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Gastric cancer is one of the most common cancer and deadly disease worldwide. Despite substantial advances made in the treatment of gastric cancer, existing therapies still encounter bottlenecks. Chemotherapy, for instance, could lead to serious side effects, high drug resistance and treatment failure. Phytochemical-derived compounds from plants offer novel strategies as potent drug molecules in cancer therapy. Given the low toxicity and higher tolerance rate of naturally occurring compounds, the present study evaluated the effects of syringic acid on cytotoxicity, oxidative stress, mitochondrial membrane potential, apoptosis, and inflammatory responses in gastric cancer cell line (AGS). AGS cells were treated with various concentrations (5–40 μg/mL) of syringic acid for 24 h, after which cytotoxicity was analyzed. Reactive Oxygen Species (ROS), antioxidant enzyme activities, mitochondrial membrane potential (MMP, Δψm), cell morphologies, the expression of apoptotic markers and protein expression patterns were also investigated. Results indicated that syringic acid-treated cells developed anti-cancer activities by losing MMP, cell viability, and enhancing intracellular ROS. Syringic acid selectively developed apoptosis in a dose-dependent manner via enhanced regulation of caspase-3, caspase-9 and Poly ADP-ribose Polymerase (PARP) whereas decreasing the expression levels of p53 and BCL-2. Syringic acid also lowered activities of superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GSH-Px) whereas Thio Barbituric Acid Reactive Substances (TBARS) increased. Syringic acid suppressed gastric cancer cell proliferation, inflammation, and induced apoptosis by upregulating mTOR via AKT signaling pathway. The study suggests syringic acid may constitute a promising chemotherapeutic candidate for gastric cancer treatment. Our study is the first report on the anti-cancer effects of syringic acid against gastric cancer cells via apoptosis, inhibition of inflammation, and the suppression of the mTOR/AKT signaling pathway.
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INTRODUCTION

Gastric cancer is ranked as the 5th most common cancer and the 3rd most deadly disease worldwide, with high mortality rates in developing countries (1, 2). The risk of gastric cancer can be exacerbated by smoking, inadequate diet, obesity, environmental factors, age, infections caused by Helicobacter pylori and genetics (3). Recently, multiple therapies such as surgical excision with additional adjuvant chemoradiation or chemotherapy were suggested to increase the survival time of gastric cancer patients up to 5 years (1, 4, 5). However, chemotherapy could lead to serious side effects, high drug resistance, and treatment failure (6). Interest has particularly raised toward phytochemicals and naturally occurring compounds present in dietary natural products for gastric cancer treatment purposes - thanks to low toxicity and higher tolerance rate of plant-derived phytochemicals (7–9).

Phytochemicals derived from herbs (e.g., celastrol, curcumin, matrine, ginsenoside, and silibinin) have demonstrated stable efficacy and minimal toxicity toward gastric carcinoma patients (10). Syringic acid (4-hydroxy-3, 5-dimethoxybenzoic acid) is a naturally occurring compound which can be found in cereal grains, shiitake mushroom, olives, spices, pumpkin, grapes, honey, the leaves of Morus nigra, Radix Isatidis, Herba dendrobii and Alpinia calcarata Roscoe (11). Syringic acid possesses various physiological functions such as anti-inflammatory, anti-mitogenic, anti-oxidant, anti-cancer, anti-diabetic and hepatoprotective properties (11).

Studies have shown syringic acid can modulate proteins, transcriptional factors, growth factors and signaling molecules, particularly in various cancer cells (11, 12). Syringic acid can also alter soil rhizosphere microbiota, therefore plays a role in the communication between plant – microbes (13). Majority of syringic acid applications in industry has been focused on foods and cosmetics, water treatments, bioremediation, photocatalytic ozonation and laccase-based detoxification (11).

Given the urge to develop new anti-cancer drugs, plant-based bioactive phytochemicals offer high efficiency and low toxicity characteristics that could ultimately be used for the clinical treatment of gastric cancer patients. Therefore, the present study investigated whether syringic acid could exhibit any effects against gastric cancer cells and to provide an insight into the molecular pathways. The toxicity effect of syringic acid is not however investigated in the present work.



MATERIALS AND METHODS


Chemicals and Reagents

Syringic acid, trypsin-EDTA solution, dichloro-dihydro-fluorescein diacetate (DCFH-DA), 4,6-diamidino-2-phenylindole (DAPI), propidium iodide (PI), Nitro Blue Tetrazolium (NBT), Sodium Dodecyl Sulfate (SDS), malondialdehyde bis(dimethyl acetal) and sodium nitrate were procured from Sigma (Steinheim, Germany). Dulbecco's modified eagle medium (DMEM), penicillin, streptomycin, β-actin, Phosphate-Buffered Saline (PBS), 3-(4,5-Di-2-yl)-2,5-ditetrazolium bromide (MTT), fetal bovine serum (FBS), Rhodamine123 (Rh-123), xanthine, catalase, glutathione reductase, Nicotinamide Adenine Dinucleotide Phosphate (NADPH) were acquired from Gibco (Suzhou, China).



Maintenance of Cell Culture

Gastric cancer cell lines (AGS) were secured from Peking Union Cell Resource Center (Beijing, China) and cultured in a DMEM medium containing 10% FBS and 1% antibiotic solution. Cells were sustained at 37°C under 5% CO2, and the nutrient medium was replaced after 2–3 days. Cell passage was performed using the trypsin-EDTA solution to obtain a 75–80% confluency.



Cell Viability Assay

Cytotoxicity effects of syringic acid were assessed by MTT assay as previously described (14). In 96-well plates, 1 × 104 cells per each well were first seeded, after 24 h, treated with syringic acid (5, 10, 15, 20, 25, 30, 35, and 40 μg/mL) and incubated for 24 h. The MTT solution (10 μL) was added and incubated for 4 h in a CO2 incubator, after which absorbance was measured at 540 nm by a microplate reader (BioTek Instruments, Colmar, France). Cell viability was defined as percentage to untreated cells and calculated as follows: Cell viability % = (Abs treatedcells /Abs untreatedcells) × 100.



DCFH-DA Staining

Dichloro-dihydro-fluorescein diacetate (DCFH-DA) staining was used to detect ROS in cells. In brief, cells were first seeded, allowed to achieve cell adhesion for 24 h, after which exposed to 25 and 30 μg/mL syringic acid. A 15 μg DCFH-DA stain was introduced to the cells and incubated in the dark at 37°C for 30 min, centrifuged and washed 3 times using ice-cold PBS to remove excess DCFH-DA staining and measured by spectrofluorometer emission filters at 488/530 nm. Ultimately, fluorescence microscopy images of the control and treated cells were measured at 450/490 nm.



Acridine Orange (AO) and Ethidium Bromide (EB) Staining

Apoptotic morphological changes were determined by acridine orange/ethidium bromide (AO/EB) dual staining as previously described (15). In brief, AGS cells (1 × 104 cells per each well) were first seeded in 96-well plates, after 24 h cells were treated with 25 and 30 μg/mL syringic acid and incubated at 37°C for 2 h. Cells were washed with PBS and stained with AO/EB dual stains (1:1 ratio). The control and syringic acid-treated cells were stained by AO (100 μg/mL) and EB (100 μg/mL) for 5 min, after which, cell morphologies were evaluated using a fluorescent microscope.



DAPI Staining and Mitochondrial Membrane Potential

The diamidino-2-phenylindole (DAPI) staining was carried out as previously described (16), and Mitochondrial Membrane Potential (MMP) was also measured by Rh-123 (17). Cells were first added to 6-well plates for adherence and incubated at 37°C for 24 h in an incubator containing 5% CO2. Cells were treated with 25 and 30 μg/mL concentrations of syringic acid for 24 h, after which, washed twice with PBS, stained with DAPI and incubated for 20 min. Subsequently, DAPI-stained cells were treated with Rh-123 stain at 37°C for 30 min, washed twice with PBS to remove the surplus stains, and analyzed for changes in Δψm using fluorescent microscopy with 40× magnification.



Propidium Iodide Staining

To analyse DNA fragmentation in apoptosis, the Propidium iodide (PI) staining assay was carried out as previously described (18). After cell incubation, 25 and 30 μg/mL syringic acid were added to the cells for 24 h. Cells were washed twice with PBS and stained by PI (10 μg/mL) for 5 min after which analyzed by fluorescence microscopy.



Antioxidant Assays

AGS cells (1 × 104 cells per each well) were first seeded, after 24 h, cells were treated with 25 and 30 μg/mL syringic acid and incubated at 37°C for 2 h. Cells were harvested for superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) and thiobarbituric acid reactive substances (TBARS) assays as follows: For SOD assay the xanthine-xanthine oxidase system to reduce Nitro Blue Tetrazolium (NBT) was performed as previously described (19). The reaction mixture contained 1 mM EDTA, 50 mM potassium phosphate, 100 μM xanthine, catalase (100 U/mL), 56 μM NBT, 0.02% Triton X-100, 006% BSA and cellular lysate (0.125 mg protein) at pH 7.8 and 37°C. The absorbance was recorded for 5 min at 560 nm for monitoring NBT reduction. Upon a steady state absorbance change, the reaction was started by adding xanthine oxidase (XO, 8 mU/mL). The highest NBT reduction (100%) was obtained by replacing cellular sample with distilled water in the reaction tube. Total protein concentration was measured by the method of Bradford (20) and bovine serum albumin was used as standard. The amount of protein which inhibited 50% NBT reduction was defined as one unit of SOD activity. Results were expressed as 50% NBT reduction/min/mg protein.

The TBARS assay was carried out as previously described (21). For malondialdehyde standard, a 200 μM MDA bis(dimethyl acetal) solution was prepared fresh every time the TBARS assay was performed. In a glass tube, 200 μL sodium dodecyl sulfate (SDS 8% w/v) was added to 100 μL sample and gently whirled, after which 1.5 mL sodium acetate buffer (3.5 M, pH 4) and 1.5 mL thiobarbituric acid solution (aqueous 0.8%, pH 4) was added. The final volume was brought to 4 mL by adding distilled water. The reaction mixture was vortexed and heated in boiling water for 45 min, after which, cooled and centrifuged at 6000 rpm for 10 min. The absorbance of supernatants was read at 532 nm using a spectrophotometer (Novaspec II VisibleSpectro, Pharmacia Biotech, Uppsala, Sweden). MDA level was reported as nmol MDA per mg protein.

The activity of GSH-Px was determined as previously described (22). In brief, to each sample was added 2.68 mL phosphate buffer (0.05 M, pH 7.0), 0.1 mL ethylenediaminetetraacetic acid (EDTA, 0.005 M), 0.01 mL glutathione reductase, 0.10 mL NADPH (0.0084 M), 0.01 mL sodium nitrate (1.125 M), and 0.1 mL reduced glutathione (GSH, 0.15 M). A 0.1 mL 0.0022 M hydrogen peroxide was added to the mixture to initiate the enzymatic reaction. The conversion of NADPH to oxidized NADP+ was recorded by the changes in the absorbance at 340 nm between 2–4 min once the enzymatic reaction was initiated. An equal volume of cell lysis buffer was used as a control. One unit of GSH-Px enzyme activity was defined as 1 mM NADPH as converted to mM NADP+ utilized per mg protein per min.

The activity of CAT was determined as previously described (23). Briefly, to 10 μL supernatant was added 50 μL H2O2 (0.036% w/w) and incubated at 37°C for 1 min, after which the reaction was ceased by addition of sulfuric acid 5N and potassium permanganate solution 0.005 N. The reaction yielded a pink color and measured at 490 nm. The difference in absorbance per unit indicated catalase activity and data were expressed as μmol H2O2 utilized/min/mg protein. All experiments were performed in triplicates and results were shown as mean ± standard deviation.



Real-Time Polymerase Chain Reaction (RT-PCR)

Total RNA was isolated using the Rneasy Mini Kit (Qiagen, Hilden, German) as per the manufacturer's protocol. cDNAs were synthesized from 1 μg of total RNA using ImProm-II Reverse Transcriptase (Promega, Madison, USA). The set of primers used in the PCR reactions are listed in Table 1. A 20 μL sample was used in the amplification reaction at 95°C for 5 min, followed by 28 cycles at 95°C for 30 s, at 54°C for 45 s, at 72°C for 30 s, and ultimately 10 min at 72°C. To validate the effect of cDNA synthesis from modified cells, β-actin was used as a control. PCR products were investigated on 1.2% Seakem agarose gels.


Table 1. List of primer sets used in the study.
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Western Blotting

For Western blotting, syringic acid-treated cells were added to the protein lysis buffer and incubated at 4°C for 30 min, after which centrifuged with 14,000 rpm at 4°C for 30 min. The protein concentration in the supernatant was measured by the Bradford method. From the cell extracts, 25 and 30 μg/mL were subjected to SDS-PAGE based upon mass or volume from 8–15% and relocated to polyvinylidene fluoride (PVDF, Bio-Rad, CA, USA). The 5% skim milk was added in TBST buffer (153 mM NaCl, 10 mM Tris-HCl, 0.05% Tween 20, pH 7.5) at 20°C and incubated for 1 h. The PVDF membranes were incubated with primary antibody (p53, B-cell lymphoma 2 (BCL-2), Bad, caspase-3, caspase-9, Poly (ADP-ribose) polymerase (PARP), phosphorylated Akt (p-Akt), protein kinase B (AKT), phosphorylated mTOR (p-mTOR), mammalian target of rapamycin (mTOR), and β-actin at 4°C overnight. The PVDF membranes were washed thrice by TBST and incubated with secondary antibody (HRP conjugated) at 25°C for 2 h. The PVDF membranes were again washed thrice by TBST buffer. Enhanced chemiluminescence (ECL) detection agent (Thermo Fisher Scientific, Waltham, MA, USA) was employed to develop blots.



Statistical Analyses

Data were expressed as mean ± standard deviation in triplicate equivalent experiments. The statistical analyses were performed using one-way ANOVA by SPSS (Ver. 25.0, SPSS Inc., Chicago, IL, USA) and α at 95% was defined as a statistically significant difference.




RESULTS


Cell Viability

Syringic acid cytotoxicity effect at varying concentrations (5–40 μg/mL) against gastric cancer cells is represented in Figure 1A. The inhibition concentration (IC50) of syringic acid was found to be at 30 μg/mL and 50% of cell death occurred in the concentration ranges between 25 and 30 μg/mL. Therefore 25 and 30 μg/mL doses of syringic acid were selected for further investigations. A significant loss of morphological changes was also observed at 25 μg/mL syringic acid treatments, and the increase in syringic acid dose to 30 μg/mL resulted in further morphological alterations (Figure 1B).


[image: Figure 1]
FIGURE 1. Anti-proliferative effects of syringic acid on gastric cancer cells. (A) Cells were treated with various concentrations of syringic acid (5–40 μg/mL) for 24 h, and data were expressed as a percentage to the control to demonstrate cell cytotoxicity ratio. (B) Morphological changes in cancer cells upon a 24 h-treatment with 25 and 30 μg/mL syringic acid. The 50% cell death occurred in the concentration ranges between 25–30 μg/mL of syringic acid. Values are the mean ± standard deviation of three independent experiments.




Morphological Changes, MMP (Δψm), ROS Production and Antioxidant Status

Images of DAPI-stained cells with nuclear condensation and fragmentation indicated a significant increase in apoptotic cells upon treatment with 30 μg/mL syringic acid than the control (Figure 2A). The mitochondrial membrane potential (Δψm) of cells treated with syringic acid (25 and 30 μg/mL) is also illustrated (Figure 2B). The fluorescence dye red colouration highlights the accumulation of Rh-123 whereas the decrease in Rh-123 accumulation can be observed as yellow greenish (Figures 2B,C). The finding therefore indicates that Δψm decreased in syringic acid-treated cells which consequently led to mitochondrial-mediated apoptosis. Instead, substantial apoptosis-mediated morphological changes (i.e., apoptotic body formation and chromatin condensation) were observed. The apoptotic morphological changes demonstrated by dual staining AO/EB indicated red fluorescence stains of EB, which entered nuclei of apoptotic cells (Figure 2D). In contrast, a green dye of AO was generated only by un-damaged cells. Control cells showed a bright green fluorescence nucleus, which indicates live cells (Figure 2D). Cells also showed orange colouration, indicating untimely apoptosis, whereas red-stained cells indicate DNA damaged and delayed apoptosis (Figure 2D). The PI staining also showed apoptotic and necrotic changes suggesting that 30 μg/mL syringic acid induced apoptotic morphological damage in gastric cancer cells compared to the control (Figure 2E).


[image: Figure 2]
FIGURE 2. Effects of syringic acidin gastric cancer cells on mitochondrial membrane potential by DAPI staining (A), Rh-123 staining (B), and merged DAPI - Rh-123 (C). Nuclear morphological changes were investigated by AO/EB and PI stainings (D,E). Early apoptotic cells indicate green fluorescence; apoptotic cells indicate yellow fluorescence; late apoptotic cells indicate orange fluorescence. Cells were incubated for 24 h, and images depict 40× magnifications using a fluorescence microscope.


The ROS status in samples treated with 25 and 30 μg/mL syringic acid significantly (P < 0.05) increased (Figure 3A) and the oxidative stress in the antioxidant enzymes (GSH-Px, CAT, SOD) declined indicating the ROS generation process (Figure 3B). Such observation is because of two methoxy groups attached to the aromatic ring of syringic acid molecule at positions 3 and 5 (11, 24).


[image: Figure 3]
FIGURE 3. (A) Syringic acid induces intracellular ROS generation in AGS gastric cancer cells by DCFH-DA staining in which DCF fluorescence increased in a dose-depended manner of syringic acid (25 and 30 μg/mL) (B) Effects of syringic acid on antioxidant and lipid peroxidation enzymes actions. Cells treated with 25 and 30 μg/mL syringic acid for 24 h show a reduction in SOD, CAT, and GSH-Px, whereas an increase in TBARS. Values are the mean ± standard deviation of 3 independent experiments.




Expression of Molecular Markers, Pro-inflammatory Cytokines and mTOR/AKT Signaling Pathway

The immunoblotting analysis showed syringic acid at 25 and 30 μg/mL notably increased cleaved caspase-3, caspase-9, BAD and PARP whereas p53 and BCL-2 decreased (Figures 4A,B). The regulation of the mTOR/AKT signaling mechanism was also assessed to validate the effect of syringic acid on cells. Therefore, the occurrence of p-AKT and p-mTOR were assessed in syringic acid-treated cells, and results showed 30 μg/mL syringic acid effectively reduced the p-AKT and p-mTOR (Figures 4C,D) in which syringic acid down-regulated p-AKT and p-mTOR expression pattern. Other changes were also identified in the levels of AKT and mTOR (Figures 4C,D), indicating that phosphorylation of AKT and mTOR were downregulated by syringic acid. Findings, therefore, suggested syringic acid promoted apoptosis in cells by suppressing the activity of the mTOR/AKT. Suppressed expression of IL-6, NF-κB, TNF-α, and COX-2 in syringic acid-treated cells showed a more than 2-fold decrease at 30 μg/mL syringic acid concentration (Figure 5).


[image: Figure 4]
FIGURE 4. Regulatory effects of syringic acid at 25 and 30 μg/mL concentration on apoptotic markers of gastric cancer cells and expression pattern of (A) p53, BAD, BCL-2, caspase 3, caspase 9, PARP; (B) the fold changes induced; (C) mRNA expression of inflammatory markers; (D) relative protein expression of p-AKT and p-mTOR as quantified by Western blotting. Values are the mean ± standard deviation of 3 independent experiments, and statistical differences were determined at P < 0.05 level.
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FIGURE 5. Effects of syringic acid (25 and 30 μg/mL) on inflammatory markers of TNF-α, NF-κB, IL-6 and COX-2 in gastric cancer cells. Values are the mean ± standard deviation of 3 independent experiments and statistical differences was determined at p< 0.05 level.





DISCUSSION

Syringic acid can induce apoptosis in various cancer cells (11). We recently reported syringic acid exhibited cytotoxicity properties toward oral squamous cell carcinoma SCC131 (14). Syringic acid, in the present study, suppressed the growth of gastric cancer cells in a dose-dependent manner and the morphological changes in syringic acid-treated cells demonstrated increased number of dead cells. Syringic acid can induce oxidative stress and apoptosis due to nuclear fragmentation and DNA damage (25, 26), therefore resulted in the appearance of late apoptotic mediators as detected by AO/EB, PI and DAPI techniques in our study as well.

Early apoptotic cells were observed at 25 μg/mL syringic acid (bright green nuclei) whereas late apoptotic cells were found to be at 30 μg/mL syringic acid concentration (orange nuclei). We therefore suggested syringic acid significantly induced apoptosis in doses between 25–30 μg/mL. Our findings also suggest syringic acid induced apoptosis via a mitochondrial-dependent pathway. The mitochondrial membrane potential (Δψm) decreases with the leakage of electrons during the malignant cancer stage, in contrast, the depolarization of Δψm can be applied for inducing cancer cell death (27). The status of antioxidant enzyme in gastric cancer cells, in the present work, indicated an accumulation of ROS in syringic acid-treated cells. Our data also demonstrated syringic acid suppressed the release of pro-inflammatory cytokines (NF-κB, IL-6, COX-2, and TNF-α).

Syringic acid can inhibit cell proliferation via mitochondrial-mediated apoptotic pathways such as p53, cyt-C, BCL-2, Apaf-1, caspase-3, and caspase-9 proteins (28). Numerous anti-apoptotic proteins may be regulated such that cytochrome-c is leaked from mitochondria to the cytoplasm (27, 29) and contributes to the regulation of caspases (27). Our data indicated syringic acid selectively developed apoptosis in a dose-dependent manner via enhanced regulation of caspase-3, caspase-9 and PARP, whereas decreasing p53 and BCL-2 expression levels. The multi-stage development of gastric cancer is still not well understood. The mutation induction, regulation of oncogenes, and loss of tumor suppressor gene alteration are due to chromosome instability (30). The phosphorylated mTOR (p-mTOR) is a prognostic marker which occurs in the downstream processing of the PI3K/AKT/mTOR pathway in gastric cancer (31). The mTOR/AKT signaling plays a pivotal role in programming cell death and our data suggested syringic acid regulated the mTOR signaling pathway as the regulation of mTOR inhibited AKT.



CONCLUSION

Our study showed how syringic acid induced apoptosis by enhancing pro-apoptotic mediators and inhibiting anti-apoptotic protein expressions. The introduction of syringic acid to gastric cancer cells mainly inhibited the development of inflammatory mediators via regulation of the AKT/mTOR signaling pathway. Understanding the mode of action of phytochemicals can provide the rationale for a combinatory therapeutic strategy to battle cancer more effectively.

Limitations of the current study are the variety of histological differences in gastric cancer and the physiological properties of the stomach and the metabolic reactions in the gastrointestinal tract which may influence the bioactivity of syringic acid.

Future study can be focused on oral administration of syringic acid in pre-clinical/clinical models and exploring how microbiota can be affected. Genetics, epigenetics, metabolomics, and gut-microbiota investigations can advance our understanding how physiological functions and microbiota could alter a healthy, normal gastric mucosa to gastric cancer.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

JP, PV, and MZ: methodology, formal analysis, and writing original draft. PV, AV, and MZ: conceptualization and review and editing. JP: funding acquisition. ZF and MZ: supervision. MZ: project administration and visualization. ZF: resources. AV: review. All authors contributed to the article and approved the submitted version.



FUNDING

This study was funded by the National Natural Science Foundation of China (31801563), a Special Support Plan for High-Level Talents in Shaanxi Province (for JP), and the Foundation of Shaanxi Sanqin Scholars Innovation Team.



REFERENCES

 1. Van Cutsem E, Sagaert X, Topal B, Haustermans K, Prenen H. Gastric cancer. Lancet. (2016) 388:2654–64. doi: 10.1016/S0140-6736(16)30354-3

 2. Thrift AP, El-Serag HB. Burden of gastric cancer. Clin Gastroenterol Hepatol. (2020) 18:534–42. doi: 10.1016/j.cgh.2019.07.045

 3. Flores-Luna L, Bravo MM, Kasamatsu E, Ponce ECL, Martinez T, Torres J, et al. Risk factors for gastric precancerous and cancers lesions in Latin American counties with difference gastric cancer risk. Cancer Epidemiol. (2020) 64:101630. doi: 10.1016/j.canep.2019.101630

 4. Altman AM, Sheka AC, Marmor S, Lou E, Reynolds M, Hui JY, et al. The addition of chemoradiation to adjuvant chemotherapy is associated with improved survival in lymph node-positive gastric cancer. Surg Oncol. (2020) 34:134–9. doi: 10.1016/j.suronc.2020.04.010

 5. Wang T, Chen Y, Zhao L, Zhou H, Wu C, Zhang X, et al. The Effect of neoadjuvant therapies for patients with locally advanced gastric cancer: a propensity score matching study. J Cancer. (2021) 12:379. doi: 10.7150/jca.46847

 6. Apicella M, Corso S, Giordano S. Targeted therapies for gastric cancer: failures and hopes from clinical trials. Oncotarget. (2017) 8:57654. doi: 10.18632/oncotarget.14825

 7. Akhtar MS, Swamy MK. Anticancer Plants: Natural Products and Biotechnological Implements. Springer. (2018). doi: 10.1007/978-981-10-8064-7

 8. Khan H, Labanca F, Ullah H, Hussain Y, Tzvetkov NT, Akkol EK, et al. Advances and challenges in cancer treatment and nutraceutical prevention: the possible role of dietary phenols in BRCA regulation. Phytochem Rev. (2021) 20:1–16. doi: 10.1007/s11101-021-09771-3

 9. Yin X, Fang T, Wang Y, Zhang D, Li C, Xue Y. Prognostic significance of serum inflammation indexes in different Lauren classification of gastric cancer. Cancer Med. (2021) 10:1103–19. doi: 10.1002/cam4.3706

 10. Bayir AG, Kiziltan HS, Kocyigit A. Plant family, Carvacrol, and putative protection in gastric cancer. In: Dietary Interventions in Gastrointestinal Diseases Elsevier. (2019). p. 3–18. doi: 10.1016/B978-0-12-814468-8.00001-6

 11. Srinivasulu C, Ramgopal M, Ramanjaneyulu G, Anuradha C, Kumar CS. Syringic acid (SA)– A review of its occurrence, biosynthesis, pharmacological and industrial importance. Biomed Pharmacother. (2018) 108:547–57. doi: 10.1016/j.biopha.2018.09.069

 12. Rob M, Hossen K, Iwasaki A, Suenaga K, Kato-Noguchi H. Phytotoxic activity and identification of phytotoxic substances from Schumannianthus dichotomus. Plants. (2020) 9:102. doi: 10.3390/plants9010102

 13. Park YS, Ryu CM. Understanding plant social networking system: avoiding deleterious microbiota but calling beneficials. Int J Molec Sci. (2021) 22:3319. doi: 10.3390/ijms22073319

 14. Velu P, Vijayalakshmi A, Vinothkumar V. Syringic acid suppresses oral squamous cell carcinoma SCC131 cell proliferation via modulation of mitochondria-mediated apoptosis signaling pathways. J Biochem Mol Toxicol. (2020) 34:e22586. doi: 10.1002/jbt.22586

 15. Abijeth B, Ezhilarasan D. Syringic acid induces apoptosis in human oral squamous carcinoma cells through mitochondrial pathway. J Oral Maxillofac Pathol JOMFP. (2020) 24:40. doi: 10.4103/jomfp.JOMFP_178_19

 16. Liu J, Zhu X, Yang D, Li R, Jiang J. Effect of heat treatment on the anticancer activity of Houttuynia cordata Thunb aerial stem extract in human gastric cancer SGC-7901 cells. Nutr Cancer. (2021) 73:160–8. doi: 10.1080/01635581.2020.1737153

 17. Johnson LV, Walsh ML, Chen LB. Localization of mitochondria in living cells with rhodamine 123. Proc Nat Acad Sci. (1980) 77:990–4. doi: 10.1073/pnas.77.2.990

 18. Yu R-X, Yu R-T, Liu Z. Inhibition of two gastric cancer cell lines induced by fucoxanthin involves downregulation of Mcl-1 and STAT3. Hum Cell. (2018) 31:50–63. doi: 10.1007/s13577-017-0188-4

 19. Rodríguez-Enríquez S, Pacheco-Velázquez SC, Marín-Hernández Á, Gallardo-Pérez JC, Robledo-Cadena DX, Hernández-Reséndiz I, et al. Resveratrol inhibits cancer cell proliferation by impairing oxidative phosphorylation and inducing oxidative stress. Toxicol Appl Pharmacol. (2019) 370:65–77. doi: 10.1016/j.taap.2019.03.008

 20. Kruger NJ. The Bradford method for protein quantitation. In: The Protein Protocols Handbook. (2009). p. 17–24. doi: 10.1007/978-1-59745-198-7_4

 21. De Leon JAD, Borges CR. Evaluation of oxidative stress in biological samples using the thiobarbituric acid reactive substances assay. JoVE. (2020) 153:e61122.

 22. Buldak R, Gowarzewski M, Buldak L, Skonieczna M, Kukla M, Polaniak R, et al. Viability and oxidative response of human colorectal HCT-116 cancer cells treated with visfatin/eNampt in vitro. J Physiol Pharmacol. (2015) 66:557–66.

 23. Pannangrong W, Welbat JU, Chaichun A, Sripanidkulchai B. Effect of combined extracts of aged garlic, ginger, and chili peppers on cognitive performance and brain antioxidant markers in Aβ-induced rats. Experimental Animal. (2020) 19:0123. doi: 10.1538/expanim.19-0123

 24. Vo QV, Bay MV, Nam PC, Quang DT, Flavel M, Hoa NT, et al. Theoretical and experimental studies of the antioxidant and antinitrosant activity of syringic acid. J Org Chem. (2020) 85:15514–20. doi: 10.1021/acs.joc.0c02258

 25. Lindenboim L, Zohar H, Worman HJ, Stein R. The nuclear envelope: target and mediator of the apoptotic process. Cell Death Discovery. (2020) 6:1–11. doi: 10.1038/s41420-020-0256-5

 26. McArthur K, Kile BT. Apoptotic mitochondria prime anti-tumour immunity. Cell Death Discovery. (2020) 6:1–3. doi: 10.1038/s41420-020-00335-6

 27. Moehlman AT, Youle RJ. Mitochondrial quality ontrol and restraining innate immunity. Annu Rev Cell Dev Biol. (2020) 36:265–89. doi: 10.1146/annurev-cellbio-021820-101354

 28. Gheena S, Ezhilarasan D. Syringic acid triggers reactive oxygen species–mediated cytotoxicity in HepG2 cells. Human Experim Toxicol. (2019) 38:694–702. doi: 10.1177/0960327119839173

 29. Santucci R, Sinibaldi F, Cozza P, Polticelli F, Fiorucci L. Cytochrome c: an extreme multifunctional protein with a key role in cell fate. Int J Biol Macromol. (2019) 136:1237–46. doi: 10.1016/j.ijbiomac.2019.06.180

 30. Tsao AS, Scagliotti GV, Bunn PA Jr, Carbone DP, Warren GW, Bai C, et al. Scientific advances in lung cancer 2015. J Thoracic Oncol. (2016) 11:613–38. doi: 10.1016/j.jtho.2016.03.012

 31. Shi L, Wu Z, Miao J, Du S, Ai S, Xu E, et al. Adenosine interaction with adenosine receptor A2a promotes gastric cancer metastasis by enhancing PI3K–AKT–mTOR signaling. Mol Biol Cell. (2019) 30:2527–34. doi: 10.1091/mbc.E19-03-0136

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Pei, Velu, Zareian, Feng and Vijayalakshmi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnut-08-788929-g005.gif
:
g
H

12
09
06
03

12
09
06
03

Comrol 25

Syringicaid ()

Conrol 25

Briegte el ey

™

30

e

0

Induction fold

Induction old

12
09
06
03

15

12
0
06
03

NFB

Comrol 25 0

Syingic acd gty

cox2

Comrol 25 0

POTE





OPS/images/fnut-08-788929-t001.jpg
Primer sets

Nuclear factor-kappa B (NF-«B)
Cyclooxygenase-2 (COX-2)
Tumor necrosis factor-a (TNF-a)
Interleukin-6 (IL-6)

p-actin

Sense

5'-ATGGACGATCTGTTTCCCCT-8
5"-TGGGCCATGGAGTGGACTTA-3'
5'-TCTGGGCAGGTCTACTTTGG-3'
5'-AMAGAACCTGAACCTTCCAAAGA-S'
5'-AACCGCGAGAAGATGACCCAGATCATGTTT

Anti-sense

5'- CGGTTTACTCGGCAGATCTT-8'
5"-ATGAGOCTGCTGGTTTGGAA-'

5 -TCTTCTCAAGTCCTGCAGCA-8'
5'-GCAAGTGTCCTCATTGAATCCA-S'
5'-AGCAGCCGTGGCCATCTCTTGCTCGAAGTC:






OPS/images/fnut-08-788929-g003.gif
T ———

FRTSTo——

ey

B

B

B

B

Control 25 pg/mL.

Contol

Contol

s00

2 0

Syinicacd o)

Gsitax

3 0

S ity

30 ug/mtL.

Coneal

Conl

A
2 0
pr——
ToaRs
2 0

‘Syrisgicackd (npiml)





OPS/images/fnut-08-788929-g004.gif
Syringlc ackd (ug/mu

"
. ] Contt-
-
J o] R
2 i
fl 1 ) i |
1 e .
ot paon

[ ——)
s prateln o





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Effects of Syringic Acid on Apoptosis, Inflammation, and AKT/mTOR Signaling Pathway in Gastric Cancer Cells



		Introduction



		Materials and Methods



		Chemicals and Reagents



		Maintenance of Cell Culture



		Cell Viability Assay



		DCFH-DA Staining



		Acridine Orange (AO) and Ethidium Bromide (EB) Staining



		DAPI Staining and Mitochondrial Membrane Potential



		Propidium Iodide Staining



		Antioxidant Assays



		Real-Time Polymerase Chain Reaction (RT-PCR)



		Western Blotting



		Statistical Analyses







		Results



		Cell Viability



		Morphological Changes, MMP (Δψm), ROS Production and Antioxidant Status



		Expression of Molecular Markers, Pro-inflammatory Cytokines and mTOR/AKT Signaling Pathway







		Discussion



		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
’ frontiers
in Nutrition

Effects of Syringic Acid on
Apoptosis, Inflammation, and
AKT/mTOR Signaling Pathway in
Gastric Cancer Cells





OPS/images/fnut-08-788929-g001.gif
Syringic acid (ug/mL)

30 pg/ml.

25 pg/ml.






OPS/images/fnut-08-788929-g002.gif
OAPItaiing

Merged DAPI -
#4123 taning

Aofee saiing

o










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Nutrition





