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Abstract


The rhizomes of Alpinia galanga (Thai ginger) have been used extensively as a spice in Southeast Asian and Arabian cuisines and reported to possess a wide range of biological properties, such as antioxidant, antimicrobial, and antibacterial. However, the specific molecular and cellular mechanisms underlying the anti-tumor effects induced by Thai ginger and its corresponding active compounds have been poorly characterized. We found that upon EtOH extraction, Thai ginger extract exhibits cytotoxic activity (IC50 < 10 μg/mL) and triggers cell death via caspase-dependent apoptosis in human ovarian cancer cells. Among the three major compounds isolated from the extract, 1′-acetoxyeugenol acetate (AEA) exhibited potent cytotoxic activity in human ovarian cancer cells, SKOV3 and A2780. AEA induced apoptotic cell death through the activation of caspases-3 and -9. Notably, AEA enhanced the intracellular levels of reactive oxygen species (ROS), and the application of an antioxidant markedly reversed AEA-induced apoptosis of ovarian cancer cells. The knockdown of p47phox, a subunit of NADPH oxidase, suppressed both the pro-apoptotic and ROS-inducing effects of AEA. Additionally, the activation of the mitogen-activated protein kinase (MAPK) pathway by AEA through ROS regulation was found to be involved in AEA-induced apoptosis. Altogether, these results suggest that AEA exhibits potent apoptosis-inducing activity through the activation of the intrinsic pathway via ROS-mediated MAPK signaling in human ovarian cancer cells.
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1. Introduction


Ovarian cancer is the most fatal gynecological cancers around the world [1]. Since there are no unambiguous symptoms, patients are mostly diagnosed at stage 3 or 4, resulting in a 5-year survival rate of approximately 30% in the past 30 years [2]. Debulking surgery and chemotherapy with taxane and platinum agents remain the standard-of-care first-line treatments for ovarian cancer. Due to the severe adverse effects and drug resistance of taxane/platinum-based chemotherapy [3], a novel therapeutic agent that would help improve the quality of life and survival rate of patients with ovarian cancer is urgently needed.



Alpinia galanga (L.) Willd. is widely cultivated in subtropical and tropical regions and is especially abundant in Asian countries, such as China, Thailand, Indonesia, India, and the Philippines [4]. The rhizomes of A. galanga, commonly known as “Thai ginger”, have been used extensively as a spice in Southeast Asian and Arabian cuisines. For example, the rhizomes are common ingredients in Thai curries and soups, such as tom kha kai, and used as fresh chunks, sliced, crushed, and mixed into a curry paste, or used to create a spicy taste [5]. Thai ginger has been used to treat eczema, diarrhea, abdominal pain, and cholera as part of traditional medicine [6,7]. Recent experimental studies have demonstrated that ginger extracts have various biological properties, such as anti-inflammatory, antimicrobial, antioxidant, antibacterial, and anti-tumor [8,9,10,11,12]. 1′-Acetoxychavicol acetate (ACA), one of the major constituents of Thai ginger, has been intensively studied as a major active compound for the bioactivity of ginger. To date, numerous pharmacological properties of ACA have been reported, including anti-tumor, anti-obesity, anti-allergy, anti-microbial, anti-diabetic, gastroprotective, and anti-inflammatory [13,14,15,16]. In particular, the inhibitory effect of ACA on carcinogenesis has been demonstrated in several animal models of various tumor types, including colon, liver, esophageal, skin, and prostate cancers [17,18,19,20,21]. Moreover, ACA has been shown to induce apoptosis and cell cycle arrest and inhibit angiogenesis and invasion in several cancer cell lines [22,23]. However, little is known regarding the effects of 1′-acetoxyeugenol acetate (AEA), another active compound in A. galanga, on human cancer. Moreover, there is no report regarding the effects of Thai ginger and its major constituents, including ACA and AEA, on human ovarian cancer. Therefore, in this study, we investigated the effect of Thai ginger extracts and the corresponding isolated compounds on human ovarian cancer cells and the underlying molecular mechanisms.




2. Materials and Methods


2.1. Sample Preapration


The dried rhizomes of A. galanga (Zingiberaceae) used in the study were provided by GMP BIO Co., LTD. (Seoul, South Korea) in June 2018. A specimen (ALGA-2018) has been stored in the Laboratory of Natural Product Medicine, College of Pharmacy, Kyung Hee University. The origin of A. galanga rhizome was confirmed by Dae Sik Jang. The dried and powdered rhizomes of A. galanga (100 g) were extracted twice with hot water (1 L) at 100 °C in a water bath for 2 h. To give a water extract (21 g), the solvent was evaporated at 45 °C in vacuo. As for the EtOH extract, the dried and powdered rhizomes (1.0 kg) were extracted with 95% EtOH (10 L) at room temperature three times, each for 24 h. The EtOH extract (47.78 g) was fractionated using silica gel column chromatography (CC) (230–400 mesh, ϕ 6.6 × 44.0 cm, n-hexane-EtOAc = 8.5:1.5 to 5:5, v/v) to obtain 24 fractions (E1~E24). Fraction E9 (6.41 g) was separated into six subfractions (E9-1~E9-6) using Sephadex LH-20 CC (ϕ 3.6 × 65.0 cm), with CH2Cl2-MeOH (5:5, v/v). 1′-Acetoxychavicol acetate (3.98 g) was purified from subfractions E9-2 and E9-3 using reversed-phase CC (YMC gel 75 μm, ϕ 3.8 × 30.0 cm). Eugenyl acetate (14.6 mg) was separated by a flash chromatographic system with a Redi Sep-C18 cartridge (43 g, acetonitrile-H2O = 3.5:6.5 to 7:3, v/v) from fraction E6 (175.3 mg). Fraction E13 (453.8 mg) was chromatographed over silica gel CC (230–400 mesh, ϕ 2.9 × 32.0 cm, n-hexane-CH2Cl2-MeOH = 8.5:1:1 to 7:2:2, v/v/v) to afford 1′-acetoxyeugenol acetate (36.8 mg). The structure of AEA was identified by comparing previously reported spectroscopic data [24] (Supplementary Figure S1). The purity of AEA was determined as >95% by using UPLC (ultra-performance liquid chromatography) and NMR (nuclear magnetic resonance) experiments (Supplementary Figures S2–S4). The extracts and compounds were stored in a −20 °C freezer before the experiment.



[1′S]-1′-Acetoxyeugenol acetate (AEA) Colorless oil; [α]D21: −16.6° (c 0.21, EtOH); 1H-NMR (500 MHz, chloroform-d) δH 7.01 (1H, d, J = 8.5 Hz, H-2), 6.94 (2H, m, H-3,6), 6.25 (1H, dt, J = 6.0, 1.0 Hz, H-1′), 5.99 (1H, ddd, J = 17.0, 10.5, 6.0 Hz, H-2′), 5.31 (1H, dt, J = 17.0, 1.0 Hz, H-3′a), 5.26 (1H, dt, J = 10.5, 1.0 Hz, H-3′b), 3.83 (3H, s, OCH3), 2.31 (3H, s, OCOCH3), 2.12 (3H, s, OCOCH3); 13C-NMR (125 MHz, chloroform-d) δc 170.1 (OCOCH3), 169.2 (OCOCH3), 151.2 (C-2), 139.7 (C-1), 137.9 (C-4), 136.1 (C-2′), 123.0 (C-6), 119.8 (C-5), 117.2 (C-3′), 111.6 (C-3), 75.9 (C-1′), 56.1 (OCH3), 21.4 (OCOCH3), 20.9 (OCOCH3).




2.2. Cell Culture


Human ovarian cancer cell lines (SKOV3 and A2780) and a human normal kidney cell line (HEK293) were originally obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA). Roswell Park Memorial Institute (RPMI) 1640, fetal bovine serum (FBS), streptomycin sulfate, and penicillin were procured from Life Technologies Inc. (Grand Island, NY, USA). The ovarian cancer cells were cultured in RPMI 1640 medium containing 5% FBS, streptomycin sulfate (100 μg/mL), and penicillin (100 U/mL) in a 5% CO2 at 37 °C. Caspase inhibitors z-VAD-fmk, z-IETD-fmk, and z-LEHD-fmk were purchased from Calbiochem (Bad Soden, Germany). N-Acetyl-l-cysteine (NAC) and all inhibitors for MAPKs were acquired from Sigma Chemical (St. Louis, MO, USA).




2.3. Cell Viability Assay


SKOV3 and A2780 cells were seeded at a density of 1.0 × 105 cells/mL in a 96-well plate containing 50 μL of RPMI medium in each well and incubated for 24 h. Various concentrations of extracts and compounds dissolved in dimethyl sulfoxide (DMSO) were mixed with RPMI 1640 medium and added into cells in each well. The final concentration of DMSO in the medium did not exceed 0.1%. Following 24 h or 48 h incubation, 50 μL of MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) solution was added into each well to achieve a final concentration of 0.5 mg/mL and then incubated for an additional 4 h [25]. MTT was procured from Molecular Probes Inc. (Eugene, OR, USA). After discard of the medium, the intracellular formazan crystal was dissolved in DMSO (50 μL). A microplate spectrophotometer (SpectraMax; Molecular Devices, Sunnyvale, CA, USA) was used to measure the optical density at 540 nm.




2.4. Annexin V and PI Double Staining for Apoptosis Analysis


Annexin V-fluorescein isothiocyanate (FITC) detection kit was purchased from BioBud (Seoul, South Korea). SKOV3 and A2780 cells were seeded at a density of 1.0 × 105 cells/mL and incubated for 24 h. After treatment with EtOH extract (5, 10, and 20 µg/mL) or AEA (2.5, 5, and 10 µM for A2780 and 6, 12, and 24 µM for SKOV3) for 24 h, the cells were harvested, washed twice with ice-cold phosphate-buffered saline (PBS), and mixed with 500 μL of binding buffer (2.5 mM CaCl2, 10 mM HEPES, 140 mM NaCl, PH 7.4). In total, 1.25 μL of FITC-conjugated Annexin V was added into the suspended cells, and the mixture was incubated for 15 min. Then, 10 μL of PI (50 mg/mL) was added and incubated for 5 min in the dark place. The fluorescence of the cell mixtures was assessed by using Guava® easyCyte flow cytometry (EMD Milipore, Bilerica, MA, USA).




2.5. Western Blotting Analysis


A2780 cells were treated with AEA (2.5, 5, or 10 μM) in the presence or absence of NAC (5 mM) for 24 h. Following the treatment, the cells were harvested and washed three times with ice-cold PBS. In order to obtain the total cellular proteins, the cells were lysed with a protein lysis buffer (Intron Biotechnology, Seoul, South Korea) according to the manufacturer’s instructions. Bradford assay was used for the protein determination. The protein mixture was denatured using 5× SDS (sodium dodecyl sulfate) sample buffer and 5 min boiling at 95 °C. SDS-PAGE (polyacrylamide gel electrophoresis) was performed using the denatured samples. After SDS-PAGE, separated proteins were transferred to polyvinylidene difluoride membranes (EMD Milipore), which were blocked with 5% skim milk for 1 h afterward. After discarding the blocking solution, primary antibodies (Supplementary Table S1) were added into the membranes in 1% skim milk for incubation overnight at 4 °C. After a subsequent washing three times with TBS-T (Tris-buffered saline containing Tween-20), the membrane was incubated with a secondary antibody at room temperature for 2 h. Secondary antibodies were procured from The Jackson Laboratory (West Grove, PA, USA). TBS was purchased from Boster Biological Technology Ltd. (Wuhan, China). To visualize the immunoreactive bands, an enhanced chemiluminescence (ECL) kit (EMD Millipore) and Image Quant Las-4000 (GE Healthcare Life Science, WI, USA) were used. The relative intensity of protein bands was assessed by Image J software (NIH, Bethesda, MD, USA).




2.6. Determination of Intracellular Reactive Oxygen Species


Dichlorofluorescein diacetate (DCFH-DA) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used to measure the intracellular levels of ROS in human ovarian cancer cells. SKOV3 and A2780 cells were seeded at a density of 1.0 × 105 cells/mL and treated with AEA (5 µM) for the desired time intervals. The cells were stained with DCFH-DA (20 µM) at 37 °C for 30 min. The fluorescent intensity was analyzed by Guava® easyCyte flow cytometry.




2.7. Gene Knockdown Using siRNA


Small interfering RNAs (siRNAs) for p47phox (NM_000265) were purchased from Dharmacon (Lafayette, CO, USA), while non-specific siRNA was obtained from Bioneer technology (Daejon, South Korea). The cells were plated in 6-well plates and grew for 24 h before transfection. After cells were cultured to 70–80 % confluence, the cells were incubated with a transfection mixture and allowed to recover for an additional 24 h before the experiment according to the manufacturer’s instructions. Each transfection mixture contained siRNA at a final concentration of 20 nM and lipofectamine® RNAiMAX transfection reagent (Invitrogen, Carlsbad, CA, USA) in serum-free Opti-MEM. Real-time RT-PCR was used to confirm the downregulation of p47phox. Amplification of cDNA was carried out according to the manufacturer’s instruction using an SYBR Premix Ex Taq™ Kit (TAKARA, Kyoto, Japan). Duplicate measurements were used to calculate the mean cycle threshold (Ct) of p47phox, and Ct values were normalized with the mean Ct of β-actin (NM_001101), a control gene. The primers used in this study were as follows: for p47phox sense primer, 5′-GTCAGATGAAAGCAAAGCGA-3′, for anti-sense primer, 5′-CATAGTTGGGCTCAGGGTCT-3′, for β-actin sense primer, 5′-CAAACATGATCTG GGTCATC-3′, for anti-sense primer, 5′-GCTCGTCGTCGACAACGGCT-3′.




2.8. Statistical Analysis


The data are shown as the mean ± SD. Student’s t-test and one-way analysis of variance were used to determine statistically significant differences. p-value < 0.05 was considered to be statistically significant.





3. Results


3.1. Cytotoxicity Effect of EtOH Extract and Isolated Compounds of Thai Ginger on Human Ovarian Cancer Cells


The effect of water and EtOH extracts of Thai ginger on the viability of human ovarian cancer cells was assessed. The EtOH extract of Thai ginger exhibited potent cytotoxic activity in two ovarian cancer cell lines, SKOV3 and A2780, with IC50 values below 10 µg/mL; however, the water extract of Thai ginger did not exert an effect on the cell viability (Figure 1A). Annexin V-PI double staining revealed that the EtOH extract induced a significant increase in the number of apoptotic cells (Figure 1B). Additionally, z-VAD fmk, a broad caspase inhibitor, significantly suppressed cell death induced by the EtOH extract of Thai ginger (Figure 1C). These results suggest that the EtOH extract of Thai ginger induces caspase-dependent apoptosis in human ovarian cancer cells.



To identify the compounds from the EtOH extract of Thai ginger with cytotoxic activity against human ovarian cancer cells, we examined the effect of three major compounds, including 1′-acetoxychavicol acetate (ACA), eugenyl acetate, and 1′-acetoxyeugenol acetate (AEA) (Table 1). ACA and AEA, but not eugenyl acetate, exhibited a significant cytotoxic effect against both SKOV3 and A2780 cells, with IC50 values in the range of 10.01–14.13 μM, indicating that 7-acetoxy groups in ACA and AEA are important to exert cytotoxicity. Cisplatin, a positive control, showed significant cytotoxicity on human normal kidney HEK293 cells (IC50 value of 6.56 μM) as well as SKOV3 and A2780 cells (IC50 values of 21.13 μM and 19.00 μM, respectively). This observation is consistent with that nephrotoxicity is a well-known side effect of cisplatin in ovarian cancer treatment. Notably, ACA and AEA showed weak cytotoxicity against HEK293 cells compared with cisplatin.



To the best of our knowledge, this is the first report demonstrating the cytotoxic activity of Thai ginger extract, ACA, and AEA against human ovarian cancer cells. Although the anti-tumor activity and underlying molecular mechanism of ACA have been extensively studied in various types of cancer cells, the anti-tumor activity of AEA has been poorly characterized. Therefore, we further examined the molecular mechanism underlying the inhibitory effect of AEA on ovarian cancer cell viability.





[image: Antioxidants 11 00293 g001] 





Figure 1. Effects of EtOH extract on cell viability and caspase-dependent apoptosis in human ovarian cancer cells. (A) SKOV3 and A2780 cells were treated with EtOH and water extracts for 48 h. MTT assay was performed for the cell viability. * p < 0.05 compared with control (B) A2780 cells were incubated with 5, 10, and 20 µg/mL of EtOH extract and cisplatin (10 µM) for 24 h. Annexin-V-PI double staining assay was performed. (C) After pretreatment with z-VAD fmk (50 µM), a broad caspase inhibitor, for 2 h, A2780 cells were treated with the EtOH extract (10 µg/mL) for 24 h. MTT assay was used to analyze cell viability. Data from one representative experiment of three independent experiments are shown * p < 0.05. 
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3.2. AEA Leads to Cell Death via Caspase-Dependent Apoptosis in Human Ovarian Cancer Cells


AEA enhanced the number of annexin V-positive apoptotic cells in a dose-dependent manner, as observed in the flow cytometry analyses of both SKOV3 and A2780 cells (Figure 2A,B), suggesting that apoptosis was involved in inhibiting the cell growth mediated by AEA. In the majority of cases, caspases act as mediators to activate the apoptosis pathway [26]. Z-VAD-fmk (a broad caspase inhibitor) significantly reversed AEA-induced cell death (Figure 3A), indicating that AEA induced caspase-dependent apoptosis. Therefore, z-IETD-fmk (caspase-8 inhibitor) and z-LEHD-fmk (caspase-9 inhibitor) were used to investigate whether AEA-induced caspase-dependent apoptosis is related to intrinsic or extrinsic pathways. z-LEHD-fmk, but not z-IETD-fmk, significantly affected AEA-induced cell death (Figure 3B). Consistent with the study on inhibitory effects, AEA treatment significantly enhanced the levels of cleaved forms of caspase-3 and -9 and PARP, a well-known caspase-3 substrate (Figure 3C). These results suggested that AEA induces intrinsic caspase-dependent apoptosis in human ovarian cancer cells.
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Figure 2. Effect of AEA on apoptosis in human ovarian cancer cells (A,B) SKOV3 (A) and A2780 (B) cells were incubated with AEA for 24 h. Apoptotic cell death analysis was performed by flow cytometry after Annexin V/PI staining double staining. Data from one representative experiment of three independent experiments are shown. * p < 0.05 compared with control. 
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Figure 3. Involvement of caspases in AEA-induced apoptosis in human ovarian cancer cells. (A) A2780 cells were treated with AEA (5 µM) for 24 h following a 2 h pretreatment with a broad caspase inhibitor z-VAD-fmk (50 μM). Cell viability was determined using an MTT assay. (B) A2780 cells were pretreated with z-IETD-fmk (a caspase-8 inhibitor; 50 µM) and z-LEHD-fmk (caspase-9 inhibitor; 75 µM) for 2 h, and then treated with AEA (5 µM) for 24 h. Cell viability was measured using an MTT assay. (C) A2780 cells were treated with the indicated concentration of AEA (2.5, 5, and 10 µM) for 24 h. Cleaved caspase-3 and caspase-9 and PARP levels were analyzed by Western blotting. Results are representative of three independent experiments. * p < 0.05. 
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3.3. ROS Production Is Involved in AEA-Induced Apoptosis through NADPH Oxidase Activation


An increase in the intracellular reactive oxygen species (ROS) has been shown to induce apoptotic cell death in cancer cells [27]. Therefore, we evaluated the effect of AEA on the intracellular ROS levels in human ovarian cancer cells. AEA treatment led to an increase in the fluorescence intensity of DCF-DA in A2780 cells (Figure 4A), suggesting enhanced levels of ROS. Additionally, the antioxidant NAC markedly inhibited the effect of AEA on cell viability (Figure 4B). These data suggest that AEA induces ovarian cancer cell death via intracellular ROS production. We further investigated whether NADPH oxidase (NOX), a transmembrane enzyme that induces ROS production via NADPH oxidation, is associated with AEA-induced apoptosis using siRNA targeting p47phox, a subunit of NOX. The knockdown of p47phox in A2780 cells (Figure 5A) significantly reduced the inhibitory effect of AEA on cell viability (Figure 5B). Additionally, the increase in intracellular ROS levels by AEA was alleviated through p47phox knockdown (Figure 5C). These results indicate that NOX activation is involved in AEA-induced ROS generation and apoptosis in human ovarian cancer cells.





[image: Antioxidants 11 00293 g004] 





Figure 4. Involvement of ROS production in AEA-induced cell death in human ovarian cancer cells. (A) A2780 cells were treated with AEA (5 µM) for the indicated times (1, 2, and 4 h). After staining with DCF-DA (2′,7′-dichlorofluorescin diacetate) according to the manufacturer’s protocol, the cells were subjected to flow cytometry analysis. (B) After pretreatment with N-Acetyl-l-cysteine (NAC, 5 mM) for 30 min, the cells were treated with AEA (5 µM) for 24 h. Cell viability was measured using an MTT assay. Results are representative of three independent experiments. * p < 0.05. 
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Figure 5. Involvement of the NADPH oxidase activation in AEA-induced apoptosis in human ovarian cancer cells. (A) A2780 cells were transfected with control siRNA or p47phox siRNA (20 nM). The levels of p47phox mRNA and protein were determined by real-time RT-PCR and Western blotting, respectively. (B) After the transfection with control or p47phox siRNA for 24 h, the cells were treated with AEA (5 µM) for 24 h. Cell viability was measured using an MTT assay. (C) A2780 cells were stained with DCF-DA and then analyzed using flow cytometry. Data from one representative experiment of three independent experiments are shown. * p < 0.05. 
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3.4. MAPKs Activation Is Involved in AEA-Induced Apoptosis


The mitogen-activated protein kinases (MAPKs) include ERK1/2, p38, and JNK subfamilies, which are key regulators of cell growth and apoptosis in cancer cells [28]. To investigate whether the activation of p38, JNK, and ERK1/2 is required for AEA-induced cell death, specific inhibitors of these signaling pathways were used. Here, we found that SB203580 (p38 inhibitor), SP600125 (JNK inhibitor), and PD98059 (ERK1/2 inhibitor) significantly dampened the growth inhibitory effect induced by AEA (Figure 6A), suggesting that the MAPKs are involved in the AEA-induced cell death. Considering that AEA induces ovarian cancer cell death via intracellular ROS production and ROS is known to activate the MAPKs, we further examined whether ROS mediate the activation of p38, JNK, and ERK1/2 stimulated by AEA. Pretreatment with antioxidant NAC markedly attenuated AEA-induced activation of p38, JNK, and ERK1/2 in A2780 cells (Figure 6B). These data suggest that an ROS-regulated MAPK signaling pathway is required for AEA-induced apoptosis in human ovarian cancer cells.
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Figure 6. Involvement of MAPK pathways in AEA-induced cell death in human ovarian cancer cells (A) A2780 cells were pretreated with a p38 inhibitor SB203580 (1 µM), JNK inhibitor SP600125 (1 µM), or ERK inhibitor PD98059 (0.5 µM) for 30 min, and then treated with AEA (5 µM) for 24 h. MTT assay was carried out to determine cell viability. (B) After pretreatment with N-Acetyl-l-cysteine (NAC, 5 mM) for 30 min, and then treated with AEA (5 µM) for 24 h. The total and phosphorylated levels of p38, JNK, and ERK1/2 were analyzed by Western blotting. Band images are representatives of three independent experiments. * p < 0.05. 
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4. Discussion


Recently, various types of Thai ginger extracts have been reported to exhibit a wide range of biological activities [29,30]. For instance, in LPS-activated mouse peritoneal macrophages, acetone extract showed a suppressive effect on NO production [31]. Its MeOH extract showed anti-estrogenic activity in ovariectomized C3H albino mice [32]. As for the anti-tumor activities, the EtOH extracts are largely reported to exhibit apoptosis-inducing and anti-proliferative effects in many types of cancers, including breast and prostate cancer cells [33,34]. Interestingly, the water extract, similar to the mode of dietary consumption of Thai ginger, also showed growth inhibitory effects on gastric and lung cancer cells [35,36]. In this regard, we examined the effect of both EtOH and water extracts of Thai ginger on human ovarian cancer cells and found that EtOH extract exhibits a potent cytotoxic activity with an approximate IC50 value below 10 µg/mL. In contrast, water extract did not show an effect on the cell viability in ovarian cancer as well as other cancer cells (Supplementary Figure S5). Moreover, the cytotoxic effects of the EtOH extract of Thai ginger were associated with caspase-dependent apoptosis. Notably, this is the first study to demonstrate its anti-tumor activity against ovarian cancer cells. Moreover, it was more cytotoxic against ovarian cancer cells than other cancer cells, including breast cancer cells (IC50 = 400.0 ± 11.7 µg/mL) [33].



The phytochemical studies have revealed the abundance of phenylpropanoids, terpenes, and alkaloids in A. galanga [7,30]. Various biological activities of A. galanga have been attributed to its phenylpropanoid components, which are aromatic compounds with n-propyl groups [31,37]. In this study, ACA and AEA have been demonstrated to exhibit potent cytotoxicity against ovarian cancer cells, and both are phenylpropanoid compounds. This is the first report showing the cytotoxic and apoptotic effects of ACA and AEA against ovarian cancer. Moreover, the anti-tumor properties of ACA against several other cancers and its molecular mechanism of action have been intensively studied, as also reviewed in a previous study [22]. For example, Ichikawa et al. demonstrated that ACA inhibits invasion and induces apoptosis via inhibition of the NF-κB signaling pathway in several cancer cell types, including lung, kidney, and breast cancer [38]. Ito et al. reported that ACA induces apoptosis through upregulation of both TRAIL/Apo2L and TRAIL receptor death receptor 5 in multiple myeloma cells [39]. More recently, multiple studies have suggested that ACA regulates some microRNA (miRNA) expression in head and neck and cervical cancer cells [40,41,42]. However, only a few reports have shown the effect of AEA on breast cancer cells. Hemi-synthesized AEA has been shown to induce apoptosis and inhibit the migration of MDA-MD-231 cells [43]. AEA isolated from A. chonchigera was shown to induce apoptosis and inhibit the NF-κB pathway in MCF7 breast cancer cells [44]. However, the direct involvement of the NF-κB pathway in AEA-induced apoptosis has not been experimentally demonstrated yet. In this study, we revealed that AEA induced apoptosis by activating the intrinsic pathway through the regulation of the levels of intracellular ROS in human ovarian cancer cells. Notably, AEA was more cytotoxic against ovarian (IC50 = 14.13 µM for SKOV3 and IC50 = 10.01 µM for A2780, shown in Table 1) than breast (IC50 = 29.63 µM for MCF7, as shown in Supplementary Table S2) cancer cells.



Except for anti-tumor activity, there are only a few reports on other biological properties of AEA isolated from various Alpinia species. AEA exhibits antimicrobial activity against pathogenic bacteria, diminishes stress induced by the HPA axis, and regulates neuroendocrine and neuroimmune functions to improve cognition [45]. However, the mechanism of action of AEA is poorly understood. Cellular signaling regulated by natural compounds varies depending on the compound [46,47]. Among various biological activities, programmed cell death and apoptosis are mostly involved in cell growth and regulation of the immune system, and the apoptosis-inducing effect of many natural products is a key factor for their anti-tumor activity [48]. Therefore, apoptosis is a promising therapeutic target for establishing cancer treatment. Apoptosis is activated via two well-characterized pathways in mammalian cells [49]. The first is the extrinsic pathway that involves the activation of caspase-8 and -3 through triggering a death receptor, such as TNF, expressed on the cell surface [50]. The second is an intrinsic pathway that is mediated by molecules released from the mitochondria, thereby activating caspase-9 and -3 [48]. In this study, we demonstrated that AEA activates the caspase-dependent intrinsic apoptosis pathway in human ovarian cancer cells.



Certain natural compounds have been demonstrated to induce the intrinsic apoptosis pathway via ROS production in human cancer cells [51]. Interestingly, well-studied and closely related ACA and sodium butyrate have synergistically induced apoptosis via an increase in the levels of intracellular ROS in liver cancer cells [52]. Similarly, AEA treatment increased the intracellular levels of ROS and antioxidant NAC treatment inhibited AEA-induced caspase 9-dependent cell death, which suggests that the increase in ROS levels induced by AEA are mediated via the intrinsic apoptosis pathway in human ovarian cancer cells. ROS are specifically produced as by-products of the respiratory chain via mitochondria and are mainly activated by oxidases, such as NOX, arachidonic acid oxygenase, and xanthine oxidase [53,54]. Among these enzymes, NOXs are transmembrane proteins that produce ROS via NADPH oxidation. Additionally, NOXs have been shown to play important roles in tumorigenesis and cell proliferation [55]. We found that specific inhibition of p47phox, a subunit of NOXs, alleviated AEA-induced cell death and ROS production in A2780 cells. These data indicate that the activation of NOXs is involved in AEA-induced apoptosis via ROS accumulation in ovarian cancer cells. Further studies are required to elucidate the exact molecular mechanisms by which AEA induces ROS production. The upregulation of ROS levels has been shown to inhibit cell growth and induce apoptosis in human ovarian cancer through activating both the caspase and MAPK pathways [56]. MAPKs play a vital role in various cellular activities, including apoptosis, differentiation, and cell proliferation [57]. We found that MAPK inhibitors partially but significantly suppressed the apoptotic activity mediated by AEA in ovarian cancer cells. Additionally, NAC treatment decreased the AEA-induced activation of JNK, ERK1/2, and p38. These results indicate that ROS-mediated apoptosis induced by AEA involves MAPK signaling pathways in human ovarian cancer cells.



This is the first study to demonstrate the anti-tumor activity of Thai ginger extract and AEA against human ovarian cancer cells. We demonstrated that AEA stimulates ROS-mediated caspase-dependent apoptosis of ovarian cancer via MAPK signaling (Supplementary Figure S6). These findings expand our knowledge of the health benefits of Thai ginger and AEA.
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Table 1. Cytotoxic activity of compounds isolated from the EtOH extract of Thai ginger in human ovarian cancer cells (SKOV3 and A2780) and normal kidney cells (HEK293).






Table 1. Cytotoxic activity of compounds isolated from the EtOH extract of Thai ginger in human ovarian cancer cells (SKOV3 and A2780) and normal kidney cells (HEK293).





	
[image: Antioxidants 11 00293 i001]




	
Compound

	
Name

	
a IC50 (µM)

(95% CI)




	
SKOV3

	
A2780

	
HEK293






	
1

	
1′-acetoxychavicol acetate (ACA)

	
11.45

(9.26–3.63)

	
11.31

(10.81–11.80)

	
33.64

(31.26–36.03)




	
2

	
eugenyl acetate

	
>200

	
179.84

(162.17–197.51)

	
>200




	
3

	
1′-acetoxyeugenol acetate (AEA)

	
14.13

(10.83–17.44)

	
10.01

(8.74–11.28)

	
14.88

(10.56–19.20)




	

	
cisplatin

	
21.13

(20.01–22.25)

	
19

(17.37–20.63)

	
6.56

(5.87–7.26)








a Concentrations that show 50% cell viability inhibition. CI; confidence interval.
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