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Abstract

:

The extracts of Glaucium grandiflorum have been used to treat neurodegenerative diseases. Nonetheless, no former study has investigated whether the alkaloid extracts of G. grandiflorum have antioxidative effects against oxidative stress. The aim of the present study was to determine the antioxidative effects of the alkaloid extracts of G. grandiflorum with a variety of targets and probable mechanisms. First, we used spectrophotometry to investigate alkaloid extracts with respect to their alkaloid amounts. Then, we determined the alkaloid extracts’ impact on thiol/disulfide homeostasis, total oxidant status/total antioxidant status/oxidative stress index, and antioxidant enzyme activities. Finally, the effects of alkaloid extracts on the genes in the NRF2-KEAP1 pathway were determined via qRT-PCR. We conducted molecular docking analyses to determine the potential binding of isoquinoline alkaloids found within the alkaloid extracts with target proteins. We observed the best results from chloroform alkaloid extract and methanol alkaloid extract. Chloroform alkaloid extract was prominent in DPPH radical scavenging and metal ions chelating, and methanol alkaloid extract showed significant hydroxyl radical scavenging, lipid peroxidation, and superoxide anion radical scavenging activity. Alkaloid extract groups substantially increased in total thiol activity, native thiol activity, disulfide activity, total antioxidant status level, antioxidant enzyme levels, and gene expression levels (GCLC, HO-1, NRF2, and NQO1) compared to the H2O2 group. Also, alkaloid extract groups led to a significant drop in total oxidant status level, oxidative stress index level, and KEAP1 gene expression level relative to the H2O2 group. According to our study results, oxidative stress brought about by H2O2 was regulated by alkaloid extracts. As a result, a phytochemical-based therapeutic that regulates H2O2-induced oxidative stress was brought to the neurochemical field.
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1. Introduction


Oxidative stress (OS) plays a pivotal role in the onset of numerous neurodegenerative disorders (NDs), such as Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), Huntington’s disease (HD), and multiple sclerosis (MS) [1]. Proteins and lipids in cells, as well as other cellular macromolecules, can be damaged as a result of the induction of OS, which is caused by an imbalance between the total oxidant status (TOS) and the total antioxidant status (TAS) [2,3]. Protein thiol groups undergo oxidation during OS, resulting in the formation of disulfide bonds. Thiol/disulfide homeostasis (TDH) between thiols and disulfide bonds is maintained due to disulfide bonds being re-reduced to thiol groups [4]. Malondialdehyde (MDA) and lipid peroxides are generated from the lipid oxidation/peroxidation as a result of OS [5]. High-density lipoprotein (HDL) cholesterol, as well as oxidized low-density lipoproteins (oxLDL), contain lipid peroxides that paraoxonase-1 (PON1) hydrolyzes in order to avoid lipoprotein oxidation [6]. OS can lead to post-translational modifications of proteins, influencing the activity of certain transcription factors. When oxidative stress modifies the Kelch-like enoyl-CoA hydratase-associated protein 1 (KEAP1), it results in the activation of the Nuclear factor-erythroid 2-related factor 2 (NRF2). NRF2 then binds to the antioxidant-response element (ARE) and translocates to the nucleus. Inside the nucleus, NRF2 triggers the transcription of various antioxidant enzyme genes and proteins, such as catalase (CAT), glutamate–cysteine ligase catalytic (GCLC), glutathione peroxidase (GPx), heme oxygenase-1 (HO-1), NAD(P)H quinone dehydrogenase 1 (NQO1), and superoxide dismutase (SOD) [7].



Due to their high morbidity and death rates, NDs are becoming more common, which has a significant impact. Unfortunately, existing treatment options provide only temporary benefits and limited symptomatic relief [8]. OS has long been linked to NDs, either as a direct cause or as a result of other variables’ downstream effects. Thus, targeting OS in the central neural cells with antioxidants is arguably a potential alternative to the available treatment options for NDs. Significant study has been conducted in the last decade to find ways of utilizing natural plant antioxidants to fight OS [9]. Glaucium grandiflorum Boiss. and A. Huet subsp. refractum (Nábelek) Mory, a member of the Papaveraceae family from the Glaucium genus, is also recognized by names such as Bristly horned-poppy, red horned-poppy, and blackspot hornpoppy [10]. It contains various isoquinoline alkaloids, including allocryptopine, tetrahydropalmatine, and tetrahydroberberine N-oxide (trans-cannadine-N-oxide), which are renowned for their antioxidant capabilities [11,12,13]. Historically, extracts from G. grandiflorum have been utilized in treatments related to brain conditions such as memory impairment [14,15]. Additionally, these extracts display anti-acetylcholinesterase (AChE), antibutrylcholinesterase (BChE), and antigenotoxic properties [16,17,18,19,20,21,22]. Other studies have also explored the antibacterial, antimicrobial, and wound-healing potential of G. grandiflorum extracts [10,23,24]. Building on our prior research, we found that G. grandiflorum alkaloid extracts, which are rich in isoquinoline alkaloids, offer neuroprotection by minimizing intracellular reactive oxygen species (ROS) induced by hydrogen peroxide (H2O2) [12]. However, previous research has not examined the antioxidative effects of G. grandiflorum’s chloroform, methanol, and water alkaloid extracts, which are abundant in isoquinoline alkaloids, against OS triggered by H2O2. Therefore, our study aims to delve into the antioxidative potential of G. grandiflorum’s isoquinoline alkaloid-rich extracts across different targets and potential mechanisms.




2. Materials and Methods


2.1. The Plant of Study


The study utilized Glaucium grandiflorum Boiss. and A. Huet subsp. refractum (Nábelek) Mory, which was harvested from Beypazarı, Ankara, Turkey, on 27 July 2015. It was collected by Prof. Dr. Zeki Aytaç from the Department of Biology, Faculty of Science, Gazi University, Ankara, Turkey. The plant specimen was then authenticated and deposited at the Gazi University Herbarium with the Voucher ID ZA10700. After collection, the aerial parts of the plant were dried in a shaded area and subsequently ground into a powder.




2.2. Obtaining Alkaloid Extracts from Glaucium grandiflorum


Using a soxhlet device (LabHeat, Ubstadt-Weiher, Germany), extracts were derived from 10 g of the powdered plant using 150 mL of chloroform (Merck, Darmstadt, Germany), methanol (Merck), and water solvents over a duration of 8 h. These solvents were then removed using a rotating evaporator (Heidolph, Schwabach, Germany) set at a controlled temperature of 40 °C. The resultant plant extracts were combined with 40 mL of 2% sulfuric acid (H2SO4) (Sigma-Aldrich, St. Louis, MO, USA) and processed with 3 × 50 mL of diethyl ether [(C2H5)2O] (Merck). To isolate the extracts from the oils, a separating funnel was utilized. The aqueous acidic solution was then adjusted to a pH of 9.0 using ammonium hydroxide (NH4OH) (Merck), followed by the addition of 3 × 50 mL of chloroform. Afterward, the chloroform extract was dried using sodium sulfate (Na2SO4) (Merck) and again evaporated under a controlled temperature of 40 °C using a rotary evaporator. The final alkaloid extracts were stored at 4 °C, ready for experimental use [25,26].




2.3. Spectrophotometric Determination of Total Alkaloid Amount of Alkaloid Extracts


An alkaloid extract solution was prepared by dissolving 1 mg of the extract in 1 mL of 2 M hydrogen chloride (HCl) (Merck) and was transferred to glass tubes. To this solution, 5 mL of sodium phosphate (Na3PO4) buffer with a pH of 4.7 (Merck), 5 mL of 0.04% bromocresol green (BCG) (Sigma-Aldrich), and 4 mL of chloroform were added. The mixture was allowed to incubate for 5–10 s at room temperature. Subsequently, the settled chloroform layer was transferred to separate glass tubes, and its absorbance was measured using a microplate reader (Epoch, Santa Clara, CA, USA) at a wavelength of 470 nm, using blind samples as references. The total alkaloid content in the extracts was quantified based on a standard curve established with boldine (Sigma-Aldrich) [27,28].




2.4. Spectrophotometric Determination of Antioxidant Activities of Alkaloid Extracts


2.4.1. Metal Ions Chelating Activity


Alkaloid extracts of varying concentrations (0, 50, 100, 150, 200, and 250 µg/mL) were mixed with 0.05 mL of 2 mM iron(II) chloride (FeCl2) (Sigma-Aldrich) and 0.1 mL of 5 mM ferrozine (Sigma-Aldrich). To adjust the total volume, 2 mL of solvent was added. After vigorous mixing, the solution was allowed to rest at room temperature for ten minutes. Post-incubation, the absorbance of the samples was determined at 562 nm using a microplate reader, compared against blind samples. The ability of the samples to inhibit the formation of the ferrozine–Fe2+ complex was assessed using the following equation: inhibition (%) = [(Acontrol − Asample)/Acontrol] × 100. Here, Acontrol represents the absorbance of the Ferrozine–Fe2+ complex and Asample represents the absorbance of the test compound. Ethylenediaminetetra-acetic acid (EDTA)-sodium (Na) (0.5 mg/mL) (Merck) was used as a reference control [29,30].




2.4.2. 2,2-Diphenyl-1 Picrylhydrazil (DPPH) Radical Scavenging Activity


Alkaloid extract solutions of varying concentrations (0, 50, 100, 150, 200, and 250 µg/mL) were combined with a 0.004% DPPH (Sigma-Aldrich) solution and allowed to sit at room temperature for 30 min. After this incubation period, the absorbance of the samples was measured at 517 nm using a microplate reader, with reference to blind samples. The capability of the samples to inhibit the DPPH radical formation was calculated using the following equation: inhibition (%) = [(Acontrol − Asample)/Acontrol] × 100. In this equation, Acontrol represents the absorbance when all reagents except the test compound are present, and Asample indicates the absorbance of the test compound itself. Ascorbic acid (0.5 mg/mL) (Sigma-Aldrich) was used as the benchmark control [31].




2.4.3. Lipid Peroxidation Inhibitory Activity


A mixture was prepared by combining 0.4 mL of plasma, 0.1 mL of 0.5 mM iron (II) sulfate (FeSO4) (Sigma-Aldrich), 0.1 mL of 0.5 mM H2O2 (Sigma-Aldrich), and 0.2 mL of alkaloid extracts of varying concentrations (0, 50, 100, 150, 200, and 250 µg/mL). This mixture was then allowed to incubate at 37 °C for 12 h. Post-incubation, the mixture was treated with 375 mL of 4% tricarboxylic acid (TCA) (Merck) and 75 mL of 0.5 mM butylhydroxytoluene (BHT) (Sigma-Aldrich), followed by a five-minute cooling period in an ice bath. The mixture was centrifuged at 5000 rpm for 15 min to yield a supernatant. This supernatant was then combined with 0.2 mL of 0.6% thiobarbituric acid (TBA) (Sigma-Aldrich), incubated at 95 °C for another 30 min, and then cooled. A subsequent centrifugation at 5000 rpm for 15 min allowed for the extraction of a clear supernatant. The absorbance of this solution was gauged at 532 nm using a microplate reader, referencing against blind samples. The formula inhibition (%) = [(Acontrol − Asample)/Acontrol] × 100 was employed to determine the samples’ lipid peroxidation inhibition activity. Here, Acontrol signifies the absorbance in the presence of all reagents except the test compound, and Asample represents the absorbance of the test compound itself. Ascorbic acid (0.5 mg/mL) was used as the standard control [32].




2.4.4. Hydroxyl Radical Scavenging Activity


The reaction concoction was made up of 1 mL alkaloid extracts at differing concentrations (0, 50, 100, 150, 200, and 250 µg/mL), 1 mL 1,10-phenanthroline (0.75 mM) (Sigma-Aldrich), 1.5 mL of 0.15 M Na3PO4 buffer (with a pH of 7.4), 1 mL of FeSO4 (0.75 mM), and 1 mL of H2O2 (0.01%, v/v). This mixture was agitated and subsequently allowed to incubate at 37 °C. The absorbance of the resultant mixture was assessed at 536 nm using a microplate reader in comparison to a blind sample. The inhibitory activity against hydroxyl radicals in the samples was determined using the following equation: inhibition (%) = [(Acontrol − Asample)/Acontrol] × 100. In this formula, Acontrol represents the absorbance when all reagents are present except for the test compound, and Asample indicates the absorbance of the test compound alone. Ascorbic acid (0.5 mg/mL) was utilized as a benchmark control [33,34].




2.4.5. Superoxide Anion Radical Scavenging Activity


To generate the superoxide anion radical, a mixture comprising 3 mL of 0.1 M Na3PO4 buffer (with a pH of 7.4), 156 M nicotinamide adenine dinucleotide (NADH) (Merck), 52 M nitro blue tetrazolium (NBT) (Merck), and 20 M phosphate-buffered saline (PBS) (Thermo Fisher Scientific, Waltham, MA, USA) was prepared. One mL of varying concentrations of alkaloid extracts (0, 50, 100, 150, 200, and 250 µg/mL) was then incorporated. After a 5 min incubation period at 25 °C, the solution’s absorbance was assessed at 560 nm using a microplate reader in comparison with a blind sample. The suppression of superoxide anion radical formation in the samples was determined using the equation: Inhibition (%) = [(Acontrol − Asample)/Acontrol] × 100. Here, Acontrol is the absorbance value when all elements are present, excluding the test compound, and Asample is the absorbance of the test substance. As a reference, ascorbic acid (0.5 mg/mL) was employed [34,35].





2.5. Reproduction and Storage of PC-12 Cells


PC-12 is a transplantable pheochromocytoma-derived cell line found in rats. The PC-12 cell line was supplied by Bilkent University National Nanotechnology Research Center UNAM.



PC-12 cells were cultivated using DMEM (Sigma-Aldrich), supplemented with 10% heat-inactivated horse serum (Thermo Fischer Scientific, Waltham, MA, USA), 10% heat-inactivated fetal bovine serum (Sigma-Aldrich), 1% penicillin/streptomycin (Sigma-Aldrich), and 1% L-glutamine (Sigma-Aldrich). This media was purified using a 0.22 µm Millipore filter to ensure sterility. The culture dishes, both 25 and 75 cm2 (Corning Star, New York, NY, USA), designated for cell cultivation, were coated with 10 µg/mL collagen (Thermo Fischer Scientific), which was prepared in PBS. After a 10 min incubation, cells were sown on these collagen-coated containers at densities of 2 × 105 or 6 × 105 cells/cm2. Cultivation took place in a Sanyo incubator with an atmosphere of 5% CO2 at a temperature of 37 °C. When cells reached a confluence of 80–90%, they were detached using a cell culture medium, and their quantity was gauged. Depending on the research goals, the necessary amount of cells was further cultivated in 96- and 6-well microplates (Corning Star). For storage, cells were suspended in a medium, a mixture of PC-12 cell culture medium and 10% dimethyl sulfoxide (DMSO) (Millipore, Burlington, MA, USA), and then preserved in a liquid nitrogen container (Cryogenics) [36,37,38].




2.6. Cell Viability Test


In the study, the effect of H2O2 on the viability of PC-12 cells was assessed. Cells, with a density of 1 × 104 cells/well in a 96-well plate, were exposed to concentrations of 100, 150, 200, and 300 µM H2O2 for intervals of 12, 24, and 48 h. Alkaloid extracts at concentrations of 100, 250, 500, and 1000 µg/mL in a 100 µL cell culture medium with 0.05% DMSO were also applied to the cells for 12, 18, and 24 h durations. Furthermore, to evaluate the combined effects, PC-12 cells were treated with selected concentrations (100, 250, and 500 µg/mL) of alkaloid extracts for 18 h, followed by an application of 200 μM H2O2 for 24 h [39,40].



To gauge cell viability against a control group, the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was employed. Post incubation, each well received 20 µL of MTT solution (Sigma-Aldrich) at a concentration of 5 mg/mL in dH2O. After a 4 h incubation at 37 °C with 5% CO2, the medium was discarded from each well and replaced with 200 µL of DMSO. Following a further 30 min incubation under similar conditions, the optical density was read at 570 nm using a microplate reader. The absorbance observed in the control group was designated as representing 100% cell viability. Viability percentages for the other groups were computed based on this benchmark using the following equation: Cell viability (%) = (Average sample absorbance/Average control absorbance) × 100 [41,42].




2.7. The Effect of Alkaloid Extracts on TDH in PC-12 Cells Induced by OS with H2O2


The supernatant was prepared as outlined in Section 2.7. The determination of TDH was carried out using both native thiol and total thiol assays (both from Rel Assay, Gaziantep, Turkey) following the manufacturer’s guidelines. For TDH, reducible disulfide bonds were converted into free functional thiol groups. Any excess sodium borohydride, a reductant, was neutralized and removed using formaldehyde. Subsequently, all thiol groups, including the newly reduced and the native ones, were measured after reacting with 5,5′-dithiobis-(2-nitrobenzoic) acid (DTNB). The dynamic disulfide quantity was calculated by taking half the difference between the total and native thiols. Once the native and total thiols were established, the amounts of disulfides were ascertained [43].




2.8. Determination of the Effect of Alkaloid Extracts on Total Oxidant Status (TOS), Total Antioxidant Status (TAS), and OS Index (OSI) Levels in PC-12 Cells Induced by OS with H2O2


Cells were seeded in a 6-well plate at a concentration of 1 × 106 cells per well. The PC-12 cells were then exposed to alkaloid extracts at concentrations of 100, 250, and 500 µg/mL, dissolved in 2 mL of cell culture medium. This was incubated at 37 °C in an atmosphere containing 5% CO2 for 18 h. Subsequently, the cells underwent a 24 h incubation with a medium infused with 200 µM H2O2. Cells maintained under standard conditions without H2O2, or alkaloid extract treatments served as controls. Post-treatments, cells were gently washed with cold PBS. They were then covered with 2 mL of cold PBS and detached using a cell scraper (Corning Star). The detached cells were then gathered in a sterile centrifuge tube and spun at 10,000 rpm for 5 min at 4 °C. It is crucial to note that all the following steps were conducted in a cold environment. The resultant cell pellets were suspended in 500 µL of cold lysis buffer containing 1 M Tris buffer (pH 7.2), 2 M sodium chloride (NaCl), 1 M magnesium chloride (MgCl2), and 1% Triton X-100. The mix was kept at 4 °C for 15 min, with intermittent vortexing every 5 min. Post-incubation, cell debris was discarded by centrifuging the tubes at 10,000× g for 30 min at 4 °C. The clear supernatant was then used to evaluate the TOS and TAS levels using respective assay kits (Rel Assay). The TOS levels were assessed spectrophotometrically at 530 nm, correlating the color intensity to the oxidant quantity within each test group. The results were calibrated using H2O2 and expressed in terms of µmol H2O2 equivalent per liter [44,45]. TAS levels were determined by assessing the reducing ability of antioxidants against 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) at 660 nm, with outcomes expressed as mmol Trolox equivalent/L [44,46]. Additionally, the OSI (Oxidative Stress Index) was derived by computing the TOS to TAS ratio using the following formula: OSI = TOS (µmol H2O2 equivalent/L) divided by TAS (µmol Trolox equivalent/L) [47].




2.9. Determination of the Effect of Alkaloid Extracts on Paraoxanase-1 (PON1), Superoxide Dismutase (SOD), Catalase (CAT), and Glutathione Peroxidase (GPx) Enzyme Levels in PC-12 Cells Induced by OS with H2O2


The supernatant was prepared as outlined in Section 2.7. The levels of enzymes PON1, ARE, SOD, CAT, and GPx were measured using their respective kits: PON1 (Rel Assay), ARE (Rel Assay), SOD (FineTest, Boulder, Colorado, USA), CAT (FineTest), and GPX (FineTest), in line with the instructions provided by the manufacturers. PON1 activity was evaluated based on the increase in absorbance at 412 nm at 25 °C, which results from the formation of p-nitrophenol. The rate of paraoxon hydrolysis was used for this assessment. PON1 activity was expressed as U/L, with the definition being the generation of 1 mmol p-nitrophenol every minute [48]. For the enzymes SOD, CAT, and GPx, their activities were determined by measuring the optical density (OD) on a microplate reader at 450 nm. The enzyme levels for each test group are presented as a percentage relative to the control levels for SOD, CAT, and GPX [49,50].




2.10. Determination of the Effect of Alkaloid Extracts on GCLC, HO-1, NRF2, NQO1, and KEAP1 Gene Expression Levels in PC-12 Cells Induced by OS with H2O2 via qRT-PCR


PC-12 cells with a density of 1 × 106 cells/well in a 6-well plate were treated with selected concentrations (100, 250, and 500 µg/mL) of alkaloid extracts for 18 h, followed by an application of 200 μM H2O2 for 24 h. Total RNA was extracted using the RNeasy Mini kit (Qiagen, Hilden, Germany), as per the provided guidelines. This RNA was then transformed into cDNA with the QuantiTect Reverse Transcription Kit, also from Qiagen. The cDNA synthesis and PCR reactions were conducted using the QuantStudio 3 Real-Time PCR device by Applied Biosystems (Waltham, MA, USA). The specific primer sequences are detailed in Table 1. The qRT-PCR procedure was as follows: an initial cycle at 95 °C for 5 min, followed by 40 cycles of 95 °C for 10 s, 56 °C (for NQO1) or 60 °C (for GCLC, HO-1, KEAP, and NRF2) for 30 s, and then 72 °C for 45 s. A concluding step at 72 °C for 30 s was conducted to facilitate the final extension. The mRNA’s relative expression level was determined in reference to the Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression.




2.11. Molecular Docking


The binding affinity between the ligands (allocryptopine, tetrahydropalmatine, and tetrahydroberberine N-oxide (trans-cannadine-N-oxide)) and the target proteins (GCLC, HO-1, KEAP1, NRF2, and NQO1) was evaluated via a molecular docking study utilizing the CB-Dock2 software (Version 2). This tool operates in four stages: input data processing, pinpointing the cavity, performing the docking, and visualizing and analyzing the resulting complex. For the target proteins, input data is provided in the PDB format, whereas ligands are inputted in either SDF or MOL2 formats. The CB-Dock2 employs a curvature-centric approach to identify potential binding sites on the target protein. Once these sites are recognized, it calculates the center and dimensions and proceeds with the docking process using the Autodock Vina program [51].




2.12. Statistical Analysis


Results are presented as the mean ± standard deviation (SD) from experiments conducted in triplicate. To evaluate statistical differences between the control group and the H2O2-treated group, the independent sample T-test based on Levene’s test was utilized. For comparing multiple groups, one-way analysis of variance (ANOVA) was employed, followed by Tukey’s HSD post hoc test for pairwise comparisons between groups. Statistical analyses were conducted using IBM SPSS software version 21.0. Significance levels were set at p < 0.05 and p < 0.01.





3. Results and Discussion


In this study, we explored the antioxidant potential and underlying mechanisms of chloroform, methanol, and water extracts from G. grandiflorum, a plant rich in isoquinoline alkaloids, in counteracting the OS caused by H2O2.



3.1. Alkaloid Amount of Extracts


Table 2 displays the amount of extract (in mg) derived from a 1 g plant and the concentration of mg alkaloid per 1 g extract. Based on the solvents used, the sequence of alkaloid content in 1 g extract is as follows: methanol > chloroform > water. In a prior study, gas chromatography–mass spectrometry (GC-MS) was utilized to analyze the profiles and percentage compositions of alkaloids extracted with chloroform, methanol, and water. The extracts predominantly contained alkaloids, with non-alkaloid compounds only found in minor amounts. The alkaloid concentrations were ranked as water (98.6%) > methanol (100%) > chloroform (96.1%). All three solvents extracted the same alkaloid components, which include allocryptopine (making up 46.4–91.5% of the content), tetrahydropalmatine (1.5–31.8%), and tetrahydroberberine N-oxide (trans-cannadine-N-oxide) (3.1–21.9%) (Figure 1). The proportions of these alkaloids varied depending on the solvent used [12]. This variation can be attributed to the solvent properties. Organic solvents such as chloroform and methanol, which have lower polarity compared to water, are more efficient at dissolving lipophilic alkaloids [52,53]. This implies that the solubility of alkaloids in solvents can vary depending on their lipophilicity, which is determined by their octanol–water partitioning coefficient [54]. A study by Doncheva et al. [55] identified 17 isoquinoline alkaloids in G. grandiflorum grown in Bulgaria and Algeria. They found allocryptopine as the major alkaloid in both plant sources and highlighted that the production of these alkaloids in G. grandiflorum might be influenced by the plant’s growth environment. They also suggested that these alkaloids could serve as chemotaxonomic markers for pinpointing the origin of the plants. In our research, allocryptopine emerged as the dominant alkaloid. Its concentration in the extracts was highest in chloroform (91.5%), followed by water (84.0%), and then methanol (46.4%). When considering the actual amount of allocryptopine, the order is chloroform (497.5 g/mg) > methanol (248.4 g/mg) > water (236.6 g/mg). For the alkaloid extracts concentrations of 100, 250, and 500 g/mL, the respective allocryptopine concentrations in chloroform, methanol, and water were 50; 25; 24, 124; 62; 59, and 248; 124; 118 g/mL [12].




3.2. Antioxidant Activities of Alkaloid Extracts


Reactive oxygen species (ROS), including the hydroxyl radical, superoxide anion radical, and hydrogen peroxide, are a group of molecules with oxygen that are highly reactive due to their unpaired electrons. In the presence of iron ions, hydrogen peroxide can react in the Fenton reaction, generating hydroxyl radicals. High levels of ROS can cause significant oxidative damage to biological macromolecules, such as lipids, proteins, and nucleic acids, either within or outside the cell. Elevated ROS can trigger neurodegenerative diseases (NDs) via oxidative stress (OS) [56,57]. Current research is focused on discovering natural antioxidants that can halt ND progression. Furthermore, studies have suggested that alkaloid extracts can be a primary source of natural antioxidants with potent antioxidant properties [58]. In this context, we assessed the antioxidant potential of G. grandiflorum alkaloid extracts using various assays such as DPPH, hydroxyl, and superoxide anion radical scavenging, lipid peroxidation prevention, and metal ion chelation. Figure 2 illustrates the antioxidant activities of these extracts. The effectiveness based on the volume of the alkaloid extract was highest with 250 µL, decreasing in order to 50 µL. However, the preferred solvent for extraction varied depending on the specific antioxidant activity. For instance, chloroform was superior for DPPH radical scavenging and metal ion chelating, while methanol excelled in hydroxyl radical scavenging, lipid peroxidation prevention, and superoxide anion radical scavenging. When considering overall antioxidant activities, the order was DPPH radical scavenging > superoxide anion radical scavenging > hydroxyl radical scavenging > lipid peroxidation prevention > metal ion chelation. The antioxidant potential of isoquinoline alkaloids is attributed to the presence of a lone electron pair on their nitrogen atom [59]. Dung et al. [60] explored the radical scavenging capabilities of isoquinoline alkaloids and found that both DPPH and hydroxyl radicals react with these alkaloids to form two intermediates and a transition state. The hydroxy group present in isoquinoline alkaloids reportedly enhances its antioxidant properties. Key to this antioxidant activity are aromatic hydroxyl groups in the alkaloid structure [61]. Jang et al. [62] demonstrated a strong correlation between the hydroxyl radical scavenging capacities of isoquinoline alkaloids and their metal ion chelating abilities, with functional groups such as hydroxy and methylenedioxy enhancing these properties. Another study by Shirwaikar et al. [63] found that the isoquinoline alkaloid berberine exhibited notable antioxidant and chelating activities. Their findings indicated that berberine’s lipid peroxidation inhibition might be related to its iron ion chelating capability. Our results align with these studies, suggesting that the hydroxy and methylenedioxy groups in the alkaloids under investigation contribute to their antioxidant effects. Further structural analyses are essential to validate these assumptions.




3.3. Effect of Alkaloid Extracts in PC-12 Cells Induced by OS with H2O2


In this study, we aimed to identify the optimal concentration and duration of H2O2 exposure that would induce oxidative stress in PC-12 cells while causing minimal damage. This would provide an effective experimental model to assess oxidative stress. Additionally, using the MTT test, we sought to determine the concentration and duration of treatment with G. grandiflorum alkaloid extracts that would showcase their non-toxic antioxidant properties. Consequently, PC-12 cells were subjected to 200 µM H2O2 for 18 h to induce oxidative stress. To evaluate their protective effects, the cells were treated with alkaloid extracts at concentrations of 100, 250, and 500 µg/mL for 24 h. Preliminary results indicate that the alkaloid extracts offered antioxidant protection to the PC-12 cells from the oxidative damage induced by H2O2. The protective mechanisms of alkaloids against H2O2-induced oxidative stress as reported in the literature are as follows: Scavenging free radicals [64], inhibiting lipid peroxidation [65], chelating metal ions [66], regulating TDH homeostasis [67], preserving the balance of TOS/TAS/OSI [68], enhancing antioxidant enzyme activity [69], modulating cellular signaling pathways [70], and inhibiting inflammation [71]. In our study, we planned experiments from the alkaloid extract to determine the detailed protective mechanisms against H2O2-induced oxidative stress.




3.4. Effect of Alkaloid Extracts on TDH in PC-12 Cells Induced by OS with H2O2


TDH is crucial as it provides insights into the redox balance [72]. Thiols, with their -SH groups, play a critical role as antioxidant buffers. These -SH groups interact with and reduce oxidizing agents, protecting against oxidative stress (OS). This interaction transforms thiols into disulfides, which can revert to thiol groups, ensuring a continuous TDH cycle [73]. However, in neurodegenerative diseases (NDs), the excessive presence of reactive oxygen species (ROS) alters cysteine functions, disrupting TDH [74]. Given this, we evaluated the impact of alkaloid extracts on TDH in PC-12 cells subjected to oxidative stress using H2O2, utilizing commercial test kits. Compared to the control group, the H2O2 group exhibited significantly diminished total thiol, native thiol, and disulfide activities (p < 0.05). In contrast, groups treated with alkaloid extracts displayed a notable increase in these activities when compared to the H2O2 group, with variations depending on the concentration used (p < 0.05). Among the concentrations, 500 µg/mL was most effective, followed by 250 µg/mL and 100 µg/mL. For disulfide activity, methanol extracts were most effective, followed by chloroform and water. However, for total and native thiol activities, chloroform extracts were most effective, trailed by methanol and water (as depicted in Figure 3). Studies by Gumusyayla et al. [75] found that individuals with NDs had considerably lower total and native thiol activities compared to healthy subjects. Martins et al. [76] reported that oxidative stress induced by manganese led to a reduction in the total thiol levels in the mouse hippocampus. This decline was reversed to normal levels upon treatment with an aqueous extract of Melissa officinalis, which is abundant in isoquinoline alkaloids. Similarly, Sharma et al. [77] observed in their study that isoprenaline-induced oxidative damage in Wistar rat brains significantly reduced total thiol activities. This depletion was counteracted by the bark hydroethanolic extract of Juglans regia L., known for its rich alkaloid content. Our findings align with these studies. We hypothesize that our alkaloid extracts act via multiple mechanisms, such as metal ion chelation and free radical scavenging, acting as substrates in specific redox reactions such as GSH and selectively reducing certain protein disulfide bonds, such as thioredoxin. However, further investigations are needed to substantiate this hypothesis.




3.5. Impact of Alkaloid Extracts on TOS, TAS, and OSI Levels in PC-12 Cells Induced by OS with H2O2


Oxidative stress (OS) in neurodegenerative diseases (NDs) primarily arises from the disparity between oxidative mechanisms and antioxidant defenses, leading to fluctuations in total oxidative status (TOS) and total antioxidant status (TAS) levels [78]. TOS, TAS, and the oxidative stress index (OSI) are utilized as indicators of this oxidative equilibrium. Instead of analyzing a multitude of individual oxidant and antioxidant molecules, these metrics offer a comprehensive view of the overall oxidative balance [79]. In this context, we examined the impact of alkaloid extracts on TOS, TAS, and OSI levels in PC-12 cells subjected to OS using H2O2, employing commercial assay kits. Relative to the control group, the H2O2-treated group exhibited a significant surge in TOS and OSI levels (p < 0.05) and a noteworthy decline in TAS (p < 0.05). When compared to the H2O2 group, the cells treated with varying concentrations of the alkaloid extracts displayed a marked reduction in TOS and OSI levels and a significant rise in TAS levels (p < 0.05). In terms of potency, the 500 µg/mL concentration proved most effective, followed by 250 µg/mL and 100 µg/mL. Regarding the solvent effect, for TAS, chloroform was most effective, succeeded by methanol and water. However, for TOS and OSI, methanol took the lead, followed by chloroform and then water (as illustrated in Figure 4). In their studies, Arikanoglu et al. [80] and Copoglu et al. [81] compared the serum and plasma TOS and TAS levels between ND patients and a healthy control cohort. They observed notably elevated TOS levels in the ND group, with a concomitant significant decline in TAS levels. Similarly, Kucukgul et al. [46] noted in their research that Ziziphus jujuba, known for its rich alkaloid content, effectively mitigated the H2O2-induced rise in TOS and OSI levels while concurrently elevating the H2O2-suppressed TAS levels. Our findings resonate with these studies. The structural presence of free phenolic (hydroxyl) and catechol groups in isoquinoline alkaloids is instrumental in maintaining the equilibrium of TOS, TAS, and OSI levels [82,83]. Thanks to their multifaceted properties such as free radical scavenging, metal ion chelation, lipid peroxidation prevention, ROS hydrogen/electron donation, and the stimulation of antioxidant and detoxification enzymes, isoquinoline alkaloids can harmonize these oxidative balance markers [84,85,86]. The antioxidant actions exhibited by our alkaloid extracts, such as scavenging of hydroxyl and superoxide anion radicals, coupled with metal ion and lipid peroxidation chelation abilities, further endorse this perspective.




3.6. Impact of Alkaloid Extracts on PON1, SOD, CAT, and GPx Enzyme Levels in PC-12 Cells Induced by OS with H2O2


The antioxidant system is broadly categorized into two groups: the enzymatic antioxidant system and the non-enzymatic antioxidant system. Key components of the enzymatic system include superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and other endogenous antioxidant enzymes such as paraoxonase 1 (PON1). Collectively, these enzymes serve as the primary defense against oxidative stress (OS) [87]. SOD primarily neutralizes superoxide radicals by converting them into H2O2 and oxygen. Additionally, SOD helps detoxify peroxynitrite, a potent oxidant formed from the interaction of nitric oxide and superoxide radicals [88]. CAT, a heme-containing redox enzyme, prevents potential damage from H2O2 by converting it into oxygen and water without generating free radicals [89]. GPx, a selenoenzyme, utilizes reduced glutathione (GSH) to transform organic hydroperoxides into alcohol and water [90]. PON1 aids in degrading lipid peroxides, safeguarding plasma lipoproteins from oxidative changes [91]. Given this background, we assessed the impact of alkaloid extracts on the levels of PON1, SOD, CAT, and GPx enzymes in PC-12 cells exposed to OS via H2O2 using specialized assay kits. The H2O2 treatment group showed a notable decrease in the levels of PON1, SOD, CAT, and GPx compared to the control group (p < 0.05). However, alkaloid extract treatments, depending on their concentration, led to significant elevations in these enzyme levels when compared to the H2O2 group (p < 0.05). The potency of the alkaloid concentrations was ranked as 500 µg/mL > 250 µg/mL > 100 µg/mL. Solvent influence differed based on enzyme activity, with chloroform as the most effective for SOD, CAT, and GPx, and methanol standing out for PON1. Among the enzyme levels influenced by the alkaloid treatments, the ranking was PON1 > CAT > GPx > SOD (as depicted in Figure 5). The literature supports these findings. For instance, studies by Romani et al. [92] and Vural et al. [93] found that ND patients displayed substantially lower levels of PON1, SOD, CAT, and GPx compared to healthy individuals. Ezabadi et al. [94] reported the positive effects of berberine chloride, an isoquinoline alkaloid, on the antioxidant enzyme activities of rats exposed to the toxin diazinon. Jia et al. [95] demonstrated that palmatine, another isoquinoline alkaloid, significantly enhanced the activity of the SOD3 gene responsible for antioxidant defenses in a specific worm model. Additionally, Hussein et al. [96] studied the protective attributes of an alkaloid-rich extract from Cyperus rotundus L. (CR) against neurotoxicity in rats. They found that while exposure to the toxin esfenvalerate reduced brain PON1 levels, treatment with the C. rotundus extract notably countered this toxicity by elevating PON1 levels. Our findings align with these studies, suggesting that our alkaloid extracts, abundant in isoquinoline alkaloids, offer protection against OS by bolstering the activities of crucial antioxidant enzymes, including PON1, SOD, CAT, and GPx.




3.7. Impact of Alkaloid Extracts on GCLC, HO-1, NRF2, NQO1, and KEAP1 Gene Expression Levels in PC-12 Cells Induced by OS with H2O2


The NRF2-ARE signaling pathway plays a pivotal role in neurodegenerative diseases (NDs). The ARE is a recognized enhancer sequence (RTGACnnnGC) found in the 5′ regions of many genes responsible for phase II detoxification and antioxidant activities. In the cell’s cytoplasm, NRF2, a protein, is anchored by KEAP1, an actin-binding protein. KEAP1, which operates as a Cul3-based E3 ligase, facilitates NRF2’s polyubiquitination, making it a target for degradation by proteasomes. However, when exposed to oxidative stress (OS) or electrophilic agents that react with KEAP1, NRF2 becomes stabilized, accumulates in the nucleus, and pairs with small MAF proteins. This complex then binds to the ARE, prompting the expression of detoxification and antioxidant genes such as GCLC, HO-1, and NQO1 [97]. Various studies have highlighted that natural compounds, including alkaloids, can enhance the NRF2-mediated antioxidant pathway, which is essential for ND prevention [98]. In light of this, we evaluated the impact of alkaloid extracts on the gene expression of GCLC, HO-1, NRF2, NQO1, and KEAP1 in PC-12 cells subjected to OS via H2O2 using qRT-PCR. Notably, in the H2O2 group, the expression of GCLC, HO-1, NRF2, and NQO1 genes diminished significantly compared to controls (p < 0.05). Alkaloid extracts, based on their concentrations, markedly reversed this suppression (p < 0.05). Meanwhile, H2O2 exposure led to a notable rise in KEAP1 gene expression (p < 0.05), which the alkaloid extracts managed to reduce, depending on their concentration (p < 0.05). The effectiveness of the alkaloid concentrations ranked as 500 µg/mL > 250 µg/mL > 100 µg/mL. The influence of the solvents depended on gene expression levels, with chloroform predominantly affecting NRF2 and KEAP1 and methanol affecting GCLC, HO-1, and NQO1. Among the affected genes, the sequence was NRF2 > NQO1 > KEAP1 > GCLC > HO-1 (illustrated in Figure 6). Corroborating our findings, Luo et al. [99] and Ying et al. [100] observed that H2O2 curtailed the expression of GCLC, HO-1, NRF2, and NQO1, while amplifying KEAP1 expression. Bao et al. [101] detailed how the fangchinoline alkaloid bolstered NRF2 and HO-1 protein expression in OS-challenged HT22 cells while also suppressing KEAP1 at the mRNA and protein levels. Similarly, Wang et al. [102] demonstrated the dauricine alkaloid’s regulatory impact on KEAP1 and NRF2 proteins, both vital for NRF2 activation in a specific cellular model. Our research corroborates previous findings, indicating that our alkaloid extracts influence the NRF2 signaling pathway. Specifically, these extracts appear to inhibit the activity of KEAP1, the inhibitory protein responsible for suppressing NRF2. By preventing the binding between NRF2 and KEAP1, our alkaloid extracts permit the activation of NRF2. This activated NRF2, in turn, amplifies the expression of pivotal antioxidant enzymes, including GCLC, HO-1, and NQO1. Such enhanced expression provides robust defense mechanisms against oxidative stress, particularly the type induced by H2O2. This understanding broadens the scope of potential therapeutic applications of alkaloid extracts in managing oxidative stress-related conditions.




3.8. Molecular Docking Analyses


In a prior study, we employed GC-MS to identify the alkaloid compositions in chloroform, methanol, and water alkaloid extracts. These components were identified as isoquinoline alkaloids, specifically allocryptopine (the primary alkaloid), tetrahydropalmatine, and tetrahydroberberine N-oxide (also known as trans-cannadine-N-oxide) [12]. With this knowledge, we performed molecular docking studies to examine the potential interactions of these alkaloids from the different extracts with specific target proteins, namely GCLC, HO-1, KEAP1, NRF2, and NQO1. The results of these molecular docking analyses are presented in Table 3. The Vina score is an empirical scoring method that takes into account a range of factors, including Gaussian steric interaction terms, a repulsion term, hydrophobic and hydrogen-bond interactions, and an entropy term related to the count of rotatable bonds [103]. The Gibbs binding energy between a ligand and its target protein becomes more favorable as the Vina score becomes more negative, indicating a stronger binding potential. Contact residues and bonds indicate the amino acids and structural connections between ligands and their target proteins. Hydrogen bond interactions are depicted with teal dotted lines, electrostatic interactions with yellow dotted lines, and hydrophobic interactions with grey dotted lines [50]. According to our docking results, allocryptopine displayed the binding affinity in the order of NQO1 > NRF2 > KEAP1 = HO-1 > GCLC. For tetrahydropalmatine, the binding preference was NQO1 > NRF2 > KEAP1 > GCLC > HO-1. The binding pattern for tetrahydroberberine N-oxide (trans-cannadine-N-oxide) was NQO1 > GCLC > KEAP1 > NRF2 > HO-1. These findings suggest that the alkaloids exhibit strong binding potentials with the target proteins and may exert effects via interactions with these proteins. It is also noteworthy that the influence of the alkaloid extracts on the expression levels of the GCLC, HO-1, NRF2, NQO1, and KEAP1 genes mirrors the binding potential of the ligands (allocryptopine, tetrahydropalmatine, and tetrahydroberberine N-oxide) to these target proteins. As of now, there is no existing research documenting the binding affinity between these specific ligands and target proteins.



Isoquinoline alkaloids in alkaloid extracts appear to inhibit the activity of KEAP1, the inhibitory protein responsible for suppressing NRF2. The order of action of alkaloids on KEAP is tetrahydropalmatine > allocryptopine > tetrahydroberberine N-oxide (Trans-cannadine-N-oxide). By preventing the binding between NRF2 and KEAP1, our isoquinoline alkaloids in alkaloid extracts permit the activation of NRF2. The order of action of alkaloids on NRF2 is tetrahydroberberine N-oxide (Trans-cannadine-N-oxide) > tetrahydropalmatine > allocryptopine. This activated NRF2, in turn, amplifies the expression of pivotal antioxidant enzymes, including GCLC, HO-1, and NQO1. The order of action of alkaloids on GCLC is tetrahydroberberine N-oxide (Trans-cannadine-N-oxide) > allocryptopine > tetrahydropalmatine. The order of action of alkaloids on HO-1 and NQO1 is allocryptopine > tetrahydropalmatine > tetrahydroberberine N-oxide (Trans-cannadine-N-oxide).





4. Conclusions


Based on our research findings, the alkaloid extracts from G. grandiflorum, specifically from chloroform, methanol, and water sources that are rich in isoquinoline alkaloids (such as allocryptopine, tetrahydropalmatine, and tetrahydroberberine N-oxide or trans-cannadine-N-oxide) offer a plant-derived therapeutic strategy for mitigating the effects of H2O2-induced oxidative stress (OS). This type of OS plays a pivotal role in the underlying mechanisms of many neurodegenerative diseases (NDs). These G. grandiflorum extracts combat H2O2-induced OS via various means; they demonstrate antioxidant properties, as evidenced by activities such as metal ion chelation, DPPH radical neutralization, lipid peroxidation inhibition, hydroxyl radical scavenging, and superoxide anion radical scavenging. Additionally, they help maintain a balance of TDH and the TOS/TAS/OSI parameters, boost the activities of antioxidant enzymes such as PON-1, SOD, CAT, and GPx, and influence the expression of key genes (GCLC, HO-1, NRF2, NQO1, and KEAP1) that are central to the OS-related NRF2-KEAP1 pathway.
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Figure 1. Structures of major alkaloids in G. grandiflorum extracts. 
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Figure 2. Antioxidant activities of alkaloid extracts (CAE: Chloroform alkaloid extract, MAE: Methanol alkaloid extract, WAE: Water alkaloid extract). The figures were presented as mean ± SD. Tukey’s test was used in the case of p < 0.05. * Significantly different from the control (n: 3 for each bar). 
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Figure 3. Levels of total thiol, native thiol, and disulfide (H2O2: Hydrogen peroxide, CAE: Chloroform alkaloid extract, MAE: Methanol alkaloid extract, WAE: Water alkaloid extract). The figures were presented as mean ± SD. Tukey’s test was used in the case of p < 0.05. # Significantly different from the control (n: 3 for each bar). * Significantly different from the H2O2 (n: 3 for each bar). 






Figure 3. Levels of total thiol, native thiol, and disulfide (H2O2: Hydrogen peroxide, CAE: Chloroform alkaloid extract, MAE: Methanol alkaloid extract, WAE: Water alkaloid extract). The figures were presented as mean ± SD. Tukey’s test was used in the case of p < 0.05. # Significantly different from the control (n: 3 for each bar). * Significantly different from the H2O2 (n: 3 for each bar).
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Figure 4. Levels of TOS, TAS, and OSI (H2O2: Hydrogen peroxide, CAE: Chloroform alkaloid extract, MAE: Methanol alkaloid extract, WAE: Water alkaloid extract). The figures were presented as mean ± SD. Tukey’s test was used in the case of p < 0.05. # Significantly different from the control (n: 3 for each bar). * Significantly different from the H2O2 (n: 3 for each bar). 
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Figure 5. The levels of the enzymes PON1, SOD, CAT, and GPx (H2O2: Hydrogen peroxide, CAE: Chloroform alkaloid extract, MAE: Methanol alkaloid extract, WAE: Water alkaloid extract). The figures were presented as mean ± SD. Tukey’s test was used in the case of p < 0.05. # Significantly different from the control (n: 3 for each bar). * Significantly different from the H2O2 (n: 3 for each bar). 
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Figure 6. The expression levels of the genes GCLC, HO-1, NRF2, NQO1, and KEAP1 (H2O2: Hydrogen peroxide, CAE: Chloroform alkaloid extract, MAE: Methanol alkaloid extract, WAE: Water alkaloid extract). The figures were presented as mean ± SD. Tukey’s test was used in the case of p < 0.05. # Significantly different from the control (n: 3 for each bar). * Significantly different from the H2O2 (n: 3 for each bar). 






Figure 6. The expression levels of the genes GCLC, HO-1, NRF2, NQO1, and KEAP1 (H2O2: Hydrogen peroxide, CAE: Chloroform alkaloid extract, MAE: Methanol alkaloid extract, WAE: Water alkaloid extract). The figures were presented as mean ± SD. Tukey’s test was used in the case of p < 0.05. # Significantly different from the control (n: 3 for each bar). * Significantly different from the H2O2 (n: 3 for each bar).



[image: Applsci 13 11205 g006a][image: Applsci 13 11205 g006b]







 





Table 1. Primers that were used in qRT-PCR.
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	Gene Name
	Forward Primer 5′→3′
	Reverse Primer 5′→3′





	GCLC
	GTGGACACCCGATGCAGTAT
	TCATCCACCTGGCAACAGTC



	HO-1
	GCTCTATCGTGCTCGCATGA
	AATTCCCACTGCCACGGTC



	KEAP
	TGGGCGTGGCAGTGCTCAAC
	GCCCATCGTAGCCTCCTGCG



	NRF2
	GCTGCCATTAGTCAGTCGCTCTC
	ACCGTGCCTTCAGTGTGCTTC



	NQO1
	ACATCACAGGGGAGCCGAAGGACT
	GGCACCCCAAACCAATACAATG



	GAPDH
	CAACTCCCTCAAGATTGTCAGCAA
	GGCATGGACTGTGGTCATGA










 





Table 2. Alkaloid amount of extracts.
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	Solvents
	Extract a

(mg/g Plant)
	Alkaloid b

(mg/g Extract)





	Chloroform
	4.04 ± 0.40 *
	133.43 ± 4.42 *



	Methanol
	5.03 ± 0.22 *
	153.21 ± 6.21 *



	Water
	3.01 ± 0.51 *
	80.19 ± 7.14 *







The tables were presented as mean ± SD. Tukey’s test was used in the case of p < 0.05. * There was a significant difference between solvents in terms of extract (n: 3 for each bar) a and alkaloid (n: 10 for each bar) b.













 





Table 3. Molecular docking results of ligands and target proteins.
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Ligand

	
Allocryptopine






	
Target Protein

	
GCLC

	
HO-1

	
KEAP1

	
NRF2

	
NQO1




	
Vina Score

(kkal/mol)

	
−7.9

	
−8.0

	
−8.0

	
−8.1

	
−9.7




	
Contact Residues and Bonds

	
Chain A: ASN215 PHE252 TRP314 ASN315 SER318 GLY319 LYS359 SER360 TYR362 SER363 SER364 TRP514 MET517 LYS518 HIS521

	
Chain A: LYS18 THR21 LYS22 HIS25 THR26 GLU29 TYR134 THR135 LEU138 GLY139 SER142 PHE207

	
Chain X: ALA366 GLY367 CYS368 VAL369 VAL418 VAL420 VAL465 ALA466 VAL467 VAL512 CYS513 VAL514 ILE559 THR560 VAL604 VAL606 ALA607 VAL608

	
Chain A: TYR334 PHE335 ARG336 TYR572 HIS575 THR576 PHE577

Chain B: TYR334 ARG336 GLN337 ASN382 SER383 PRO384

Chain C: GLY76 GLY81 GLU82

	
Chain M: HIS11 SER16 PRO102 LEU103 GLN104 TRP105 PHE106 THR147 THR148 GLY149 GLY150 TYR155 HIS161

Chain N: ILE50 PHE65 GLN66 TYR67 PRO68 GLU117 TYR126 TYR128 PHE178
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Ligand

	
Tetrahydropalmatine




	
Target Protein

	
GCLC

	
HO-1

	
KEAP1

	
NRF2

	
NQO1




	
Vina Score

	
−7.8

	
−7.7

	
−8.1

	
−8.7

	
−8.8




	
Contact Residues

	
Chain A: CYS213 MET214 ASN215 TRP314 ASN315 SER318 GLY319 ASP322 ARG324 PRO358 LYS359 SER360 SER363 SER364 TRP514 MET517 LYS518 HIS521

	
Chain A: HIS25 PHE33 MET34 PHE37 PHE47 VAL50 MET51 LEU54 TYR134 THR135 ARG136 LEU138 GLY139 ASP140 SER142 GLY143 GLY144 LEU147 PHE166 PHE167 PHE207 ASN210 PHE214

	
Chain X: LEU365 ALA366 GLY367 CYS368 VAL369 ILE416 GLY417 VAL418 VAL463 GLY464 VAL465 ALA466 ALA510 VAL512 CYS513 VAL514 LEU557 GLY558 ILE559 THR560 VAL561 VAL604 GLY605 VAL606 ALA607 VAL608

	
Chain B: LEU365 ALA366 GLY367 CYS368 ILE416 VAL418 GLY419 VAL420 GLY462 VAL463 GLY464 VAL465 GLY509 ALA510 GLY511 VAL512 CYS513 ALA556 LEU557 GLY558 ILE559 THR560 GLY603 VAL604 GLY605 VAL606

	
Chain I: ILE50 PHE65 GLN66 TYR67 PRO68 TYR126 PHE178

Chain J: HIS11 SER12 SER16 PRO102 LEU103 GLN104 TRP105 PHE106 THR148 GLY149 TYR155
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Ligand

	
Tetrahydroberberine N-oxide (Trans-cannadine-N-oxide)




	
Target Protein

	
GCLC

	
HO-1

	
KEAP1

	
NRF2

	
NQO1




	
Vina Score

	
−8.1

	
−7.0

	
−7.8

	
−7.2

	
−9.7




	
Contact Residues

	
Chain A: PHE46 TRP47 GLY48 ASP49 GLU50 HIS94 THR105 PRO106 ALA107 SER108 PRO109 THR270 PHE271 GLN272 PRO465 ARG468

	
Chain A: LEU141 GLN145 LYS148 PHE167 THR168 PHE169 PRO170 ILE172 Chain B: ALA173 ALA175

Chain B: ALA94 GLY98 PRO99 GLU162

	
Chain X: ARG415 GLY462 PHE478 ARG483 SER508 GLY509 TYR525 GLN530 SER555 ALA556 TYR572 PHE577

	
Chain B: GLY367 CYS368 VAL369 VAL418 GLY419 VAL420 VAL465 ALA466 VAL467 VAL512 CYS513 VAL514 ILE559 THR560 VAL561 VAL606 ALA607 VAL608

	
Chain H: GLN233

Chain I: ILE50 TYR67 PRO68 GLU117 PHE120 TYR126 TYR128 PHE178

Chain J: LEU103 GLN104 TRP105 PHE106 THR147 THR148 GLY149 GLY150 TYR155 HIS161
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