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Abstract

:

The cancer-preventive agent Resveratrol (RSV) [3,5,4′-trihydroxytrans-stilbene] is a widely recognized antioxidant molecule with antitumoral potential against several types of cancers, including prostate, hepatic, breast, skin, colorectal, and pancreatic. Herein, we studied the effect of RSV on the cell viability and invasion potential of gastric cancer cells. AGS and MKN45 cells were treated with different doses of RSV (0–200 μM) for 24 h. Cell viability was determined using the Sulphorhodamine B dye (SRB) assay. For invasion assays, gastric cells were pre-treated with RSV (5–25 μM) for 24 h and then seeded in a Transwell chamber with coating Matrigel. The results obtained showed that RSV inhibited invasion potential in both cell lines. Moreover, to elucidate the mechanism implicated in this process, we analyzed the effects of RSV on SOD, heparanase, and NF-κB transcriptional activity. The results indicated that RSV increased SOD activity in a dose-dependent manner. Conversely, RSV significantly reduced the DNA-binding activity of NF-κB and the enzymatic activity of heparanase in similar conditions, which was determined using ELISA-like assays. In summary, these results show that RSV increases SOD activity but decreases NF-kB transcriptional activity and heparanase enzymatic activity, which correlates with the attenuation of invasion potential in gastric cancer cells. To our knowledge, no previous study has described the effect of RSV on heparanase activity. This article proposes that heparanase could be a key effector in the invasive events occurring during gastric cancer metastasis.
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1. Introduction


Cancer is the second leading cause of death after myocardial infarction worldwide [1]. Gastric cancer is a neoplasm responsible for high mortality rates in developed and underdeveloped countries due to ineffective therapeutic approaches, including surgical resection of the stomach and chemotherapeutic regimens, resulting in relapse, metastasis, and poor survival [1]. Cancer cells can migrate from their primary sites and invade neighboring normal tissues; this process allows cancer cells to reach distant organs, a mechanism named metastasis [2,3]. Despite metastasis being the critical cause of cancer therapy failure and morbidity in affected patients [2], no therapy has been developed that successfully targets metastasis-associated processes of any human cancer type [4].



The degradation of basement membrane and extracellular matrix (ECM) structures are essential features of invasion and metastasis in gastric cancer. In this regard, heparanase activity plays a decisive role in tumor cell dissemination associated with the metastatic process and promotes tumor growth, angiogenesis, and metastasis [5,6,7,8]. Additionally, several matrix metalloproteinases (MMPs) participate in the proteolytic degradation of the ECM during the cancer invasion processes [2,9]. On the other hand, reactive oxygen species (ROS) are involved in the genesis of various cancer types by promoting oxidative DNA damage and deregulating gene expression [10,11,12]. Additionally, ROS can increase the invasive potential of malignant cells by inducing metalloproteinase gene expression [13,14].



Antioxidant enzymes are crucial to protect normal cells from oxidative stress damage. According to this view, dysregulation, or defects in the activity of antioxidant enzymes, such as Superoxide dismutase (SOD), Catalase (CAT), and Glutathione-peroxidase (GPX), are frequently associated with pathological processes [10]. For instance, the reduced activity or expression of antioxidant enzymes is related to developing several types of cancers [12,15]. Thus, current studies focus on the inhibitory effect of various antioxidant molecules on the invasive potential of cancer cells [16]. One example is the preventive cancer agent Resveratrol (RSV) [3,5,4′-trihydroxytrans- stilbene], a widely recognized antioxidant molecule with a demonstrated anticancer potential against several types of cancers, including prostate, hepatic, breast, skin, colorectal, and pancreatic cancer [17,18,19]. The reported effect of RSV against malignant cells in vitro and in vivo has been ascribed to its antioxidant and anti-inflammatory activities [20,21,22], which interferes with signal transduction pathways, for instance, by increasing antioxidant mediators such as Catalase and Superoxide dismutase, inhibiting angiogenesis, modulating cell cycle regulators, and inducing selective apoptosis [23,24,25,26,27]. According to this notion, the overexpression of extracellular SOD attenuates HPSE transcription and inhibits breast carcinoma cell growth and invasion [24].



RSV inhibits the nuclear factor-kappa B (NF-κB) signaling pathway [28,29], which has an important role in gastric cancer development [30]. NF-κB/Rel is a family of transcription factors that form homo or heterodimers between p50-, p52-, RelA/p65-, c-Rel-, and RelB-related proteins that are responsible for regulating the expression of inflammatory cytokines, chemokines, immunoreceptors, antiapoptotic proteins, cell adhesion molecules, and invasion/metastasis-related molecules, among others [31]. In the canonical pathway of NF-κB activation, the membrane receptors promote the phosphorylation and degradation of IκBα by IKKα/IKKβ kinases, which sequester p65/p50 heterodimers in the cytoplasm. These events lead p65/p50 to translocate to the nucleus [31,32,33,34]. NF-κB activity promotes gastric cancer development; however, its role is unclear during gastric cancer metastasis. Of note, NF-κB is a transcriptional activator of MMP-9 and urokinase-type plasminogen activator (uPA) genes [35,36], which are highly upregulated during metastasis, supporting the role of NF-κB signaling in the metastatic process [37]. Additionally, it was reported that the nuclear accumulation of NF-κB subunits correlated with increased heparanase expression and poor clinicopathological features of gastric cancer specimens [38], suggesting an important role for NF-κB signaling in the gastric metastatic process. Considering these antecedents, we hypothesize that RSV might affect the invasive potential of gastric cancer cells by modulating NF-κB, SOD, and heparanase activity.




2. Results


2.1. RSV Treatment Reduced Cell Viability of Gastric Cancer Cells


As outlined above, RSV treatment reduces gastric cancer cell viability [39]; however, we wondered if RSV could affect other processes associated with cancer progression beyond this reported cytotoxic effect. With this purpose in mind, we assessed a wide range of RSV concentrations to determine those doses that had minimal impact on cell viability. Then, we exposed the human gastric cancer cell lines AGS and MKN45 to increasing concentrations of RSV for 24 h and analyzed the changes in the cell viability using the SRB dye assay (see Section 4). As shown in Figure 1, gastric cells displayed significant sensitivity to RSV treatment, which inhibited viability in a dose-dependent manner in both cell lines. Of note, the higher doses of RSV (25–200 μM) significantly reduced the cell viability in both AGS and MKN45 cell lines. Conversely, lower concentrations of RSV (5–12.5 µM) did not show statistically significant growth inhibition.




2.2. RSV Reduced the Invasion Potential of Gastric Cancer Cells


Next, we determined the effect of RSV on the invasion potential of gastric cancer cells by Boyden’s chamber approach [40]. Considering the results obtained using the SRB dye assay (see Figure 1), we used lower concentrations of RSV (5 and 12.5 μM) to avoid a significant cytotoxic effect; however, we also included an effective cytotoxic concentration (RSV 25 µM) to have a comparative point. As shown in Figure 2, RSV reduced the invasion potential in both AGS and MKN45 cell lines in a dose-dependent manner. Of note, RSV (5–25 μM) treatment significantly reduced the invasion potential of AGS cells between 60 and nearly 90% compared to the control condition. On the other hand, RSV treatment significantly diminished the invasion of MKN45 between 75 and nearly 95% compared to the control condition. Interestingly, RSV 25 µM reduced invasion considerably (90 and 95% in AGS and MKN45, respectively) compared to similar concentrations with less effect on cell viability (45 and 40% in AGS and MKN45, respectively). According to these results, it is possible to conclude that RSV can affect different processes associated with carcinogenesis depending on the concentration used. This potent inhibitory effect agrees with data obtained in similar in vitro studies using cancer cell lines from other origins [36,41,42]. Here, we confirm that non-cytotoxic concentrations of RSV significantly reduce gastric cancer cell invasion.




2.3. Evaluation of SOD, Heparanase, and NF-κB Transcription Activity in Gastric Cancer Cells Treated with RSV


To elucidate the possible underlying mechanism by which RSV inhibits the invasion potential of the gastric cancer cells, we analyzed the changes in SOD activity in AGS and MKN45 cells following RSV treatment with an enzymatic approach (see Section 4). As shown in Figure 3, RSV treatment increased SOD activity after 24 h in a dose-dependent manner compared to the control condition in both cell lines; however, this increase was statistically significant only when gastric cancer cells were treated with the highest RSV concentration used in this assay (p < 0.05). In a previous study, augmented SOD activity was related to the diminished expression and activity of heparanase, resulting in decreased invasion ability in breast cancer cells [24]; thus, our experimental model confirms such findings.



On the other hand, it was reported that NF-κB partially regulated the expression of HPSE in the gastric cancer cell line MKN74 [43]. With this in mind, we explored the effect of RSV on the DNA-binding activity of NF-κB, with AGS and MKN45 cells treated with different RSV concentrations (5–25 μM) and ethanol 1% or the NF-κB inhibitor, Gliotoxin (100 ng/mL), as controls. After 24 h of treatment, nuclear fractions were collected, and NF-κB DNA-binding activity in nuclear extracts was determined using an ELISA-like assay (Materials and Methods). As shown in Figure 4, RSV 5–25 µM treatment significantly reduced the DNA-binding activity of NF-κB by nearly 50−70% in both cell lines (p < 0.05).



These results suggest that the inhibitory effect of RSV treatment on invasion potential is also associated with diminished NF-κB transcriptional activity.



Given that NF-κB activation has been linked to increased HPSE expression [38], and our results show that RSV reduced NF-κB transcriptional activity in our experimental model, we analyzed the changes in heparanase activity in gastric cancer cells following RSV treatment following the degradation of a biotinylated-HS substrate (see Section 4). As shown in Figure 5, heparanase activity was reduced in AGS cells treated with 5–25 µM of RSV for 24 h; however, this reduction was only statistically significant when AGS cells were treated with 5 and 12.5 µM of RSV compared with ethanol-1%-treated cells (100% activity). On the other hand, although it was possible to observe a decrease in heparanase activity in response to RSV 5 and 12.5 µM in MKN45 cells, such a reduction was not significant.



These results show that RSV reduces heparanase activity in gastric cancer cells, which correlates with increased SOD activity and NF-κB transcriptional activity inhibition. Heparanase is a critical effector during the metastasis process in gastric cancer development by promoting the invasion of malignant cells to distant organs. Importantly, this study provides the first evidence that RSV treatment significantly reduces the heparanase activity in gastric cancer cells.





3. Discussion


RSV has demonstrated antitumor activity in vitro and in vivo [18,22]. Thus, we evaluated a wide range of RSV concentrations to determine which could affect different processes relevant to cancer development, particularly the invasion potential of gastric cancer cells. Our study shows that RSV reduces cell viability and the invasion potential of two gastric cancer cell lines in a dose-dependent manner but at different concentrations. In keeping with our results, similar studies have shown that RSV can inhibit proliferation in other gastric cancer cells (KATO-III) and induces apoptosis and S/G2 cell cycle arrest in various cancer cell types in vitro [39,44]. The results obtained here reveal that RSV decreases cell viability in a dose-dependent fashion, becoming cytotoxic at higher concentrations (25–200 μM). However, at non-cytotoxic concentrations, it inhibits the invasion potential of AGS and MKN45 gastric cells. Based on these findings, we could hypothesize that the doses of RSV used in a possible therapy could be optimized to promote two different types of antitumor effects. On the one hand, high concentrations of RSV could trigger the death of malignant cells and, on the other, low doses could attenuate the processes involved in metastasis. This point is relevant given that some adverse hormetic effects have been reported during in vivo experiments using high doses of RSV [45].



One crucial feature of metastasis is the increased ability of tumor cells to migrate and invade distant tissues. Thus, metastasis is accompanied by various physiological alterations, including exacerbated ECM degradation resulting from the induced proteolytic activity involving MMPs and heparanase activities [2,9]. These enzymes degrade the ECM components—such as heparan sulfate proteoglycans, collagens, fibronectins, and laminins—allowing cancer cells to migrate and invade, thus offering a potential therapeutic target for complementary therapies [46,47]. Our results demonstrate that RSV reduced the invasion potential of AGS and MKN45 cells in vitro. Besides the effect of RSV on cell viability at high concentrations, at low concentrations, RSV 25 µM almost suppressed invasion completely in both cell lines and RSV 5 µM diminished by more than a half. These results are similar to those obtained using a siRNA against heparanase mRNA in gastric cancer cells [48]. Additionally, a natural RSV analog, Piceatannol, displayed similar inhibitory effects on invasion potential in breast cancer cells in vitro [49]. In this regard, our results showed that RSV reduces heparanase activity in the gastric cancer cells used in this study.



Previous works using the gastric cell line MKN74 showed that NF-κB partially regulates the expression of HPSE since, by inhibiting its transcriptional activity, heparanase expression is reduced [43]. Additionally, heparanase expression is positively related to advanced tumor stages (TNM classification), invasion depth, and poor prognosis in gastric cancer [50]. On the other hand, RSV also decreased NF-κB activity. NF-κB activation has been linked to the increased expression of heparanase during the invasion of gastric cancer cells [38]. Thus, we wondered if the NF-κB transcriptional activity could be modulated by RSV treatment in gastric cancer cell lines. In our experimental model, approximately a 50% decrease in NF-κB activation was observed when treating the AGS cell line with RSV at 25 μM and 12.5 μM. In addition, a decrease of about 50 to 70% in the activation of NF-κB was found according to the dose of RSV in the MKN45 cell line. Decreased activity in both cell lines presented statistical significance (p < 0.05). The inhibition of NF-κB in the presence of RSV was contrasted with Gliotoxin (a specific inhibitor of NF-κB, 100 ng/mL) in both cell lines. The results showed that RSV has a comparable effect to Gliotoxin in AGS and MKN45 cell lines, reducing NF-κB transcriptional activity.



ROS production has been implicated in the pathological induction of MMPs, heparanase, and uPA during the invasion of malignant cells [51]. In agreement with this observation, ROS sequestration, as a consequence of SOD overexpression, was related to the diminished expression and activity of heparanase in breast cancer cells, resulting in decreased invasion ability [24]. Accordingly, heparanase inhibition was correlated with the increased activity of SOD in gastric cancer cells treated with RSV. These results suggest that RSV can increase SOD activity and inhibit NF-κB signaling, decreasing heparanase activity and subsequent tumor invasion and metastasis.



Heparanase activity was evaluated to determine the impact of RSV on this proteolytic enzyme. Our results suggest that heparanase is a relevant effector during the invasion of gastric cancer cells and that its activity would be affected by the effect of RSV on SOD and NF-κB activities. Notably, non-toxic RSV concentrations (5–12.5 µM) decreased heparanase activity in both cell lines, although it was only statistically significant in AGS cells. These results provide valuable evidence of a mechanism by which RSV reduces the invasive capacity of the AGS and MKN45 cell lines. That evidence derives from the fact that RSV has a biological effect on SOD and NF-κB. Although evidence was found regarding heparanase as a critical enzyme in the invasive process, it is known that RSV affects the activity and levels of MMPs, especially MMP-2 and MMP-9 [52]. RSV diminishes MMP-9 expression through NF-κB inhibition. For that reason, the invasion results are probably due to RSV-mediated MMP-9 and heparanase inhibition. Our data indicate for the first time that RSV significantly decreases the heparanase activity in gastric cancer cell lines AGS and MKN45. To our knowledge, no study has described the effect of RSV on heparanase activity, although there are reports describing the impact of Resveratrol on SOD and NF-κB activities.



In addition, there is evidence that heparanase is involved in physiological processes of neovascularization, inflammation, and leukocyte migration, among others [52]. Recently it was proved possible to generate a mouse knockout to heparanase, which was phenotypically healthy, with life according to the average and fertile. Based on the finding of the increased expression of MMPs (especially MMP-2 and MMP-14) in heparanase-knockout, the authors propose that these enzymes would compensate for the decrease in heparinase activity [53].




4. Materials and Methods


4.1. Cell Culture and RSV Treatment


The human gastric cancer cells AGS and MKN45 were cultured in RPMI 1640 (Gibco, San Diego, CA, USA) supplemented with 10% (volume/volume) fetal bovine serum (FBS) at 37 °C in a humidified 5% CO2 incubator. For RSV treatment, appropriate volumes from a stock solution of RSV 1 mM (Sigma, St. Louis, MO, USA) in 100% ethanol were added to the cell medium to achieve the desired concentrations (5–200 μM), and then cells were incubated for the indicated periods.




4.2. Cell Viability Assay


Sulphorhodamine B (SRB) (Sigma, St. Louis, MO, USA) dye assay was performed to determine cell viability, as previously described [54]. Briefly, gastric cancer cell lines were seeded at the density of 3 × 103 cells/well in 96-well plates. After 24 h of culture, cells were treated with different doses of RSV (ranging from 5 up to 200 μM) for 72 h. Then, cells were fixed, washed, and incubated with 50 µL of SRB solution (0.1% weight/volume in 1% acetic acid) per well and incubated at room temperature for an additional 30 min. Unbound SRB was removed by washing with 1% acetic acid. Plates were air-dried, and the retained SRB was solubilized with 100 µL of 10 mM Tris base (pH 10.5). Optical densities were read in a spectrophotometer plate reader at 540 nm. Values are shown as mean ± S.D., n = four independent experiments in triplicate.




4.3. Cell Invasion Assay


For cell invasion assays, a quantity of 2 × 105 cells/well were seeded in a Transwell chamber with coating Matrigel (Sigma-Aldrich, St. Louis, MO, USA) as previously described [40]. Briefly, gastric cells were treated with RSV (5–25 μM) for 24 h or with Gliotoxin (100 ng/mL) for 1 h as a positive control and seeded into the upper chamber in a serum-free medium. A volume of 0.5 mL of medium containing 20% FBS was added to the lower chamber as a chemoattractant. After 48 h of incubation, the upper surface of the porous membrane was wiped off with a cotton swab. Cells that invaded the lower surface of the porous membrane were fixed with 50% methanol and stained with 0.1% crystal violet. Stained cells were counted in twenty random fields per filter, in a total of three filters (n = 3). Invasion was presented as percentage of Invasion = (number treated cells/number of control cells) × 100.




4.4. Determination of SOD Activity


For the determination of SOD activity, a number of 5 × 105 cells/well were seeded in 6-well plates and cultured for 24 h. Next, cells were treated with RSV (5–25 μM) or ethanol 1% for 24 h. Before treatment, cells were collected, lysed, and centrifuged (14,000× g for 5 min). The supernatants were collected, and the SOD activity was measured using the SOD Activity ELISA-kit (Catalog #K335, BioVision, Waltham, MA, USA), according to the instructions provided by the manufacturer. Results were normalized to total protein content as described previously [55].




4.5. Determination of NF-κB DNA-Binding Activity


For the determination of NF-κB DNA-binding activity, a set of 5 × 105 cells/well were seeded in 6-well plates and cultured for 24 h. Then, cells were treated with RSV (5–25 μM) or ethanol 1% for 24 h. Additionally, a negative control was included by treating the cells with Gliotoxin (100 ng/mL) for 2 h. Following treatment, cells were collected and centrifuged at 300× g for 5 min at 4 °C. Nuclear fractions were isolated and subsequently analyzed for NF-κB activity using the NF-κB (p50/p65) transcription factor assay kit (catalog #10011223, Cayman, Ann Arbor, MI, USA), following the manufacturer’s instructions.




4.6. Determination of Heparanase (HPSE) Activity


AGS and MKN45 gastric cells were treated with RSV (5–25 μM) or ethanol 1% for 24 h. Heparanase activity was measured using an ELISA-like assay using biotinylated heparan sulfate [56]. Briefly, the 96-well plate (Nalge Nunc, Rochester, NY, USA) was incubated with 200 µL of protamine sulfate (Sigma-Aldrich, St. Louis, MO, USA, 10 µg/mL) overnight at 37 °C. Subsequently, 100 µL of biotinylated heparan sulfate (10 µg/mL) was immobilized for 18 h at 37 °C. The enzymatic assay was performed in sodium acetate 25 mM, pH 5.5, in a final volume of 100 µL. A volume of 50 μL of the cellular extract was incubated with the pre-coated 96-well plate with biotinylated heparan sulfate. The immobilized biotinylated heparan sulfate not digested by heparanase was bound to streptavidin conjugated with europium. Then, an enhancement solution (200 μL) (PerkinElmer Life Sciences) was added to release the europium. Free europium was measured, and the data were analyzed in the MultiCalc software v2.7 (PerkinElmer Life Sciences-Wallac Oy, Turku, Finland). The product obtained via HPSE1 was expressed by the ratio of degraded heparan sulfate (HS) and total protein from the cellular fraction (μg degraded HS/μg total protein). The values were expressed as a percentage of heparanase activity.




4.7. Statistical Analysis


All assays were repeated in triplicate in at least three independent experiments, and all data were expressed as means ± S.D. Analysis of variance (ANOVA) for multiple comparisons was used as noted. In all cases, p < 0.05 was considered significant. All statistical tests were performed with the statistical analysis software Prism version 5 (GraphPad, San Diego, CA, USA)).





5. Conclusions


Resveratrol is a natural compound produced by several plants that has emerged as a potent antitumoral agent, whose mechanism of action involves its antioxidant and anti-inflammatory activities. In this work, we explored the ability of this molecule to inhibit the proliferation and invasion potential of gastric cancer cells. We showed that RSV reduces heparanase activity in AGS and MKN45 cells, which correlates with increased SOD activity and NF-κB transcriptional activity inhibition. Since heparanase is a critical effector during the metastasis process in gastric cancer development, these results provide valuable information for designing effective therapies based on the use of RSV. Currently, there are dozens of ongoing clinical trials with RSV (https://clinicaltrials.gov/ (accessed on 1 March 2022)) for both use and chemopreventive as a chemotherapeutic adjuvant, which seek to transfer to human medicine with favorable antineoplastic findings at the preclinical level. We hope that the results of this work and future preclinical studies in gastric cancer will lead to new clinical trials in order to get the most out of this promising molecule.







Author Contributions


Conceptualization: M.V.-V. and J.V.; methodology: D.R., A.M., M.A.S.P., M.P. and J.V.; formal analysis: D.R., S.S.M., M.P., M.A.S.P. and J.V.; investigation: D.R., A.M. and J.V.; resources: M.V.-V. and J.V.; data curation, D.R. and J.V.; writing—original draft preparation: M.V.-V. and J.V.; writing—review and editing: M.V.-V., M.A.S.P. and J.V. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Universidad Central de Chile, grant number CIP2019015 (MAVV) and Universidad de Valparaíso, grant number CI no. 05/06.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Not applicable.




References


	



Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [Google Scholar] [CrossRef] [PubMed]

	



Fares, J.; Fares, M.Y.; Khachfe, H.H.; Salhab, H.A.; Fares, Y. Molecular principles of metastasis: A hallmark of cancer revisited. Signal Transduct. Target. Ther. 2020, 5, 28. [Google Scholar] [CrossRef] [PubMed]

	



Lambert, A.W.; Pattabiraman, D.R.; Weinberg, R.A. Emerging Biological Principles of Metastasis. Cell 2017, 168, 670–691. [Google Scholar] [CrossRef] [PubMed]

	



Ganesh, K.; Massagué, J. Targeting metastatic cancer. Nat. Med. 2021, 27, 34–44. [Google Scholar] [CrossRef]

	



Gonzalez-Avila, G.; Sommer, B.; Mendoza-Posada, D.A.; Ramos, C.; Garcia-Hernandez, A.A.; Falfán-Valencia, R. Matrix metalloproteinases participation in the metastatic process and their diagnostic and therapeutic applications in cancer. Crit. Rev. Oncol. 2019, 137, 57–83. [Google Scholar] [CrossRef]

	



Abdel-Hamid, N.M.; Abass, S.A. Matrix metalloproteinase contribution in management of cancer proliferation, metastasis and drug targeting. Mol. Biol. Rep. 2021, 48, 6525–6538. [Google Scholar] [CrossRef]

	



Niland, S.; Riscanevo, A.X.; Eble, J.A. Matrix Metalloproteinases Shape the Tumor Microenvironment in Cancer Progression. Int. J. Mol. Sci. 2021, 23, 146. [Google Scholar] [CrossRef]

	



Mayfosh, A.J.; Nguyen, T.K.; Hulett, M.D. The Heparanase Regulatory Network in Health and Disease. Int. J. Mol. Sci. 2021, 22, 11096. [Google Scholar] [CrossRef]

	



Kessenbrock, K.; Plaks, V.; Werb, Z. Matrix Metalloproteinases: Regulators of the Tumor Microenvironment. Cell 2010, 141, 52–67. [Google Scholar] [CrossRef]

	



Sahoo, B.M.; Banik, B.K.; Borah, P.; Jain, A. Reactive Oxygen Species (ROS): Key components in Cancer Therapies. Anti-Cancer Agents Med. Chem. 2022, 22, 215–222. [Google Scholar] [CrossRef]

	



Nakamura, H.; Takada, K. Reactive oxygen species in cancer: Current findings and future directions. Cancer Sci. 2021, 112, 3945–3952. [Google Scholar] [CrossRef] [PubMed]

	



Trachootham, D.; Alexandre, J.; Huang, P. Targeting cancer cells by ROS-mediated mechanisms: A radical therapeutic approach? Nat. Rev. Drug Discov. 2009, 8, 579–591. [Google Scholar] [CrossRef] [PubMed]

	



Ko, J.; Sung, H.J.; Kim, Y.; Kang, H.; Sull, J.W.; Kim, Y.S.; Jang, S.-W. Inhibitory effect of Trolox on the migration and invasion of human lung and cervical cancer cells. Int. J. Mol. Med. 2011, 29, 245–251. [Google Scholar] [CrossRef] [PubMed]

	



Mori, K.; Uchida, T.; Yoshie, T.; Mizote, Y.; Ishikawa, F.; Katsuyama, M.; Shibanuma, M. A mitochondrial ROS pathway controls matrix metalloproteinase 9 levels and invasive properties in RAS-activated cancer cells. FEBS J. 2018, 286, 459–478. [Google Scholar] [CrossRef] [PubMed]

	



George, S.; Abrahamse, H. Redox Potential of Antioxidants in Cancer Progression and Prevention. Antioxidants 2020, 9, 1156. [Google Scholar] [CrossRef]

	



Harvie, M. Nutritional Supplements and Cancer: Potential Benefits and Proven Harms. Am. Soc. Clin. Oncol. Educ. Book 2014, 34, e478–e486. [Google Scholar] [CrossRef]

	



Ren, B.; Kwah, M.X.-Y.; Liu, C.; Ma, Z.; Shanmugam, M.K.; Ding, L.; Xiang, X.; Ho, P.C.-L.; Wang, L.; Ong, P.S.; et al. Resveratrol for cancer therapy: Challenges and future perspectives. Cancer Lett. 2021, 515, 63–72. [Google Scholar] [CrossRef]

	



Fu, X.; Li, M.; Tang, C.; Huang, Z.; Najafi, M. Targeting of cancer cell death mechanisms by resveratrol: A review. Apoptosis 2021, 26, 561–573. [Google Scholar] [CrossRef]

	



Zhang, L.-X.; Li, C.-X.; Kakar, M.U.; Khan, M.S.; Wu, P.-F.; Amir, R.M.; Dai, D.-F.; Naveed, M.; Li, Q.-Y.; Saeed, M.; et al. Resveratrol (RV): A pharmacological review and call for further research. Biomed. Pharmacother. 2021, 143, 112164. [Google Scholar] [CrossRef]

	



Truong, V.-L.; Jun, M.; Jeong, W.-S. Role of resveratrol in regulation of cellular defense systems against oxidative stress. BioFactors 2018, 44, 36–49. [Google Scholar] [CrossRef]

	



De Sá Coutinho, D.; Pacheco, M.T.; Frozza, R.L.; Bernardi, A. Anti-Inflammatory Effects of Resveratrol: Mechanistic Insights. Int. J. Mol. Sci. 2018, 19, 1812. [Google Scholar] [CrossRef] [PubMed]

	



Berman, A.Y.; Motechin, R.A.; Wiesenfeld, M.Y.; Holz, M.K. The therapeutic potential of resveratrol: A review of clinical trials. NPJ Precis. Oncol. 2017, 1, 35. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, H.-B.; Chen, J.-J.; Wang, W.-X.; Cai, J.-T.; Du, Q. Anticancer activity of resveratrol on implanted human primary gastric carcinoma cells in nude mice. World J. Gastroenterol. 2005, 11, 280–284. [Google Scholar] [CrossRef] [PubMed]

	



Teoh, M.L.T.; Fitzgerald, M.P.; Oberley, L.W.; Domann, F.E. Overexpression of Extracellular Superoxide Dismutase Attenuates Heparanase Expression and Inhibits Breast Carcinoma Cell Growth and Invasion. Cancer Res. 2009, 69, 6355–6363. [Google Scholar] [CrossRef]

	



Benitez, D.A.; Pozo-Guisado, E.; Alvarez-Barrientos, A.; Fernandez-Salguero, P.M.; Castellón, E.A. Mechanisms Involved in Resveratrol-Induced Apoptosis and Cell Cycle Arrest in Prostate Cancer-Derived Cell Lines. J. Androl. 2006, 28, 282–293. [Google Scholar] [CrossRef]

	



Mo, W.; Xu, X.; Xu, L.; Wang, F.; Ke, A.; Wang, X.; Guo, C. Resveratrol Inhibits Proliferation and Induces Apoptosis through the Hedgehog Signaling Pathway in Pancreatic Cancer Cell. Pancreatology 2011, 11, 601–609. [Google Scholar] [CrossRef]

	



Sengottuvelan, M.; Deeptha, K.; Nalini, N. Resveratrol ameliorates DNA damage, prooxidant and antioxidant imbalance in 1,2-dimethylhydrazine induced rat colon carcinogenesis. Chem. Interact. 2009, 181, 193–201. [Google Scholar] [CrossRef]

	



Xu, L.; Botchway BO, A.; Zhang, S.; Zhou, J.; Liu, X. Inhibition of NF-κB signaling pathway by resveratrol improves spinal cord injury. Front. Neurosci. 2018, 12, 690. [Google Scholar] [CrossRef]

	



Ren, Z.; Wang, L.; Cui, J.; Zeren, H.; Xue, J.; Cui, H.; Mao, Q.; Yang, R. Resveratrol inhibits NF-κB signaling through suppression of p65 and IB kinase activities. Die Pharm.-Int. J. Pharm. Sci. 2013, 68, 689–694. [Google Scholar]

	



Sokolova, O.; Naumann, M. NF-κB signaling in gastric cancer. Toxins 2017, 9, 119. [Google Scholar] [CrossRef]

	



Taniguchi, K.; Karin, M. NF-κB, inflammation, immunity and cancer: Coming of age. Nat. Rev. Immunol. 2018, 18, 309–324. [Google Scholar] [CrossRef] [PubMed]

	



Viatour, P.; Merville, M.P.; Bours, V.; Bours, V. Phosphorylation of NF-kappaB and IkappaB proteins: Implications in cancer and inflammation. Trends Biochem. Sci. 2005, 30, 43–52. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, W. Advances in NF-kappaB signaling transduction and transcription. Cell Mol. Immunol. 2004, 1, 425–435. [Google Scholar] [PubMed]

	



Mitchell, S.; Vargas, J.; Hoffmann, A. Signaling via the NFkappaB system. Wiley Interdiscip. Rev. Syst. Biol. Med. 2016, 8, 227–241. [Google Scholar] [CrossRef]

	



Ahmad, R.; Shihab, P.K.; Jasem, S.; Behbehani, K. FSL-1 induces MMP-9 production through TLR-2 and NF-κB/AP-1 signaling pathways in monocytic THP-1 cells. Cell. Physiol. Biochem. 2014, 34, 929–942. [Google Scholar] [CrossRef]

	



Hsieh, S.C.; Tsai, J.P.; Yang, S.F.; Tang, M.J.; Hsieh, Y.H. Metformin inhibits the invasion of human hepatocellular carcinoma cells and enhances the chemosensitivity to sorafenib through a downregulation of the ERK/JNK-mediated NF-κB-dependent pathway that reduces uPA and MMP-9 expression. Amino Acids 2014, 46, 2809–2822. [Google Scholar] [CrossRef] [PubMed]

	



Moirangthem, A.; Bondhopadhyay, B.; Mukherjee, M.; Bandyopadhyay, A.; Mukherjee, N.; Konar, K.; Bhattacharya, S.; Basu, A. Simultaneous knockdown of uPA and MMP9 can reduce breast cancer progression by increasing cell-cell adhesion and modulating EMT genes. Sci. Rep. 2016, 6, 21903. [Google Scholar] [CrossRef]

	



Cao, H.-J.; Fang, Y.; Zhang, X.; Chen, W.-J.; Zhou, W.-P.; Wang, H.; Wang, L.-B.; Wu, J.-M. Tumor metastasis and the reciprocal regulation of heparanase gene expression by nuclear factor kappa B in human gastric carcinoma tissue. World J. Gastroenterol. 2005, 11, 903–907. [Google Scholar] [CrossRef]

	



Riles, W.L.; Erickson, J.; Nayyar, S.; Atten, M.J.; Attar, B.M.; Holian, O. Resveratrol engages selective apoptotic signals in gastric adenocarcinoma cells. World J. Gastroenterol. 2006, 12, 5628–5634. [Google Scholar] [CrossRef]

	



Valenzuela, M.; Bastias, L.; Montenegro, I.; Werner, E.; Madrid, A.; Godoy, P.; Párraga, M.; Villena, J. Autumn Royal and Ribier Grape Juice Extracts Reduced Viability and Metastatic Potential of Colon Cancer Cells. Evid. -Based Complement. Altern. Med. 2018, 2018, 2517080. [Google Scholar] [CrossRef]

	



Yang, Z.; Xie, Q.; Chen, Z.; Ni, H.; Xia, L.; Zhao, Q.; Chen, Z.; Chen, P. Resveratrol suppresses the invasion and migration of human gastric cancer cells via inhibition of MALAT1-mediated epithelial-to-mesenchymal transition. Exp. Ther. Med. 2018, 17, 1569–1578. [Google Scholar] [CrossRef] [PubMed]

	



Ji, Q.; Liu, X.; Fu, X.; Zhang, L.; Sui, H.; Zhou, L.; Sun, J.; Cai, J.; Qin, J.; Ren, J.; et al. Resveratrol inhibits invasion and metastasis of colorectal cancer cells via MALAT1 mediated Wnt/β-catenin signal pathway. PLoS ONE 2013, 8, e78700. [Google Scholar] [CrossRef] [PubMed]

	



Hao, N.B.; Tang, B.; Wang, G.Z.; Xie, R.; Hu, C.-J.; Wang, S.M.; Wu, Y.-Y.; Liu, E.; Xie, X.; Yang, S.-M. Hepatocyte growth factor (HGF) upregulates heparanase expression via the PI3K/Akt/NF-kappaB signaling pathway for gastric cancer metastasis. Cancer Lett. 2015, 361, 57–66. [Google Scholar] [CrossRef] [PubMed]

	



Roemer, K.; Mahyar-Roemer, M. The basis for the chemopreventive action of resveratrol. Drugs Today 2002, 38, 571. [Google Scholar] [CrossRef]

	



Shaito, A.; Posadino, A.M.; Younes, N.; Hasan, H.; Halabi, S.; Alhababi, D.; Al-Mohannadi, A.; Abdel-Rahman, W.M.; Eid, A.H.; Nasrallah, G.K.; et al. Potential Adverse Effects of Resveratrol: A Literature Review. Int. J. Mol. Sci. 2020, 21, 2084. [Google Scholar] [CrossRef]

	



Radisky, E.S.; Raeeszadeh-Sarmazdeh, M.; Radisky, D.C. Therapeutic Potential of Matrix Metalloproteinase Inhibition in Breast Cancer. J. Cell. Biochem. 2017, 118, 3531–3548. [Google Scholar] [CrossRef]

	



Raeeszadeh-Sarmazdeh, M.; Do, L.D.; Hritz, B.G. Metalloproteinases and Their Inhibitors: Potential for the Development of New Therapeutics. Cells 2020, 9, 1313. [Google Scholar] [CrossRef]

	



Zheng, L.; Jiang, G.; Mei, H.; Pu, J.; Dong, J.; Hou, X.; Tong, Q. Small RNA interference-mediated gene silencing of heparanase abolishes the invasion, metastasis and angiogenesis of gastric cancer cells. BMC Cancer 2010, 10, 33. [Google Scholar] [CrossRef]

	



Ko, H.S.; Lee, H.J.; Kim, S.H.; Lee, E.-O. Piceatannol suppresses breast cancer cell invasion through the inhibition of MMP-9: Involvement of PI3K/AKT and NF-κB pathways. J. Agric. Food Chem. 2012, 60, 4083–4089. [Google Scholar] [CrossRef]

	



Tang, W.; Nakamura, Y.; Tsujimoto, M.; Sato, M.; Wang, X.; Kurozumi, K.; Nakahara, M.; Nakao, K.; Nakamura, M.; Mori, I.; et al. Heparanase: A Key Enzyme in Invasion and Metastasis of Gastric Carcinoma. Mod. Pathol. 2002, 15, 593–598. [Google Scholar] [CrossRef]

	



Rao, G.; Ding, H.G.; Huang, W.; Le, D.; Maxhimer, J.B.; Oosterhof, A.; van Kuppevelt, T.; Lum, H.; Lewis, E.J.; Reddy, V.; et al. Reactive oxygen species mediate high glucose-induced heparanase-1 production and heparan sulphate proteoglycan degradation in human and rat endothelial cells: A potential role in the pathogenesis of atherosclerosis. Diabetologia 2011, 54, 1527–1538. [Google Scholar] [CrossRef] [PubMed]

	



McKenzie, E. Heparanase: A target for drug discovery in cancer and inflammation. J. Cereb. Blood Flow Metab. 2007, 151, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Zcharia, E.; Jia, J.; Zhang, X.; Baraz, L.; Lindahl, U.; Peretz, T.; Vlodavsky, I.; Li, J.-P. Newly Generated Heparanase Knock-Out Mice Unravel Co-Regulation of Heparanase and Matrix Metalloproteinases. PLoS ONE 2009, 4, e5181. [Google Scholar] [CrossRef] [PubMed]

	



Villena, J.; Madrid, A.; Montenegro, I.; Werner, E.; Cuellar, M.; Espinoza, L. Diterpenylhydroquinones from Natural ent-Labdanes Induce Apoptosis through Decreased Mitochondrial Membrane Potential. Molecules 2013, 18, 5348–5359. [Google Scholar] [CrossRef] [PubMed]

	



Fukui, M.; Zhu, B.T. Mitochondrial superoxide dismutase SOD2, but not cytosolic SOD1, plays a critical role in protection against glutamate-induced oxidative stress and cell death in HT22 neuronal cells. Free Radic. Biol. Med. 2010, 48, 821–830. [Google Scholar] [CrossRef]

	



Melo, C.M.; Tersariol, I.L.S.; Nader, H.B.; Pinhal, M.A.S.; Lima, M.A. Development of new methods for determining the heparanase enzymatic activity. Carbohydr. Res. 2015, 412, 66–70. [Google Scholar] [CrossRef]








[image: Molecules 27 03047 g001 550] 





Figure 1. Effect of RSV treatment on cell viability of gastric cancer cell lines. AGS and MKN45 gastric cancer cells were treated with different concentrations of RSV (5–200 μM) for 24 h. Cell viability was determined using the SRB dye assay. Bars represent the percentage of viability in AGS (black bar) and MKN45 (white bar) cells in a dose-dependent manner compared to the control ethanol-treated cells (control 100% viability). Values represent means ± S.D. of four independent experiments. (* p < 0.05). 
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Figure 2. Effect of RSV on invasion potential of gastric cancer cell lines. AGS and MKN45 gastric cancer cells were treated with different concentrations of RSV (5–25 μM) for 24 h and then harvested and seeded into the upper compartment of the Boyden’s invasion chamber. The number of cells that moved into the lower chamber represented the invading cells. (a) After the RSV treatment, representative pictures of the invasion assay in AGS and MKN45 cells were presented (magnification ×100). (b) Bars represent the percentage of the invasion of AGS (black column) and MKN45 (white column) cells treated with different doses of RSV compared to the control ethanol-1%-treated cells (control 100% invasion). Data represent means ± S.D. of three independent experiments. * p < 0.001 vs. control. 






Figure 2. Effect of RSV on invasion potential of gastric cancer cell lines. AGS and MKN45 gastric cancer cells were treated with different concentrations of RSV (5–25 μM) for 24 h and then harvested and seeded into the upper compartment of the Boyden’s invasion chamber. The number of cells that moved into the lower chamber represented the invading cells. (a) After the RSV treatment, representative pictures of the invasion assay in AGS and MKN45 cells were presented (magnification ×100). (b) Bars represent the percentage of the invasion of AGS (black column) and MKN45 (white column) cells treated with different doses of RSV compared to the control ethanol-1%-treated cells (control 100% invasion). Data represent means ± S.D. of three independent experiments. * p < 0.001 vs. control.



[image: Molecules 27 03047 g002]







[image: Molecules 27 03047 g003 550] 





Figure 3. Effect of RSV on SOD activity in gastric cancer cell lines. AGS and MKN45 gastric cells were treated with different concentrations of RSV for 24 h (5–25 μM). SOD activity was determined using an ELISA method in AGS (black column) and MKN45 (white column) protein extracts. Data represent means ± S.D. of three independent experiments. * p < 0.05 vs. control. 
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Figure 4. Effect of RSV on NF-κB DNA-binding activity of gastric cancer cell lines. AGS and MKN45 gastric cancer cells were treated with different concentrations of RSV (5–25 μM). Bars represent the percentage of NF-κB DNA-binding activity in nuclear extracts from AGS (black column) and MKN45 (white column) compared to the control ethanol-treated cells (control 100% activity). NF-κB inhibitor Gliotoxin (100 ng/mL) was included as a positive control. Data represent means ± S.D. of three independent experiments. * p < 0.05 vs. control. 
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Figure 5. Effect of RSV on the heparanase activity of gastric cancer cell lines. AGS and MKN45 gastric cancer cells were treated with different concentrations of RSV (5, 12.5, and 25 μM) for 24 h. Heparanase activity was measured using biotinylated heparan sulfate as a substrate. Bars represent the percentage of enzymatic activity in AGS (black column) and MKN45 (white column) following RSV treatment compared to the ethanol-treated cells (control 100%). Values represent the means ± S.D. from triplicate experiments. * p < 0.05 vs. control. 
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