




Effect of garlic extract on cytotoxicity and levels of ROS and glutathione in ovarian cancer cell lines


Abstract
Garlic, which is primarily composed of diallyldisulfide and diallyltrisulfide, has been shown to inhibit cancer cell proliferation. Nuclear Factor receptor 1 (NRF2) is the master regulator of many detoxifying enzymes, including glutathione. In this study, the inhibition of NRF2 and its potential role in modulating the cellular response to garlic extract as an anticancer agent were investigated. In this study, human ovarian cancer cell lines OVCAR3 and OVCAR4 were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin under 5% CO2 at 37°C. Prior to treatment, the cells were incubated for 24 hours in this medium, after which they were treated with Tbhq or Garlic Extract (Carbosynth-Biosynth) at the required final concentrations. Subsequently, a series of assays, including cytotoxicity assessment, ROS detection and glutathione assay, were conducted. Statistical analyses were conducted using GraphPad software. The significance of differences among pooled results was assessed using either independent t-tests or one-way analysis of variance (ANOVA). The findings indicated that garlic extract reduced cell growth, elevated reactive oxygen species (ROS) levels, and decreased total glutathione across all tested cell lines. Garlic was found to be an effective cytotoxic agent and also induced NRF2, HER receptors, and NRF2-dependent genes. However, pretreatment with 100 μM tBHQ for 5 hours prior to garlic exposure significantly reduced garlic’s growth-inhibitory effects. These results suggest that garlic may impede the growth of ovarian cancer cells through the elevation of ROS and depletion of glutathione, presenting a potential new strategy for targeting cancer cell proliferation via garlic-induced NRF2 suppression.
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Introduction.
Garlic (Allium sativum L.) is widely recognised across various cultures for its preventative and therapeutic properties as a medicinal plant. Throughout history, garlic has held significant dietary and medicinal importance (Tesfaye, 2021). Numerous studies have indicated its potential cancer-preventive effects and the beneficial properties of its constituents. The anti-cancer action of garlic is likely the best researched of the many advantageous pharmacological effects, and its use offers significant protection against the risk of developing cancer. A few active metabolites of garlic have been reported to be essential in the destruction of malignant cells due to their multi-targeted activities and lack of significant toxicity (Pandey et al., 2023; Savaliya et al., 2022). Garlic is rich in bioactive compounds, particularly allylsulfide derivatives, which possess anticancer properties. Various garlic derivatives have been shown to influence multiple molecular pathways involved in carcinogenesis, including DNA adduct formation, mutagenesis, free radical scavenging, cell proliferation, differentiation, and angiogenesis. Garlic has been found to reduce the growth rate of cancer cells, particularly through cell cycle arrest in the G2/M phase (Bayan et al., 2014). Nuclear factor erythroid 2-related factor 2 (NRF2) is a basic leucine zipper protein that plays a crucial role in regulating the cell's response to oxidative stress by activating the transcription of various antioxidant genes. NRF2 serves as a master regulator of numerous genes and is essential for cytoprotection, including anti-tumour effects, neuroprotection, and anti-inflammatory responses (Hayes and McMahon, 2009; Hayes and Ashford, 2012; Hayes et al., 2015; Wang et al., 2007; Tang et al., 2011). In the past two decades, the sequence of events leading to the activation and expression of genes controlled by the actions of the Nrf2 transcription factor has steadily expanded. The number of genes that have evolved to be under the control of Nrf2 is surprisingly large (McCord et al., 2023). Under normal conditions, NRF2 resides in the cytoplasm and is degraded. However, during oxidative stress, it translocates to the nucleus, dimerises with macrophage activating factor (Maf) proteins, binds to antioxidant response elements (AREs), and initiates the transcription of antioxidant genes (Hayes et al., 2016; Abdullah et al., 2012; Itoh, 1997; Itoh et al., 1995). Previously identified NRF2 activators include tert-butylhydroquinone (tBHQ) (Kankia et al., 2021; Kankia et al., 2017; Khalil et al., 2015), while its inhibitors include components of the retinoid garlic pathway (Hayes et al., 2015; Hayes and Dinkova-Kostova, 2014; Hayes et al., 2016; McMahon et al., 2014; Hayes et al., 2010; Krajka-Kuźniak et al., 2017). Overexpression of NRF2 is frequently observed in ovarian cancer cases (Zhang et al., 2016a; Liou and Storz, 2010; Khalil et al., 2015). NRF2 may directly interact with many signalling pathways that involve phosphatidylinositol 3-kinase (PI3K)/serine-threonine kinase (AKT)/mammalian target of rapamycin (mTOR), mitogen-activated protein kinase (MAPK), and signal transducers and activators of transcription (STAT) (Hayes et al., 2015; Hayes and Dinkova-Kostova, 2014; Hayes et al., 2016; McMahon et al., 2014; Hayes et al., 2010; Krajka-Kuźniak et al., 2017). Previous research has indicated that NRF2 transcriptionally regulates the expression of HER2 and HER3, establishing connections between NRF2 function, HER2/HER3 signalling, reactive oxygen species (ROS) production, and glutathione depletion (Zhang et al., 2016a; Liou and Storz, 2010; Khalil et al., 2015). Furthermore, Kankia et al. (2017) demonstrated that NRF2 regulates HER1 expression and modulates the sensitisation of ovarian cancer cells to receptor tyrosine kinase inhibitors (RTKIs) and anticancer drugs targeting HER1/HER2 receptors.
In this study, we investigated how inhibition of NRF2 plays a potential role in modulating the cellular response to garlic extract as an anticancer agent.
Materials and methods
Cell culture
The PEO1, OVCAR3 and SKOV3 cell lines were cultured at 37°C in 5% CO2: 95% air in RPMI 1640 medium containing fetal calf serum (FCS, 9:1) together with glutamine (2 mM), sodium pyruvate (1mM), streptomycin (100 μg/mL) and penicillin (100 U/mL). For experiments, cells were grown for 24 h in RPMI 1640 medium with 5% double charcoal stripped fetal bovine serum (FBS, Fisher), replacing FBS. Heregulin-β1 (H, Sigma) was prepared as a 1 μM solution containing 5% trehalose and 10% FCS in phosphate-buffered saline (PBS) and diluted to 1 nM with media within experiments. tBHQ (Sigma) and garlic (Carbosynth-Biosynth) stock solutions were prepared in dimethyl sulfoxide (Fisher).
Cytotoxicity assay
Cell viability was assessed with the CellTiter-Glo® 2.0 assay kit (Promega). Cells were plated in 96-well plates and left for 24 h. After treatment with drugs as described, the plates were left for 30 min at room temperature. CellTiter-Glo 2.0 reagent was added at a volume equal to that of the medium present in each well, and cell lysis was induced by placing the plate on an orbital shaker and then incubating at room temperature for 10 min to stabilise the luminescent signal read by the luminometer (MODULUS, Promega). The assay measures ATP, which in turn indicates the level of live and metabolically active cells.
Determination of ROS and glutathione levels
To measure reactive oxygen species (ROS), cells (2 × 104 cells/mL) were plated in triplicate in opaque 96-well plates using 100 µL of phenol red-free medium. After 18 hours, an equal volume of 2’,7’-dichlorofluorescein diacetate (DCFDA) solution (50 mM) was added to each well and allowed to react for 45 minutes at 37°C. ROS levels were then assessed by fluorescence, with excitation at 485 nm and emission at 535 nm, using a multiplate reader (MODULUS, Promega). For normalisation, cells were stained with Coomassie blue stain (Sigma) for 1 hour, followed by washing with distilled water. To release the dye, a 10% sodium dodecyl sulfate solution was added, and the plates were shaken for 10 minutes. Absorbance was measured at 595 nm using the same multiplate reader. For glutathione measurement, cells (1 × 104 cells/mL) were plated in white clear-bottom 96-well plates and incubated for 18 hours. The media was then removed. 
The glutathione (GSH)/GSSGGlo™ Assay (Promega) was performed according to the manufacturer's instructions. A total glutathione lysis reagent (50 µL) was added to each well, and the lysates were transferred to a 96-well opaque plate. The plates were shaken at room temperature for 5 minutes. Subsequently, Luciferin Generation Reagent (50 µL) was added to each well, followed by shaking and a 30-minute incubation at room temperature. Finally, Luciferin Detection Reagent (100 µL) was added, and the plates were shaken for an additional 15 minutes. Luminescence was measured using a luminometer (MODULUS, Promega).
Statistical analysis
Statistical analyses were conducted using GraphPad software. The significance of differences among pooled results was assessed using either independent t-tests or one-way analysis of variance (ANOVA), followed by post hoc Tukey’s tests. Significance levels were defined as follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001.
Results
tBHQ-Mediated Activation of NRF2 Promotes Proliferation and Survival of Ovarian Cancer Cells and Reduces the Cytotoxic Effects of Garlic
Previous studies have demonstrated that NRF2 activation contributes to cancer cell proliferation and resistance to chemotherapeutic agents (Khalil et al., 2015).  A chemical known as tert-butylhydroquinone (Tbhq and a gene-knocking substance (siRNA) are reported to be an activator of NRF2 (Kankia et al, 2017). In this study, we examined whether NRF2 activation modulates the response of ovarian cancer cell lines, which express both HER family receptors and NRF2, to garlic extract. Cells were cultured in medium supplemented with 5% charcoal-stripped FBS and 1 nM heregulin (H) before treatments were applied. Initial results showed that NRF2 activation by tBHQ alone significantly enhanced proliferation in these ovarian cancer cell lines (Figure 1). In contrast, treatment with garlic extract (G1 at 10 mg/ml and G2 at 20 mg/ml) inhibited cell proliferation across all lines for up to 72 hours, though this antiproliferative and cytotoxic effect diminished by 96 hours. Interestingly, garlic was found to be an effective cytotoxic agent and also induced NRF2, HER receptors, and NRF2-dependent genes (Figures 2 and 3). However, pretreatment with 100 μM tBHQ for 5 hours prior to garlic exposure significantly reduced garlic’s growth-inhibitory effects. This protective effect of NRF2 activation was observed across all three ovarian cancer cell lines at every time point examined. These findings (Figure 3) suggest that NRF2 activation confers resistance to garlic-induced cytotoxicity, potentially through upregulation of HER1 and HER4, and may eventually influence susceptibility to garlic's anticancer activity. Overall, the results support a functional interaction between HER family receptor signalling and the NRF2 antioxidant response pathway, implicating NRF2 as a potential contributor to treatment resistance in ovarian cancer.
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Figure 1. Garlic Inhibits Cell Survival even in the Presence of Heregulin, and NRF2 inactivation Confers Cytoprotection Against Garlic-Induced Cytotoxicity in Ovarian Cancer Cells. Ovarian cancer cells were cultured in media containing 1 nM heregulin (HRG) and then treated with various combinations of garlic extract and the NRF2 activator tBHQ to assess cell survival. Treatment conditions included: HRG alone (H), HRG + Garlic 1 (H + G1, 10 mg/mL), HRG + Garlic 2 (H + G2, 20 mg/mL), HRG + tBHQ (H + T, 100 μM), HRG + Garlic 1 + tBHQ (H + G1 + T), and HRG + Garlic 2 + tBHQ (H + G2 + T). tBHQ was added 5 hours prior to garlic treatment to allow for NRF2 activation. Cell viability was measured using the CellTiter-Glo assay (Promega), and survival was expressed relative to untreated controls. The data represent mean ± SD from triplicate experiments. Statistical comparisons among treatment groups (H + G1, H + G2, H + T, H + G1 + T, H + G2 + T) were performed using one-way ANOVA followed by Tukey’s post hoc test. Significance levels are indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
Garlic or siRNA-Mediated Inhibition of NRF2 Increases Cellular ROS and Reduces Glutathione (GSH) Levels
Reactive oxygen species (ROS) are crucial mediators of various cellular processes, including proliferation, growth, and apoptosis. Elevated ROS levels have been implicated in promoting cancer cell survival, proliferation, and adaptation to hypoxic conditions (Zhang et al., 2016b). Compared to normal cells, cancer cells often generate higher levels of ROS to activate signalling pathways essential for cellular transformation and tumour progression (Reczek and Chandel, 2017). As secondary messengers, ROS contribute to signal transduction and cytoprotective mechanisms, influencing cell survival and overall homeostasis. To counteract ROS accumulation, cells utilise both enzymatic antioxidant systems—including superoxide dismutases, catalases, peroxidases, thioredoxins, peroxiredoxins, and glutathione-related enzymes—and nonenzymatic, low-molecular-weight antioxidants such as glutathione (GSH). NRF2 plays a central role in regulating redox balance by driving the basal and inducible expression of genes involved in antioxidant defence, detoxification, and stress responses. To further explore the interplay between NRF2, ROS, and the regulation of HER1 and HER4, we assessed basal ROS levels following NRF2 inhibition. NRF2 activity was suppressed using either garlic extract or siRNA-mediated knockdown, and ROS levels were measured using the fluorescent probe 2′,7′-dichlorofluorescin diacetate (DCFDA). Results showed a significant increase in intracellular ROS at both 24 and 48 hours post-treatment, confirming that NRF2 inhibition leads to ROS accumulation (Figure 2a & b). Given the observed rise in ROS and the downregulation of HER1 and HER4 expression in ovarian cancer cells treated with garlic extract or NRF2-targeting siRNA, we next investigated whether NRF2 depletion also affects cellular GSH levels. Cells were either left untreated or treated with garlic extract or siRNA. As a positive control, some cells were treated with heregulin (HRG), which is known to induce GSH synthesis. After 24 hours, HRG treatment led to increased GSH levels, whereas both garlic and siRNA treatments resulted in significant GSH depletion (Figure 2c). These findings suggest that disruption of redox homeostasis through NRF2 inhibition can modulate HER1 expression and may have therapeutic implications for HER1-targeted strategies in ovarian cancer.
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Figure 2. NRF2 Inhibition by Garlic and siRNA Elevates ROS Levels and Depletes Total Glutathione. (A and B) Treatment with garlic extract and NRF2-targeted siRNA, respectively, increases intracellular reactive oxygen species (ROS) levels. Exponentially growing cells were seeded in triplicate into black-walled, opaque, flat-bottom 96-well plates and incubated for 24 hours. Cells were then either left untreated (UT) or treated with 10 mg/mL garlic extract, 7 pmol scrambled siRNA, or NRF2-specific siRNA for the indicated time points. After treatment, cells were incubated with the fluorescent ROS indicator DCFDA for 45 minutes, and ROS levels were measured by fluorescence as described in the Materials and Methods. (C) Garlic and siRNA treatments reduce total cellular glutathione (GSH) levels. Cells were seeded in 60 mm dishes and allowed to grow for 24 hours before being treated with either 1 nM heregulin (HRG), HRG + garlic (10 mg/mL), or HRG + NRF2 siRNA (100 pmol) for 24 hours. Cells were then harvested, lysed, and processed for glutathione quantification as described in the Materials and Methods. Data are presented as fold change relative to untreated or scrambled siRNA controls. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test. Significance levels are indicated as: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Discussion
In this study, we have shown that garlic extract inhibited the growth of cancer cells. The activation of NRF2 by tBHQ led to an increase growth of cancer cells, while inhibiting NRF2 using garlic or NRF2-targeted siRNA resulted in a decrease in the growth of cells. As a recognised activator of NRF2 (Khalil et al., 2015). Garlic is known for its anticancer properties and as an NRF2 inhibitor (Chen et al., 2004). There is growing interest in molecularly targeted inhibitors for cancer treatment, yet their effectiveness can be significantly diminished by the development of resistance (Langdon et al., 1988; Mullen et al., 2007; Khalil et al., 2016b). Anticancer strategies, including chemotherapy, often rely on manipulating ROS levels to induce cytotoxicity in cancer cells. In this study, we demonstrated that pharmacological activation of NRF2 by tBHQ increases the enhanced survival of cancer cells by reducing the cytotoxicity of garlic extracts, similar to the effects observed with HER-targeting chemotherapeutic agents such as lapatinib and erlotinib (Kankia et al., 2017; Kankia et al., 2021). Conversely, pharmacological and genetic inhibition of NRF2 with garlic and siRNA, respectively, decreased the level of cancer cells. Notably, we previously reported that bexarotene-induced inhibition of NRF2 reduced HER2 and HER3 expression, enhancing the cytotoxicity of erlotinib and lapatinib in ovarian cancer cells (Khalil et al., 2015; Khalil et al., 2016a; Khalil et al., 2016b; Kankia et al., 2017). While the beneficial effects of NRF2 activation have been observed in various healthy cell systems, there is accumulating evidence highlighting the detrimental role of NRF2 in cancer. NRF2 has been implicated in tumour resistance to multiple anti-cancer drugs by detoxifying drug-induced ROS, thus preventing drug accumulation and reducing efficacy (Choi and Kwak, 2016). Moreover, ROS, which regulates NRF2 stability and activity, can also trigger the ARE pathway, indicating a complex interplay between ROS levels and NRF2 function (Khalil et al., 2016b). To explore this relationship, we examined MCF7-AREc32 cell lines. Exposure to garlic extract at 10 mg/ml resulted in a decrease in pNRF2, total NRF2, and HO-1 levels (Figure 2), with the most significant reduction observed in the presence of garlic extract. This reduction in NRF2 levels suggests that these compounds can effectively target NRF2. Importantly, treatment with garlic extract significantly increased ROS and cytotoxicity. Increased NRF2 levels and its activation have been associated with cisplatin resistance mechanisms. Additionally, HER1 and HER4 expression correlate with chemotherapy-resistant ovarian serous carcinoma and shorter overall survival in patients. Clinical trials thus far have shown limited efficacy of certain chemotherapeutic agents in ovarian cancer, with a phase II trial of erlotinib as monotherapy reporting only a 6% response rate and a 44% disease stabilisation rate. Combination strategies with chemotherapy or bevacizumab have yet to prove effective. While lapatinib alone appears ineffective, there is interest in its combination with carboplatin and paclitaxel (Hoelder et al., 2012; Roskos). 
Conclusion 
The current findings suggest that preclinical studies with NRF2 inhibitors such as garlic extract would be of interest. Effective modulation of the ROS/NRF2/HER4 axis would be a novel strategy to improve the efficacy of chemotherapeutic drugs by sensitisation or by overcoming drug resistance.
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