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Abstract

:

Polygonum multiflorum Thunb. is a traditional herbal medicine that is rich in polyphenols. The major compound, 2,3,5,4′-tetrahydroxystilbene-2-O-β-d-glucoside (THSG) has many pharmacological activities, such as antioxidative and free radical-scavenging properties, and the abilities to reduce hyperlipidemia, prevent lipid peroxidation, and protect the cardiovascular system. In this study, the anti-osteoarthritis (OA) effects of THSG were explored using in vitro and in vivo models. THSG inhibited nitric oxide (NO) and prostaglandin E2 (PGE2) production and inducible NO synthase (iNOS) and cyclooxygenase-2 expressions by lipopolysaccharide-stimulated RAW 264.7 cells. On the other hand, THSG inhibited PGE2 production and iNOS and matrix metalloproteinase-13 expressions by interleukin-1β-stimulated primary rat chondrocytes. Through a mono-iodoacetate-induced rat OA model assay, THSG reduced paw edema and improved the weight-bearing distribution. Therefore, THSG has anti-inflammatory activity and could be applied as a lead compound for the development as an OA drug.
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1. Introduction


Osteoarthritis (OA) is a chronic degenerative bone and joint disease mostly in the elderly, with main pathological features of articular cartilage degeneration, mild synovitis, meniscus injury, bone remodeling, subchondral bone sclerosis, and osteophyte formation [1,2,3]. The etiology and detailed pathological mechanisms of OA are still not entirely clear, but age, mechanical wear, genetics, obesity, sex hormones, and other factors are likely to participate [4]. In the past, it was thought that articular cartilage was the main cause of OA degradation, and it has now been confirmed that an imbalance in the destruction and repair processes of articular cartilage leads to OA. The major pathogenic factors of articular cartilage degenerative lesions are joint load conduction disorder, joint nutrition reduction, and free radical damage. Specially, stress will induce reactive oxygen species (ROS), and then ROS causes chondrocyte death by abnormal expressions of cytokines or stimulates the autoimmune abnormalities cause inflammation [4]. All kinds of pathogenic factors can lead to cartilage degeneration, which is caused by different routes of articular chondrocytes and cartilage matrix degradation of the body, in which the death of chondrocytes is the key to cartilage lesions [5,6].



Inflammation is one of the non-specific immune response in the bodies; it normally occurs in any type of injury of the body, which is including harmful irritation, damage to tissues, as well as the production of pathogens, specific disease conditions, and harmful chemicals [7]. According to those above pathogens, inflammation can be divided into acute and chronic stages. Generally, OA is an aging disease, and is not considered to be a kind of inflammatory disease. It is an acute phase of inflammation that is superimposed with crystal or cartilage fragments. However, cartilage OA is classical and inflammatory, and produces prostaglandins (PGs), nitric oxide (NO), and site-related mediators and cytokines, such as interleukin (IL)-1 and tumor necrosis factor (TNF) [8]. On the other hand, accumulating evidence indicates that IL-1β causes chondrocytes to release several proteolytic enzymes that include matrix metalloproteinases (MMPs) and other inflammatory mediators, such as NO and PGE2 [9]. Inflammatory mediator levels in synovial fluid and cartilage tissue were found to be elevated in research on OA patients. Thus, inhibiting these inflammatory mediators may diminish the progression of OA [10].



The root of Polygonum multiflorum Thunb. (PM) is a traditional Chinese medicine that has been used to invigorate the liver and kidneys, and benefit the essence and blood since the Tang Dynasty more than 1000 years ago. The pharmacological activities of PM have been reported and include antiaging, anticancer, antioxidant, improving immune function, learning, and memory, and hepato-protection [11]. 2,3,5,4′-Tetrahydroxy-stilbene-2-O-β-d-glucoside (THSG), a polyhydroxystilbene isolated from the root of PM, is the major constituent of PM. Pharmacological studies indicated that THSG shows potential antioxidation and free radical-scavenging properties; it also reduces hyperlipidemia, prevents lipid peroxidation, and protects the cardiovascular system [12]. Recent research indicated that THSG has the ability to reduce peroxidation levels of the brain in mice with Alzheimer’s disease, decrease the PGE2 production, and inhibit cyclooxygenase (COX)-2 expressions in RAW 264.7 cells, and scavenge ROMs [13,14]. However, there are no reports about THSG’s application for arthritis.



In this study, the anti-inflammatory effects of THSG were measured in lipopolysaccharide (LPS)-stimulated RAW 264.7 macrophages and IL-1β stimulated primary cultured rat chondrocytes (PRCs) using in vitro models. In addition, the anti-arthritis effects of THSG were evaluated using a MIA-induced rat OA model. Mono-iodoacetate (MIA) is a glycolytic inhibitor, inhibits glycolysis and induces chondrocyte death in vitro. Intro-articular injection of MIA induces chondrocyte death and causes behavioral, histological, and biochemical change that resemble human’s OA [15]. There are biphasic pain behaviors in the MIA-induced rat OA model. The early phase belongs to an inflammatory phase, and the injected local tissue will be swelling. The late phase is a pain phase after edema eliminating. Therefore, we could use paw edema volume and hind-limb weight bearing distribution as an indirect measurement of MIA-induced rat pain.




2. Results


2.1. Establishment of the Isolation Protocol of THSG from PM


THSG (Figure 1) is an active compound and enriched in PM; therefore, we established a standard isolation protocol for THSG from PM using Diaion HP-20, Sephadex LH-20, and ODS C18 columns (Figure 2). In the isolation system focused on THSG, we excluded other compounds and efficiently gained the active compound, with a 1.2% yield. The purity of THSG was 98.36%, according to a high-performance liquid chromatographic (HPLC) analysis (Figure 3). THSG, 1H-NMR (500 MHz, MeOH-d4) δ: 7.70 (1H, d, J = 16.5 Hz, olefinic H-a), 7.45 (2H, d, J = 8.6 Hz, H-2′,6′), 6.92 (1H, d, J = 16.5 Hz, olefinic H-b), 6.76 (2H, d, J = 8.6 Hz, H-3′,5′), 6.61 (1H, d, J = 2.8 Hz, H-6), 6.24 (1H, d, J = 2.8 Hz, H-4), 4.50 (1H, d, J = 8.1 Hz, H-1′′), 3.81 (1H, dd, J = 2.5, 11.8 Hz, H-6′′a), 3.76 (1H, dd, J = 4.1, 11.8 Hz, H-6′′b), 3.56 (1H, dd, J = 8.1, 9.0 Hz H-3′′), 3.53 (1H, t, J = 9.0 Hz, H-4′′), 3.43 (1H, t, J = 8.1 Hz, H-2′′), 3.25 (1H, ddd, J = 2.5, 4.1, 9.0 Hz, H-5′′). 13C-NMR(125 MHz, MeOH-d4) δ: 158.5 (C-5), 156.1 (C-4′) 152.2 ( C-3), 138.1 (C-2), 133.8 ( C-a), 131.0 (C-b), 130.2 ( C-1′), 129.4( C-2′, 6′), 121.9 (C-1), 116.6 (C-3′, 5′), 108.4 (C-6), 103.7 (C-4), 102.8 (C-1′′), 78.4 (C-3′′), 78.1 (C-5′′), 75.6 (C-2′′), 70.9 (C-4′′), 62.2 (C-6′′). The 1H and 13C NMR data were identical to those previously reported [16].




2.2. Anti-Inflammatory Effects of THSG in an In Vitro Assay


In the inflammatory process, NO and PGE2 production are promoted by inducible NO synthase (iNOS) and COX-2, respectively, which are important mediators of inflammatory pain. Using LPS to stimulate mediators of inflammatory reactions and iNOS and COX-2 expressions, NO, and PGE2 were produced by RAW 264.7 macrophage cells. Results showed that THSG at 50–400 μg/mL exhibited no cytotoxicity and significantly suppressed iNOS protein expression (Figure 4A) and the NO level in dose-dependent manners (Figure 4B). However, THSG did not significantly downregulate COX-2 expression but significantly decreased the PGE2 level (Figure 4C). Therefore, we suggested the PGE2 level decrease was through the THSG inhibit the COX-2 activity but not expression.



The function of MMP-13 is to digest type II collagen of cartilage associated with OA. Therefore, PRCs were isolated from rat cartilage as targeted cells, and we used IL-1β as an inflammatory inducer. In Figure 5, THSG significantly downregulated iNOS and MMP-13 expressions in IL-1β-stimulated PRCs (Figure 5A), and significantly decreased PGE2 levels in dose-dependent manners (Figure 5B).




2.3. Anti-OA Effects of THSG in an In Vivo Assay


The anti-OA effect of THSG was examined using an MIA-induced OA model in Wistar rats. The model included two stages of arthritis: inflammation and pain. Paw edema was induced by an MIA injection into the right-hind ankle of each rat on day 0. Paw volumes were first measured before the MIA injection on day 0 as the baseline, and then measured a second time on day 2. The increase in the paw volume was calculated by the difference in paw volumes on days 0 and 2. The swelling volume of the paw significantly increased in the control group, and this indicated that an inflammatory response had occurred in the rats. Both THSG and indomethacin markedly reduced paw edema when compared to the control group (Figure 6). Paw edema had recovered by day 6 after the injection, which indicates that inflammation had entered the pain stage. Therefore, an incapacitance tester was used to measure the distribution ratio in hind-limb weight-bearing. The weight-bearing distribution on day 7 in rats was measured with an incapacitance tester for the distribution ratio of hind-limb weight-bearing. In Figure 7, THSG and indomethacin had significantly recovered the hind-limb weight-bearing ratio by day 7. Further, a low dose (10 mg/kg) of THSG exhibited a greater suppressive effect than a high dose (50 mg/kg).





3. Discussion


NO and proinflammatory cytokines are produced by macrophages in response to bacterial LPS. The production of NO can be controlled by selective pharmacological inhibition of distinct NOS isoforms [17,18]. iNOS is one of the three key enzymes that generate NO from arginine, and it plays an important role in many body functions. However, the overproduction of NO from macrophages can lead to cytotoxicity, inflammation, and autoimmune disorders, making NO inhibitors essential for preventing inflammatory diseases [19]. PGE2 is an important mediator of the inflammatory process and it is produced at inflammatory sites by COX-2 [20]. Both the induction of COX-2 activity and subsequent generation of PGE2 are closely related to NO production [21], and so reducing levels of both substances might be an effective strategy for inhibiting inflammation.



IL-1β is one of the inflammatory cytokines that is associated with the degradation of extracellular matrix (ECM) components and plays critical roles in the progression of OA [22]. IL-1β can induce iNOS and COX-2 expressions, leading to the production of NO and PGE2. Elevated NO and PGE2 levels are very important values to observe in OA patients [23]. NO can induce MMP production and activation, and it also inhibits collagen-type II and proteoglycan synthesis in OA [24]. PGE2 can exert many pathological effects that suppress chondrocyte proliferation and inhibit ECM synthesis in the pathogenesis of OA [25]. MMPs are proteases that include various functions. MMP-1 and MMP-13 were shown to play important roles in OA progression. Thus, potential OA therapy has focused on targeting MMPs to degrade the ECM [26]. Furthermore, macrophages are involved in nonspecific inflammation in the articular cartilage. Therefore, LPS stimulated RAW264.7 macrophages and then induced inflammatory response that was a good in vitro screening model for the anti-inflammation effects of natural products. Therefore, in this experimental study, we firstly explore the NO, PGE2 production, iNOS and COX-2 expression of THSG in LPS-stimulated RAW 264.7 macrophage. Our results as same as Zhang et al. reported THSG could inhibit COX-2 expression and activity [14]. However, Figure 4 did not show THSG significantly inhibit COX-2 expression, only slightly inhibition. The major different factor was that we did not use RT-PCR enlarge the protein, the sensitivity was too low. On the other hand, we would like to more focus on articular cartilage, therefore using IL-1β-stimulated PRCs as the other anti-inflammatory in vitro model. In IL-1β-stimulated PRCs, THSG also suppressed PGE2 production and iNOS and MMP-13 expressions. The MMP-13 is a human collagenase-3 that plays an important role in type II collagen degradation in OA. Type II collagen is the preferred substrate for MMP-13 and its expression and contents of MMP-13 is upregulated in human OA cartilage [27]. According to the above data, we suggest that THSG can inhibit inflammatory responses in joint cavities and the degradation of cartilage.



MIA significantly affects the metabolism of chondrocytes and also causes lower-bone cartilage lesions and chondrocyte death. Pathological changes are very similar to those of OA in humans [15]. It was reported that MIA can lead to qualitative cartilage degradation and apoptosis of chondrocytes [28]. OA is seen as non-inflammatory arthrosis with localized inflammation characterized by cartilage degeneration [29].



Currently, drug treatment is mainly used to alleviate OA swelling, pain, muscle tension, and other symptoms, but these drugs cannot cure or reverse the progression of OA. Therefore, if it is possible to find a drug that can prevent or inhibit the onset of OA progression, it would be an important leap in patient care. Related research reports have shown that THSG has a variety of biological functions, such as anti-inflammatory effects, delaying senescence, cardiovascular protection, neuroprotective effects, amelioration of diabetes, and the promotion of hair growth [30,31,32,33].



In our MIA-induced OA model, THSG reduced paw edema and recovered hind-limb weight-bearing, which indicated that THSG can inhibit the progression of OA. However, THSG at a low dosage (10 mg/kg) had better pharmacological properties than at a high dosage (50 mg/kg). The results showed that the high dosage THSG possibly induced other toxic effects and suppressed the pharmacological effects. In traditional clinical use, processed PM can better protect the knee than raw PM. Therefore, PM must be processed with steam to reduce the THSG content [34].




4. Materials and Methods


4.1. Plant Materials


Root of P. multiflorum was purchased from a traditional Chinese medicine store in China in 2014. The plants were identified by the Industrial Technology Research Institute in Taiwan. Voucher specimens of dried roots were deposited as 2014 He-Shou-Wu 1 at the Graduate Institute of Pharmacognosy, College of Pharmacy, Taipei Medical University, Taipei, Taiwan.




4.2. Extraction and Isolation of THSG


Dried slices of roots of PM (2 kg) were pulverized and soaked in 60% methanol (10 L) for one day. After being filtered, the residues were twice extracted with 60% methanol (10 L). The filtrate was combined and concentrated under a vacuum with a rotary evaporator to obtain an aqueous solution. The aqueous solution was chromatographed on a Diaion HP-20 column (10 cm i.d × 45 cm, Mitsubishi Chemical Industry, Tokyo, Japan) eluted with H2O, 50% MeOH, and 100% MeOH (each 5 L). The 50% MeOH eluate (94.8 g) of the Diaion HP-20 column was chromatographed over a Sephadex LH-20 column (5.0 cm i.d. × 45 cm, GE Healthcare Biosciences, Uppsala, Sweden) eluted with MeOH (20 mL/1.5 min/tube) to give a THSG-enriched fraction (tube no. 53-69). The THSG-enriched fraction (5 g) dissolved in water was chromatographed on a LiChroprep RP-18 column (2.5 cm i.d. × 43.5 cm, Merck, Darmstadt, Germany) eluted with 0.05% trifluoroacetic acid–CH3CN (82:18) to give an amorphous powder of THSG (2.3 g). The purity of THSG was 98.7% determined by HPLC (Waters 1525 binary pump connected with 717 plus autosampler and 2487 dual λ absorbance detector, Waters, Milford, MA, USA). A flowchart of THSG isolation is shown in Figure 2. The structure of THSG (Figure 1) was identified by comparison of its 1H and 13C nuclear magnetic resonance (NMR), (Bruker Avance DRX 500MHz, Bruker Corp., Billerica, MA, USA) data with those reported in the literature [16].




4.3. Anti-inflammatory In Vitro Assay


4.3.1. Cell Cultures


The RAW 264.7 macrophage cell line was obtained from American Type Culture Collection (Rockville, MD, USA). Cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 100 U/mL penicillin, 100 streptomycin μg/mL, and 10% fetal bovine serum (FBS) from Gibco BRL (Grand Island, NY, USA), and then incubated at 37 °C in a humidified incubator containing 5% CO2.




4.3.2. Primary Chondrocyte Culture


Primary rat chondrocytes (PRCs) were isolated from cartilage tissue of a rat’s knee joint which was then sequentially digested with pronase (10 g/L) (Roche, Basel, Swiss), for 30 min and type IV collagenase (1 g/L) (Sigma, Saint Louis, MO, USA) for 6 h, as described previously [20]. The third passage of cells was used for all of the experiments. Monolayer cultures were established in 60-mm Petri dishes at a concentration of 6 × 106 cells/mL in DMEM supplemented with 10% FBS, 100 mg/L streptomycin, and 100 IU/mL penicillin (Gibco, Waltham, MA, USA). Cell cultures were incubated at 37 °C in a humidified atmosphere of 5% CO2.




4.3.3. Measurements of iNOS, COX-2, and MMP-13 Protein Expressions


Methods were performed, as described previously, with some modification [35]. Lipopolysaccharide (500 ng/mL) was used to stimulate RAW 264.7 cells, and IL-1β (10 ng/mL) was used to stimulate PRC cells; then iNOS and COX-2 were overexpressed in RAW 264.7 cells and iNOS and MMP-13 in PRCs, respectively. After co-culture of a sample and inducer for 24 h, cells were harvested by trypsin. Whole-cell lysates from treated cells including a sample were prepared by washing with phosphate-buffered saline (PBS) and lysed with a radioimmunoprecipitation assay (RIPA) buffer. Total protein samples (30 μg) were used for a Western blot analysis, and proteins were transferred to nitrocellulose membranes. Membranes were probed with antibodies specific for iNOS, COX-2, and MMP-13, and then visualized using a BCIP/KBT kit (Gibco, Waltham, MA, USA).




4.3.4. Measurement of NO and PGE2 Production


This assay was applied, as previously described [35]. Briefly, cells generated NO and PGE2 in the medium after 24 h of incubation with or without samples and/or inducers. NO and PGE2 were produced from LPS (500 ng/mL)-stimulated RAW 264.7 cells, and PGE2 was also produced from IL-1β (10 ng/mL)-stimulated PRC cells. In addition, culture medium was collected after 24 h of incubation with a sample, and NO and PGE2 concentrations were determined. The NO level was measured at 530 nm after the Griess reaction, and PGE2 was measured with an enzyme-linked immunosorbent assay (ELISA) kit (Amersham Pharmacia Biotech, Buckinghamshire, UK). The inhibition percentage (%) was calculated by the equation: inhibition (%) = [1 − (T/C)] × 100%, where T and C represent the mean optical densities of inducer stimulated-cells with or without a sample, respectively.





4.4. Anti-inflammatory In Vivo Assay


4.4.1. Animals


Male Wistar rats weighing approximately 400–450 g were maintained at 21 ± 2 °C with food and water and kept on a 12-h light/12-h dark cycle. All of the rats used in this experiment were cared for according to the Ethical Regulations on Animal Research of Taipei Medical University (approval no: LAC-100-0043).




4.4.2. MIA-induced OA Model


Five groups of eight male Wistar rats each were divided as follows: blank, control group, positive control group (PC), and THSG groups. Male Wistar rats were induced twice by intra-articular injections of 50 μL of 80 mg/mL MIA (Sigma, St. Louis, MO, USA) into the ankle using a 100-μL syringe (Figure 8). Rats were randomly divided into eight animals per group. After the MIA injection, the THSG groups were orally administered 10 or 50 mg/kg THSG daily for seven days. The PC group was treated with 2.5 mg/kg indomethacin daily for 7 days.



The change of the paw volume was measured with a plethysmometer (Ugo Basile, Comerio VA, Italy) on days 0 and 2 after the MIA injection. The weight-bearing of both hind limbs was observed with an incapacitance tester with a dual-channel weight averager (Linton Instrumentation, Norfolk, UK) on days 0 and 7 after the MIA injection [15]. The hind-limb weight-bearing distribution between the right (MIA-induced side) and left limbs was evaluated as an index of joint discomfort in the OA ankle. Weight-bearing as measured in the hind limb was averaged over a 2-s period. Each data point was the mean ± SD by three duplicate readings. The distribution ratio of the right (MIA injection side) and left hind-limb (control side) weight-bearing was assessed by the following equation: mean weight-bearing of right hind-limb/mean weight-bearing of the left hind-limb. The above three kinds of tests were executed after 1–2 h of oral treatment.





4.5. Statistical Analysis


Each experiment was performed at least in triplicate. Results are presented as the mean ± standard deviation. Student’s t-test was used to analyze data of the animal models.





5. Conclusions


Macrophages play an important role in inflammation through several pro-inflammatory mediators’ production. THSG could inhibit NO, PGE2 production, iNOS expression, and COX-2 activity in LPS-stimulated RAW 264.7 macrophages. The other hand, chondrocyte activity directly influences to the functions of articular cartilage. Moreover, THSG could inhibit PGE2 production and iNOS and MMP-13 expressions in IL-1β-stimulated primary rat chondrocytes. In MIA-induced rat OA model, THSG could reduce paw edema and improve the weight-bearing distribution. The above results provide evidence to support the correlation between OA pathogenesis and the inflammatory response for anti-degenerative arthritis. Therefore, we suggest that THSG could be as a lead compound to develop an OA treatment agent.







Acknowledgments


The authors would like to express their gratitude for grants from the Ministry of Science and Technology and Department of Chinese Medicine and Pharmacy, Ministry of Health and Welfare which financially supported this study.




Author Contributions


Po-Wei Tsai and Ching-Chiung Wang conceived and designed the experiments; Yi-Hui Lee and Chia-Jung Lee performed the experiments; Po-Wei Tsai, Yi-Hui Lee and Lih-Geeng Chen analyzed the data; Po-Wei Tsai and Ching-Chiung Wang wrote the paper. Po-Wei Tsai and Yi-Hui Lee contributed equally to this work.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Krasnokutsky, S.; Samuels, J.; Abramson, S.B. Osteoarthritis in 2007. Bull. NYU Hosp. Jt. Dis. 2007, 65, 222–228. [Google Scholar] [PubMed]

	



Felson, D.T. Clinical practice. Osteoarthritis of the knee. N. Engl. J. Med. 2006, 354, 841–848. [Google Scholar] [CrossRef] [PubMed]

	



Lohmander, L.S. What can we do about osteoarthritis? Arthritis Res. 2000, 2, 95–100. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Lepetsos, P.; Papavassiliou, A.G. ROS/oxidative stress signaling in osteoarthritis. Biochim. Biophys. Acta 2016, 1862, 576–591. [Google Scholar] [CrossRef] [PubMed]

	



Abramson, S.; Krasnokutsky, S. Biomarkers in osteoarthritis. Bull. NYU Hosp. Jt. Dis. 2006, 64, 77–81. [Google Scholar] [PubMed]

	



Goldring, S.R.; Goldring, M.B. Clinical aspects, pathology and pathophysiology of osteoarthritis. J. Musculoskelet. Neuronal. Interact. 2006, 6, 376–378. [Google Scholar] [PubMed]

	



Ferrero-Miliani, L.; Nielsen, O.H.; Andersen, P.S.; Girardin, S.E. Chronic inflammation: Importance of NOD2 and NALP3 in interleukin-1β generation. Clin. Exp. Immunol. 2007, 147, 227–235. [Google Scholar] [CrossRef] [PubMed]

	



Chien, T.Y.; Huang, K.H.; Lee, C.J.; Tsai, P.W.; Wang, C.C. Antinociceptive and anti-Inflammatory Effects of zerumbone against mono-iodoacetate-induced arthritis. Int. J. Mol. Sci. 2016, 17, 249. [Google Scholar] [CrossRef] [PubMed]

	



Chabane, N.; Zayed, N.; Afif, H.; Mfuna-Endam, L.; Benderdour, M.; Boileau, C.; Martel-Pelletier, J.; Pelletier, J.P.; Duval, N.; Fahmi, H. Histone deacetylase inhibitors suppress interleukin-1β-induced nitric oxide and prostaglandin E2 production in human chondrocytes. Osteoarthr. Cartil. 2008, 16, 1267–1274. [Google Scholar] [CrossRef] [PubMed]

	



Eymard, F.; Pigenet, A.; Citadelle, D.; Flouzat-Lachaniette, C.H.; Poignard, A.; Benelli, C.; Berenbaum, F.; Chevalier, X.; Houard, X. Induction of an inflammatory and prodegradative phenotype in autologous fibroblast-like synoviocytes by the infrapatellar fat pad from patients with knee osteoarthritis. Arthritis Rheumatol. 2014, 66, 2165–2174. [Google Scholar] [CrossRef] [PubMed]

	



Li, H.; Wang, X.; Liu, Y.; Pan, D.; Wang, Y.; Yang, N.; Xiang, L.; Cai, X.; Feng, Y. Hepatoprotection and hepatotoxicity of Heshouwu, a Chinese medicinal herb: Context of the paradoxical effect. Food Chem. Toxicol. 2017, 108, 408–417. [Google Scholar] [CrossRef] [PubMed]

	



Ren, X.L.; Wang, G.F.; Wang, M.; Ou-Yang, H.Z.; Qi, A.D. Kinetics and mechanism of 2,3,5,4′-tetrahydroxystilbene-2-O-β-d-glycoside (THSG) degradation in aqueous solutions. J. Pharm. Biomed. Anal. 2011, 55, 211–215. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Zhao, L.; Han, T.; Chen, S.; Wang, J. Protective effects of 2,3,5,4′-tetrahydroxystilbene-2-O-beta-d-glucoside, an active component of Polygonum multiflorum Thunb, on experimental colitis in mice. Eur. J. Pharmacol. 2008, 578, 339–348. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.Z.; Shen, J.F.; Xu, J.Y.; Xiao, J.H.; Wang, J.L. Inhibitory effects of 2,3,5,4′-tetrahydroxystilbene-2-O-beta-D-glucoside on experimental inflammation and cyclooxygenase 2 activity. J. Asian Nat. Prod. Res. 2007, 9, 355–363. [Google Scholar] [CrossRef] [PubMed]

	



Guingamp, C.; Gegout-Pottie, P.; Philippe, L.; Terlain, B.; Netter, P.; Gillet, P. Mono-iodoacetate-induced experimental osteoarthritis: A dose-response study of loss of mobility, morphology, and biochemistry. Arthritis Rheum. 1997, 40, 1670–1679. [Google Scholar] [CrossRef] [PubMed]

	



Nonaka, G.-I.; Miwa, N.; Nishioka, I. Stilbene glycoside gallates and proanthocyanidins from Polygonum multiflorum. Phytochemistry 1982, 21, 429–432. [Google Scholar] [CrossRef]

	



Sarkar, D.; Saha, P.; Gamre, S.; Bhattacharjee, S.; Hariharan, C.; Ganguly, S.; Sen, R.; Mandal, G.; Chattopadhyay, S.; Majumdar, S.; et al. Antiinflammatory effect of allylpyrocatechol in LPS-induced macrophages is mediated by suppression of iNOS and COX-2 via the NF-kappaB pathway. Int. Immunopharmacol. 2008, 8, 1264–1271. [Google Scholar] [CrossRef] [PubMed]

	



Southan, G.J.; Szabo, C. Selective pharmacological inhibition of distinct nitric oxide synthase isoforms. Biochem. Pharmacol. 1996, 51, 383–394. [Google Scholar] [CrossRef]

	



Liu, R.H.; Hotchkiss, J.H. Potential genotoxicity of chronically elevated nitric oxide: A review. Mutat. Res. 1995, 339, 73–89. [Google Scholar] [CrossRef]

	



Ahmad, N.; Chen, L.C.; Gordon, M.A.; Laskin, J.D.; Laskin, D.L. Regulation of cyclooxygenase-2 by nitric oxide in activated hepatic macrophages during acute endotoxemia. J. Leukoc. Biol. 2002, 71, 1005–1011. [Google Scholar] [PubMed]

	



Chang, Y.C.; Li, P.C.; Chen, B.C.; Chang, M.S.; Wang, J.L.; Chiu, W.T.; Lin, C.H. Lipoteichoic acid-induced nitric oxide synthase expression in RAW 264.7 macrophages is mediated by cyclooxygenase-2, prostaglandin E2, protein kinase A, p38 MAPK, and nuclear factor-kappaB pathways. Cell Signal. 2006, 18, 1235–1243. [Google Scholar] [CrossRef] [PubMed]

	



Largo, R.; Alvarez-Soria, M.A.; Diez-Ortego, I.; Calvo, E.; Sanchez-Pernaute, O.; Egido, J.; Herrero-Beaumont, G. Glucosamine inhibits IL-1β-induced NFkB activation in human osteoarthritic chondrocytes. Osteoarthr. Cartil. 2003, 11, 290–298. [Google Scholar] [CrossRef]

	



Koch, B.; Baum, W.; Burmester, G.R.; Rohwer, P.; Reinke, M.; Zacher, J.; Kirchner, H.; Kalden, J.R. Prostaglandin E2, interleukin 1 and gamma interferon production of mononuclear cells of patients with inflammatory and degenerative joint diseases. Z. Rheumatol. 1988, 48, 194–199. [Google Scholar]

	



Sasaki, K.; Hattori, T.; Fujisawa, T.; Takahashi, K.; Inoue, H.; Takigawa, M. Nitric oxide mediates interleukin-1-induced gene expression of matrix metalloproteinases and basic fibroblast growth factor in cultured rabbit articular chondrocytes. J. Biochem. 1998, 123, 431–439. [Google Scholar] [CrossRef] [PubMed]

	



Goggs, R.; Carter, S.D.; Schulze-Tanzil, G.; Shakibaei, M.; Mobasheri, A. Apoptosis and the loss of chondrocyte survival signals contribute to articular cartilage degradation in osteoarthritis. Vet. J. 2003, 166, 140–158. [Google Scholar] [CrossRef]

	



Brinckerhoff, C.E.; Matrisian, L.M. Matrix metalloproteinases: A tail of a frog that became a prince. Nat. Rev. Mol. Cell Biol. 2002, 3, 207–214. [Google Scholar] [CrossRef] [PubMed]

	



Neuhold, L.; Killar, L.; Zhao, W.G.; Sung, M.L.; Warner, L.; Kulik, J.; Turner, J.; Wu, W.; Billinghurst, C.; Meijers, T.; et al. Postnatal expression in hyaline cartilage of constitutively active human collagenase-3 (MMP-13) induces osteoarthritis in mice. J. Clin. Investig. 2001, 107, 35–44. [Google Scholar] [CrossRef] [PubMed]

	



Fitzpatrick, L.R.; Green, C.; Maines, L.W.; Smith, C.D. Experimental osteoarthritis in rats is attenuated by ABC294640, a selective inhibitor of sphingosine kinase-2. Pharmacology 2011, 87, 135–143. [Google Scholar] [CrossRef] [PubMed]

	



Van de Wetering, M.; Cavallo, R.; Dooijes, D.; van Beest, M.; van Es, J.; Loureiro, J.; Ypma, A.; Hursh, D.; Jones, T.; Bejsovec, A.; et al. Armadillo coactivates transcription driven by the product of the Drosophila segment polarity gene dTCF. Cell 1997, 88, 789–799. [Google Scholar] [CrossRef]

	



Ling, S.; Xu, J.W. Biological activities of 2,3,5,4′-tetrahydroxystilbene-2-O-𝛽-D-glucoside in antiaging and antiaging-related disease treatments. Oxid. Med. Cell. Longev. 2016. [Google Scholar] [CrossRef] [PubMed]

	



Tang, W.P.; Li, S.M.; Liu, Y.; Huang, M.T.; Ho, C.T. Anti-inflammatory effects of trans-2,3,5,4′-tetrahydroxystilbene-2-O-b-glucopyranoside (THSG) from Polygonum multiflorum (PM) and hypoglycemic effect of cis-THSG enriched PM extract. J. Funct. Foods 2017, 34, 1–6. [Google Scholar] [CrossRef]

	



Lin, C.L.; Hsieh, S.L.; Wu, C.C.; Huang, C.C.; Leung, W.; Lee, C.T.; Lee, C.H.; Chen, C.Y. Polygonum multiflorum water extract protects against nitric oxide by LPS induced in RAW 264.7 macrophages. Biomed. Res. 2017, 28, 2854–2858. [Google Scholar]

	



Wu, X.Q.; Chen, X.Z.; Huang, Q.H.; Fang, D.M.; Li, G.Y.; Zhang, G.L. Toxicity of raw and processed roots of Polygonum multiflorum. Fitoterapia 2012, 83, 469–475. [Google Scholar] [CrossRef] [PubMed]

	



Xu, M.L.; Zheng, M.S.; Lee, Y.K.; Moon, D.C.; Lee, C.S.; Woo, M.H.; Jeong, B.S.; Lee, E.S.; Jahng, Y.D.; Chang, H.W.; et al. A new stilbene glucoside from the roots of Polygonum multiflorum Thunb. Arch. Pharm. Res. 2006, 29, 946–951. [Google Scholar] [CrossRef] [PubMed]

	



Tseng, S.H.; Lee, H.H.; Chen, L.G.; Wu, C.H.; Wang, C.C. Effects of three purgative decoctions on inflammatory mediators. J. Ethnopharmacol. 2006, 105, 118–124. [Google Scholar] [CrossRef] [PubMed]












	
	
Sample Availability: Samples of the compounds are not available from the authors.












[image: Molecules 23 00571 g001 550] 





Figure 1. Chemical structure of 2,3,5,4′-Tetrahydroxy-stilbene-2-O-β-d-glucoside (THSG). 
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Figure 2. The isolation flowchart of 2,3,5,4′-Tetrahydroxy-stilbene-2-O-β-d-glucoside (THSG) from Polygonum multiflorum Thunb. (PM). 
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Figure 3. The HPLC chromatogram of 2,3,5,4′-tetrahydroxystilbene-2-O-β-d-glucoside. Column: LiChrospher 100 RP-18e (4 mm × 250 mm, 5 μm); Mobile phase: 0.05%TFA-CH3CN (83:17); Flow rate: 1.0 mL/min; Column temperature: 40 ℃; Detection: 320 nm. 
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Figure 4. Anti-inflammatory of 2,3,5,4′-Tetrahydroxy-stilbene-2-O-β-d-glucoside (THSG) on lipopolysaccharide (LPS)-stimulated RAW 264.7 cells after treatment for 6 h. iNOS and COX-2 protein expressions (A); ■ NO production inhibition rate of THSG and ☐ cell viability (B); PGE2 production level (C), #: control group as compared to blank group, ### p < 0.005. *: TSHG group compared to control group, * p < 0.05, *** p < 0.005. 






Figure 4. Anti-inflammatory of 2,3,5,4′-Tetrahydroxy-stilbene-2-O-β-d-glucoside (THSG) on lipopolysaccharide (LPS)-stimulated RAW 264.7 cells after treatment for 6 h. iNOS and COX-2 protein expressions (A); ■ NO production inhibition rate of THSG and ☐ cell viability (B); PGE2 production level (C), #: control group as compared to blank group, ### p < 0.005. *: TSHG group compared to control group, * p < 0.05, *** p < 0.005.



[image: Molecules 23 00571 g004]







[image: Molecules 23 00571 g005 550] 





Figure 5. Effects of 2,3,5,4′-Tetrahydroxy-stilbene-2-O-β-d-glucoside THSG inhibited iNOS and MMP-13 expression on IL-β induced primary rat chondrocytes (A); PGE2 production level (B), #: control group compared to blank group, ### p < 0.005; *: THSG group compared to control group, * p < 0.05, *** p < 0.005. 
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Figure 6. Paw edema volume of rats on mono-iodoacetate (MIA) injection in ankle of rat at 2nd day. Positive control (PC) is indomethacin (2.5 mg/kg). #: control group compared to blank group, ### p < 0.005. *: sample group as compared to control group, * p < 0.05, ** p < 0.001, *** p < 0.005. 
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Figure 7. Hind-limb weight bearing ratio of rats on mono-iodoacetate (MIA)-induced osteoarthritis (day 7–day 0). #: control group compared to blank group, ### p < 0.005. *: sample group compared to control group, *** p < 0.005. 
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Figure 8. The experimental schedule of mono-iodoacetate (MIA)-induced osteoarthritis model. MIA: first time injected 80 mg/mL MIA, 80 μL. (A) Paw edema measurement; (B) Hind-limb weighting bearing measurement. 
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