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Abstract

:

Hydrogen sulfide (H2S), a gaseous signaling molecule, is associated with the development of various malignancies via modulating various cellular signaling cascades. Published research has established the fact that inhibition of endogenous H2S production or exposure of H2S donors is an effective approach against cancer progression. However, the effect of pharmacological inhibition of endogenous H2S-producing enzymes (cystathionine-γ-lyase (CSE), cystathionine-β-synthase (CBS), and 3-mercaptopyruvate sulfurtransferase (3-MPST)) on the growth of breast cancer (BC) remains unknown. In the present study, DL-propargylglycine (PAG, inhibitor of CSE), aminooxyacetic acid (AOAA, inhibitor of CBS), and L-aspartic acid (L-Asp, inhibitor of 3-MPST) were used to determine the role of endogenous H2S in the growth of BC by in vitro and in vivo experiments. An in silico study was also performed to confirm the results. Corresponding to each enzyme in separate groups, we treated BC cells (MCF-7 and MDA-MB-231) with 10 mM of PAG, AOAA, and L-Asp for 24 h. Findings reveal that the combined dose (PAG + AOAA + L-Asp) group showed exclusive inhibitory effects on BC cells’ viability, proliferation, migration, and invasion compared to the control group. Further, treated cells exhibited increased apoptosis and a reduced level of phospho (p)-extracellular signal-regulated protein kinases such as p-AKT, p-PI3K, and p-mTOR. Moreover, the combined group exhibited potent inhibitory effects on the growth of BC xenograft tumors in nude mice, without obvious toxicity. The molecular docking results were consistent with the wet lab experiments and enhanced the reliability of the drugs. In conclusion, our results demonstrate that the inhibition of endogenous H2S production can significantly inhibit the growth of human breast cancer cells via the AKT/PI3K/mTOR pathway and suggest that endogenous H2S may act as a promising therapeutic target in human BC cells. Our study also empowers the rationale to design novel H2S-based anti-tumor drugs to cure BC.
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1. Introduction


Breast cancer (BC) is a prevalent and growing concern of malignancy in women worldwide [1]. According to recent reports, approximately 2.3 million individuals are diagnosed with BC each year, with an annual mortality rate of around 450,000 [2,3]. Leading associated risk factors of BC include age, the aggravate prevalence of genetic mutations in predisposition genes (BRCA1 and BRCA2), lifestyle base-modified (non-genetic) risk factors, nulliparity, early menarche, first pregnancy in women older than 30 years of age, older age onset of menopause, usage of oral contraceptives, and personal or familial history of BC and other clinical complaints [4,5,6].



Hydrogen sulfide (H2S), together with nitric oxide (NO) and carbon monoxide (CO), is involved in modulating multiple physiological and pathological processes. It has been widely regarded as an endogenous gasotransmitter molecule [7]. Under normal physiological conditions, three enzymes that are widely expressed in mammalian tissues and cells—namely cystathionine-β-synthase (CBS), cystathionine-γ-lyase (CSE), and 3-mercaptopyruvate sulfurtransferase (3-MST)—produce H2S [8]. H2S exhibits a pleiotropic and often dose-dependent effect after being released in the form of acid-labile sulfur and bound sulfane sulfur [9]. It has been well established that H2S is involved in mediating essential cellular mechanisms and plays a crucial role in the regulation of many physiological conditions, including energy production, neuroprotection, vasorelaxation, glucose homeostasis, and angiogenesis [10,11,12]. In particular to the role of H2S in cancer, it has been reported that endogenous H2S is involved in cancer development and progression [13,14].



In terms of cytoprotective biological response, H2S is considered to be a bidirectional target in cancer research. On the one hand, studies have shown that exogenous exposure of H2S donors prevents tumor development [15,16]. On the other hand, a number of studies have shown that reducing H2S levels by downregulating the production of endogenous H2S in cancer cells leads to a decline in cancer progression [17,18]. With these potent therapeutic characteristics in cancer research, H2S has gained the attention of many researchers, and drugs that can repress or trigger the synthesis or promote the release of H2S have attained enormous value in preclinical and clinical settings.



To facilitate the future clinical translation research of H2S and the proposition of promising anticancer approaches for therapeutic manipulation of H2S, a variety of novel inhibitors have been synthesized to suppress the activity of H2S-producing enzymes. Currently, three pharmacologically well-characterized compounds—namely DL-propargylglycine (PAG), L-aspartic acid (L-Asp), and aminooxyacetic acid (AOAA)—are considered to be competitive, potent inhibitors of CSE, 3-MPST, and CBS, respectively. PAG (C5H7NO2) is a selective inhibitor compound which basically blocks the active site of the CSE enzyme, thereby preventing it from binding to its original substrate. The solubility of this drug is significantly high in both water and PBS [19,20]. L-Aspartic acid (L-Asp) (C4H14NO4) works in similar manner to PAG. The solubility of the drug is relatively low—nearly half that of PAG in water [21]. Similarly, in many studies, AOAA has also been reported to reduce H2S synthesis by inhibiting the function of CBS in both acidic and in prodrug forms. AOAA has been reported to reduce intracellular adenosine triphosphate levels and decrease glycolysis rate, which in doing so, regulates cellular activities. Studies have claimed the selectivity of AOAA; however, it also inhibits CSE. The effect of AOAA is concentration dependent. In addition, AOAA is highly soluble in both water and PBS [20,22,23]. Given the encouraging results in inhibiting H2S synthesis, it is worth investigating the electrostatics (i.e., protonation or deprotonation states) of these drugs both in solution and physiological condition.



These inhibitors have been well studied in various experimental and clinical studies as potential future anti-cancer therapies [23,24,25].



However, there is no study on the pharmacological inhibition of H2S in BC cells using these inhibitors. Therefore, by using PAG, L-Asp, and AOAA as potent inhibitors of H2S-producing enzymes, the present research focused on investigating the effect of pharmacological inhibition of endogenous H2S on human BC cell proliferation, invasion, and migration by using various in vitro and in vivo approaches.




2. Material Method


2.1. Cell Culture


Human BC cell lines MCF-7 and MDA-MB-231 were purchased from Fenghbio Biosciences (Changsha, Hunan, China). The cells were grown in DMEM media supplemented with 10% fetal bovine serum, 100 ug/mL streptomycin, and 100 U/mL penicillin and were maintained at 37 °C in a humidified atmosphere of 5% CO2 and 95% air.




2.2. Drugs Formulations/Treatment


To obtain a concentration of drugs (DL-propargylglycine (PAG, inhibitor of CSE), aminooxyacetic acid (AOAA, inhibitor of CBS), and L-aspartic acid (L-Asp, inhibitor of 3-MST)) that inhibited cellular H2S synthesis but was noncytotoxic to cell survival, cells were treated with a gradient of concentrations (1, 2, 5, 10, and 20 mM) for 24 h. Followed by the 24 h treatment of individual drugs, optical density (OD) of the treated cells using a CCK-8 kit was measured. Drug concentrations and cell toxicity response were measured for all treatments. Additionally, the combined dose effects of three inhibitors were investigated at a concentration of 10 mM and a higher concentration of individual drugs (30 Mm) by using a CCK-8 test. Phosphate buffer saline (PBS) was used to treat the control group cells.




2.3. Cell Viability Assay


The CCK-8 assay was used to detect cell viability according to the manufacturer’s instructions. In brief, 10,000 MCF-7 and MDA-MB-231 cells were seeded in 96-well plates and cultured in normal medium for 24 h after the treatment. At the check point, 10% CCK-8 solution was added to each well of the 96-well plate before OD readings, as done in previous studies [26].




2.4. Detection of H2S Level


To determine the inhibitory efficacy of drugs after the 24 h treatment, the enzyme-linked immunosorbent assay kit (LanpaiBio, Shanghai, China) was used to detect H2S levels in MCF-7 and MDA-MB-231 cells [27]. The cell culture supernatants were collected to test the levels of H2S. Next, the standard controls were prepared accordingly, and samples were treated with reagents and incubated for 0.5 h at 37 °C. Then, color-developing agents were added to each well and incubated for 15 min at 37 °C. The OD of each well was measured with a microplate reader at 450 nm. Using the equation derived from the standard controls and the absorbance of the samples obtained from the microplate reader, the concentration of H2S was determined. The experiments were repeated three times.




2.5. Cell Proliferation Assay


For assessment of cell proliferation, the Light EdU Apollo 567 in Vitro Imaging Kit (RiboBio, Guangzhou, Guangdong, China) was used to determine the proliferation. In brief, 104 cells/well were seeded in a 96-well plate, incubated, and treated with corresponding drugs for 24 h. After the treatment, the growth media was replaced with pure media containing EdU A and incubated for 2 h. Then, cells were fixed with 4% paraformaldehyde (PFA) and were washed with PBS. By adopting the kit protocol, the Apollo step was conducted under dark conditions. After washing with PBS and methanol, cells were treated with DNA staining (Hoechst reagent) under dark conditions at room temperature. Imaging was performed using a fluorescent microscope, and the proliferation rate was calculated using the following formula: Percentage cell proliferation = (EdU − positive cells/total cells × 100).




2.6. Wound Healing Assay


The scratch wound-healing motility assay was performed to evaluate the migration ability of treated BC cells. In a 6-well plate, after the cells reached 80–90% confluence, a sterile pipette tip was scraped across the monolayer cells. The cells were then returned to the incubator after the drug treatment until the indicated time. An Olympus CKK41 microscope was used to photograph the reprehensive sites, which were analyzed by ImageJ software to measure the migration. The migration rate (MR) was estimated using the following formula: MR (%) = [(A − B)/A] × 100, where A and B are the widths at 0 and 24 h, respectively.




2.7. Colony Formation Assay


To assess the effect of drug treatment on colony formation, we seeded the cell lines (5 × 102) into 6-well plates and cultured them for 14 days at 37 °C. At the end of experiment, methanol was used to fix the colonies, which were then stained at room temperature with 0.5% crystal violet. The colony number was then calculated by scanning the plate.




2.8. Migration and Invasion Assay


To determine the migration and invasion ability of treated cells, we firstly spread the media and cell suspension (200 μL) in the upper chamber of a 24-well specialized plate. The lower chamber contained 20% fetal bovine serum (600 μL), used as a chemoattractant. After incubation for 24 h, cells were fixed with methanol for 20 min and then stained with crystal violet dye solution for 40 min. Finally, images for transwell invasion were taken using a Zeiss Axioskop 2 plus microscope (Carl Zeiss, Thornwood, NY, USA).




2.9. Cell Death Assay


For the detection of apoptosis/necrosis of 24 h treated BC cells, TDT-mediated dUTP-biotin nick end labeling (TUNEL) assay was performed. In brief, 1 × 105 cells/well seeded in a 96-well plate were treated and incubated for 24 h. Cells were washed with PBS once and fixed with 4% PFA for 30 min at room temperature. After fixation, the cells were washed with PBS and treated with 1% triton for 5 min. Then, Tunel solution 50 μL was added per well and incubated for 80 min at 37 °C. After careful washing, cells were subjected to DAPI for 5 min and photographs were taken with a fluorescence microscope. Using ImageJ software, cell death rate was counted by using the ratio of TUNEL-positive cells in total cells.




2.10. Western Blot Analysis


The protein level was determined using a western blot. The principal antibodies (anti-B-cell lymphoma-extra-large (Bcl-xl), anti-B-cell lymphoma-2 (Bcl-2), anti-Bcl-xl/Bcl-2-associated death promoter (Bad), anti-Bcl-2-associated X protein (Bax), anti-cleaved poly adenosine diphosphate-ribose polymerase (PARP), anti-cleaved caspase-3, N and E cadherin, and Vimentin antibodies) were procured from ProteinTech (Chicago, IL, USA). Antibodies against PI3K/AKT/mTOR and their corresponding anti-phospho were obtained from cell Signaling technology (CST, Danvers, MA, USA), as the secondary antibody conjugated with horse. The internal control was chosen to be β-actin. An enhanced chemilumescence setup (Thermo Fisher Scientific, Rockford, IL, USA), was used to acquire the photographs. ImageJ software was used to calculate the band intensities.




2.11. Animal Study


The Henan University School of Medicine’s Committee on Medical Ethics and Welfare for the experimental Animals (HUSOM-2019-168) gave its approval for the animal research. With slight adjustments, the animal research was carried out as described earlier [28]. Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China) provided the BALB/C nude mice (male, 4 weeks old). Nude mice’s right flanks were injected subcutaneously with MCF-7 and MDA-MA231 cells (5 × 106 cells in 200 μL PBS). The mice were divided into five groups at random (n = 6 each group). For 28 days, 10 mM PAG, L-Asp, AOAA, and PAG + AOAA + L-Asp (combined group) were injected subcutaneously near the tumor. PBS was injected subcutaneously into the control animals. Every day, the body weights and tumor volumes were measured. Tumor volumes were calculated using the following formula: volume = length × width2/2 [29]. At the end of the trial, the mice were anaesthetized with 3% isoflurane and executed by cervical dislocation. The tumor growth inhibition rate (IR) was calculated as IR (%) = [(A − B)/A] × 100, where A and B represent the control and treatment groups’ respective average tumor weights [16].




2.12. Tumor Tissue Staining


Tumor specimens were fixed in paraffin embedded in 10% neutral-buffered formalin, and then tissues were segmented to thicknesses of 5 mm by adopting the hematoxylin and esosin (HE) staining procedures [26]. Images were taken with a Zeiss Axioskop 2plus microscope.




2.13. Immunohistochemistry (IHC)


The tumor microvessel density (MVD) was determined by using the Cluster of Differentiation 31 (CD31), a significant biomarker for vascular endothelial cells [30]. Tissues were stained with the CD31 antibody (CST), and tumor vessels were detected and measured with a Zeiss Axiokop 2plus microscope. In addition, tumor tissues were stained with anti-Ki67 antibody (CST), and Ki67 antibodies and positive cells were imaged using a Zeiss Axioskop 2 plus microscope. The proliferation index (PI) was calculated by dividing the number of Ki67-positive cells by the total number of cells [31]. Similarly, to find the apoptotic index (PI), tumor tissues were stained with the cleaved caspase-3 antibody. Cell death rate was calculated by the ratio of cleaved caspse-3-positive cells to the total cells [32].




2.14. Statistics Analysis


The mean ± standard error of the mean (SEM) was used to express all experimental data. The two-tailed Student’s t test was used to determine the difference between the two groups. Using SPSS 17.0 software, the difference between different groups was examined using one-way analysis of variance, followed by Tukey’s test. Statistical significance was defined as p < 0.05.





3. In silico Validation of Drugs/Inhibitors


3.1. Ligand and Receptor Protein Preparation


The structures of L-aspartic acid (L-Asp), DL-Propargylglycine (PAG), and aminooxyacetic acid (AOAA) in the Spatial Data File (SDF) were retrieved from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/ (accessed on 20 December 2021)) with PubChem IDs 5960, 95575, and 286, respectively. Prior to PDBQT file generation, all the SDF files were prepared with the addition of Gasteiger charges and polar hydrogens by employing a set of AutoDock tools (version 1.5.6) and were saved in PDBQT format using the Open Babble tool integrated into PyRx software (version 0.8). The X-ray crystal structures of the target receptor proteins were retrieved from the Protein Data Bank (PDB) (https://www.rcsb.org/ (accessed on 21 December 2021)) with PDB IDs 3COG, 3OLH, and 4COO for Cystathionine gamma-lyase (CSE), 3-mercaptopyruvate sulfurtransferase (3-MPST), and Cystathionine beta-synthase (CBS), respectively. Before molecular docking, all the protein PDBs were preprocessed by removing the non-amino acid residues and water molecules, adding polar hydrogen atoms, and optimising by adding Kollman charges, utilizing the AutoDock tool [33,34].




3.2. Druggable Pockets and Molecular Docking Analysis


The druggable pockets of each selected protein receptor were identified through the P2RANK server (https://prankweb.cz/ (accessed on 26 December 2021)), which uses a template-independent machine learning-based method. The top-ranked predicted pockets were chosen and considered for the molecular docking simulation study. The detailed results of P2RANK are tabulated in Supplementary Table S1. The AutoDock Vina tool was utilized to execute molecular docking simulations due to its rapid, stochastic optimizations by operating multiple CPU cores, which allowed it to overcome the confines of the maximum number of rotatable bonds, atoms, and grid map size [35,36,37]. Docking grids of all macromolecule receptors were adjusted into squares of 24 Å with x, y, and z coordinates of −21.7641, 33.6885, and −18.7002 for Cystathionine gamma-lyase; −35.004, −20.3346, and −41.463 for 3-mercaptopyruvate sulfurtransferase; and −9.2621, 22.9917, and −18.5675 for Cystathionine beta-synthase, respectively, to define the ligand binding sites. The interaction of the ligand–protein complexes was visualized using the BIOVIA Discovery Studio Visualizer version 20.1.0 tool.





4. Results


4.1. Inhibition of Endogenous H2S Attenuates the Viability and Proliferation of Human BC Cells


As presented in Figure 1, treatment of 10 mM of PAG, AOAA, and L-Asp reduced the cell viability in a dose-dependent manner, with a sharp decrease in H2S content in corresponding treated human cell (MCF-7 and MDA-MB 231) groups (Figure 1a,b). It was shown that there is a concentration-dependent decrease in the cell viability of cells (Supplementary Figure S1). Furthermore, the combined dose treatment (10 mM L-Asp + 10 mM PAG + 10 mM AOAA) had a stronger effect compared to treatment with 30 mM PAG and 30 mM L-Asp (Supplementary Figure S2). These preliminary findings on the drugs and cell viability suggest that the 10 mM treatment is the optimum dose for measuring the pharmacological effect on cells. Furthermore, this decrease in H2S content in treated cells led to a significant decline in the cell proliferation and colony formation ability of BC cells (Figure 1c–f). According to these results, the combined dose treatment and AOAA exhibit a strong inhibitory effect compared to L-Asp and PAG. Taken all together, these findings suggest that upon treatment with these drugs, either separately or in combination form, they can suppress endogenous H2S production, which may reduce viability, proliferation, and colony formation, indicating that H2S is involved in the growth and progression of human BC.




4.2. Inhibition of Endogenous H2S Reduces the Migration and Invasion Rate of Human BC Cells


Followed by the 24 h treatment, it was observed that the migration and invasion of MCF-7 and MDA-MB-231 cells were reduced in each of the PAG-, L-Asp-, and AOAA-treated groups when compared to the control group. Furthermore, when we used the drugs in combination, a greater inhibitory effect on MCF-7 and MDA-MB-231 cell migration and invasion was recorded compared to the separately treated groups (Figure 2a,b). These results demonstrate that pharmacological treatment with these drugs could significantly inhibit the migration and invasion of human BC cells.




4.3. Suppression of Endogenous H2S Induces Apoptosis in Human BC Cells


The results of the present study demonstrate that, compared to the control group, treatment with PAG, L-Asp, or AOAA induce apoptosis in BC cells, as shown in Figure 3a,b. Findings from the TUNEL assay reveal that the combination group has a strong apoptotic index, followed by AOAA, L-Asp, and PAG. Regarding the mitochondrial apoptotic process, which is commonly mediated by cleaved caspase-3 [38], PARP is considered to be a crucial target for exploring this cell death mechanism [39]. In our study, both cleaved caspase-3 and PARP had higher expression in the drug-treated cells compared to the control group. Furthermore, they were higher in the PAG, L-Asp and AOAA separately treated groups than in the control group. Moreover, the amount of these two proteins (cleaved caspase-3 and cleaved PARP) in the combination group was noted to be higher than in the separately treated groups. Collectively, these results clearly indicate the apoptosis induction effect of these drug treatments.




4.4. Suppression of Endogenous H2S Inhibits Epithelial–Mesenchymal Transition in Human BC Cells


Epithelial mesenchymal transition (EMT) has been shown to be crucial in tumorigenesis, where the EMT program enhances metastasis. An aberrant expression of N-cadherin and E-cadherin in many types of tumors is regarded as a hallmark of EMT and considered to be a therapeutic target for inhibiting cancer cell migration [40,41]. Figure 4 shows the EMT rates in BC cells. When PAG, L-Asp, and AOAA were applied for 24 h, there was a significant increase in the expression of E-cadherin and a decrease in N-cadherin and Vimentin compared to the control group. Furthermore, analysis indicates that the effect was much stronger in the combined group, followed by the AOAA, L-Asp, and PAG groups (Figure 4). These findings reveal that suppression of endogenous H2S could be a way forward to decrease cancer metastasis in human BC cells.




4.5. Suppression of Endogenous H2S Disrupts the PI3K/AKT/mTOR Pathway in Human BC Cells


The PI3K/AKT/mTOR signaling pathway is a key signal transduction pathway involved in the many hallmarks of cancer, including survival, metabolism, motility, and genome stability [42,43]. This pathway contributes to several cancer-promoting aspects of the tumor environment, such as angiogenesis and inflammatory cell recruitment [44]. As presented in Figure 5, phosphorylation of PI3K, AKT, and mTOR decreased in the separately treated PAG, L-Asp, and AOAA groups compared to control, which may lead to both decreased cellular proliferation and increased cell death and suppress tumor growth [45]. Overall, these results demonstrate that pharmacological inhibition of endogenous hydrogen sulfide production suppresses BC progression via weakening of AKT, PI3K, and mTOR phosphorylation.




4.6. Suppression of Endogenous H2S Inhibits the Angiogenesis and Growth of Human BC Xenograft Tumors


Nude mice tumor models have been successfully established using MCF-7 and MDA-MB-231 cells [46,47]. The effect of endogenous H2S inhibition on BC xenograft tumor growth was subsequently investigated. The tumor sizes and weights in the PAG, AOAA, and L-Asp groups were significantly lower than in the control group (Figure 6a,b). In addition, the tumor volume and weight were lower in the combination group than in the PAG, AOAA, and L-Asp groups, but the tumor inhibitory rate was higher (Figure 6c,d). It has been observed that HE, CD31, Ki67, and cleaved caspase-3 staining analyses on human BC xenograft tumors also support the effect of drugs, with respect to in vivo results. MVD and PI values were lower in the PAG, AOAA, and L-Asp groups while AI was higher compared to the non-treated control group. Furthermore, in the combination group, the MVD and PI were lower but the AI was higher compared to the PAG, AOAA, and L-Asp groups (Figure 6e,f).




4.7. Molecular Docking Analysis


The implementation of computational studies plays a vital role in the early stages of drug discovery and development [48]. In the present study, a molecular docking simulation was carried out to identify the ligand–protein interaction. All the ligands were docked with each of the selected receptor proteins (CSE, CBS, and MPST) to ascertain the optimal conformational binding area by employing the AutoDock Vina tool. This tool provides the minimum binding energy value in kcal/mol, where the lower the binding energy value, the higher the bonding affinity. Also, the greater the number of bonds (i.e., hydrogen and carbon), the stronger the binding interaction between ligand and protein (Table 1). The results of the present study revealed that all the ligands were found in their respective druggable pockets and supported our experimental work findings. Visualization of drug–protein interactions after molecular docking are shown in Figure 7.





5. Discussion


H2S is known to be a third gaseous molecule that is predominantly involved in various pathophysiological conditions [49,50,51]. Published research has given the utmost importance to the physiological workings of H2S in cancer cells. Given the several novel findings on H2S donors’ and inhibitors’ roles in cancer [16,52], the rapid development of various H2S-based therapeutics reflects the excitement that this unique mediator has sparked, as well as encouraging findings generated in preclinical and early clinical trials. Endogenous H2S can promote cancer growth by inducing angiogenesis, regulating mitochondrial bioenergetics, accelerating cell cycle progression, and inhibiting apoptosis. In the present study, we inhibited endogenous H2S synthesis by inhibiting H2S-generating enzymes in human breast cancer cells.



Breast cancer is one the most frequent malignancies diagnosed in women worldwide [1,2]. There is no promising therapy available that can be used for the medication of individuals presenting advanced stages of breast cancer [53]. Therefore, it is essential to discover putative therapeutic drugs that can be used for the effective management and prevention of breast cancer. In the present study, we investigated the anti-tumor effect of the pharmacological inhibition of H2S synthesis by employing the respective inhibitors for H2S-generating enzymes in breast cancer in vitro and in vivo, as well as their in silico docking intensities.



It has been reported that exogenous treatment with PAG and AOAA (1–10 mM) for up to 3 days results in a reduction of cancer cell viability in a dose-dependent manner [52,54]. Adapting to the rationale of published studies, we treated the human BCs (MDA-MB-231 and MCF-7) with 1–10 mM of CSE, MPST, and MPST inhibitors, both individually and in combined solution form. Compared to the untreated cells, our findings demonstrated a remarkable reduction in cancer cell viability and growth rate in treated cells. In the follow-up experiments, we opted for a single concentration (10 mM) and checked the following results. In treated cells, we observed a conspicuous effect on the growth rate, invasion, and migration of BC cells compared to the control group. However, we found that this effect varied in the four groups of treated cells. PAG is the least effective, while the combined group has the strongest and most potent anti-tumor effect against the invasion and migration of both selected types of BC cells. The results showed that pharmacological inhibition of endogenous H2S synthesis could reduce the viability, growth, migration, and invasion of both types of human BC cells, empowering the synthesis of H2S-based chemopreventive drugs.



Moreover, the molecular docking simulation results also validated the findings of the undertaken study. Results of the binding pockets of each drug molecule predicted by P2RANK web servers were similar to those previously reported by studies on these enzymes. In a previous study carried out by Sun et al. (2009), in addition to its structural basis, they reported the inhibition mechanism of the CSE enzyme [55]. They documented that CSE is a tetramer when it is in PLP (pyridoxal-5-phosphate)-bound states. Each monomer of CSE contains two domains: (a) a larger PLP-binding domain ranging from 9 to 263 residues, and (b) a smaller domain covering 264–401 residues. The PAG bound to the CSE enzyme occupies the space of the substrate’s side chain and covalently binds to the Tyr114 residue, which is thought to block substrate accessibility, thereby inhibiting CSE activity. Additionally, during this inhibition, Asp187 and Lys212 facilitate this process to accomplish the task [55]. Likewise, Meier et al. (2001) conducted a study to elucidate the structure of the CBS enzyme and its mechanism of inhibition [56]. They reported the crucial roles of Lys119, Gly256, Thr258, Gly259, and Thr260 residues in the active site of the enzyme. They revealed that these amino acid residues have significant importance in the working or inhibition process of the CBS enzyme [56]. Similarly, Yadav et al. (2013) extensively studied the structure of the MPST enzyme and highlighted the roles of Tyr108, Arg188, Arg197, and Thy253 amino acid residues in the functional behavior of this enzyme [57]. Overall, our drug–protein docking analysis explained the selectively and competitiveness of these drugs in inhibiting enzyme physiology, enhancing the reliability of these drugs to be used as future anti-cancer medicines. It was observed that PAG had the highest binding affinity (−5.4 kcal/mol) towards the CSE protein, followed by L-Asp and AOAA. Similarly, L-Asp was found to have the best binding interaction, with a binding energy of −5.3 kcal/mol, compared to other inhibitors with MPST protein. Likewise, AOAA was found to be good inhibitor of CBS protein and had a binding energy of −4.6 kcal/mol (Table 1). Figure 7 depicts the types of bonds and interacting amino acid residues in the ligand–protein interactions. The overall results of all the selected inhibitors’ binding affinities with the three selected proteins are moderately convincing and support our experimental work findings.



Furthermore, apoptosis plays a crucial role in the progression and dynamic balance of complex organization in multicellular organizations [58]. At the cellular level, apoptosis occurs via both intrinsic and extrinsic pathways, wherein the former is mediated by mitochondria and the latter is stimulated by death receptors. This results in numerous morphological modifications, including genetic material condensation, nuclear fragmentation, and cell shrinkage [59]. Proapoptotic proteins (such as Bad and Bax) and members of the Bcl-2 family (such as Bcl-xl and Bcl-2) are the primary mediators of intrinsic cell death. However, caspases and PARP activation by certain stimuli also contribute to the occurrence of apoptotic cascades in the cell [39,58]. Going through the published literature, it has been shown that AOAA and PAG treatment causes cell death by promoting apoptotic cascades in the A549 and 95D human non-small cell lung cancer cells [13,60].



In the present study, following treatment, we observed the ratios of Bad/Bax-xl and Bax/Bcl-2 and the increased expression at the protein level of cleaved PARP and caspase-3 in the PAG, L-Asp, and AOAA groups. The combined treatment cells exhibited a stronger effect on the ratios of Bad/Bax-xl and Bax/Bcl-2 and higher protein expression of cleaved PARP and caspase-3 than the PAG, L-Asp, and AOAA groups. These results suggest that inhibition of endogenous H2S synthesis induces apoptosis in human BC cells.



Similarly, following the 24 h treatment of PAG, L-Asp, and AOAA, significant downregulation of N-cadherin and Vimentin and increased expression of E-cadherin were observed compared to the control group. We found a more potent effect in the combined group, followed by the AOAA-treated group. Considering the inevitable roles of E and N cadherins in cancer metastasis [40,41], these findings reveal that suppression of endogenous H2S could be a way forward for decreasing cancer metastasis in human BC cells.



The PI3K/AKT/mTOR pathway is essential in the regulation of cell growth, viability, mortality, and protein synthesis [61]. Research reveals that activation of this pathway contributes to tumor predisposition and increased risk of death [62]. It has also been found that inhibition of PI3K/AKT/mTOR leads to a decrease in proliferation index and shows potent efficacy in the treatment of BC [63]. Our findings show that PAG, L-Asp, and AOAA exposure disrupt PI3K/AKT/mTOR and reduce its level compared to the control group. Following the apoptosis result trends, we observed that the combined group has a potent inhibitory effect on the downregulation of the PI3K/AKT/mTOR pathway. Taken together, these results show that inhibition of endogenous H2S decreases the expression of p-PI3K, p-mTOR, and p-AKT, indicating that they inhibit the proliferation, invasion, and migration of human BC cancer cells via blocking the PI3K/AKT/mTOR pathway. In recent research studies, MDA-MB-231 and MCF-7 cells have been successfully used to establish subcutaneous xenograft models [46,47]. Previously, the effect of endogenous H2S inhibition by employing AOAA and PAG on xenograft tumor growth has been reported in human chronic myeloid leukemia and astrocytoma. They observed dramatically decreased tumor growth in the treated animals compared to control [64,65]. Our study showed that PAG, AOAA, and L-Asp significantly inhibited BC xenograft tumor growth, and the combined group showed stronger preventive effects on tumor growth.



Studies have established the fact that CD31 is a key biomarker for vascular endothelial cells, and that tumor MVD may be reflected in CD31 stains [30]. Similarly, Ki67 and cleaved caspase-3 are well known for detecting proliferation index and the apoptotic index, respectively [31,32]. Supporting the trends, our IHC results of tumor tissue show that PAG, L-Asp, and AOAA reduced CD31 and Ki67 levels but increased cleavage caspase-3 levels. In addition, the combined group showed lower expression of CD31 and elevated levels of cleavaged-caspase-3 than PAG, L-Asp, and AOAA groups.




6. Conclusions


In conclusion, the results of the present study suggest that reducing endogenous H2S levels by pharmacologically inhibiting H2S-producing enzymes with their respective synthesized inhibitors attenuates the growth of human BC cells in vitro and in vivo. H2S inhibition leads to enhanced cell death and disrupts the PI3K/AKT/mTOR pathway, which eventually reduces the progression of BC cells. The docking potentials of these drugs to the active sites of their respective enzymes are consistent with the wet lab experiments, enhancing the reliability of these drugs. These findings, especially those for the combined dose with treatments of PAG, L-Asp, and AOAA, give a new insight towards suppressing H2S levels in cells to control the progression of tumors. Given the pervasive nature of H2S and the rapid development of various H2S-based therapeutics approaches, the present study supports the findings from preclinical and early clinical trials and strongly endorses the rationale of empowering H2S-based chemo-preventive drug synthesis against different malignancies. It is worth exploring the development of innovative H2S-based therapeutic and diagnostic approaches for pre-clinical findings, which hold the promise of increased efficacy, lower toxicity, or both, to start trials in clinical settings.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/molecules27134049/s1, Figure S1: Dose dependent effects of PAG, AOAA, and L-Asp on viability of human breast cancer cells (MCF-7, MDA-MB-231); Figure S2: An intra- dose effect comparison of cell viability between combined low concentration (10 mL/mol) of PAG, AOAA, and L-Asp and higher concentration of individual drugs (30 Mm) by using a CCK-8 test on human breast cancer cells (MCF-7, MDA-MB-231); Table S1.





Author Contributions


Conceptualization, N.H.K., D.-D.W. and X.-Y.J.; methodology, N.H.K.; software, M.S. (Muhammad Shahid); validation, N.H.K. and M.S. (Muhammad Sarfraz); formal analysis, D.W.; investigation, N.H.K.; resources, C.-Y.Z.; data curation, W.W.; writing—original draft preparation, S.K. and E.E.N.; writing—review and editing, N.H.K.; visualization, D.-D.W. and X.-Y.J.; supervision, D.-D.W.; project administration, X.-Y.J.; funding acquisition, X.-Y.J. and C.-Y.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by grants from the National Natural Science Foundation of China (Nos. 81802718, U1504817); the Training Program for Young Backbone Teachers of Institutions of Higher Learning in Henan Province, China (No. 2020GGJS038); the Natural Science Foundation of Edu-cation Department of Henan Province, China (No. 21A310003); and the Foundation of Science and Technology Department of Henan Province, China (Nos. 222102310490, 222102310495).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


The animal experiment was approved by the Committee of Medical Ethics and Welfare for Experimental Animals of Henan University School of Medicine (HUSOM-2019–165).




Data Availability Statement


All data generated or analyzed in this study were included in this article.




Conflicts of Interest


The authors declare that they have no conflict of interest related to this work.




Abbreviations


H2S—Hydrogen sulfide; L-Cys—L-cysteine; CSE—Cystathionine-γ-lyase; CBS—Cystathionine-β-synthase; 3-MST—3-Mercaptopyruvate sulfurtransferase; CAT—Cysteine aminotransferase; BC—Breast cancer; PAG—DL-propargylglycine; AOAA—Aminooxyacetic acid; L-Asp—L-aspartic acid; PBS—Phosphate buffer saline; MTT—3-(4,5)-Dimethylthiahiazo(-z-y1)-3,5-di-phenytetrazoliumromide; EdU—5-Ethynyl-2′-deoxyuridine; MR—Migration rate; TUNEL—TdT-mediated dUTP-biotin nick end labeling; Bcl-xl—B-cell lymphoma-extra-large; PI3K—hosphatidylinositol-3-Kinase; Bcl-2—B-cell lymphoma-2; Bad—Bcl-xl/Bcl-2-associated death promoter; Bax—Bcl-2-associated X protein; PARP—Poly adenosine diphosphate-ribose polymerase; CST—Cell Signaling Technology; mTOR—mammalian target of rapamycin; IR—Inhibition rate; HE—Hematoxylin and eosin; IHC—Immunohistochemistry; CD31—Cluster of differentiation 31; SEM—Standard error of the mean.




References


	



Fleege, N.M.; Cobain, E.F. Breast Cancer Management in 2021: A Primer for the OB GYN. Best Pract. Res. Clin. Obstet. Gynaecol. 2022, in press. [Google Scholar]

	



Ferlay, J.; Colombet, M.; Soerjomataram, I.; Parkin, D.M.; Piñeros, M.; Znaor, A.; Bray, F. Cancer statistics for the year 2020: An overview. Int. J. Cancer 2021, 149, 778–789. [Google Scholar] [CrossRef] [PubMed]

	



Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [Google Scholar] [CrossRef] [PubMed]

	



Metcalfe, K.; Lubinski, J.; Lynch, H.T.; Ghadirian, P.; Foulkes, W.; Kim-Sing, C.; Neuhausen, S.; Tung, N.; Rosen, B.; Gronwald, J.; et al. Family History of Cancer and Cancer Risks in Women with BRCA1 or BRCA2 Mutations. JNCI J. Natl. Cancer Inst. 2010, 102, 1874–1878. [Google Scholar] [CrossRef] [PubMed]

	



Britt, K.L.; Cuzick, J.; Phillips, K.-A. Key steps for effective breast cancer prevention. Nat. Cancer 2020, 20, 417–436. [Google Scholar] [CrossRef]

	



Khan, N.H.; Duan, S.-F.; Wu, D.-D.; Ji, X.-Y. Better Reporting and Awareness Campaigns Needed for Breast Cancer in Pakistani Women. Cancer Manag. Res. 2021, 13, 2125–2129. [Google Scholar] [CrossRef]

	



Filipovic, M.R.; Zivanovic, J.; Alvarez, B.; Banerjee, R. Chemical Biology of H2S Signaling through Persulfidation. Chem. Rev. 2017, 118, 1253–1337. [Google Scholar] [CrossRef]

	



Hine, C.; Harputlugil, E.; Zhang, Y.; Ruckenstuhl, C.; Lee, B.C.; Brace, L.; Longchamp, A.; Treviño-Villarreal, J.H.; Mejia, P.; Ozaki, C.K.; et al. Endogenous Hydrogen Sulfide Production Is Essential for Dietary Restriction Benefits. Cell 2014, 160, 132–144. [Google Scholar] [CrossRef]

	



Paul, B.D.; Snyder, S.H. H2S signalling through protein sulfhydration and beyond. Nat. Rev. Mol. Cell Biol. 2012, 13, 499–507. [Google Scholar] [CrossRef]

	



Zhang, H.; Huang, Y.; Chen, S.; Tang, C.; Wang, G.; Du, J.; Jin, H. Hydrogen sulfide regulates insulin secretion and insulin resistance in diabetes mellitus, a new promising target for diabetes mellitus treatment? A review. J. Adv. Res. 2020, 27, 19–30. [Google Scholar] [CrossRef]

	



Giovinazzo, D.; Bursac, B.; Sbodio, J.I.; Nalluru, S.; Vignane, T.; Snowman, A.M.; Albacarys, L.M.; Sedlak, T.W.; Torregrossa, R.; Whiteman, M.; et al. Hydrogen sulfide is neuroprotective in Alzheimer’s disease by sulfhydrating GSK3β and inhibiting Tau hyperphosphorylation. Proc. Natl. Acad. Sci. USA 2021, 118, e2017225118. [Google Scholar] [CrossRef] [PubMed]

	



Yang, G.; Wu, L.; Jiang, B.; Yang, W.; Qi, J.; Cao, K.; Meng, Q.; Mustafa, A.K.; Mu, W.; Zhang, S.; et al. H2S as a physiologic vasorelaxant: Hypertension in mice with deletion of cystathionine γ-lyase. Science 2008, 322, 587–590. [Google Scholar] [CrossRef] [PubMed]

	



Szabo, C. Hydrogen Sulfide, an Endogenous Stimulator of Mitochondrial Function in Cancer Cells. Cells 2021, 10, 220. [Google Scholar] [CrossRef] [PubMed]

	



Shackelford, R.E.; Mohammad, I.Z.; Meram, A.T.; Kim, D.; Alotaibi, F.; Patel, S.; Ghali, G.E.; Kevil, C.G. Molecular Functions of Hydrogen Sulfide in Cancer. Pathophysiology 2021, 28, 28. [Google Scholar] [CrossRef] [PubMed]

	



Cai, F.-F.; Xu, H.-R.; Yu, S.-H.; Li, P.; Lu, Y.-Y.; Chen, J.; Bi, Z.-Q.; Sun, H.-S.; Cheng, J.; Zhuang, H.-Q.; et al. ADT-OH inhibits malignant melanoma metastasis in mice via suppressing CSE/CBS and FAK/Paxillin signaling pathway. Acta Pharmacol. Sin. 2021, 42, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Dong, Q.; Yang, B.; Han, J.-G.; Zhang, M.-M.; Liu, W.; Zhang, X.; Yu, H.-L.; Liu, Z.-G.; Zhang, S.-H.; Li, T.; et al. A novel hydrogen sulfide-releasing donor, HA-ADT, suppresses the growth of human breast cancer cells through inhibiting the PI3K/AKT/mTOR and Ras/Raf/MEK/ERK signaling pathways. Cancer Lett. 2019, 455, 60–72. [Google Scholar] [CrossRef] [PubMed]

	



Sonke, E.; Verrydt, M.; Postenka, C.O.; Pardhan, S.; Willie, C.J.; Mazzola, C.R.; Hammers, M.D.; Pluth, M.D.; Lobb, I.; Power, N.E.; et al. Inhibition of endogenous hydrogen sulfide production in clear-cell renal cell carcinoma cell lines and xenografts restricts their growth, survival and angiogenic potential. Nitric Oxide 2015, 49, 26–39. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.; Yue, T.; Huang, Z.; Zhu, J.; Bu, D.; Wang, X.; Pan, Y.; Liu, Y.; Wang, P. Inhibition of hydrogen sulfide synthesis reverses acquired resistance to 5-FU through miR-215-5p-EREG/TYMS axis in colon cancer cells. Cancer Lett. 2019, 466, 49–60. [Google Scholar] [CrossRef]

	



Whiteman, M.; Winyard, P.G. Hydrogen sulfide and inflammation: The good, the bad, the ugly and the promising. Expert Rev. Clin. Pharmacol. 2011, 4, 13–32. [Google Scholar] [CrossRef]

	



Asimakopoulou, A.; Panopoulos, P.; Chasapis, C.T.; Coletta, C.; Zhou, Z.; Cirino, G.; Giannis, A.; Szabo, C.; Spyroulias, G.A.; Papapetropoulos, A. Selectivity of commonly used pharmacological inhibitors for cystathionine β synthase (CBS) and cystathionine γ lyase (CSE). Br. J. Pharmacol. 2013, 169, 922–932. [Google Scholar] [CrossRef]

	



Zhang, F.; Chen, S.; Wen, J.Y.; Chen, Z.W. 3-Mercaptopyruvate sulfurtransferase/hydrogen sulfide protects cerebral endo-thelial cells against oxygen-glucose deprivation/reoxygenation-induced injury via mitoprotection and inhibition of the RhoA/ROCK pathway. Am. J. Physiol. Cell Physiol. 2020, 319, C720–C733. [Google Scholar] [CrossRef] [PubMed]

	



Hellmich, M.; Chao, C.; Módis, K.; Ding, Y.; Zatarain, J.; Thanki, K.; Maskey, M.; Druzhyna, N.; Untereiner, A.; Ahmad, A.; et al. Efficacy of Novel Aminooxyacetic Acid Prodrugs in Colon Cancer Models: Towards Clinical Translation of the Cystathionine β-Synthase Inhibition Concept. Biomolecules 2021, 11, 1073. [Google Scholar] [CrossRef] [PubMed]

	



Roy, A.; Khan, A.; Islam, M.; Prieto, M.; Majid, D. Interdependency of cystathione gam-ma-lyase and cystathione beta-synthase in hydrogen sulfide-induced blood pressure regulation in rats. Am. J. Hypertens. 2011, 25, 74–81. [Google Scholar] [CrossRef] [PubMed]

	



Bai, X.; Ihara, E.; Hirano, K.; Tanaka, Y.; Nakano, K.; Kita, S.; Ogawa, Y. Endogenous hydrogen sulfide contributes to tone generation in porcine lower esophageal sphincter via Na+/Ca2+ exchanger. Cell. Mol. Gastroenterol. Hepatol. 2018, 5, 209–221. [Google Scholar] [CrossRef] [PubMed]

	



Yue, T.; Zuo, S.; Bu, D.; Zhu, J.; Chen, S.; Ma, Y.; Ma, J.; Guo, S.; Wen, L.; Zhang, X.; et al. Aminooxyacetic acid (AOAA) sensitizes colon cancer cells to oxaliplatin via exaggerating apoptosis induced by ROS. J. Cancer 2020, 11, 1828–1838. [Google Scholar] [CrossRef]

	



Wu, D.; Li, M.; Tian, W.; Wang, S.; Cui, L.; Li, H.; Wang, H.; Ji, A.; Li, Y. Hydrogen sulfide acts as a double-edged sword in human hepatocellular carcinoma cells through EGFR/ERK/MMP-2 and PTEN/AKT signaling pathways. Sci. Rep. 2017, 7, 5134. [Google Scholar] [CrossRef]

	



Wu, D.; Zhong, P.; Wang, Y.; Zhang, Q.; Li, J.; Liu, Z.; Ji, A.; Li, Y. Hydrogen sulfide attenuates high-fat diet-induced non-alcoholic fatty liver disease by inhibiting apoptosis and promoting autophagy via reactive oxygen species/phosphatidylinositol 3-kinase/AKT/mammalian target of rapamycin signaling pathway. Front. Pharmacol. 2020, 11, 585860. [Google Scholar] [CrossRef]

	



Wu, D.; Li, M.; Gao, Y.; Tian, W.; Li, J.; Zhang, Q.; Liu, Z.; Zheng, M.; Wang, H.; Wang, J.; et al. Peptide V3 Inhibits the Growth of Human Hepatocellular Carcinoma by Inhibiting the Ras/Raf/MEK/ERK Signaling Pathway. J. Cancer 2019, 10, 1693–1706. [Google Scholar] [CrossRef]

	



Dong, P.; Fu, H.; Chen, L.; Zhang, S.; Zhang, X.; Li, H.; Wu, D.; Ji, X. PCNP promotes ovarian cancer progression by accelerating β-catenin nuclear accumulation and triggering EMT transition. J. Cell. Mol. Med. 2020, 24, 8221–8235. [Google Scholar] [CrossRef]

	



Mbagwu, S.I.; Filgueira, L. Differential Expression of CD31 and Von Willebrand Factor on Endothelial Cells in Different Regions of the Human Brain: Potential Implications for Cerebral Malaria Pathogenesis. Brain Sci. 2020, 10, 31. [Google Scholar] [CrossRef]

	



Lanng, M.B.; Møller, C.B.; Andersen, A.-S.H.; Pálsdóttir, A.; Røge, R.; Østergaard, L.R.; Jørgensen, A.S. Quality assessment of Ki67 staining using cell line proliferation index and stain intensity features. Cytom. Part A 2018, 95, 381–388. [Google Scholar] [CrossRef] [PubMed]

	



Kobayashi, T.; Masumoto, J.; Tada, T.; Nomiyama, T.; Hongo, K.; Nakayama, J. Prognostic significance of the immunohisto-chemical staining of cleaved caspase-3, an activated form of caspase-3, in gliomas. Clin. Cancer Res. 2007, 13, 3868–3874. [Google Scholar] [CrossRef] [PubMed]

	



Asghar, A.; Tan, Y.-C.; Shahid, M.; Yow, Y.-Y.; Lahiri, C. Metabolite Profiling of Malaysian Gracilaria edulis Reveals Eplerenone as Novel Antibacterial Compound for Drug Repurposing Against MDR Bacteria. Front. Microbiol. 2021, 12, 1378. [Google Scholar] [CrossRef] [PubMed]

	



Hassan, S.S.U.; Zhang, W.D.; Jin, H.Z.; Basha, S.H.; Priya, S.S. In-silico anti-inflammatory potential of guaiane dimers from Xylo-pia vielana targeting COX-2. J. Biomol. Struct. Dyn. 2022, 40, 484–498. [Google Scholar] [CrossRef]

	



Azfaralariff, A.; Farahfaiqah, F.; Shahid, M.; Sanusi, S.A.; Law, D.; Isa, A.R.M.; Muhamad, M.; Tsui, T.T.; Fazry, S. Marantodes pumilum: Systematic computational approach to identify their therapeutic potential and effectiveness. J. Ethnopharmacol. 2021, 283, 114751. [Google Scholar] [CrossRef]

	



Trott, O.; Olson, A.J. AutoDock Vina: Improving the speed and accuracy of docking with a new scoring function, efficient optimization, and multithreading. J. Comput. Chem. 2010, 31, 455–461. [Google Scholar] [CrossRef]

	



Shams ul Hassan, S.; Abbas, S.Q.; Hassan, M.; Jin, H.Z. Computational Exploration of Anti-Cancer Potential of GUAIANE Dimers from Xylopia vielana by Targeting B-Raf Kinase Using Chemo-Informatics, Molecular Docking, and MD Simulation Studies. Anti-Cancer Agents Med. Chem. (Former Curr. Med. Chem. Anti-Cancer Agents) 2022, 22, 731–746. [Google Scholar] [CrossRef]

	



Man, S.M.; Kanneganti, T.-D. Converging roles of caspases in inflammasome activation, cell death and innate immunity. Nat. Rev. Immunol. 2015, 16, 7–21. [Google Scholar] [CrossRef]

	



Wu, D.; Liu, Z.; Wang, Y.; Zhang, Q.; Li, J.; Zhong, P.; Xie, Z.; Ji, A.; Li, Y. Epigallocatechin-3-Gallate Alleviates High-Fat Diet-Induced Nonalcoholic Fatty Liver Disease via Inhibition of Apoptosis and Promotion of Autophagy through the ROS/MAPK Signaling Pathway. Oxidative Med. Cell. Longev. 2021, 2021, 5599997. [Google Scholar] [CrossRef]

	



Mrozik, K.M.; Blaschuk, O.W.; Cheong, C.M.; Zannettino, A.C.W.; VanDyke, K. N-cadherin in cancer metastasis, its emerging role in haematological malignancies and potential as a therapeutic target in cancer. BMC Cancer 2018, 18, 939. [Google Scholar] [CrossRef]

	



Wang, D.; Wang, Y.; Wu, X.; Kong, X.; Li, J.; Dong, C. RNF20 Is Critical for Snail-Mediated E-Cadherin Repression in Human Breast Cancer. Front. Oncol. 2020, 10, 2762. [Google Scholar] [CrossRef] [PubMed]

	



Janku, F.; Yap, T.A.; Meric-Bernstam, F. Targeting the PI3K pathway in cancer: Are we making headway? Nat. Rev. Clin. Oncol. 2018, 15, 273–291. [Google Scholar] [CrossRef] [PubMed]

	



Fruman, D.A.; Rommel, C. PI3K and cancer: Lessons, challenges and opportunities. Nat. Rev. Drug Discov. 2014, 13, 140–156. [Google Scholar] [CrossRef]

	



Tan, X.; Zhang, Z.; Yao, H.; Shen, L. Tim-4 promotes the growth of colorectal cancer by activating angiogenesis and recruiting tumor-associated macrophages via the PI3K/AKT/mTOR signaling pathway. Cancer Lett. 2018, 436, 119–128. [Google Scholar] [CrossRef] [PubMed]

	



Miricescu, D.; Totan, A.; Stanescu-Spinu, I.-I.; Badoiu, S.C.; Stefani, C.; Greabu, M. PI3K/AKT/mTOR Signaling Pathway in Breast Cancer: From Molecular Landscape to Clinical Aspects. Int. J. Mol. Sci. 2020, 22, 173. [Google Scholar] [CrossRef]

	



Ren, G.; Shi, Z.; Teng, C.; Yao, Y. Antiproliferative Activity of Combined Biochanin A and Ginsenoside Rh2 on MDA-MB-231 and MCF-7 Human Breast Cancer Cells. Molecules 2018, 23, 2908. [Google Scholar] [CrossRef]

	



Jia, H.; Wang, X.; Liu, W.; Qin, X.; Hu, B.; Ma, Q.; Lv, C.; Lu, J. Cimicifuga dahurica extract inhibits the proliferation, migration and invasion of breast cancer cells MDA-MB-231 and MCF-7 in vitro and in vivo. J. Ethnopharmacol. 2021, 277, 114057. [Google Scholar] [CrossRef]

	



Shahid, M.; Azfaralariff, A.; Law, D.; Najm, A.A.; Sanusi, S.A.; Lim, S.J.; Cheah, Y.H.; Fazry, S. Comprehensive computational target fishing approach to identify Xanthorrhizol putative targets. Sci. Rep. 2021, 11, 1594. [Google Scholar] [CrossRef]

	



Yuan, A.; Hao, C.; Wu, X.; Sun, M.; Qu, A.; Xu, L.; Xu, C. Chiral CuxOS@ ZIF-8 Nanostructures for Ultrasensitive Quantification of Hydrogen Sulfide In Vivo. Adv. Mater. 2020, 32, 1906580. [Google Scholar] [CrossRef]

	



Ngowi, E.E.; Afzal, A.; Sarfraz, M.; Khattak, S.; Zaman, S.U.; Khan, N.H.; Li, T.; Jiang, Q.-Y.; Zhang, X.; Duan, S.-F.; et al. Role of hydrogen sulfide donors in cancer development and progression. Int. J. Biol. Sci. 2021, 17, 73–88. [Google Scholar] [CrossRef]

	



Ngowi, E.E.; Sarfraz, M.; Afzal, A.; Khan, N.H.; Khattak, S.; Zhang, X.; Li, T.; Duan, S.-F.; Ji, X.-Y.; Wu, D.-D. Roles of Hydrogen Sulfide Donors in Common Kidney Diseases. Front. Pharmacol. 2020, 11, 564281. [Google Scholar] [CrossRef] [PubMed]

	



Ascenção, K.; Dilek, N.; Augsburger, F.; Panagaki, T.; Zuhra, K.; Szabo, C. Pharmacological induction of mesenchymal-epithelial transition via inhibition of H2S biosynthesis and consequent suppression of ACLY activity in colon cancer cells. Pharmacol. Res. 2021, 165, 105393. [Google Scholar] [CrossRef] [PubMed]

	



Aggarwal, S.; Verma, S.S.; Aggarwal, S.; Gupta, S.C. Drug repurposing for breast cancer therapy: Old weapon for new battle. In Seminars in Cancer Biology; Elsevier: Amsterdam, The Netherlands, 2021. [Google Scholar]

	



Untereiner, A.; Pavlidou, A.; Druzhyna, N.; Papapetropoulos, A.; Hellmich, M.R.; Szabo, C. Drug resistance induces the upregulation of H2S-producing enzymes in HCT116 colon cancer cells. Biochem. Pharmacol. 2018, 149, 174–185. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Q.; Collins, R.; Huang, S.; Holmberg-Schiavone, L.; Anand, G.S.; Tan, C.H.; Van-den-Berg, S.; Deng, L.W.; Moore, P.K.; Karlberg, T.; et al. Structural basis for the inhibition mechanism of human cystathi-onine γ-lyase, an enzyme responsible for the production of H2S. J. Biol. Chem. 2009, 284, 3076–3085. [Google Scholar] [CrossRef]

	



Meier, M.; Janosik, M.; Kery, V.; Kraus, J.P.; Burkhard, P. Structure of human cystathionine β-synthase: A unique pyridoxal 5′-phosphate-dependent heme protein. EMBO J. 2001, 20, 3910–3916. [Google Scholar] [CrossRef]

	



Yadav, P.K.; Yamada, K.; Chiku, T.; Koutmos, M.; Banerjee, R. Structure and kinetic analysis of H2S produc-tion by human mercaptopyruvate sulfurtransferase. J. Biol. Chem. 2013, 288, 20002–20013. [Google Scholar] [CrossRef]

	



Tang, C.; Zhao, C.-C.; Yi, H.; Geng, Z.-J.; Wu, X.-Y.; Zhang, Y.; Liu, Y.; Fan, G. Traditional Tibetan Medicine in Cancer Therapy by Targeting Apoptosis Pathways. Front. Pharmacol. 2020, 11, 976. [Google Scholar] [CrossRef]

	



Koff, J.L.; Ramachandiran, S.; Bernal-Mizrachi, L. A Time to Kill: Targeting Apoptosis in Cancer. Int. J. Mol. Sci. 2015, 16, 2942–2955. [Google Scholar] [CrossRef]

	



Wang, M.; Yan, J.; Cao, X.; Hua, P.; Li, Z. Hydrogen sulfide modulates epithelial-mesenchymal transition and angiogenesis in non-small cell lung cancer via HIF-1α activation. Biochem. Pharmacol. 2019, 172, 113775. [Google Scholar] [CrossRef]

	



Rodon, J.; Dienstmann, R.; Serra, V.; Tabernero, J. Development of PI3K inhibitors: Lessons learned from early clinical trials. Nat. Rev. Clin. Oncol. 2013, 10, 143–153. [Google Scholar] [CrossRef]

	



Sun, C.-H.; Chang, Y.-H.; Pan, C.-C. Activation of the PI3K/Akt/mTOR pathway correlates with tumour progression and reduced survival in patients with urothelial carcinoma of the urinary bladder. Histopathology 2011, 58, 1054–1063. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Nie, H.; Zhao, X.; Qin, Y.; Gong, X. Bicyclol induces cell cycle arrest and autophagy in HepG2 human hepatocellular carcinoma cells through the PI3K/AKT and Ras/Raf/MEK/ERK pathways. BMC Cancer 2016, 16, 742. [Google Scholar] [CrossRef] [PubMed]

	



Wang, D.; Yang, H.; Zhang, Y.; Hu, R.; Hu, D.; Wang, Q.; Liu, Y.; Liu, M.; Meng, Z.; Zhou, W.; et al. Inhibition of cystathionine β-synthase promotes apoptosis and reduces cell proliferation in chronic myeloid leukemia. Signal Transduct. Target. Ther. 2021, 6, 1–11. [Google Scholar] [CrossRef]

	



Cano-Galiano, A.; Oudin, A.; Fack, F.; Allega, M.F.; Sumpton, D.; Martinez-Garcia, E.; Niclou, S.P. Cystathionine-γ-lyase drives antioxidant defense in cysteine-restricted IDH1 mutant astrocytomas. Neuro-Oncol. Adv. 2021, 3, vdab057. [Google Scholar] [CrossRef] [PubMed]








[image: Molecules 27 04049 g001 550] 





Figure 1. Effects of PAG, AOAA, and L-Asp on viability, H2S content, proliferation, and colony formation in human BC cells. (a) The CC-K8 assay was used to determine the percentage of viable cells. The cell viability of each group without PAG, AOAA, or L-Asp treatment was normalized as 100% and considered to be the control group. (b) The levels of H2S in BC cells were detected. (c) The proliferation rate of each group was analyzed. (d) DNA replication activities of BC cells in each group were examined by EdU assay (original magnification ×200). (e) The clonogenic capacity was determined in BC cells. (f) The number of colonies was calculated. The experiments were performed in triplicate. Data are presented as mean ± SEM. * p < 0.05, ** p < 0.01 compared with the control group; △△ p < 0.01 compared with PAG group; ★★ p < 0.01 compared with AOAA group; ## p < 0.01 compared with L-Asp group. 
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Figure 2. Effects of PAG, AOAA, and L-Asp on the migration and invasion of human BC cells. (a) Cell migration was measured by wound-healing assay (original magnification ×100). (b) The number of the migrated cells was calculated. (c,d) Transwell assay was performed to assess the migration and invasion of BC cells (original magnification ×200). (e,f) The number of the migrated and invasive cells was calculated. The experiments were performed in triplicate. Data are presented as mean ± SEM. ** p < 0.01 compared with the control group; △△ p < 0.01 compared with PAG group; ★★ p < 0.01 compared with AOAA group; ## p < 0.01 compared with L-Asp group. 
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Figure 3. Effects of PAG, AOAA, and L-Asp on the cell death of human BC cells (a) The apoptotic level was measured by TUNEL staining (original magnification ×200). (b) Apoptotic index was calculated. (c) The expression levels of Bax, Bcl-2, Bad, Bcl-xl, cleaved caspase-3, and cleaved PARP were detected by Western blot. β-actin was used as a loading control. (d) Densitometric quantification was performed, normalized to the level of β-actin. The experiments were performed in triplicate. Data are presented as mean ± SEM. ** p < 0.01 compared with the control group; △△ p < 0.01 compared with PAG group; ★★ p < 0.01 compared with AOAA group; ## p < 0.01 compared with L-Asp group. 
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Figure 4. Effects of PAG, AOAA, and L-Asp on the metastasis of ability human BC cells. (a) The expression levels of N-Cadherin, N-Cadherin, and Vimentin were detected by Western blot. β-actin was used as a loading control. (b) Densitometric quantification was performed, normalized to the level of β-actin. The experiments were performed in triplicate. Data are presented as mean ± SEM. * p < 0.05, ** p < 0.01 compared with the control group; △ p < 0.05, △△ p < 0.01 compared with PAG group; ★ p < 0.05, ★★ p < 0.01 compared with AOAA group; ## p < 0.01 compared with L-Asp group. 
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Figure 5. Effects of PAG, AOAA, and L-Asp on the PI3K/AKT/mTOR signaling pathway in human BC cells. (a) The expression levels of p-PI3K, p-AKT, and p-mTOR were detected by Western blot. (b) Densitometric quantification was performed, normalized to the level of respective non-phosphorylated candidate protein. The experiments were performed in triplicate. Data are presented as mean ± SEM. * p < 0.05, ** p < 0.01 compared with the control group; △ p < 0.05, △△ p < 0.01 compared with PAG group; ★ p < 0.05, ★★ p < 0.01 compared with AOAA group; ## p < 0.01 compared with L-Asp group. 
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Figure 6. Effects of PAG, AOAA, and L-Asp on the growth of human BC xenograft tumors in nude mice. (a) The representative tumor samples from each group are shown. (b) The tumor volumes of human BC xenograft tumors were measured (n = 6). (c) The tumors were weighed (n = 6). (d) The inhibition rate of tumor growth was calculated (n = 6). (e) Representative photographs of HE, CD31, Ki67, and cleaved caspase-3 staining in human BC xenograft tumors (original magnification ×400). (f) The PI, MVD, and apoptotic index were calculated (n = 3). Data are presented as mean ± SEM. * p < 0.05, ** p < 0.01 compared with the control group; △ p < 0.05, △△ p < 0.01 compared with PAG group; ★★ p < 0.01 compared with AOAA group; ## p < 0.01 compared with L-Asp group. 
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Figure 7. Visualization of drug–protein interaction after molecular docking (a) Depiction of each protein docking interaction pocket (magenta: drug molecule, green: drug pocket area in the corresponding enzymes). Note: In the CBS-AOAA complex, the pocket cannot be seen because the drug interaction area is in the cleft of the protein. (b) The 3D interaction sites of drugs with corresponding enzymes. (c) The 2D interaction of the interacting amino acid residues of the proteins with each drug molecule. 
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Table 1. The binding energy value (in kcal/mol) of drugs (PAG, L-Asp, and AOAA) to their respective enzymes (CSE, 3-MPST, and AOAA) in the drug docking exercise.
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	Drug
	PubChem ID
	Cystathionine Gamma-Lyase
	3-Mercaptopyruvate

Sulfurtransferase
	Cystathionine Beta-Synthase





	L-aspartic acid
	5960
	−4.9
	−5.3
	−4.5



	DL-Propargylglycine
	95575
	−5.4
	−5.1
	−4.8



	Aminooxyacetic acid
	286
	−4
	−4.6
	−4.6
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