G 8wk (40×)-PRP; H 8wk (100×)-PRP.
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3. Discussion

Previous studies have shown conflicting results regarding the role of PRP in the regeneration of meniscal chondrocytes, including both positive [29,38,39] and negative [32,40] effects. Ishida et al. investigated whether PRP enhances meniscal tissue regeneration in vivo. They created 1.5-mm-diameter full-thickness defects in the avascular regions of rabbit menisci. The defects were filled with gelatin hydrogel (GH) with or without PRP. After four weeks of the implantation, fibrous tissues were abundant in the GH and PRP groups compared to the GH group [31]. These results were similar to our results. PRP-treated meniscal lesions were replaced by fibrous tissues, instead of normal meniscal cartilage, at four and eight weeks. In addition, in our in vitro study, the roles of PRP in the normal meniscus and the inflammatory meniscus were clarified, and changes in proteoglycans and collagens, as well as differences in the relative expression of growth factors in response to PRP treatment of meniscal cells were characterized. PRP was used as an autologous source of growth factors for the development of meniscal cells and improvement of meniscal injury by IL-1α. We focused on PRP-containing growth factors that were compared to a preparation from individual animals, and on the temporal and sequential changes related to the biochemical transition of meniscal cells.

According to previous reports, the levels of growth factors in humans do not differ with respect to age or sex [36,41]. Before exploring the application of PRP to meniscal cells, we compared growth factors in PRP derived from individual rabbits according to age and/or weight. Semi-quantitative RT-PCR analysis of PRPs from Y group and O group rabbits revealed that the Y group generally displayed higher expression of each growth factor, with the exception of IGF-1. However, protein levels of growth factors were higher in the O group than the Y group. Similar to observations in humans, growth factor of NZW rabbit have no relationship with aging. Accordingly, we used PRP derived from old, skeletally mature, rabbits in the subsequent experiments.

Cellular viability was influenced not only by concentration, but also by time sequence in cultures using a fixed number of PRP platelets (4 × 106 platelets/μL) in the primary isolated meniscal cells from the avascular region of skeletally mature NZW rabbits. An MTT assay also revealed that 10% PRP result in maximum viability of meniscal cells. Therefore, we evaluated the biochemical changes of meniscal cells in normal cultures. IL-1α was used to mimic injury in cultures, as well as to induce injury in an in vivo model. Generally, IL-1α is highly expressed in OA in various regions, including the joint cartilage, synovium, and meniscus [10,42,43]. Indeed, acute exposure of meniscal tissue to IL-1α for just 1–3 days is sufficient to suppress tissue repair for up to four weeks [22]. IL-1α increases the expression and activity of MMPs in meniscal cells. Among them, the collagenase MMP-13 and the gelatinase MMP-9 are both associated with aggrecanase activity [44,45,46]. The MMPs are constrained by four forms of tissue inhibitors of MMPs (TIMPs), of which TIMP-1 and TIMP-2 are the most important MMP inhibitors. In addition to the inhibition of a wide spectrum of MMPs, TIMP-2 shows various biological functions important for hyaline cartilage [24,44,45,46]. In the present study, PRP stimulated the gradual loss of the major proteoglycan, aggrecan, in meniscal cells throughout the entire experimental period. In addition, type II collagen mRNA was markedly decreased by approximately 50% of the peak expression ratio at Day 14. The downregulation of type II collagen was associated with MMP-3, MMP-9, and MMP-13 responses to PRP(+). In sum, aggrecan and type II collagen in PRP(+) were altered, accompanied by changes in MMP-1 and MMP-13. Type I collagen and biglycan expression levels were lower in PRP(+) than PRP(−). IL-1α-induced inflammation acted as a surrogate of in vivo meniscus injury. IL(+) and IL(+)PRP(+) resulted in the loss of aggrecan and type II collagen. These results indicated that meniscal inflammation stimulates remarkable proteoglycanolysis, and further indicate the catabolic role of PRP in meniscal injury, distinct from normal meniscal cells as well as PRP-treated joint cartilage [9,47,48]. These results were also confirmed by the high and long-term expression of MMP-1 and MMP-3 in the IL(+)PRP(+) compared to IL(+). PRP(+) generally expressed high levels of MMPs and TIMPs in meniscal cells throughout the experimental period. The PRP(+) exhibited relatively low levels of Bax/Bcl2 during the culture period and these levels were not different from those in the PRP(−). There was noticeable proteoglycanolysis and a decrease of type II collagen in PRP(+), which was related to caspase-3 expression. For IL-1α-induced inflammation, the PRP-treated group had a marked increase in Bax/Bcl2, indicating a time-dependent acceleration of apoptosis, whereas the IL(+) revealed high levels of Bax/Bcl2 only at Day 3. PRP treatment in normal meniscal cartilage did not lead to significant changes in apoptosis, but rather to a remarkable proteoglycanolysis with imbalance between type II and type I collagens. Furthermore, PRP treatment in the inflammatory meniscus causes severe proteoglycanolysis and a loss of type II collagen with increasing apoptosis, which leads to fibrous lesions instead of meniscal cartilage recovery by laceration, rupture, OA and synovitis.

According to previous studies, growth factors in PRP, especially TGF-β and PDGF-D, are helpful in repairing meniscal injury repair [19,25,30,31,32]. In the present study, TGF-β, PDGF-D, FGF-2, and IGF-1 were upregulated in PRP(+) during the experimental period. These growth factors were also highly expressed in IL(+)PRP(+). Nonetheless, we observed proteoglycanolysis and collagenolysis. In our in vivo study, PRP-treated meniscal lesions were replaced by fibrous tissues instead of normal meniscal cartilage. Almost all defects consisted of stromal tissues after eight weeks of the healing process which were uneven between the control and PRP-treated rabbits, despite the limitations in the examined models between the in vivo full-thickness wound of the meniscus and the in vitro primary isolated meniscal cells from the inner avascular region. However, the reparative tissues also revealed hypertrophic fibrous stroma, instead of the meniscal cartilage, in PRP-treated rabbits, similar to the in vitro results.

In conclusion, our results show that the upregulation of most growth factors was not related to chondrogenesis. As a consequence of the high expression of MMPs, aggrecan and/or type II collagen expression levels were significantly downregulated in PRP(+) and IL(+)PRP(+). Furthermore, we found that PRP primarily affects the dedifferentiation of meniscal cells by increasing type I collagen and decreasing aggrecan in IL-1α-treated meniscal cells. Thus, in clinical trials, local administration of PRP would lead to side effects for meniscal repair, owing to proteoglycanolysis via the upregulation of catabolic molecules and the an increase in type I collagen, resulting in fibrous tissue formation, rather than meniscal cartilage.



4. Experimental Section


4.1. Animals

Fourteen male NZW rabbits weighing 1.5–2.6 kg (Samtako, Daejeon, Korea) were used to isolate meniscal cells and to prepare PRP. Sixteen male NZW rabbits weighing 3.0 kg were used as meniscal defect animal models. All experimental protocols were approved by the Institutional Animal Care and Use Committee of Yeungnam University (2011).



4.2. In Vitro


4.2.1. PRP Preparation

RT-PCR and ELISA were performed for individual growth factors in PRP prepared from young rabbits (Y, age 4 weeks, weight 1.5–1.7 kg) and old rabbits (O, age 16 weeks, weight 2.3–2.6 kg). Each group contained seven rabbits (R1–R7) that were evaluated individually.

PRP was prepared as previously described [35,36,37,49]. Briefly, 40 mL of blood were obtained from rabbits and mixed with the anti-coagulant solution acid citrate dextrose A. The mixture was centrifuged at 1500× g for 10 min to separate the red blood cells from the platelet-containing plasma. The collected supernatant was then centrifuged at 3000× g for 10 min, and the pelleted platelets were collected. The pellet was resuspended in 4 mL of plasma. Platelet counts were analyzed using an ADVOA 2120 Automatic Counter (Bayer Diagnostic GmbH, Leverkusen, Germany).



4.2.2. Enzyme-Linked Immunosorbent Assay (ELISA)

The PRP of each rabbit (Y and O) was tested for antibodies against growth factors using ELISA [50]. Briefly, 96-well plates were coated with diluted PRP at 4 °C overnight, after which they were washed three times with washing buffer. After blocking with 1% (w/v) non-fat dried milk (skim milk; Difco, BD Bioscience, Franklin Lakes, NJ, USA), the plates were incubated with the following antibodies for ELISA: monoclonal anti-VEGF; polyclonal rabbit anti- TGF-β, PDGF-D, fibroblast growth factor-2 (FGF-2); and polyclonal goat anti-insulin-like growth factor-1 (IGF-1) (Santa Cruz Biotechnology, Heidelberg, Germany, 1:200). After the final set of washes, 50 μL of fresh TMB substrate (Koma Biotech, Seoul, Korea) were added to each well and incubated. After sufficient color development, 50 μL of stop buffer (2 M H2SO4, Koma Biotech, Seoul, Korea) were added to the wells. Optical densities (at 450 nm) were measured using a Sunrise Microplate Reader (Tecan, Salzburg, Austria). All samples were run in triplicate.



4.2.3. Isolation and Culturing of Meniscal Cells

Male, 16 week-old NZW rabbits weighing 2.3–2.6 kg were euthanized with an injection of tiletamine and zolazepam (Zoletil 50® 0.2 mL/kg, intramuscular (IM); Virbac, Seoul, Korea), and the intact lateral and medial menisci were carefully removed from the knees. The menisci were then manually and enzymatically digested for 2 h with 2 mg/mL collagenase type II (Clostridium histolyticum; Gibco, Carlsbad, CA, USA) in phosphate-buffered saline (PBS; Gibco) at 37 °C. Free cells were passed through a sterile 70-μm nylon mesh (BD Biosciences, Bedford, MA, USA) to remove undigested fragments, and the isolated meniscal cells were then washed three times with Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% antibiotics (all from Gibco). A pellet of meniscal cells was obtained by centrifugation of the previously mentioned solution at 3000× g for 5 min, and the cells were then re-suspended in culture medium. Cells were counted using a hemocytometer, and viability was determined using the trypan blue exclusion test (Sigma-Aldrich, St. Louis, MO, USA). Following the confluent growth of meniscal cells, the medium was changed every 2–3 days. After three passages, the meniscal cells were used for the in vitro PRP treatment assays.



4.2.4. Cell Viability

The effects of PRP on meniscal cells were determined using a viability assay based on MTT with a commercial kit (Roche Diagnostic, Basel, Switzerland). Briefly, meniscal cells were plated into 96-well plates (2 × 102 cells/well) and were then cultured in 0%, 0.1%, 1%, 5%, 10%, and 20% PRP in DMEM supplemented with 1% FBS, for Days 1, 4, and 7 after a single PRP treatment. MTT solution was added to the cells for 4 h to allow the formation of a water-insoluble formazan dye. After solubilization using dimethylsulfoxide, the amount of formazan dye released was determined at 595 nm using a Sunrise Microplate Reader (Tecan, Zürich, Switzerland).



4.2.5. RNA Extraction and Semi-Quantitative RT-PCR

The meniscal cells were incubated with and without 10% PRP or 3 ng/mL recombinant human (rh)IL-1α (R&D Systems, Minneapolis, MN, USA) and were then cultured in FBS-free DMEM for Days 3, 10, 14, and 21. Meniscal cells were divided into four groups: PRP(−), PRP(+), with IL-1α (IL(+)), and IL-1α and PRP (IL(+)PRP(+)). Total RNA was extracted from the PRP prepared from Y and O rabbits and cultured cells using RNAiso Plus (Takara, Shiga, Japan), following the manufacturer’s instructions. DNA concentration was determined using a NanoVue spectrophotometer (GE Healthcare, Freiburg, Germany). One microgram of total RNA was converted to complementary DNA by a reverse transcription reaction prior to the use of the PCR Premix Kit (Bioneer, Daejeon, Korea) in an Eppendorf Mastercycler® (Eppendorf, Hamburg, Germany). Serial changes in the expression of the target genes were evaluated using semi-quantitative RT-PCR, with the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene as a control. The ImageJ software (National Institutes of Health, Bethesda, MD, USA) was used to quantify the band intensity of the RT-PCR amplicons for primers. The primer sets used in the PCR are listed in Table 1. All samples were run in triplicate.


Table 1. The primer sequences provided in the study.



	
Category

	
Primer

	
Gene Bank

	
Size (bp)

	
Sequence (5′-3′)






	
Chondrogenesis

	
GAPDH

	
DQ403051.1

	
304

	
TCA CCA TCT TCC AGG AGC GA




	
CAC AAT GCC GAA GTG GTC GT




	
Aggrecan

	
XM002723376.1

	
744

	
CTC ACC CCG AGA ATC AAA TG




	
AGG AGG TTT CCG CCG CAG TT




	
Type I Collagen

	
XM 002713800.1

	
310

	
CGC GAT GGT CAG CCT GGA CA




	
CCG GGA GGG CCA GCA GGA CC




	
Type II Collagen

	
D 83228.1

	
370

	
GAC CCC ATG CAG TAC ATG




	
AGC CGC CAT TGA TGG TCT CC




	
Biglycan

	
XM 002722633.1

	
386

	
CAC TGC CAC CTG CGG GTT GT




	
TCT AGG GGG TTC CCG CCC ATC




	
Catabolic molecule

	
MMP-1

	
NM 001171139.1

	
553

	
GCA ACC CAG GTG TGG AGT GCC




	
TGG GCC TAC TGG CTG ACT GGG




	
MMP-3

	
NM 001082280.1

	
339

	
CTG GAG GTT TGA TGA GAA GA




	
CAG TTC ATG CTC GAG ATT CC




	
MMP-9

	
NM 001082203.1

	
519

	
GAC GGC AAG CCC TGC GAG TT




	
TGT GGT GGT GGC TGG AGG CT




	
MMP-13

	
NM 001082037.1

	
328

	
GCA GCA GTC TCC AGG CAC GG




	
TCA GGG ACC CCG CAT CTC GG




	
Anabolic molecule

	
TIMP-1

	
NM 001082232.2

	
326

	
GCA ACT CCG ACC TTG TCA TC




	
AGC GTA GGT CTT GGT GAA GC




	
TIMP-2

	
XM 002723776.1

	
460

	
AAC GGA GTC TGG TGG TGC ATT CC




	
CTT GGC CTG GTG CCC GTT GAT




	
Growth factor

	
TGF-β

	
AB 020217.1

	
231

	
GCA AGG ACC TGG GCT GGA A




	
AGT AAC ACG ATG GGC AGT GGC




	
VEGF

	
XM 002714697.1

	
100

	
CGC AGC TAC TGC CAG CCG AT




	
GCA CCA GAG GCA CGC AGG AA




	
PDGF-D

	
XM 002708534.1

	
125

	
TGC ACC GGC TCA TCC TCG TCT A




	
GTC ATC TCG CCG GAG ATT GGC GTT G




	
FGF-2

	
XM 002717238.1

	
278

	
GGA GAA GAG CGA CCC ACA CAT CA




	
TAG CCT TCT GCC CAG GTC CTG TT




	
IGF-1

	
NM 001082026.1

	
194

	
TCT GCG GTG CTG AGC TGG TG




	
TGC CTT TGC CGG CTT GAG GG




	
Apoptosis

	
Bcl2

	
DQ 529234.1

	
233

	
GTG GGA TAC TGG AGA TGA AGA




	
GAC GGT AGC GAC GAG AGA




	
Bax

	
XM 002723697.1

	
400

	
CCA AGA AGC TGA GCG AGT G




	
TTC CAG ATG GTG AGT GAG G




	
caspase-3

	
NM 001082280.1

	
489

	
CAA TGG ACT CTG GGA AAT




	
GCA AGC CTG AAT AAT GA











4.2.6. Immunoblot Analysis

Culture media of meniscal cells were divided into four groups: PRP(−), PRP(+), IL(+) and IL(+)PRP(+). The culture media were mixed with RIPA buffer containing protease inhibitor cocktail tablets (Roche, Mannheim, Germany) [51,52,53]. Subsequently, the solution was centrifuged at 12,000× g for 10 min at 4 °C to obtain soluble protein in the supernatant. The protein concentration was determined using the Bradford method [54]. Proteins of interest were immunoprecipitated using 500 μg of total protein, following standard protocols [51,53]. Immunoprecipitated proteins were resolved using sodium dodecyl sulfate polyacrylamide gel electrophoresis, and were then transferred to polyvinylidene difluoride transfer membranes. After blocking with 3% bovine serum albumin (BSA; Sigma-Aldrich), the membranes were incubated with antibodies for immunoblot analysis: monoclonal mouse anti- β-actin, VEGF; and polyclonal rabbit anti- MMP-9, MMP-13, TIMP-1, TIMP-2, TGF-β, PDGF-D, and FGF-2; and polyclonal goat anti- MMP-1, MMP-3, and IGF-1 (Santa Cruz Biotechnology, 1:200). β-actin was used as a loading control in the immunoblot analyses. Specific binding was detected using the SuperSignal West Dura Extended Duration Substrate (PIERCE, Rockford, IL, USA), and the blots were exposed to medical X-ray film (Kodak, Tokyo, Japan). The images of protein bands were scanned, and band intensities were quantified using ImageJ software. All samples were run in triplicate.






4.3. In Vivo


4.3.1. Meniscal Defect for PRP Application in Rabbits

A full-thickness circular defect was created on the menisci of skeletally mature male NZW rabbits, with a mean weight of 3.0 kg. Surgical procedures were performed as previously described [9,55,56,57]. After general anesthesia was induced by tiletamine and zolazepam (Zoletil 50® 0.2 mL/kg, IM), each rabbit was placed in a supine position and surgery was performed bilaterally on the knees. A medial parapatellar approach was used to expose the knee joint, and the patella was averted and flexed to the maximum. A 2 mm-diameter full-thickness circular defect was created in the anterior portion of the inner two-thirds of the avascular zone of the medial meniscus by using a dermal biopsy punch (Miltex, Rietheim-Weilheim, Germany). The animals were then divided into two groups, i.e., control and PRP groups. In the control group (n = 8), defects were filled with fibrin glue (Green Cross, Seoul, Korea). In the PRP group (n = 8), defects were filled with 10% PRP and were then covered with fibrin glue. The joint capsule and skin were sutured as separate layers in all animals. After surgery, all rabbits were allowed to move freely without joint immobilization. At 4 and 8 weeks post-operation, the rabbits were periodically sacrificed. The meniscus was collected from the knee joint and was evaluated histochemically.



4.3.2. Histopathological Analysis

The menisci were fixed in 10% neutral-buffered formalin and were embedded in paraffin. Each meniscus was cut into 4-μm-thick sections. For the histopathological analysis, the sections were stained with hematoxylin and eosin (H & E). The reparative tissue was evaluated by microscopic examination. In addition, for the histological analysis, the quality of the surface area, integration, cellularity, and cell morphology was evaluated in reparative tissue from three random fields of view (each group (n = 4)) using a microscope.




4.4. Statistical Analysis

Statistical analysis was performed using Prism 4.02 (GraphPad Software, San Diego, CA, USA). Multiple comparisons were analyzed using one-way analysis of variance (ANOVA) followed by a Dunnett’s post-hoc test, and results are expressed as mean values and their respective standard deviations. The data were considered to be significantly different at p < 0.05, p < 0.01, or p < 0.001.
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