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Abstract

:

Osteoarthritis (OA) is a general joint illness caused by the destruction of joint cartilage, and is common in the population of old people. Its occurrence is related to inflammatory reactions and cartilage degradation. AyuFlex® is an aqueous extract of Terminalia chebula fruit, and T. chebula has been utilized extensively in several traditional oriental medications for the management of diverse diseases. Pre-clinical and clinical research has shown its antioxidant and anti-inflammatory effectiveness. Nevertheless, the mechanism underlying the anti-arthritic effects of AyuFlex® remains unclear. In the current research, we proposed the ameliorating effects of AyuFlex® with respect to the incidence of OA and described the latent signalization in interleukin (IL)-1β-treated chondrocytes and MIA-incurred OA in a rat model. In vitro, AyuFlex® decreased oxidative stress and induction of pro-inflammatory cytokines and mediators as well as matrix metalloproteinases (MMPs), while also increasing the levels of collagen synthesis-related proteins. Mechanistically, we identified that AyuFlex® disrupted nuclear factor kappa B (NF-κB) and mitogen-activated protein kinase (MAPK) activation via the inhibition of NF-κB p65 and extracellular regulated protein kinase (ERK) phosphorylation. The ameliorating effects of AyuFlex® were also observed in vivo. AyuFlex® significantly inhibited the MIA-incurred increase in OA symptoms such as oxidative stress, cartilage damage, and changes in cytokines and MMPs revelation in arthrodial cartilage. Therefore, our results suggest that AyuFlex® attenuates OA progression in vivo, indicating that AyuFlex® can be suggested as an excellent therapeutic remedy for the care of OA.
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1. Introduction


Osteoarthritis (OA) is a lingering joint illness accompanied by inflammation of the synovium and cartilage degeneration, causing physical disability in the elderly. Functional foods and medicines have been commonly utilized to care for OA, but pharmacological treatment of OA has limited effects [1,2]. Non-steroidal anti-inflammatory drugs (NSAIDs) are usually utilized for reducing inflammation and pain in OA. However, a long-time consumption of NSAIDs adversely affects the gastrointestinal and cardiovascular systems [3,4]. To this day, the etiology of OA is not obvious, and no effectual therapeutic treatment has been developed for OA. Therefore, safer and more effective novel agents are needed for the treatment of OA [1].



The extracellular matrix (ECM) is mostly an organization of type I and II collagen, and aggrecan, which are the main constituents of ordinary cartilage that support the arthrodial cartilage to adapt to biomechanical forces during joint activity [5]. ECM is created and retained by the chondrocytes and is controlled by SOX9, which encodes the main transcription factor for ECM homeostasis [6,7]. Many studies have shown that inflammatory reactions generally play an enormous role in the OA and contributes to chondrocyte movement and phenotype and ECM degradation [7,8,9]. Overexpression of pro-inflammatory cytokines like IL-1β and IL-6 are implicated in the etiology of OA by upregulating the matrix metalloproteinases (MMPs) and triggering ECM collapse. In particular, IL-1β exerts inflammatory reactions by considerably upregulating the production of pro-inflammatory factors, and catabolic factors, for example, leukotriene B4 (LTB4), nitric oxide (NO), and MMPs to degrade the ECM [10,11,12].



MAPK mechanisms have been revealed to play an apparent part in terms of OA biology such as matrix composition and homeostasis of cartilage [13,14]. Additionally, NF-κB mechanisms are a core controller of pro-inflammatory and catabolic factor production. When the NF-κB mechanisms are activated, NF-κB p65 is phosphorylated in the cytoplasm and ultimately translocated to the nucleus [15,16]. Practically, transitions in these mechanisms have been identified to play a crucial role in articular chondrocyte function as well as form part of OA etiology and illness progression [17].



The fruit of Terminalia chebula Retz. (Fam. Combretaceae) has been widely utilized in Ayurvedic, Iranian medicine, and Unani as a treatment for diverse diseases such as asthma, bleeding piles, sore throat, vomiting, and gout [18,19,20]. Moreover, T. chebula has been widely known to exhibit antioxidant effects by inhibiting ROS and NO production [21,22,23,24]. Clinical research has also proven that oxidative stress and inflammation contribute to OA, low back pain (LBP), and motor-related joint discomfort. The T. chebula fruit exhibits antioxidant efficacy and downregulates inflammatory cytokines; however, its therapeutic effects warrant further investigation [25,26,27,28,29].



Meanwhile, recent preclinical and clinical studies have revealed that the standardized aqueous extract of T. chebula fruit (AyuFlex®) could markedly suppress OA progression [25,30,31,32,33,34,35]. However, the underlying mechanism, the anti-arthritic effect of AyuFlex®, remains obscure. Therefore, in our study, we devised experiments to clarify the effectiveness and applications of AyuFlex®, and to evaluate the protective effectiveness of arthrodial cartilage in IL-1β-treated chondrocytes and MIA-incurred OA in a rat model.




2. Materials and Methods


2.1. AyuFlex® Preparation and Component Analyze


AyuFlex®, a water-soluble product derived from the edible fruits of T. chebula (Natreon Inc., New Brunswick, NJ, USA) [35], presents a phytochemical profile that includes ellagic acid as standardized using high-performance liquid chromatography (HPLC). Dimethyl sulfoxide (DMSO) was utilized to dissolve the AyuFlex® and was then diluted in chondrocyte culture medium for in vitro studies.




2.2. Culture and Sample Processing of Primary Human Chondrocytes (HCHs)


Primary human chondrocytes (HCHs) were provided by PromoCell Bioscience Alive GmbH (Heidelberg, Germany) and also retained in HCH culture medium complemented with fetal calf (FC) serum in CO2 incubator. When 80–90% confluence was reached, HCHs were subcultured, and cells of passage 1 were utilized for the experiment thereafter. HCHs was cultured in a 6-well plate at 1 × 105 cells per well. After 24 h, the HCH cells were exposed at each concentration of AyuFlex® (5, 10, and 20 μg/mL) and in combination with IL-1β (10 ng/mL) in a humidified incubator for 24 h. HCHs exposed with growth media including only DMSO served as the vehicle control (final concentration of DMSO 0.1%).




2.3. Cell Viability Analysis


Cell viability was conducted utilizing the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) assay. HCHs were exposed with each concentration of AyuFlex® (5, 10, and 20 μg/mL) during 24 h. The MTT reagent (5 mg/mL) was dispensed into each well, and the cells were maintained in a humidified incubator for 3 h. The culture supernatants were suctioned from each well, and DMSO was utilized to melt the formazan crystals. The optical density (OD) was analyzed at a wavelength of 570 nm utilizing microplate reader equipment (Tecan, Mannedorf, Switzerland).




2.4. Western Blotting


After lysing HCHs with CelLytic reagent (Sigma-Aldrich, St. Louis, MO, USA), the lysates were kept at 4 °C and centrifuged at 10,000× g for 15 min. The content of the proteins was calculated by utilizing a Bradford reagent (Bio-Rad Laboratories, Hercules, CA, USA). To separate, the proteins were applied by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 10% gels and then blotted to Immobilon-P membranes (Millipore, Bedford, MA, USA). The membranes were blocked with 5% skim milk in tris-buffered saline comprising 0.1% Tween-20 (TBS-T) for 1 h at 23 °C, and next with primary antibodies for β-actin, COL1A1, NF-κB p65, phospho-NF-κB p65, ERK, phospho-ERK (1:1000; Cell Signaling Technology, Inc., Danvers, MA, USA), 5-LOX, IL-6, MMP-2, -3, and -13, aggrecan (1:1000; Abcam, Cambridge, MA, USA), SOX9, COL2A1 (1:500; Santa Cruz Biotechnology, Santa Cruz, CA, USA), iNOS (1:1000; Invitrogen Life Technologies, Carlsbad, CA, USA), and leukotriene B4 (LTB4; 1:500; Enzo Life Sciences, Farmingdale, NY, USA) overnight at 4 °C. Following incubation with primary antibodies, the membranes were reacted with the goat anti-rabbit or -mouse IgG(H+L)-horseradish peroxidase (HRP) secondary antibodies for 1 h at room temperature (RT). Protein bands were detected with the chemiluminescent (ECL) reagent (GenDEPOT, Barker, TX, USA), and the intensity of bands was sensed utilizing a LuminoGraph chemiluminescent imaging instrument (Atto, Tokyo, Japan). As control for normalization, β-actin was utilized. Bands on the membranes were quantified utilizing the ImageJ program (developed at the NIH).




2.5. Animals


Sixty male Sprague-Dawley (SD) rats (6-week-old; 130‒190 g) were offered from Samtako Bio, Inc. (Osan, Korea). Whole animals were acclimated for seven days and normal animals were sorted out for experiments. The experiment was progressed under optimal conditions (22 ± 2 °C and 12 h light/dark cycles). Animals were free to consume sterile water and food. The study was conducted in compliance following the national guidelines for the management and utilization of experimental animals permitted by the Animal Ethics Committee (permission number: IV-RB-02-1910-21 of INVIVO Co. Ltd. (Chungnam, Korea)). Once a week, alterations in body weight and alterations in water and food consumption were observed.




2.6. Monosodium iodoacetate (MIA)-Incurred Osteoarthritis (OA) and Drug Administration


The left knee was shaved and then 50 μL of 0.9% sodium chloride including 3 mg monosodium iodoacetate (MIA) was injected once into the synovial cavity utilizing an insulin syringe to induce OA. After three days, the rats were randomly arranged to six groups, comprising eight rats each. A non-MIA-stimulated control group was also used: (1) Non-MIA-stimulated control + Vehicle; (2) MIA-stimulated control + Vehicle; (3) MIA + AyuFlex® 25 mg/kg; (4) MIA + AyuFlex® 50 mg/kg; (5) MIA + AyuFlex® 100 mg/kg; and (6) MIA + Ibuprofen 20 mg/kg. The test substances were homogenized in a carboxymethyl cellulose sodium salt (CMC-Na) of 0.5%. Then, the test substances were administrated orally once a day for three weeks.




2.7. Progression of OA and Hind Paw Weight-Bearing Distribution


After 0, 7, 14, and 21 days after treatment of the test substances, the whole rats were left free to roam the cage, and the walking and knee joint swelling aspect, for instance, gait disorder was precisely assessed in rats. Limping and swelling were categorized as: No change (0), Mild swelling (1), Moderate swelling (2), and Severe swelling (3). All evaluations were performed by an identical proficient evaluator, who blinded the type of test substance administered to the rats during the study period.



The normal balance of weight bearing capacity in the hind paws was impaired after OA occurrence. Rats were cautiously located in the measurement chamber of the incapacitance meter tester (IITC Life Science, Woodland Hills, CA, USA) to assess alterations in weight-bearing tolerance and the force applied by each hind limb was averaged for 10 s. The following formula: % weight distribution of left hind paw = weight on left hind limb/(weight on right hind limb + weight on left hind limb) × 100 was used to analyze the percentage distribution of the left hind paw.




2.8. Histological Examination of Joints


To determine the effectiveness of AyuFlex® on knee joint cartilage atrophy, we evaluated the histological alteration in a rat model with MIA-incurred OA. After euthanizing the animals at the end of the experiments, the knee joint was incised, fixed with 10% formalin for 24 h at 4 °C, and decalcified using 5% hydrochloric acid (Sigma-Aldrich, St. Louis, MO, USA) for four days. After removal of calcification, acetone was utilized to dehydrate the specimens, which were then embedded in paraffin. Paraffin-embedded knee joints were sliced 5 μm thick along the sagittal axis. Hematoxylin and Eosin (H&E) and Safranin-O fast green staining (Sigma-Aldrich, St. Louis, MO, USA) were utilized to stain the sliced sections. Whole stained sections were scanned utilizing the Motic EasyScan (Meyer Instrument, Houston, TX, USA) and were assessed and graded on a 0‒13 scale depending on the Mankin scoring system by a double-blinded observer.




2.9. Cartilage Protein Expression


Cartilage tissue was excised and cleaned three times in cold PBS. Cartilage was frozen by liquid nitrogen briefly and then pulverized. Protein was extracted with RIPA reagent (Tris-HCl of 50 mM, pH 7.5; sodium chloride (NaCl) of 150 mM; ethylenediaminetetraacetic acid (EDTA) of 2 mM; Triton X-100 of 1%; sodium deoxycholate of 0.5%; SDS of 0.1%; protease inhibitor of 0.1% (Roche, Mannheim, Germany)) and then centrifuged at 10,000× g during 15 min at 4 °C. Protein concentration was calculated by the same method as described above. The protein expression profiles of β-actin, 5-LOX, LTB4, IL-6, MMP-2, -3, and -13, iNOS, SOX9, aggrecan, COL1A1, and COL2A1 were confirmed by western blotting as described above.




2.10. Statistical Analysis


The results are presented as the means ± standard error of the mean (SEM) and were assessed with the SPSS program (version 22.0, SPSS Inc., Chicago, IL, USA). Student’s t-test and one-way analysis of variance (ANOVA) were utilized to compare different treatment groups, followed by multiple comparisons correction through Dunnett’s post-hoc test utilizing Origin 7.0 software (OriginLab, Northampton, MA, USA). The differences between mean values were regarded significant or intensely significant if p < 0.05 and p < 0.01, respectively.





3. Results


3.1. Effects of AyuFlex® on Cell Viability in Primary Human Chondrocytes (HCHs)


The influence of AyuFlex® on the cell viability of HCHs was confirmed by using the MTT analysis. AyuFlex® did not show cytotoxicity at any of the concentrations (5, 10, and 20 μg/mL) investigated in this study (Figure 1).




3.2. AyuFlex® Repressed the Expression of iNOS, 5-LOX, LTB4, and IL-6 in IL-1β-Treated HCHs


To confirm the anti-inflammatory effects of AyuFlex®, HCHs were simultaneously treated with each concentration of AyuFlex® (5, 10, and 20 μg/mL) and IL-1β (10 ng/mL) for 24 h. The protein presenting of iNOS, 5-LOX, LTB4, and IL-6 was investigated by western blotting. IL-1β was revealed to significantly induce the protein expression of iNOS, 5-LOX, LTB4, and IL-6 against the vehicle control. In contrast, the expression of iNOS, 5-LOX, LTB4, and IL-6 in HCHs treated with a combination of AyuFlex® and IL-1β decreased in the range of 14–46% (p < 0.01), 20–26% (p < 0.01), 44–58% (p < 0.01), and 58–74% (p < 0.01), respectively (Figure 2).




3.3. AyuFlex® Diminished the Production of MMP-2, -3, and -13 in IL-1β-Treated HCHs


As MMPs play major roles in cartilage destruction, we appraised the effects of AyuFlex® on MMP-2, -3, and -13 expression in IL-1β-treated HCHs by western blot analysis. Our results revealed that IL-1β considerably upregulated the expression of MMP-2, -3, and -13 contrasted with that in the untreated- and vehicle control treated-HCHs. Treatment of HCHs with a combination of AyuFlex® and IL-1β considerably reduced the protein expression of MMP-2, -3, and -13 in the range of 20–43% (p < 0.01), 39–72% (p < 0.01), and 38–77% (p < 0.01), respectively (Figure 3).




3.4. AyuFlex® Treatment Attenuated the Degradation of Collagen Synthesis-Involved Proteins in IL-1β-Treated HCHs


The effects of AyuFlex® on the expression of collagen synthesis-involved proteins in IL-1β-treated HCHs was investigated using western blotting. The protein levels of SOX9, aggrecan, COL1A1, and COL2A1 were assessed. As shown in Figure 4, IL-1β significantly reduced SOX9, aggrecan, COL1A1, and COL2A1 expression in contrast with that in the vehicle control. As shown in Figure 4, AyuFlex® treatment considerably upregulated the expression of SOX9, aggrecan, COL1A1, and COL2A1 compared to that in IL-1β-stimulated HCHs. Treatment with AyuFlex® (5, 10, and 20 μg/mL) increased SOX9, aggrecan, COL1A1, and COL2A1 expression compared with that in the IL-1β-stimulated HCHs (1.9–2.1-fold, p < 0.01; 1.9–2.3-fold, p < 0.01; 1.6–1.8-fold, p < 0.01; 4.7–11.1-fold, p < 0.01, respectively).




3.5. Effects of AyuFlex® on the NF-κB and MAPK Mechanisms in IL-1β-Treated HCHs


The impacts of AyuFlex® on IL-1β-triggered NF-κB and MAPK activation was confirmed with western blotting. In Figure 5A,B, it was confirmed that IL-1β conspicuously triggered phosphorylation of NF-κB p65 and ERK. In contrast, treatment with AyuFlex® alleviated this IL-1β-induced phosphorylation of NF-κB p65 and ERK in HCHs (42–49% and 53–63%, respectively), without affecting the total form of NF-κB p65 and ERK expression.




3.6. Effects of AyuFlex® on Changes in the Body Weight of Rats with Monosodium Iodoacetate (MIA)-Incurred Osteoarthritis (OA)


The effects of AyuFlex® on body weight in rats with MIA-incurred OA was investigated. The body weight of all animals was measured once a week and the changes were recorded for three weeks. No significant differences were observed between the six groups (Figure 6) for three weeks, and these results demonstrated that the body weight was not influenced by AyuFlex®.




3.7. Effects of AyuFlex® on Weight-Bearing Distribution in the Hind Paw for 21 Days in MIA-Incurred OA in Rats


To confirm progression of OA, hind paw weight-bearing capabilities and the ratio of weight distribution between the right (healthy) and left (MIA-incurred osteoarthritis) limbs was confirmed utilizing an incapacitance meter tester at days 0, 7, 14, and 21. The ratio in the MIA control group on day 7 was obviously lower than that in the normal control group, and this difference was endured until day 21. However, the ratio of the weight distribution between the left and right limbs increased in the AyuFlex® (26%, 36%, 40%) and ibuprofen (32%) groups in comparison with the MIA control group on day 7. In particular, the weight distribution of the animals treated with AyuFlex® at 25 mg/kg (42.60 ± 0.72), 50 mg/kg (45.50 ± 0.29), and 100 mg/kg (46.21 ± 0.77) returned to the normal level and showed similar results to the ibuprofen (45.34 ± 0.74) group at day 21 (Table 1). Our results revealed that AyuFlex® might alleviate OA-associated pain symptoms.




3.8. Effects of AyuFlex® on Arthritis Index (AI) for 21 Days in MIA-Incurred OA in Rats


To assess OA-associated symptoms such as limping and swelling, we observed every animal on a weekly basis. The MIA control group showed a high AI index including swelling and limping score than all other groups, which gradually decreased over time (Table 2). Rats treated with AyuFlex® at 50 mg/kg and 100 mg/kg had noticeably downregulated the AI index after day 14 compared with those treated with MIA (control group) (respectively, p < 0.01). Furthermore, AyuFlex® administered at 50 mg/kg and 100 mg/kg downregulated the AI index to a similar level as ibuprofen—the positive control—after day 14. We confirmed that the increased AI index due to OA was significantly reduced by AyuFlex®.




3.9. Effects of AyuFlex® on the Expression of iNOS, 5-LOX, LTB4, and IL-6 in Arthrodial Cartilage


To indicate the impacts of AyuFlex® on OA-upregulated inflammation, the protein expression of iNOS, 5-LOX, LTB4, and IL-6 was detected in the cartilage tissue. MIA-incurred OA enormously increased the protein levels of iNOS, 5-LOX, LTB4, and IL-6 in comparison with that in the normal control. The expression of iNOS, 5-LOX, LTB4, and IL-6 was significantly reduced in response to AyuFlex® and ibuprofen than in response to the MIA-injected group. The 25 mg/kg AyuFlex®-treated group mitigated the expression levels of iNOS, 5-LOX, LTB4, and IL-6 increased by MIA injection (19%, 7%, 3%, and 35%, respectively). Treatment with 50 mg/kg AyuFlex® obviously decreased (p < 0.01, for all conditions) the expression of iNOS, 5-LOX, LTB4, and IL-6 by 55%, 38%, 43%, and 39%, respectively, with respect to the expression levels in the MIA-treated group. The 100 mg/kg AyuFlex® significantly alleviated (p < 0.01, for all conditions) the iNOS, 5-LOX, LTB4, and IL-6 expression levels to 67%, 32%, 34%, and 44%, respectively, of those observed in the MIA-treated group (Figure 7).




3.10. Effects of AyuFlex® on Joint Pathology in MIA-Incurred OA in Rats


To observe the morphological alterations and seriousness of the articular destruction in the joint tissue, H&E and Safranin-O staining were conducted in rats with MIA-incurred OA. H&E staining revealed that the MIA control group revealed serious alterations in the cartilage, synovial membrane, and fibrous tissue. However, it was confirmed that administration with AyuFlex® and ibuprofen effectually relieved the structural morphological alterations in arthrodial cartilage when it was compared with the MIA (control group; Figure 8A). Additionally, we stained the proteoglycan layer with safranin-O to confirm the cartilage breakdown (Figure 8B). In the MIA control group, normal cartilage (red) was destructed and the proteoglycan layer was reduced. Conversely, the proteoglycan layer was clearly visible in animals treated with AyuFlex® at 50 mg/kg, 100 mg/kg, and ibuprofen. In addition, using the Mankin scoring system, the seriousness of OA lesions was scored as shown in Figure 8C. The Mankin score was reduced in the AyuFlex® 100 mg/kg treated group by 60% and was noticeably reduced in the AyuFlex® 50 mg/kg and ibuprofen 20 mg/kg treated groups by 64% and 71%, respectively, compared with that in response to MIA (control group).




3.11. AyuFlex® Decreased the Production of MMP-2, -3, and -13 in Arthrodial Cartilage


To identify the effects of AyuFlex® on MMPs in the cartilage tissues of OA incurred rats, the protein levels of MMP-2, -3, and -13 were evaluated. As shown in Figure 9, the injection of MIA considerably upregulated MMP-2, -3, and -13 expression than the normal control group. The protein expression of MMP-2, -3, and -13 was significantly reduced with AyuFlex® and ibuprofen treatment compared with the MIA treatment (control group). When compared with the MIA-injected group, the 25 mg/kg AyuFlex®-treated group reduced the expression levels of MMP-2, -3, and -13, by 0.1%, 14%, and 36%, respectively. Treatment with 50 mg/kg AyuFlex® substantially decreased (p < 0.01, for all conditions) the expression of MMP-2, -3, and -13, by 32%, 32%, and 48%, respectively, with respect to the expression levels in the MIA-treated group. The 100 mg/kg AyuFlex® evidently downregulated (p < 0.01, for all conditions) the MMP-2, -3, and -13 expression levels to 24%, 33%, and 52%, respectively, of those observed in the MIA-treated group (Figure 9).




3.12. AyuFlex® Treatment Attenuated the Degradation of Collagen Synthesis-Involved Proteins in Arthrodial Cartilage


To investigate the impacts of AyuFlex® on the expression of collagen synthesis-involved proteins in cartilage tissues of OA induced rats, the protein levels of SOX9, aggrecan, COL1A1, and COL2A1 were evaluated. As shown in Figure 10, injection of MIA considerably diminished SOX9, aggrecan, COL1A1, and COL2A1 expression compared with that in the normal control group. When it was compared with the MIA-injected group, the 25 mg/kg AyuFlex®-treated group upregulated the expression levels of SOX9, aggrecan, COL1A1, and COL2A1 by 1.3-fold, 1.3-fold, 3.0-fold, and 1.1-fold, respectively. Treatment with 50 mg/kg AyuFlex® considerably upregulated (p < 0.01, for all conditions) the expression of SOX9, aggrecan, COL1A1, and COL2A1 by 1.8-fold, 8.0-fold, 3.6-fold, and 1.9-fold, respectively, with respect to the expression levels in the MIA-treated group. The 100 mg/kg AyuFlex® significantly increased (p < 0.01, for all conditions) the SOX9, aggrecan, COL1A1, and COL2A1 expression levels to 1.7-fold, 8.0-fold, 4.2-fold, and 1.9-fold, respectively, of those observed in the MIA-treated group (Figure 10).





4. Discussion


OA is one of the most general chronic degenerative joint illnesses in the population of old people, which is featured by the destruction of the arthrodial cartilage. Over time, the subchondral bone thickness and various inflammatory mediators are produced in the synovial membrane [36,37]. For this reason, steroids and non-steroidal anti-inflammatory medications are mainly utilized to alleviate the progression of arthritis. However, these anti-inflammatory drugs alleviate only joint pain and swelling and have side effects when administered for a long time. Therefore, there is a need for efficacious and safe medication that not only alleviates the symptoms of OA, but also delays the progression of the disease [38].



The fruit of T. chebula has been utilized widely in a variety of traditional oriental medicine for the therapy of different diseases. It exhibits significant bioactive effects such as antioxidant and anti-inflammatory activities [18,19,20,21,22,23,24,25,26,27,28,29]. In many studies, T. chebula has been revealed to exhibit antioxidant effects by inhibiting ROS and NO production [21,22,23,24]. Therefore, we investigated the anti-osteoarthritic effects of a standardized aqueous extract of the T. chebula fruit (AyuFlex®) in IL-1β-treated chondrocytes and in a rat model of MIA-incurred OA.



IL-1β, one of the most crucial inflammatory cytokines, is mainly utilized for OA research. Chondrocytes stimulated by IL-1β provoke 5-LOX and iNOS, producing large amounts of LTB4 and NO [39]. iNOS is a major nitric oxide synthase (NOS) enzyme and is responsible for synthesizing NO [40]. In addition, 5-LOX induces LTB4, which upregulates the induction and secretion of pro-inflammatory cytokines such as IL-6 from the synovial membranes. The accumulated NO and LTB4 can stimulate cells to synthesize and release MMPs that inhibit the production of type I and II collagen, eventually leading to cartilage degradation [41,42,43,44,45]. Therefore, this inflammatory factor affects both bone absorption and joint pain. In this study, we showed that AyuFlex® downregulated iNOS and 5-LOX expression in chondrocytes stimulated by IL-1β. Furthermore, it was confirmed that AyuFlex® also inhibited LTB4 and IL-6 expression. These findings demonstrate that AyuFlex® inhibited LTB4 and IL-6 production, and these results may be connected with the regulation of iNOS and 5-LOX expression, thereby reducing the progression of OA.



Moreover, recent studies have explained that IL-1β remarkably upregulated the synthesis of cartilage matrix-degrading enzymes, for example, MMPs. MMPs have been considered one of the major enzymes that breakdown aggrecan and collagen in cartilage. Several studies have demonstrated that the appearance of MMPs is upregulated in cartilage tissues of OA patients. MMPs are enzymes that mediate the diverse role in tissue remodeling such as conversion, degradation, and destruction of the ECM [46,47,48,49]. Therefore, drugs that can suppress MMP expression can be used for the treatment of arthritis. Interestingly, our study showed that AyuFlex® prevents IL-1β-induced MMP-2, -3, and -13 expression at the protein level in chondrocytes. Collagens and proteoglycans are the essential constituent of the ECM. Most of the collagen in arthrodial cartilage is type I and II collagen, which offers the tensile strength in tissue [50,51]. The main proteoglycan in arthrodial cartilage is aggrecan, which offers structural support by keep moisture in the matrix. SOX9 is an indispensable transcription factor for controlling the appearance of many cartilage ECM genes such as COL1A1 and COL2A1 [52]. Aggrecan and collagens I and II are synthesized and secreted by chondrocytes to prevent mechanical destruction under normal circumstances. When cartilage destruction occurs, aggrecan and collagens I and II undergo significant breakdown due to increased production of proteases. These conditions promote the progression of OA [53]. Meanwhile, proteins related to matrix synthesis including aggrecan, SOX9, and collagens I and II were markedly inhibited by IL-1β. The results of the current study show that AyuFlex® can inhibit the reduction of aggrecan, SOX9, and the collagen I and II levels in IL-1β-stimulated chondrocytes. These results indicate that AyuFlex® suppresses MMPs due to downregulation of oxidative stress and inflammation development by IL-1β.



MAPK and NF-κB are two major mechanisms in the onset of OA. Activated MAPK elevated MMPs, and this mechanism is associated with cartilage destruction. The transcription factor NF-κB triggers a variety inflammatory reaction in OA. Previous studies have also shown that NF-κB is an crucial regulatory factor in the production of iNOS expression in chondrocytes [13,14,15,16]. As this signaling pathway is closely related to OA, it is recognized as a promising target in OA. Many recent studies have revealed that substances such as resveratrol and curcumin are activated as intracellular signaling molecules during anti-inflammatory action through these various signaling pathways [54,55,56,57]. Therefore, the mechanisms of NF-κB and MAPK are very important in inhibiting OA progress and we evaluated the efficacy of AyuFlex® in NF-κB and MAPK mechanisms based on these studies. In our study, IL-1β conspicuously demoted the phosphorylation of ERK and NF-κB p65. In contrast, this process could be reversed by AyuFlex® without affecting the total protein expression.



Taken together, AyuFlex® showed antioxidant, anti-inflammatory, and anti-degenerative effects in OA in an in vitro model. However, in vitro studies are not sufficient to prove the therapeutic effect of AyuFlex® on OA. Therefore, we confirmed the effects of AyuFlex® in protection against cartilage destruction in a rat model with MIA-incurred OA.



MIA is known to inhibit glycolytic signaling in cells by obstructing with glyceraldehyde-3-phosphatase activity and causes inflammation along with cartilage degeneration. Inflammatory stimulation triggers the release of cytokine and its complex biochemical interaction with other mediators, leading to OA and promoting illness symptoms, for example, pain, swelling, and stiffness [58,59,60,61]. MIA-incurred OA is an established model to affirm the anti-osteoarthritic effectiveness of candidate therapeutic agents on OA pathology. Therefore, a rat model with MIA-induced OA has been used in many studies associated with OA.



Weight bearing distribution is utilized for pain measurement and as an index of joint discomfort. MIA injections reduce it in the affected limb, indicating joint pain [62,63]. In this study, it was found that treatment with AyuFlex® and ibuprofen considerably upregulated the weight bearing distribution, indicating symptoms of pain relief. In addition, after inducing MIA, general OA symptoms such as swelling and limping in the knee joint were confirmed. In our present study, we discovered that AyuFlex® and ibuprofen treatment protected against OA symptoms in rats with MIA-incurred OA. These results indicate that the administration of AyuFlex® and ibuprofen showed a marked improvement in OA symptoms and pain-related behavior.



Exacerbation of OA symptoms is accompanied by pain and joint destruction, which is related to the expression of inflammatory cytokines [64]. Therefore, we confirmed the expression of iNOS, 5-LOX, LTB4, and IL-6 proteins in cartilage tissues in rats with MIA-incurred OA to affirm the antioxidant and anti-inflammatory effects of AyuFlex®. In our study, we confirmed that AyuFlex® treatment reduced the MIA-triggered increase in cytokine levels, and these results indicate that AyuFlex® may reduce the inflammatory response, and then the mediators can decrease cartilage damage. Therefore, based on the in vitro and in vivo studies, the use of AyuFlex® can provide anti-inflammatory effects in OA treatment.



Additionally, cartilage and proteoglycan damage were confirmed in rats with MIA-incurred OA through H&E and Safranin-O staining of the arthrodial cartilage. AyuFlex® treatment markedly inhibited MIA-induced synovial membrane damage and cartilage destruction. Moreover, it was confirmed that the expression of MMP proteins such as MMP-2, -3, and -13 was increased by MIA in cartilage tissue, whereas AyuFlex® treatment reduced MMP expression. These results indicate that AyuFlex® suppresses MMPs due to downregulation of oxidative stress and inflammation development by MIA. Therefore, based on in vitro and in vivo studies, it is suggested that the use of AyuFlex® could inhibit the decomposition of cartilage by inhibiting MMPs in OA treatment. Arthrodial cartilage damage occurs because the main component of the extracellular matrix, proteoglycan, is degraded by the MMPs. In the present study, we observed collagen synthesis-related proteins in the arthrodial cartilage. We also confirmed that AyuFlex® reduced cartilage destruction through an increase in SOX9, aggrecan, and collagen I and II levels in arthrodial cartilage. Furthermore, based on in vitro and in vivo studies, AyuFlex® revealed collagen preserving properties shown by the significantly suppressed MMPs and upregulated collagen synthesis-related proteins.



Therefore, in our research, AyuFlex® showed anti-osteoarthritic effects through the suppression of NF-κB and MAPK mechanisms, which contribute to a further understanding of the effectiveness of AyuFlex® on OA treatment. In addition, if there are additional studies such as in vivo studies of MIA-induced rat models for ellagic acid, an indicator component of AyuFlex®, we believe that the efficacy of AyuFlex® in the treatment of OA could be further demonstrated.




5. Conclusions


We report here for the first time that AyuFlex® inhibits oxidative stress, inflammation, and cartilage degradation and improves cartilage regeneration through suppressing the phosphorylation of the ERK and NF-κB p65 signaling pathways triggered by IL-1β in human chondrocytes. Moreover, we discovered the anti-osteoarthritic effects of AyuFlex® in rats with MIA-incurred OA by reducing the levels of oxidative stress, pro-inflammatory mediators, and pro-inflammatory cytokines. Additionally, AyuFlex® decreased the expression of MMPs and suppressed the destruction of synovial membrane and arthrodial cartilage, thereby suppressing the progression of OA. Furthermore, AyuFlex® revealed collagen preserving properties as shown by the significantly upregulated collagen synthesis-related proteins. These results from the in vitro and in vivo studies demonstrated that the biochemical actions of AyuFlex® relieve pain by reducing oxidative stress, inflammation, and cartilage breakdown in arthritis. These results from our study suggest that AyuFlex® could be used as a safe and effective herbal formulation in the treatment of OA among the natural products.
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Figure 1. Effects of AyuFlex® on cell viability in primary human chondrocytes (HCHs). HCHs were treated with each concentration of AyuFlex® (5, 10, and 20 μg/mL) for 24 h. Cell viability was evaluated utilizing the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) assay. 
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Figure 2. AyuFlex® repressed the expression of iNOS, 5-LOX, LTB4, and IL-6 in IL-1β-treated HCHs. HCHs were treated with IL-1β (10 ng/mL) single or in combination with AyuFlex® (5, 10, and 20 μg/mL) for 24 h. Effects of AyuFlex® on the expression of iNOS (135 kDa), 5-LOX (78 kDa), LTB4 (36 kDa), and IL-6 (25 kDa) in IL-1β-treated HCHs were analyzed. Protein bands were quantified utilizing ImageJ. As a control for normalization, β-actin was utilized. ## p < 0.01, in comparison with the vehicle control group. ** p < 0.01, in comparison with the IL-1β-treated control group. 
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Figure 3. AyuFlex® diminished the production of MMP-2, -3, and -13 in IL-1β-treated HCHs. HCHs were treated with IL-1β (10 ng/mL) single or in combination with AyuFlex® (5, 10, and 20 μg/mL) for 24 h. The expression of MMP-2 (62, 72 kDa), MMP-3 (54 kDa), and MMP-13 (54 kDa) was detected by western blot analysis. Protein bands were quantified utilizing ImageJ. As the control for normalization, β-actin was utilized. ## p < 0.01, in comparison with the vehicle control group. ** p < 0.01, in comparison with the IL-1β-treated control group. 
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Figure 4. AyuFlex® treatment attenuated the degradation of collagen synthesis-involved proteins in IL-1β-treated HCHs. HCHs were exposed with IL-1β (10 ng/mL) single or in combination with AyuFlex® (5, 10, and 20 μg/mL) for 24 h. The expression of SOX9 (65 kDa), aggrecan (110 kDa), COL1A1 (220 kDa), and COL2A1 (190 kDa) was determined by western blotting. Protein bands were quantified utilizing ImageJ. As the control for normalization, β-actin was utilized. ## p < 0.01, in comparison with the vehicle control group. ** p < 0.01, in comparison with the IL-1β-treated control group. 
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Figure 5. Effects of AyuFlex® on the NF-κB and MAPK mechanisms in IL-1β-treated HCHs. HCHs were pretreated with AyuFlex® (5, 10, and 20 μg/mL) for 24 h and then incubated with IL-1β (10 ng/mL) for 30 min. (A) The expression of NF-κB p65 (65 kDa) and phospho-NF-κB p65 (65 kDa) was examined with western blotting. (B) The expression of ERK (42, 44 kDa) and phospho-ERK (42, 44 kDa) was determined by western blotting. Western blot bands were quantified utilizing ImageJ. As the control for normalization, β-actin was utilized. ## p < 0.01, in comparison with the vehicle control group. ** p < 0.01, in comparison with the IL-1β-treated control group. 
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Figure 6. Effects of AyuFlex® on changes in body weight of rats with monosodium iodoacetate (MIA)-incurred osteoarthritis (OA). Body weight was evaluated once a week for three weeks and the data are presented as the mean ± SEM (n = 8/group). A, AyuFlex®; I, Ibuprofen. No significant difference was discovered between any of the groups. 
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Figure 7. Effects of AyuFlex® on the expression of iNOS, 5-LOX, LTB4, and IL-6 in arthrodial cartilage. The expression of iNOS (135 kDa), 5-LOX (78 kDa), LTB4 (36 kDa), and IL-6 (25 kDa) was measured by western blotting. Protein bands were quantified utilizing ImageJ. As the control for normalization, β-actin was utilized. The results are expressed as the mean ± SEM of independent experiments (n = 3/group). A, AyuFlex®; I, Ibuprofen. * p < 0.05 and ** p < 0.01, in comparison with the MIA-induced control group; ## p < 0.01, in comparison with the non-MIA induced control group. 
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Figure 8. Effects of AyuFlex® on joint pathology in MIA-incurred OA in rats. (A) Knee joints were stained with H&E and (B) Safranin-O, (C) and graded on a scale 0‒13 scale using the Mankin scoring system. (a) Normal Control group, (b) MIA Control group, (c) MIA + AyuFlex® 25 mg/kg, (d) MIA + AyuFlex® 50 mg/kg, (e) MIA + AyuFlex® 100 mg/kg, and (f) MIA + Ibuprofen 20 mg/kg. The results are expressed as the mean ± SEM (n = 5/group). A, AyuFlex®; I, Ibuprofen. Scale bar = 300 μm. * p < 0.05 and ** p < 0.01 in comparison with the MIA-stimulated control group; ## p < 0.01, in comparison with the non-MIA induced control group. 
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Figure 9. AyuFlex® decreased the production of MMP-2, -3, and -13 in arthrodial cartilage. The expression of MMP-2 (62, 72 kDa), MMP-3 (54 kDa), and MMP-13 (54 kDa) was determined by western blotting. Protein bands were quantified using ImageJ. As the control for normalization, β-actin was utilized. The results are expressed as the mean ± SEM of independent experiments (n = 3/group). A, AyuFlex®; I, Ibuprofen. ** p < 0.01, in comparison with the MIA-induced control group; ## p < 0.01, in comparison with the non-MIA induced control group. 
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Figure 10. AyuFlex® treatment attenuated the degradation of collagen synthesis-involved proteins in arthrodial cartilage. The expression of SOX9 (65 kDa), aggrecan (110 kDa), COL1A1 (220 kDa), and COL2A1 (190 kDa) was determined by western blotting. Protein bands were quantified utilizing ImageJ. As the control for normalization, β-actin was utilized. The results are expressed as the mean ± SEM of independent experiments (n = 3/group). A, AyuFlex®; I, Ibuprofen. * p < 0.05 and ** p < 0.01, in comparison with the MIA-induced control group; ## p < 0.01, in comparison with the non-MIA induced control group. 
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Table 1. Effects of AyuFlex® on weight-bearing distribution in the hind paw for 21 days in MIA-incurred OA in rats. The results are expressed as the mean ± SEM (n = 8/group). A, AyuFlex®; I, Ibuprofen. * p < 0.05, ** p < 0.01, in comparison with MIA-induced control group; ## p < 0.01, in comparison with the non-MIA induced control group.
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Treatment

	
Weight Bearing Distribution (%)




	
Day 0

	
Day 7

	
Day 14

	
Day 21






	
Normal Control

	
51.33 ± 0.95

	
49.91 ± 0.58

	
51.05 ± 0.75

	
48.80 ± 0.49




	
MIA Control

	
30.08 ± 2.86 ##

	
27.54 ± 3.47 ##

	
33.45 ± 1.18 ##

	
39.01 ± 1.31 ##




	
A 25 mg/kg

	
32.07 ± 2.40

	
34.84 ± 2.87

	
36.95 ± 3.17

	
42.60 ± 0.72 *




	
A 50 mg/kg

	
31.75 ± 2.70

	
37.63 ± 2.46 *

	
39.18 ± 1.41 **

	
45.50 ± 0.29 **




	
A 100 mg/kg

	
30.56 ± 2.80

	
38.57 ± 2.31 *

	
40.57 ± 1.17 **

	
46.21 ± 0.77 **




	
I 20 mg/kg

	
31.41 ± 3.45

	
36.45 ± 3.30

	
41.53 ± 1.20 **

	
45.34 ± 0.74 **
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Table 2. Effects of AyuFlex® on arthritis index (AI) for 21 days in MIA-incurred OA in rats. The results are expressed as the mean ± SEM (n = 8/group). A, AyuFlex®; I, Ibuprofen. ** p < 0.01, in comparison with the MIA-induced control group; ## p < 0.01, in comparison with the non-MIA induced control group.
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Treatment

	
Arthritis Index




	
Day 0

	
Day 7

	
Day 14

	
Day 21






	
Normal Control

	
0.00

	
0.00

	
0.00

	
0.00




	
MIA Control

	
2.06 ± 0.34 ##

	
2.07 ± 0.30 ##

	
1.56 ± 0.06 ##

	
1.51 ± 0.12 ##




	
A 25 mg/kg

	
2.10 ± 0.19

	
2.05 ± 0.25

	
1.28 ± 0.14

	
1.08 ± 0.08 **




	
A 50 mg/kg

	
1.95 ± 0.20

	
1.50 ± 0.21

	
1.14 ± 0.07 **

	
0.90 ± 0.04 **




	
A 100 mg/kg

	
2.00 ± 0.20

	
1.48 ± 0.26

	
0.99 ± 0.01 **

	
0.91 ± 0.05 **




	
I 20 mg/kg

	
1.94 ± 0.21

	
1.61 ± 0.31

	
1.04 ± 0.08 **

	
0.74 ± 0.12 **
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