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Abstract

:

Ginger is a popular spice and consists of several bioactive antioxidant compounds. Gingerenone A (Gin A), a novel compound isolated from Zingiber officinale, is rarely investigated for its anti-breast-cancer properties. Some ginger extracts have been reported to initiate senescence, an anticancer strategy. However, the anticancer effects of Gin A on breast cancer cells remain unclear. The present study aims to assess the modulating impact of Gin A acting on proliferation and senescence to breast cancer cells. Gin A diminished the cellular ATP content and decreased the cell viability of the MTS assay in several breast cancer cell lines. It also showed a delayed G2/M response to breast cancer cells (MCF7 and MDA-MB-231). N-acetylcysteine (NAC), an oxidative stress inhibitor, can revert these responses of antiproliferation and G2/M delay. The oxidative stress and senescence responses of Gin A were further validated by increasing reactive oxygen species, mitochondrial superoxide, and β-galactosidase activity, which were reverted by NAC. Gin A also upregulated senescence-associated gene expressions. In addition to oxidative stress, Gin A also induced DNA damage responses by increasing γH2AX level and foci and generating 8-hydroxyl-2′-deoxyguanosine in breast cancer cells, which were reverted by NAC. Therefore, Gin A promotes antiproliferation and senescence of breast cancer cells induced by oxidative stress.
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1. Introduction


Breast cancer is the most commonly diagnosed cancer type and the leading cause of cancer death in women, according to 2020 global cancer statistics [1]. Breast cancer accounts for 11.7% of all cancer cases, and several valuable markers have been advocated, such as estrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2), and Ki67 [2]. For the purposes of therapy, breast cancer is often classified into four subtypes: luminal type, pure HER2, triple-positive, and triple-negative. The triple-negative breast cancer (TNBC) is the most challenging category to treat and can be classified into more subgroups according to gene expression. The most commonly applied classification methods are Lehmann, with six subtypes, and Burstein, with four subtypes (luminal-androgen receptor expressing, basal, claudin-low, and claudin-high) [3,4]. Therefore, effective drug discovery for breast cancer therapy should cure several heterogeneous breast cancer subtypes.



Ginger is known to be “generally recognized as safe” (GRAS) by the Food and Drug Administration (FDA) of the USA [5]. Ginger is popularly used as a spice. Ginger has been used to treat several symptoms such as nausea, vomiting, abdominal pain, and muscle discomfort [6,7]. Extracts from rhizomes of ginger contain several bioactive compounds, such as gingerols, shogaols, gingediols, zingerone, dehydrozingerone, gingerinone, and diarylheptanoids [8,9,10]. These ginger-derived bioactive compounds exhibit anti-inflammatory, antioxidant, and anticancer effects [8,9,10].



In our previous work, the new compound, namely gingerenone A (Gin A), was isolated from Zingiber officinale (Z. officinale) in 2015 [11]. It demonstrated anticancer, apoptosis, and oxidative stress-inducing effects of Gin A in liver cancer Sk-Hep-1 cells [11]. Other biological functions of Gin A have rarely been investigated. Moreover, the anticancer effects of Gin A for different cancer types are rare, and more detailed mechanisms have not been fully reported.



Inducting senescence is an effective anticancer strategy [12,13]. For example, doxorubicin, etoposide, camptothecin, and cisplatin can promote senescence in several cancer cells [12]. Oxidative stress can also trigger senescence [14]. Although Gin A can improve oxidative stress in liver cancer cells [11], the possible oxidative-stress-inducing senescence and its impact in terms of proliferation to breast cancer cells remain unclear. To answer these questions, this study aimed to evaluate the antiproliferation function and assess the senescence response of Gin A to breast cancer cells.




2. Materials and Methods


2.1. Plant Material, Extraction, and Isolation


The extraction and isolation steps were performed as previously described [11]. In brief, the rhizomes of the ginger Z. officinale, which was identified by Dr. Fu-Yuan Lu (Department of Forestry and Natural Resources College of Agriculture, National Chiayi University), were harvested from Kaohsiung and deposited at the Department of Medical Technology, School of Medical and Health Sciences, Fooyin University, Kaohsiung, Taiwan. The rhizomes (3.1 kg) of Z. officinale were soaked repeatedly with MeOH for 24–48 h at RT. After several procedures, the Gin A (1.3 g) was purified. Gin A was dissolved in dimethyl sulfoxide (DMSO) (Sigma-Aldrich; St. Louis, MO, USA) for cell experiments.




2.2. Gin A Chemical Profile


Gin A, brown oil. UV (λmax, nm): 230, 280. IR (νmax, cm−1): 3430, 1700, 1615, 1515, 1035, 975. 1H NMR (400 MHz, CDCl3, δ, ppm, J/Hz): 2.48 (2H, q, J = 7.2, H-6), 2.70 (2H, t, J = 7.2, H-7), 2.84 (4H, m, H-1, 2), 3.86 (6H, s, 3′, 3″-OCH3), 5.50 (1H, s, OH), 5.51 (1H, s, OH), 6.11 (1H, d, J = 16.0, H-4), 6.65 (1H, d, J = 2.0, H-2′), 6.66 (1H, dd, J = 8.0, 2.0, H-6′), 6.69 (1H, d, J = 2.0, H-2″), 6.70 (1H, dd, J = 8.0, 2.0, H-6″), 6.82 (1H, d, J = 8.0, H-5′), 6.83 (1H, d, J = 8.0, H-5″) [11].




2.3. Cell Culture and Chemicals


HER2+, luminal A, and Claudin-low subtypes [15,16] of breast cancer cells (SKBR3, MCF7, and MDA-MB-231) were collected from American Tissue Culture Collection (ATCC, Manassas, VA, USA). A normal human breast cell line (M10) was collected from the BCRC Cell Bank (HsinChu, Taiwan) [17]. Cells were maintained in a humidified atmosphere of 5% CO2 at 37 °C, culturing with a 3:2 mixture of two kinds of culture medium (Dulbecco’s Modified Eagle Medium (DMEM)/F12) (breast cancer cells) or alpha medium (normal breast cells) containing 10% bovine serum (Gibco, Grand Island, NY) and common antibiotics. N-acetylcysteine (NAC) (Sigma-Aldrich, St. Louis, MO, USA) [18,19,20,21] was pretreated (10 mM, 1 h), and Gin A was post-treated with cells to evaluate the contribution of oxidative stress in each experiment.




2.4. Cell Viability


Viability was assessed using an ATP kit (PerkinElmer Life Sciences, Boston, MA, USA) [22], MTS cell proliferation assay [23], and trypan blue reagent [24] based on the user manual’s instruction.




2.5. Cell Cycle Detection


To stain DNA, 7-Aminoactinomycin D (7AAD) (Biotium; Hayward, CA, USA) (1 μg/mL, 30 min, 37 °C) was used in order to determine cell cycle phases [23]. The 7AAD-stained cells were resuspended in PBS to perform flow cytometer (Guava easyCyte; Luminex, TX, USA). Cell cycle phases were analyzed by FlowJo software version 10 (Becton-Dickinson; Franklin Lakes, NJ, USA).




2.6. ROS Detection


ROS-positive populations were detected by staining with 2′,7′-dichlorodihydrofluorescein diacetate (H2DCF-DA) (Sigma-Aldrich, St. Louis, MO, USA) (10 μM, 30 min, 37 °C) as mentioned in [23]. The ROS intensity was assessed by Accuri C6 flow cytometer (Becton-Dickinson).




2.7. Mitochondrial Superoxide (MitoSOX) Detection by Flow Cytometry


MitoSOX-positive populations were detected by staining with MitoSOX™ Red (Thermo Fisher Scientific, Waltham, MA, USA) (50 nM, 37 °C, 30 min), as previously described [25]. The MitoSOX intensity was assessed by Accuri C6 flow cytometer.




2.8. Senescence Detection


Senescence was determined by monitoring the expression of β-galactosidase using flow cytometry and fluorescence microscopy. For flow cytometry, senescent cells were mixed using a Senescence Detection Kit (Fluorometric) (ab228562; Abcam) [26] with the requirements of 37 °C and 60 min, measured by flow cytometer (Guava easyCyte), and analyzed by FlowJo software.



For fluorescence monitoring, cells were fixed with 4% paraformaldehyde for 10 min. After washing, cells were incubated with senescence fluorescent dye (Abcam) at 1:1000 and bisBenzimide H 33342 trihydrochloride (Sigma-Aldrich) 1:1000 for 2 h at 37 °C without CO2. Cells were washed three times with PBS and mounted with Dako Fluorescence Mounting Medium (Invitrogen, Grand Island, NY, USA). Slides were photographed using a DMi8 microscope (Leica Microsystems, Wetzlar, Germany).




2.9. Senescence Gene Expression Detection


cDNA was prepared from drug-treated cells for quantitative RT-PCR (qRT-PCR) [27]. Senescence-related genes [28,29], including endothelin 1 (EDN1), ankyrin repeat domain 1 (ANKRD1), cyclin-dependent kinase inhibitor 1A (CDKN1A), serpin family E member 1 (SERPINE1), and transgelin (TAGLN) were selected to perform touch-down PCR [27], accompanied by the use of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an internal control. The gene expression (log2) was calculated using the 2−ΔΔCt method [30]. The primer information for senescence-related genes (EDN1 NM_001955.5, ANKRD1 NM_014391.3, CDKN1A NM_000389.5, SERPINE1 NM_000602.5, and TAGLN NM_001001522.2), and GAPDH (NM_002046.7) [31,32] is shown in Table 1.




2.10. DNA Damage Detection


DNA damage detection was measured by γH2AX-based flow cytometry and fluorescence microscopy. For flow cytometry [33,34], γH2AX-positive populations were detected for antibody reactions, i.e., γH2AX antibody 1:500 (Santa Cruz, CA, USA) and Alexa Fluor 488-secondary antibody 1:10,000 (Cell Signaling Technology, Danvers, MA, USA). In addition, cells were counterstained with 7AAD (5 μg/mL, 30 min). Finally, cells were analyzed using an Accuri C6 flow cytometer.



For γH2AX foci detection [33], cells were processed with 4% paraformaldehyde fixation for 10 min. Then, cells were permeabilized with 0.1% Triton X-100 for 5 min and processed with 1% BSA blocking for 1 h. Subsequently, γH2AX foci positive cells were detected by antibody reaction, i.e., γH2AX antibody 1:400 and Alexa Fluor 488-secondary antibody 1:500. In addition, cells were counterstained with bisBenzimide H 33342 trihydrochloride (Sigma-Aldrich) 1:1000, combined with Dako Fluorescence Mounting Medium (Invitrogen, Grand Island, NY, USA), and, finally, obs, erved by Leica DMi8 microscope (Wetzlar, Germany).




2.11. 8-Hydroxyl-2′-Deoxyguanosine (8-OHdG) Detection


The marker 8-OHdG is used for detecting oxidative DNA damage [35,36], and it can be measured with 8-OHdG-based flow cytometry [33]. Populations positive for 8-OHdG were detected using antibody reaction, i.e., antibody 8-OHdG (E-8) FITC 1:10,000 (4 °C, 1 h). Subsequently, cells were analyzed by Accuri C6 flow cytometer.




2.12. Statistics


ANOVA after Tukey’s HSD Post hoc Tests (JMP®12 software, SAS Institute Inc., Cary, NC, USA) was applied for statistical analysis to assess multicomparison. Different treatments were labeled with connecting letters. When the connecting letters were overlapping, the difference between them was non-significant. In contrast, their difference was significant when the connecting letters were overlapping.





3. Results


3.1. Gin A Diminished Proliferation of Breast Cancer Cells


Gin A (0, 20, 40, 60, and 80 μM) treatment for 48 h inhibited cell viability (ATP and MTS assays) of several kinds of cell lines of breast cancer in a dose-dependent manner (Figure 1A). In 48 h TP assay, Gin A exhibited IC50 values of 50.41, 42.67, and 56.29 μM in breast cancer cells (SKBR3, MCF 7, and MDA-MB-231, respectively). In 48 h MTS assay, Gin A exhibited IC50 values of 48.91, 61.40, and 76.12 μM in breast cancer cells (SKBR3, MCF 7, and MDA-MB-231, respectively). Trypan blue analysis shows similar cytotoxic results. Normal breast cells (M10) show higher cell viability than breast cancer cells. By adding the ROS scavenger NAC, we assessed the impact of oxidative stress in antiproliferation of Gin A on breast cancer cells. After NAC pretreatment, Gin A-induced antiproliferation effects were suppressed, and they were recovered to 100% viability-like control (Figure 1B).




3.2. Gin A Delayed G2/M Progression of Breast Cancer Cells


The impact of Gin A on the cell cycle of breast cancer cells (MCF7 and MDA-MB-231) was assessed using flow cytometric analysis (Figure 2A). Gin A (80 μM) treatment for 48 h showed a minor increase in subG1, a moderate decrease in G1, and an increase in G2/M populations compared to control (Figure 2B).



By adding the ROS scavenger NAC, we assessed the impact of oxidative stress on cell cycle regulation of Gin A in breast cancer cells. After NAC pretreatment, Gin A-induced subG1 accumulation, G1 decrement, and G2/M increment were reverted (Figure 2B).




3.3. Gin A Provoked ROS Increment in Breast Cancer Cells


The impact of Gin A on the ROS level of breast cancer cells (MCF7 and MDA-MB-231) was assessed using flow cytometric analysis (Figure 3A,C). Gin A dose-responsively promoted ROS levels in breast cancer cells (Figure 3B). Moreover, Gin A (80 μM) treatment at 1.5 and 3 h showed higher ROS levels in breast cancer cells than in the control (0 h) (Figure 3D).



By adding NAC, we assessed the impact of oxidative stress on the ROS level of Gin A in breast cancer cells. After NAC pretreatment, Gin A-induced ROS increments were partly reverted (Figure 3D).




3.4. Gin A Provoked MitoSOX Increment of Breast Cancer Cells


The impact of Gin A on the MitoSOX level of breast cancer cells (MCF7 and MDA-MB-231) was assessed by flow cytometric analysis (Figure 4A,C). Gin A dose-responsively promoted MitoSOX level in breast cancer cells (Figure 4B). Moreover, Gin A (80 μM) treatment at 24 and 48 h promoted MitoSOX level in breast cancer cells in a time-dependent manner (Figure 4D).



By adding NAC, we assessed the impact of oxidative stress on the MitoSOX level of Gin A in breast cancer cells. After NAC pretreatment, Gin A-induced MitoSOX increments were partly reverted (Figure 4D).




3.5. Gin A Provoked the Appearance of Senescence in Breast Cancer Cells


Since fluorescence is more sensitive than visual light, the fluorescence-based β-galactosidase activity was measured using flow cytometry and fluorescence microscopy (Figure 5).



The impact of Gin A on senescence-inducing effects of breast cancer cells (MCF7 and MDA-MB-231) was assessed using flow cytometric analysis (Figure 5A,C). Gin A dose-responsively promoted senescence levels in breast cancer cells (Figure 5B). Moreover, Gin A (80 μM) treatment at 24 and 48 h showed higher senescence levels in breast cancer cells than control (0 h) (Figure 5D).



By adding NAC, we assessed the impact of oxidative stress on senescence level of Gin A in breast cancer cells. After NAC pretreatment, Gin A-induced senescence increments were partly reverted (Figure 5D).



Moreover, the impact of Gin A on senescence-inducing effects in breast cancer cells was also assessed by fluorescence microscopy (Figure 5E). β-galactosidase-detected senescence phenotype appeared in Gin A-treated breast cancer cells showing green fluorescence rather than in control. This Gin A-induced senescence phenotype was reduced by NAC pretreatment.




3.6. Gin A Provoked Senescence-Associated Gene Expressions of Breast Cancer Cells


The impact of Gin A on senescence-inducing effects of breast cancer cells (MCF7 and MDA-MB-231) was also assessed using qRT-PCR analysis (Figure 6). Senescence-related genes [28,29] were detected, including EDN1, ANKRD1, CDKN1A, SERPINE, and TAGLN. Gin A at 80 μM showed higher mRNA levels of these senescence-related genes on breast cancer cells than control.




3.7. Gin A Provoked γH2AX Appearance of Breast Cancer Cells


The impact of Gin A on the γH2AX level in breast cancer cells (MCF7 and MDA-MB-231) was assessed by flow cytometric analysis (Figure 7A,C). Gin A dose-responsively promoted γH2AX levels in breast cancer cells (Figure 7B). Moreover, in a time-dependent manner, Gin A (80 μM) treatment at 24 and 48 h elevated γH2AX levels in breast cancer cells (Figure 7D).



By adding NAC, we assessed the impact of oxidative stress on the γH2AX level of Gin A in breast cancer cells. After NAC pretreatment, Gin A-induced γH2AX increments were partly reverted (Figure 7D).



Moreover, the impact of Gin A on γH2AX foci in breast cancer cells was assessed using fluorescence microscopy (Figure 7E). γH2AX foci appeared in Gin A-treated breast cancer cells showing green fluorescence spots rather than in control (Figure 7F). These Gin A-induced γH2AX foci increments were reduced by NAC pretreatment.




3.8. Gin A Provoked 8-OHdG Increment of Breast Cancer Cells


The impact of Gin A on the 8-OHdG level of breast cancer cells (MCF7 and MDA-MB-231) was assessed using flow cytometric analysis (Figure 8A,C). Gin A dose-responsively promoted 8-OHdG level in breast cancer cells (Figure 8B). Moreover, Gin A (80 μM) treatment at 24 and 48 h elevated 8-OHdG levels in breast cancer cells more than in the control (0 h) (Figure 8D).



Using adding NAC, we assessed the impact of oxidative stress on the 8-OHdG level of Gin A in breast cancer cells. After NAC pretreatment, Gin A-induced 8-OHdG increments were partly reverted (Figure 8D).





4. Discussion


The present study reported that Gin A showed antiproliferation and senescence properties in breast cancer cells. The relationship between senescence-associated changes and DNA damages connecting to oxidative stress was discussed.



The present study reported an IC50 of 50.41, 42.67, and 56.29 μM for Gin A in SKBR3, MCF7, and MDA-MB-231 cells based on the 48 h ATP assay (Figure 1). In 48 h MTS assay, Gin A exhibited an IC50 value of 48.91, 61.40, and 76.12 μM in breast cancer cells (SKBR3, MCF 7, and MDA-MB-231). The anticancer effect of Gin A was reported in liver cancer Sk-Hep-1 cells; i.e., the IC50 value was 27.5 μM at 24 h trypan blue assay [11]. Gin A at 50 μM showed subG1 accumulation, cytochrome C release, mitochondrial membrane potential depletion, and reactive oxygen species (ROS) induction in liver cancer Sk-Hep-1 cells [11]. The drug’s safety to normal cell lines has been reported in epithelial MDCK (Madin–Darby canine kidney) [37], showing non-cytotoxicity at 25 μM and 80% viability at 50 μM based on 24 h trypan blue assay [11]. For comparison, breast cancer (SKBR3 and MCF7) showed IC50 values of 12.37 and 34.83 µM for cisplatin in 48 h MTS assay [38]. Breast cancer cells (SKBR3, MCF7, and MDA-MB-231) showed IC50 values of 4.9, 17.9, and 26.9 µM for cisplatin in 48 h ATP study [39]. MCF7 cells showed IC50 values of 59.12, 28.10, 23.00, 52.18, 12.10, and 359.47 µM for caffeic acid, caffeic acid phenethyl ester [40], thymoquinone [41], berberine [42], aripiprazole [43], and thymol [44] in 48 h XTT or MTT studies. Therefore, the drug sensitivity of Gin A is shown to be less than that of cisplatin but shows similar results compared to other biomolecules, as described.



Several bioactive compounds, such as gingerols, shogaols, gingediols, zingerone, dehydrozingerone, gingerinone, and diarylheptanoids, have been isolated from ginger extracts [8,9,10]. Some of these ginger derivatives were reported to exhibit oxidative stress-inducing ability. For example, (6)-Gingerol can induce ROS generation and apoptosis in gastric cancer cells [45]. 6-Shogaol promoted ROS and endoplasmic reticulum stress so as to trigger apoptosis in endometrial cancer cells [46]. Gingediols caused ROS-dependent apoptosis in colon cancer cells [47]. Similarly, Gin A caused oxidative stress by inducing ROS (Figure 3) and MitoSOX (Figure 4) in a dose- and time-dependent manner. These reports suggest that ginger derivatives have a potential ROS-modulating function.



Oxidative stress causes oxidative DNA damage [48,49]. Moreover, oxidative stress can cause DNA damage to initiate senescence [50]. DNA damage exhibits senescence-inducing effects on cancer cells in vitro and in vivo [51]. For example, oncogenic RAS upregulating mitochondrial mass and ROS can induce DNA damage and senescence [52]. Similarly, Gin A upregulated γH2AX level and foci as detected by flow cytometry and fluorescence microscopy (Figure 7). Gin A also provoked oxidative DNA damage as detected by 8-OHdG flow cytometry (Figure 8).



Ginger extract can induce senescence in lung cancer cells [53] or protect the senescence of myoblasts [54]. Accordingly, the senescence responses of ginger extract still need further investigation. Although ginger derivative 6-Shogaol promoted apoptosis in endometrial cancer cells [46], it suppressed apoptosis and senescence in human dermal fibroblasts [55]. Conversely, Gin A induced β-galactosidase activity in breast cancer cells as detected by flow cytometry and fluorescence microscopy (Figure 5), suggesting that Gin A induced senescence in breast cancer cells. Therefore, different bioactive compounds of ginger may exhibit different responses to senescence. The nature of cell types also needs to be considered for the senescence response to ginger derivatives.



Several senescence genes (EDN1, ANKRD1, CDKN1A, SERPINE, and TAGLN) were reported [28,29]. These genes were upregulated at 48 h Gin A treatment for breast cancer cells (MCF7 and MDA-MB-231) (Figure 6). The expression status for these senescence genes was different for these cell lines. For example, EDN1 mRNA was highly expressed among these senescence-associated genes in MCF7 cells but only slightly expressed in MDA-MB-231 cells. In contrast, TAGLN mRNA was highly expressed among these senescence-associated genes in MDA-MB-231 cells but expressed only somewhat in MCF7 cells. These results indicate that Gin A differentially regulates different senescence-associated genes in different breast cancer cell lines.



NAC pretreatment could revert the changes for proliferation, cell cycle progression, oxidative stress-associated modulations, senescence phenotypes, and DNA damages in breast cancer cells (Figure 1, Figure 2, Figure 3, Figure 4, Figure 5, Figure 7 and Figure 8). These results indicate that oxidative stress plays a central role in the antiproliferation and senescence effects of Gin A in breast cancer cells.




5. Conclusions


Ginger is a popular spice that is famous for several of its bioactive compounds. Gin A is a novel compound isolated from ginger. We report for the first time that Gin A induced antiproliferation and senescence responses acting on breast cancer cells. Senescence-associated genes were also upregulated by Gin A. Several experiments confirmed that Gin A generated oxidative stress and DNA damages to breast cancer cells. These responses to Gin A in breast cancer cells were confirmed to be ROS-dependent using NAC pretreatment. Therefore, Gin A is an antiproliferation- and senescence-inducing natural product against breast cancer cells involving oxidative-stress-associated responses.
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Figure 1. Impact of Gin A on cell viability of breast cancer cells. (A) Cell viability. Cells were treated with 0 (0.1% DMSO; control), 20, 40, 60, and 80 μM Gin A for 48 h. Subsequently, they were subjected to ATP, MTS, and trypan blue (80 μM) assays to determine cell viability. (B) NAC reverted effects on antiproliferation. Cells were pretreated with NAC (10 mM) for 1 h and then post-treated with Gin A (control and 80 μM) for 48 h, namely NAC/Gin A. Data, means ± SDs (n = 3). When the connecting letters are overlapping, it means their difference was significant for multiple comparisons (p < 0.05 to 0.0001). For example, control, NAC, and NAC/Gin A showing a differ non-significantly. These three treatments marked with a differ significantly from Gin A marked with b. 
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Figure 2. Impact of Gin A on cell cycle of breast cancer cells. (A,B) NAC reverted the effects on cell cycle disturbance. Cells were pretreated with NAC (10 mM) for 1 h and then post-treated with Gin A (control and 80 μM) for 48 h, namely NAC/Gin A. Data, means ± SDs (n = 3). When the connecting letters are overlapping, their difference was significant for multiple comparisons (p < 0.05 to 0.0001). For example, the G1 phase for MCF7 cells (B), control, -NAC, and NAC/Gin A showing a differ non-significantly because they overlap with the same letter. These three treatments marked with a differ significantly from Gin A marked with b. For the example of the G2/M phase for MCF7 cells (B), Gin A, control, and NAC/Gin A showing a, c, and b differ significantly because they do not overlap with the same letter. 
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Figure 3. Impact of Gin A on ROS level of breast cancer cells. (A,B) ROS level. Cells were treated with 0 (0.1% DMSO; control), 20, 40, and 80 μM Gin A for 3 h. Subsequently, they were subjected to ROS flow cytometry. (+) indicates ROS (+) populations. (C,D) NAC reverted effects on ROS level. Cells were pretreated with NAC (10 mM) for 1 h and then post-treated with Gin A (control and 80 μM) for 0, 1.5, and 3 h, namely NAC/Gin A. Data, means ± SDs (n = 3). When the connecting letters are overlapping, it means their difference was significant for multiple comparisons (p < 0.05 to 0.0001). For the example of MCF7 cells (D), Gin A at 0, 1.5, and 3 h showing d, b, and a differs significantly. NAC/Gin A at 1.5 and 3 h showing c differs non-significantly. 
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Figure 4. Impact of Gin A on MitoSOX level of breast cancer cells. (A,B) MitoSOX level. Cells were treated with 0 (0.1% DMSO; control), 20, 40, and 80 μM Gin A for 48 h. Subsequently, they were subjected to MitoSOX flow cytometry. (+) indicates MitoSOX (+) populations. (C,D) NAC reverted effects on MitoSOX level. Cells were pretreated with NAC (10 mM) for 1 h and then post-treated with Gin A (control and 80 μM) for 0, 24, and 48 h, namely NAC/Gin A. Data, means ± SDs (n = 3). When the connecting letters are overlapping, it means that their difference is significant for multiple comparisons (p < 0.05 to 0.0001). For the example of MCF7 cells (D), Gin A at 0, 24, and 48 h showing e, b, and a differs significantly. NAC/Gin A at 24 and 48 h showing d and c differs significantly, whereas Gin A and NAC/Gin A at 0 h showing the overlapped letter e differ non-significantly. 
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Figure 5. Impact of Gin A on senescence level and phenotype in breast cancer cells. (A,B) Senescence β-galactosidase level. Cells were treated with 0 (0.1% DMSO; control), 20, 40, and 80 μM Gin A for 48 h. Subsequently, they were subjected to senescence flow cytometry. (+) indicates senescence (+) populations. (C,D) NAC reverted effects on senescence level. Cells were pretreated with NAC (10 mM) for 1 h and then post-treated with Gin A (control and 80 μM) for 0, 24, and 48 h, namely NAC/Gin A. Data, means ± SDs (n = 3). When the connecting letters are overlapping, it means their difference was significant for multiple comparisons (p < 0.0001). For the example of MCF7 cells (D), Gin A at 0, 24, and 48 h showing d, b, and a differs significantly. NAC/Gin A at 24 and 48 h showing d and c differs significantly, whereas Gin A and NAC/Gin A at 0 h showing the overlapping letter d differ non-significantly. (E) Fluorescence analysis for β-galactosidase-detected senescence. Cells were stained by the senescence-detecting probe and counterstained with Hoechst 33342. Slides were photographed at 400× magnification. Scale bar = 20 μm. 
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Figure 6. Impact of Gin A on senescence-associated gene expressions of breast cancer cells. Cells were treated with 0 (0.1% DMSO; control), 40, and 80 μM Gin A for 48 h, namely Gin A 40 and Gin A 80. Subsequently, the mRNA expressions of senescence-associated genes were examined by qRT-PCR. Data, means ± SDs (n = 3). When the connecting letters are overlapping, it means that their difference was significant for multiple comparisons (p < 0.05 to 0.0001). For the example of the EDN1 gene in MCF7 and MDA-MB-231 cells, control and Gin A 40 showing b differ non-significantly. Gin A 80 showing a differs significantly from control and Gin A 40 showing b because they do not overlap with the same letter, i.e., a vs. b. For the example of the TAGLN gene in MCF7 and MDA-MB-231 cells, control, Gin A 40, and Gin A 80 showing c, b, and a differ significantly. 






Figure 6. Impact of Gin A on senescence-associated gene expressions of breast cancer cells. Cells were treated with 0 (0.1% DMSO; control), 40, and 80 μM Gin A for 48 h, namely Gin A 40 and Gin A 80. Subsequently, the mRNA expressions of senescence-associated genes were examined by qRT-PCR. Data, means ± SDs (n = 3). When the connecting letters are overlapping, it means that their difference was significant for multiple comparisons (p < 0.05 to 0.0001). For the example of the EDN1 gene in MCF7 and MDA-MB-231 cells, control and Gin A 40 showing b differ non-significantly. Gin A 80 showing a differs significantly from control and Gin A 40 showing b because they do not overlap with the same letter, i.e., a vs. b. For the example of the TAGLN gene in MCF7 and MDA-MB-231 cells, control, Gin A 40, and Gin A 80 showing c, b, and a differ significantly.



[image: Antioxidants 11 00587 g006]







[image: Antioxidants 11 00587 g007 550] 





Figure 7. Impact of Gin A on γH2AX level and foci of breast cancer cells. (A,B) γH2AX level. Cells were treated with 0 (0.1% DMSO; control), 20, 40, and 80 μM Gin A for 48 h. Subsequently, they were subjected to γH2AX flow cytometry. Red boxes indicate γH2AX (+) populations. (C,D) NAC reverted effects on γH2AX level. Cells were pretreated with NAC (10 mM) for 1 h and then post-treated with Gin A (control and 80 μM) for 0, 24, and 48 h, namely NAC/Gin A. Data, means ± SDs (n = 3). When the connecting letters are overlapping, this means that their difference was significant for multiple comparisons (p < 0.0001). For the example of MCF7 cells (D), Gin A at 0, 24, and 48 h showing c, b, and a differs significantly. NAC/Gin A at 24 and 48 h showing c and b differs significantly, whereas Gin A and NAC/Gin A at 0 and 24 h showing the overlapping letter c differ non-significantly. (E,F) Fluorescence analysis for γH2AX foci. Cells were stained by the senescence-detecting probe and counterstained with Hoechst 33342. Slides were photographed at 400× magnification. Scale bar = 10 μm. DNA damage was counted as γH2AX foci per cell. Data, means ± SDs (n = 20 cells). 
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Figure 8. Impact of Gin A on 8-OHdG level in breast cancer cells. (A,B) 8-OHdG level. Cells were treated with 0 (0.1% DMSO; control), 20, 40, and 80 μM Gin A for 48 h. Subsequently, they were subjected to 8-OHdG flow cytometry. (+) indicates 8-OHdG (+) populations. (C,D) NAC reverted effects on the 8-OhdG level. Cells were pretreated with NAC (10 mM) for 1 h and then post-treated with Gin A (control and 80 μM) for 0, 24, and 48 h, namely NAC/Gin A. Data, means ± SDs (n = 3). When the connecting letters are overlapping, their difference was significant for multiple comparisons (p < 0.05 to 0.0001). For the example of MDA-MB-231 cells (D), Gin A at 0, 24, and 48 h showing e, b, and a differs significantly. NAC/Gin A at 0, 24, and 48 h showing e, d, and c differs significantly, whereas Gin A and NAC/Gin A at 0 h showing the overlapped letter e differ non-significantly. 
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Table 1. Primer information for senescence-related genes.
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	Genes
	Forward Primers (5′→3′)
	Reverse Primers (5′→3′)
	Length





	EDN1
	CAGCAGTCTTAGGCGCTGAG
	ACTCTTTATCCATCAGGGACGAG
	126 bp



	ANKRD1
	AGTAGAGGAACTGGTCACTGG
	TGGGCTAGAAGTGTCTTCAGAT
	138 bp



	CDKN1A
	GACACCACTGGAGGGTGACT
	CAGGTCCACATGGTCTTCCT
	172 bp



	SERPINE1
	GTGTTTCAGCAGGTGGCGC
	CCGGAACAGCCTGAAGAAGTG
	300 bp



	TAGLN
	TGGCGTGATTCTGAGCAAG
	ACTGCCAAGCTGCCCAA
	240 bp



	GAPDH
	CCTCAACTACATGGTTTACATGTTCC
	CAAATGAGCCCCAGCCTTCT
	220 bp
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