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Abstract

:

The family Thymelaeaceae, which includes huge evergreen trees that are sparsely distributed in tropical rainforests, includes the genus Aquilaria. Numerous medical conditions, including inflammation, cancer, and oxidative stress have been traditionally treated using Aquilaria agallocha and Aquilaria malaccensis. In this study, we evaluated in silico and biological activity with A. agallocha and A. malaccensis sample for more conformation. Raw 264.7 macrophage cells and HacaT cells were used, together with the MTT, ROS, NO, and wound healing assays, to investigate the possible cytotoxicity in A549 lung cancer. Thus, A. agallocha and A. malaccensis showed significant cytotoxicity against A549 cancer cells at 1000 µg/mL. Furthermore, we observed an elevated ROS level in cancer cells. The wound healing assay showed cancer cell inhibition activity. While BCL-2 decreased in the intrinsic route, p53, Bax, Caspase 3, and Caspase 9 were elevated by A.A and A.M. Additionally, we have also conducted an in silico evaluation followed by molecular dynamics (MD) simulations, along with ADMET and biological activity prediction to further validate the experimental results. In normal cells, both samples showed less toxicity at 1000 µg/mL and suppressed the LPS-treated NO and ROS levels against the inflammation. Additionally, A.A and A.M suppressed the pro-inflammatory gene expression of COX-2, iNOS, TNF-α, IL-6, and IL-8 in RAW 264.7 cells. On the other hand, A.A and A.M extract effectively suppressed oxidative stress by increasing the antioxidative gene expression in H2O2-induced HaCat cells at 50 μg/mL. This study revealed that the plant extracts from A. agallocha and A. malaccensis could exert a cytotoxic effect on lung adenocarcinoma cells through the activation of an intrinsic signaling pathway. Moreover, it could be a potential source of anti-inflammatory, antioxidant, and anti-cancer agents after consideration of in vivo and clinical studies.
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1. Introduction


Inflammation is the body’s natural defense mechanism against pathogens, manifested as a cellular injury that releases immune system mediators. Redness (rubor), swelling (tumor), heat (calor), and hyperalgesia (dolor), which are considered the “cardinal signs of inflammation,” appear as an immediate reaction to a local inflammatory stimulus. [1]. Inflammatory substances such as bradykinin, serotonin, histamine, prostaglandins, leukotrienes, and nitric oxide that might come from local sources or cells that penetrate the site of the assault, cause these symptoms [2]. As a result, therapy can successfully treat inflammation by reducing the overproduction of pro-inflammatory mediators. Additionally, it contributes to the pathogenesis of numerous human disorders, including the growth and spread of cancer. Global Cancer Statistics 2020 states that there are 19.3 million new instances and nearly 10 million deaths from cancer in the whole world, making it a dreadful, fatal disease with a higher mortality rate. Lung cancer continues to be the leading cause of cancer-related death, with approximately 1.8 million deaths and 2.20 million cases reported every year [3]. Most lung cancers, or 85% with minimal therapeutic activity, are non-small cell lung cancers (NSCLC) [4]. Today, cancer is treated with various conventional drugs, including chemotherapies, radiation, and surgery. Although combining several therapies enhances the likelihood that cancer patients will survive for a more extended period, the overall outcome is still unsatisfactory due to the adverse effects of drug resistance [5,6]. To improve lung cancer patient survival by minimizing or eliminating negative effects, it is urgently necessary to expand novel therapy techniques. Natural plants have distinct efficacy, safety, and economic effects on conditions. Moreover, much research has found that natural plants have anti-cancer and anti-inflammatory activity [7,8]. Almost every country has a strong acceptance of herbal medications. Additionally, a large traditional herbal medicine was used in China’s strategy to prevent and cure severe acute respiratory syndrome (SARS) [9]. In some African countries, up to 80% of the population uses herbal remedies as their primary form of treatment. Therefore, the World Health Organization advises employing herbal remedies in conventional medicine for cancer treatment, degenerative disease prevention, and public health maintenance [10,11,12]. Large evergreen trees of the genus Aquilaria, members of the Thymelaeaceae family, are widespread across Indonesia and sporadically growing in tropical rainforests. This genus is most well-known for being the primary source of agarwood, a resinous wood found inside heartwood that the tree produces as a self-healing mechanism when it is wounded or infected by insects, microbes, or humanmade stimuli [13]. Agarwood, also known as aloeswood or eaglewood, is a resinous wood that is produced by the Aquilaria, Gonystylus, and Gyrinops trees. It is often dense, heavy, and fragrant. Agarwood is produced through a lengthy process and is only found in a small portion of Aquilaria trees; as a result, it is valued for being uncommon and precious [14]. The traditional use of agarwood from aquilaria trees includes the treatment of inflammatory diseases such as rheumatism, arthritis, and asthma as well as its analgesic, sedative, antibacterial, and anti-diabetic properties [15,16,17,18,19]. Initially, Grewin, Aquillochin, Norketoagarofuran, Jinkohol, 10-epi-gamma-eudesmol, Baimuxinal, Gmelofuran, Agarospirol, Agarol, Kusunol, Beta-Agarofuran, Calarene, Alpha-Agarofuran, Hinesol, and Jinkohol II were the first fifteen compounds we chose for in silico studies. The oil extract has been observed to contain the fifteen chemicals listed above in the majority, and it may be because of these compounds that the oil has strong anti-inflammatory and antioxidative stress properties [20]. It is essential for the development of natural products as medicines to understand the molecular interactions between the chemicals and the macromolecules, as well as to predict their biological activity and ADMET. Hence, we have predicted the best compounds’ biological activity and ADMET properties, followed by molecular docking and MD simulation studies. The compound Grewin and others showed promising results, with all the proteins used in the docking studies affirming the anti-cancer and anti-inflammatory activity. Furthermore, Grewin interacted with the active binding sites of BCL-2 with a suitable binding mode similar to that of the control drug BDA-366. Therefore, we have incorporated it into the molecular dynamics study, which assesses the selected compound and protein complexes’ structural stability, conformational changes, and protein movements.



Reactive oxygen species are extracellular mediators that promote a number of signaling pathways, such as the development and progression of cancer [21]. ROS are created excessively through mitochondria in cancer cells, which contributes to the disease’s progression by altering gene expression, causing genomic instability, and participating actively in signaling networks [22]. Additionally, the regulation of mitochondrial processes involved in the genesis and homeostasis of cancer is regulated by mitochondrial ROS [23]. Previous studies showed that ROS could control the p53/Bax/BCL-2 signaling pathway, which controls cancer growth and apoptosis [24,25,26]. The antioxidant system is a vital defensive mechanism against oxidative harm to cells [27]. The antioxidant system includes extrinsic antioxidant substances that reduce the toxicity of free radicals as well as intrinsic enzymes such as superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and glutathione S transferase (GST), among others [28]. Inflammation that is chronic and causes damage to healthy tissue is also brought on by an overactive inflammatory response. Several mediators, IL-6, IL-8, TNF-α, and COX-2 [29], are the critical mediators of skin inflammation responses. In experimental models of inflammation, lipopolysaccharide (LPS) is a frequent endotoxin. It is notable that activated macrophages initiate the inflammatory response to chronic inflammation by creating increased nitric oxide, reactive oxygen species, and inflammatory cytokines such as tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6) [30,31]. Therefore, the natural antioxidant enzymes are stimulated by AA and AM, which suggests that they have antioxidant capabilities.



However, to our understanding, the anti-cancer and anti-inflammatory properties of the Aquilaria agallocha and Aquilaria malaccensis extract have not yet been thoroughly investigated. Therefore, in the current study, we aim to investigate the anti-cancer and anti-inflammatory effects of A. agallocha and A. malaccensis in RAW 264.7 macrophages and A549 cancer cells, along with additional in silico and in vitro analysis. Additionally, an in vitro investigation utilizing RAW 264.7 macrophages and A549 cells suggested that the p53/BCL-2 signaling pathway may be involved in the production of pro-cytokines linked to inflammation.




2. Materials and Methods


2.1. Chemical


Aquilaria agallocha and Aquilaria malaccensis samples were provided by Nature Garden, South Korea. The lung cancer cell line (A549) and Raw 264.7 murine macrophage cells utilized in this study were given by the Korean Cell Line Bank (KCLB, Jongno-gu, Seoul-03080, Republic of Korea). Gen DEPOT (Barker, TX, USA) supplied the penicillin-streptomycin solution and fetal bovine serum. Dulbecco’s Modified Eagle’s Medium and 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Life Technologies, Eugene, OR, USA, were provided by Gibco (Waltham, MA, USA).




2.2. Preparation of A. agallocha and A. malaccensis Extract


The samples were collected and dried in a L’EQUIP dehydrator at 35 °C for 20 h after being cleaned with distilled water. After drying, the samples were made into a fine powder with the help of a household grinder. Next, the sample was weighed 1 g, dissolved in 60% ethanol, and sonicated for 140 min to extract bioactive compounds. After the sonication, a rotary evaporator was used to obtain a crude extract, and finally, 20 mg/mL of crude extract was made by dissolving it with EtOH.




2.3. Preparation of Overall Phenolic and Flavonoid Content


To evaluate the total phenolic content assay, the Folin–Ciocalteu (FC) method was applied with gallic acid as standard (0.01–0.6 µg/mL) by the minor adjustment of the previously published literature [32]. In short, 30 µL of ethanol extract (1000 ppm) aliquoted with 150 µL of 10% 2N FC reagent was thoroughly vortexed and kept for 5 min. After that, we added 160 µL of 7.5% Na2CO3 and left it for 60 min in a dark place. The absorbance was observed at a wavelength of 715 nm using an ELISA reader. Then, the total flavonoid content test was performed by the AlCl3 colorimetric method using rutin as standard (0.025–0.8 µg/mL) [33]. Briefly, to provide a sample test (a mixture of 50 µL of plant extract, 150 µL distilled water, 10 µL of 1M CH3COOK, 10 µL of 10% AlCl3, and another 280 µL distilled water), homogenization and incubation (30 min) of the sample were performed. The absorbance was identified at a wavelength of 415 nm.




2.4. Determination of DPPH Radical Scavenging Activity


According to a previous research paper with short modification [34], 20 µL plant extract and 180 µL 0.2 mM DPPH radical solution (formulated with 100% ethanol) were mixed. To get a better reaction, the mixture was kept at room temperature for 30 min in the dark. As a blank, 1 mL of 100% ethanol was included. The control was 180 µL of DPPH and 20 µL of the solvent of the sample. After the incubation, the absorbance of the sample was determined at 517 nm. The following equation was used to determine the DPPH scavenging activity:


DPPH scavenging activity (%) = (abs control − abs sample)/Abs control × 100








where Abs control = the absorbance of the control solution (no sample). Abs sample = the absorbance of the sample solution.




2.5. Reducing Power Assay


Following the procedure, we measured the reducing power assay at Fe3+ to Fe2+ transitions in the presence of A. agallocha and A. malaccensis ethanolic extract [35]. According to this protocol, the aliquot part of different concentrations of the standard (gallic acid) and extracts was mixed with 205 µL phosphate buffer (PH 6.6) and 250 µL of 1% potassium ferricyanide. The mixture was incubated for 20 min at 50 °C. After incubating, 250 µL trichloroacetic acid (10%) was added and centrifuged at 3000 rpm for 10 min. Next, 50 µL supernatant of the solution was mixed with the same amount of distilled water, then 10 µL FeCl3(0.1%) was added. Control was prepared without adding extract. The absorbance was measured at 700 nm by using an Elisa reader.




2.6. In Silico Biological Activity Prediction and ADMET Analysis


Based on the chemical structure formula, the biological activity spectrum of substances was predicted using a computational tool called Prediction of Activity Spectra for Substances (PASS) (http://www.pharmaexpert.ru/passonline/, accessed on 20 March 2023) [36]. The biological activities of the provided chemicals that are present in the biological system were predicted using this computational technique. This technique also generates a list of pharmacological efficacies together with probabilities for active (Pa) and inactive (Pi) states. Based on precisely calculated predicted probability scores, the accuracy of biological activity was determined; when Pa is close to 1 and Pi close to zero, the chemical is more likely to have biological effects. It is crucial to recognize ADMET traits in order to introduce adverse reactions of a medication candidate at the start of the drug development process. Therefore, we have employed the ADMETlab 2.0 [37] web server to predict the ADME, physicochemical properties, and toxicity properties of Grewin and BDA-366.




2.7. Molecular Docking


The BCL-2 [PDB ID: 4LVT], p53 [PDB ID: 5BUA], BAX [PDB ID: 4S0O], Casp 3 [PDB ID: 5I9B], Casp 9 [PDB ID: 2AR9] protein, and the Protein Data Bank (PDB) were used to obtain the 3D structure [38,39,40,41,42]. For the docking studies, the protein structures were prepared by AutoDock tool graphical interface (GUI) [43]. The receptors also received Kollman charges and polar hydrogen. Fifteen major compounds were selected from Aquilaria agallocha Roxb. and Aquilaria malaccensis Lam. (Grewin, Aquillochin, Norketoagarofuran, Jinkohol, 10-epi-gamma-eudesmol, Baimuxinal, Gmelofuran, Agarospirol, Agarol, Kusunol, Beta-Agarofuran, Calarene, Alpha-Agarofuran, Hinesol, and Jinkohol II) according to the previously reported literature study. The Autodock Vina program ran docking simulations using the selected protein structures [44]. The chemicals from BDA-366 served as the study’s control. In accordance with our earlier research, precise docking techniques were followed [45,46]. Based on hydrogen bond interactions and binding affinity scores between all of the ligands and proteins, a possible binding interaction was found. To investigate their interactions at the molecular level, the outcomes of each complex were integrated into the DS.3.5 visualizer after being exported from the graphical AutoDock tools interface.




2.8. Molecular Dynamics Simulations


In order to assess the stability of the Grewin and BCL-2 structures, a molecular dynamics (MD) study was carried out utilizing the Gromacs 4.6 (GROningen Machine for Chemical Simulations) tool [47]. MD simulations were conducted using the BCL-2 protein (apo form), BCL-2-BDA-366 (known inhibitor), and BCL-2-Grewin complex structures. The PRODRG2 server was used to construct the Grewin and BDA-366 topology files, while the Gromacs software (pdb2gmx) was used to create the topology files for the BCL-2 protein [48]. We employed the single-point-charge (SPC) in all simulations [49] water model and the Gromacs96 43a1 [50] force field. In accordance with our earlier research, the complete MD simulation process was used [45,51]. The relevant ions (Na+ or Cl-) were added to neutralize each system (BCL-2 protein (apo form), BCL-2-BDA-366 (known inhibitor), and BCL-2-Grewin), and stages for canonical (NVT ensemble) and isothermal-isobaric (NPT ensemble) equilibration were carried out. Furthermore, each system’s production of 10 nanoseconds (ns) was done separately. Every two picoseconds (ps), the findings of the MD simulation were saved for analysis on each complex. The root mean square deviation RMSD, RMSF, and secondary structures were also determined using gromacs functions such as g_rms, g_rmsf, and do_dssp. The docking and molecular dynamics simulations were carried out on an Intel® 2.93 Ghz Xenon® CPU 5670 CentOS server.




2.9. Cell Culture


RAW 264.7 murine macrophage and HaCaT (human keratinocyte) cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% fetal bovine serum and 1% penicillin-streptomycin. In a medium comprising 89% RPMI, 10% FBS, and 1% penicillin-streptomycin, human lung carcinoma (A549) was developed. At 37 °C, all cells were kept in a humidified incubator with 5% CO2 and 95% atmosphere for 24 h.




2.10. In Vitro Cytotoxicity of Aquilaria agallocha and Aquilaria malaccensis


The cytotoxicity of A. agallocha and A. malaccensis was examined using an MTT solution in A549, RAW 264.7, and HaCaT cell lines. Then, healthy and cancerous cells were seeded on a 96-well plate at a particular density of 1 × 104 cells every well. After 24 h of stability, cancerous (A549) and normal (RAW 264.7) cells were applied to a range of concentrations (0, 15.625, 31.25, 62.5, 125, 250, 500, 1000) μg/mL, and HaCaT cells were exposed to several concentrations (25, 50, 100, 200, and 400) μg/mL for additional 24 h of incubation. Following a 24 h incubation period, cells were exposed to 20 μL of MTT solution for 3–4 h at 37 °C. Additionally, living cells produce a purple color formazan in response to the presence of MTT solutions. The undissolved formazan agents were dissolved by adding 100 L of DMSO to each. The information was gathered employing a 570 nm ELISA machine from BioTek Instruments, Inc. in Winooski, VT, USA.




2.11. Evaluation of ROS Generation


2′,7′-Dichlorodihydrofluorescein diacetate was employed to measure the ROS’s activity in A549 and RAW 264.7. We planted the cells in a 96-well cell culture dish at a density of 1 × 104 per well and permitted cells to achieve complete confluency the following day. Cancer cells (A549) were supplemented with various concentrations (0 to 1000) μg/mL for producing ROS generation. On the other hand, RAW 264.7 cells were treated with samples along with LPS for stimulating the inflammation. Following a 24 h treatment period, the cells were stained in each well with 100 μL of a DCFH-DA (10 μM) solution and let sit for 30 min in the dark. After that, the old media was discarded after the cells had been washed twice with PBS (100 μL/well). A multi-model plate reader (spectrofluorometer) was operated to measure the fluorescence intensity of ROS production with an excitation wavelength of 485 nm and an emission wavelength of 528 nm. The DCFH-DA reagent was utilized to assess the increase in ROS.




2.12. Measurement of Nitrite Levels


In a 96-well plate, RAW 264.7 cells (1 × 104 cells/well) were planted and stabilized for 24 h. Following that, samples of A. agallocha and A. malaccensis were added to the cells at varying doses for 1 h. Following treatment, the cells were stimulated with E. coli lipopolysaccharides (LPS) and maintained for another 24 h. Following the manufacturer’s directions, the quantity of nitric oxide (NO) in cultured supernatant media was determined using a Griess reagent. In conclusion, 100 μL of Griess agent and 100 μL of stimulated supernatant were mixed up. Using a microplate reader (Bio-Tek Instruments, Inc., Winooski, VT, USA), the resultant absorbance at 540 nm was evaluated in comparison to a standard curve made using sodium nitrite. L-NMMA was utilized as a positive control (standard inhibitor) in this experiment at a dose of 50 μM. The data were represented as NO production (%) after three runs of each experiment.




2.13. Wound-Healing Assay


To examine the A549 cancer cells’ capacity for migration, a wound-healing assay was conducted. In short, 6-well plates containing A549 lung cancer cells were seeded at a quantity of 2 × 104 cells per well, and the plates were then incubated for 1 day at 37 °C. Using a 200 µL sterile pipette tip, the monolayer was scratched vertically, and separated cells were eliminated using PBS. After that, cells were exposed to A. agallocha and A. malaccensis at doses of 500 and 1000 µg/mL, and after 3 days of the treatment period, photographs were taken using the implanted 5.0-megapixel MC 170 HD camera (Wetzlar, Germany).




2.14. Gene Expression Analysis


A549 (1 × 104 cells each mL) were plated into a 6-well cell culture dish and maintained for 24 h. The cell culture media was changed and replaced with a fresh medium that contained both samples in varying concentrations for 24 h. Using QIAzol lysis solution (QIAGEN, Germantown, MD, USA), total RNA was extracted after the cells had been rinsed twice with PBS. Following the manufacturer’s instructions, the reverse transcription technique was operated using 1 μg of total RNA from A549 cells in twenty microliters of amfiRivert reverse transcription agents (GenDepot, Barker, TX, USA). The process was run at the following temperatures: for five minutes each at 25 °C, sixty minutes each at 42 °C, and fifteen minutes each at 70 °C. The RT-PCR reaction was carried out thirty-five times for thirty seconds each at 95 °C, 60 °C, and 72 °C. The amplified RT-PCR data were evaluated on 1% agarose gels, stained with DNA Gel Staining, and captured in UV light. Quantitative real-time PCR (qRT-PCR) was carried out in this instance utilizing a SYBR TOPreal qPCR2X Premix from Enzynomics in Daejeon, Republic of Korea. Briefly stated, the reactions were run three times and included 10 μL of the final solution, 2× Master Mix, 1 μL of template cDNA, and 1 μL of forward and reverse primers. The aCFX Connect real-time PCR (Bio-Rad, Hercules, CA, USA) was used for all real-time measurements. The following conditions were used to amplify the reactions: 95 °C for 10 min, then 40 cycles of 95 °C for 20 s, 55–60 °C for 30 s, and 72 °C for 15 s. The threshold cycle (Ct) for each reaction was estimated using the formula 2−ΔΔCt and the GAPDH gene was utilized to standardize the results. Table S11 primer sequences used in qRT-PCR to analyze the expression of mRNA.




2.15. Measurement of Antioxidant Enzyme Activity


A. A. and A.M extracts were applied to cells in a 6-well plate at a concentration of 50 µg/mL; later, they had been seeded at 1 × 105 cells per well. After 1 day, 500 µM of H2O2 was utilized in every well and kept in the incubator for 12 h. The cells were rinsed with PBS twice. The cells were then provided with Triton X-100 (1%) and kept on ice for ten mins. The lysates were kept at −80 °C for 1h and centrifuged at 12,000 rpm for 30 min at 4 °C after defrosting to remove the cellular debris. By utilizing the Bradford protein test (Bio-Rad, Hercules, CA, USA), the entire protein content was calculated.




2.16. Measurement of SOD Activity


As previously described but with changes, SOD activity was assessed [27]. Briefly, 50 µg of protein, 50 mM phosphate buffer (pH = 10.2), and 10 mM epinephrine were added to a 96-well plate. The kinetics of absorbance of the pink-colored product was measured at 490 nm for 10 min using a microplate reader. In units/mg protein, the quantity of enzyme necessary to trigger a 50% inhibition of epinephrine autoxidation was calculated.




2.17. Measurement of GPx Activity


In order to monitor GPx activity, we used the approach previously described by [52], with some modifications. Briefly, 50 µg of protein was added to a reaction mixture of 100 Mm phosphate buffer (pH = 7), 1 mM EDTA, 1 mM NaN3, 10 mM GSH reduced, 1 unit of glutathione reductase, and 1.5 mM NADPH. For five minutes, the absorbance at 340 nm was observed. A change in absorbance at 340 nm was used to determine GPx activity as the rate of NADPH oxidation. The units/mg protein represent the amount of enzyme needed to oxidize 1 mM NADPH.




2.18. Measurement of CAT Activity


CAT activity was measured as previously described, with modifications [27]. Briefly, 50 µg of protein and 100 mM phosphate buffer (pH = 7), and 100 mM H2O2 were added to a 96-well plate, and the reaction mixture was incubated for 2 min at 370 °C. A microplate reader was used to measure the absorbance at 240 nm for 5 min. According to the H2O2 oxidation process, the absorbance changed with time. Units/mg protein were used to express the volume of the enzyme needed to degrade 1 mM of H2O2.




2.19. Measurement of GST Activity


GST activity was measured as previously described by [53] with modifications. The assay was carried out in 100 mM phosphate buffer (pH = 7.5) containing 1 mM CDNB and 1 mM GSH reduced. The change in absorbance upon conjugation of glutathione and CDNB were measured in a microplate reader at 340 nm for 10 min.





3. Results and Discussion


3.1. TPC, TFC, and Antioxidant Activities


It is well-recognized that free radicals contribute significantly to a broad range of clinical symptoms. Antioxidants combat free radicals and shield us from illness. They either remove reactive oxygen species from the environment or defend the antioxidant defense system [54]. In our current observation, A. malaccensis contains substantially more flavonoids and phenolic compounds than A. agallocha. Additionally, flavonoids have properties that help to stop cell damage [55]. During normal growth, phenolic compounds are also secondary metabolites produced in plants and play an essential role in wound treatment and skin infection [56]. During normal growth, phenolic compounds are also secondary metabolites produced in plants and play a vital role in wound treatment and skin infection [57]. The extract of A. agallocha is a considerably higher phenolic compound than others.



TPC and TFC were determined by the Folin–Ciocalteu (FC) and aluminum chloride colorimetric methods. Table 1 revealed the TPC and TFC of A. Agallocha and A. malaccensis extracts where gallic acid and rutin were used as standard, respectively. TPC values of A. agallocha and A. malaccensis were 37.203 ± 0.14 and 30.026 ± 0.11 µg GAE/mg, whereas total flavonoid contents were 276.745 ± 0.09 and 292.095 ± 0.08 µg RE/mg, respectively.



According to the DPPH assay, A. agallocha showed better antioxidant activity than A. malaccensis. We noticed that A. agallocha exhibited 2.394 ± 0.009 ug/GAE mg extract, whereas A. malaccensis showed 2.271 ± 0.006 ug/GAE mg extract. In addition, the reducing power assay assessed the reducing ability of A. agallocha and A. malaccensis extracts in a redox reaction. The results of the reducing power assay were revealed as gallic acid equivalent and A. agallocha and A. malaccensis extracts exhibited 9.746 ± 0.06 and 9.243 ± 0.03 µg GAE equivalent, respectively.



3.1.1. Biological Activity Prediction and ADMET Analysis


Using the PASS software, which predicts the biological reaction spectra according to the atomic structure equation, significant biological targets for Grewin have been found. This application was used to determine the targets from the original chemical structure using the multilevel neighborhoods of atoms (MNA) descriptor. The Pa and Pi scores are between 0 and 1, and can be predicted using these MNA descriptors. Depending on Pa values near 1 and Pi values close to 0, it is possible to identify the biological target active molecules [58]. The results of Grewin indicated that the following targets may have biological activity: TP53 expression enhancer, hepato-protectant, monophenol monooxygenase inhibitor, free radical scavenger, membrane integrity agonist, antimutagenic, caspase 3 stimulant, anticarcinogenic, UDP-glucuronosyltransferase substrate, chemo-preventive.



Table 2 displays the predicted objectives for Grewin as well as the Pa and Pi values. The predicted values of the other four highly ranked compounds according to the docking studies are given in (Tables S1–S4).



This study analyzed the ADME of Grewin and the control drug BDA-36 using the ADMETlab 2.0 [37]. This analysis represents chemical compounds’ physicochemical properties and their biological functions. These physical, chemical, and biological characteristics are the following parameters were calculated: number of atoms, molecular weight, formal charge, number of rigid bonds, number of heteroatoms, number of rotatable bonds, topological polar surface area, number of hydrogen bond donors, number of hydrogen bond acceptor, logP at physiological pH 7.4, log of the aqueous solubility, and log of the octanol/water partition coefficient (Figure 1). For oral absorption, molecules with a molecular weight (MW) of 500 Da or less are preferred; molecules with a greater MW are absorbed across the membrane. Therefore, Grewin passes Lipinski’s rule of five and Pfizer rule. Human intestinal absorption (HIA), human oral bioavailability F20% and F30%, human colon adenocarcinoma cell lines (Caco-2) permeability, Madin-Darby canine kidney cells (MDCK) permeability, P-glycoprotein inhibitor (Pgp-inhibitor), and Pgp-substrate were computed to assess the absorption of Grewin. Grewin showed good Caco-2 and MDCK permeability. It is also an excellent Pgp inhibitor showing good oral bioavailability. All of the compounds’ other physicochemical characteristics were found to be acceptable and superior to those of the control medications, qualifying them as lead molecules. (Tables S5–S10).




3.1.2. Molecular Docking Interaction


The molecular level interaction of BCL-2, Bax, p53, Casp 3, and Casp 9 protein and the 15 compounds from Aquilaria agallocha Roxb. and Aquilaria malaccensis Lam. was analyzed using the molecular docking method. This work used the AutoDock Vina program to run a docking simulation using the crystal structures of the proteins BCL-2, Bax, p53, Casp 3, and Casp 9. The known inhibitor BDA-366 was utilized as a control, and the crucial active site residues were kept flexible. The creation of hydrogen bonds and the binding energy to the important active residues and the chosen compounds served as confirmation of the interaction results. According to the analysis of docking results, Grewin interacts with BCL-2 via two hydrogen bonds (ASP108 and ARG143) with binding affinities of −7.5 kcal/mol each. The control drug BDA-366 and Grewin establish two hydrogen bonds, one of which is similar to that of the control drug. The detailed docking results of the best compound with BCL-2 and the control ligand are shown in Table 3. An illustration showing the interactions of Grewin and BDA-366 with the residues in the active site of BCL-2 Figure 2A,B. The 2D interaction diagram for the top five ligands with each of the proteins employed in this investigation is also included in Supplementary Materials Tables S1–S11. Surprisingly, among all the 15 compounds from this study, Grewin ranked best among all the proteins used. These results showed that Grewin is a promising compound in treating cancer and inflammation. It also further reveals that the presence of Grewin and the fifteen other compounds in the extracts of Aquilaria agallocha Roxb. and Aquilaria malaccensis Lam. might be the reason for its anti-cancer and anti-inflammatory activity, which needs further evaluation. The docked ligands Grewin and BDA-366 with BCL-2 were further subjected to MD simulation.




3.1.3. Analysis of Molecular Dynamics


The molecular dynamics (MD) approach was used to apply structural evolution to the docked complex structures of BCL-2 interaction. This work ran three separate MD simulations on the apo form of BCL-2, the complexes of BCL-2 with the known inhibitor BDA-366, and BCL-2 with Grewin. The examination of MD data is displayed in Figure 3 and Figure 4. The RMSD versus the skeleton of every complex (after each complex had reached equilibrium, stability persisted for the whole 10 ns simulation period). In addition, throughout the simulation versus C atoms, root means square fluctuation (RMSF) analysis of all the complexes was computed. The computed RMSF values for each complex are shown in Figure 3B. After that, the compactness of the protein–ligand complexes analyzed by recording the ROG values were also obtained. For every complex, the radius of gyration is determined, as shown in Figure 4A. Further, Figure 4B shows the number of hydrogen bonds that have been computed and calculated. According to an MD simulation research, Grewin can effectively interact with BCL-2 to create a stable complex that is comparable to the control medication BDA-366.





3.2. Evaluation of Cytotoxicity


For the development of medications to treat different diseases, natural bioactive compounds are a promising source. Particularly, it has been demonstrated that a number of natural plants have pharmacological benefits, such as anti-inflammatory, anti-cancer, and antioxidant capabilities [59,60,61]. To examine the toxicity of the samples, A. agallocha and A. malaccensis were subjected to cytotoxic evaluation against RAW 264.7 cells and A549 cancer cells (Figure 5). In the cytotoxicity experiment, we measured the level of cell toxicity using an MTT solution. It was discovered that when exposed to A.A. and A.M at 15.625 to 1000 μg/mL for 24 h, RAW 264.7 cells displayed low levels of toxicity and high cell viability. However, as compared to the control, 1000 μg/mL of A. agallocha and A. malaccensis suppressed cell proliferation by 50–55% in the A549 cells. Contrarily, the viability of A549 cells was discovered to be diminished by A. agallocha and A. malaccensis in a dose-dependent way. HacaT cells were added to both samples at different doses for 24 h, ranging from 25 to 400 μg/mL, for the purpose of antioxidant enzyme tests. At 50 μg/mL, both samples showed less toxicity on the normal cell. We concluded that both samples were considered to be safe for non-cancerous cells and significantly toxic for cancer cells.



3.2.1. In Vitro ROS Induced by A. agallocha and A. malaccensis on Cancer Cells


Reactive oxygen species (ROS) are essential for producing cytotoxicity in cancer cells higher levels of ROS buildup have been found to trigger apoptosis, cell cycle arrest, and autophagy, in a number of human cancer cell lines [62,63,64]. Reactive oxygen species (ROS) contribute to cellular signaling and are produced naturally as byproducts of regular cell activity [65]. Because of a mismatch among oxidizing substances and antioxidants, cancer cells usually have baseline ROS levels that are higher than those of normal cells. ROS at low levels serve as second messengers inside cells. Because they can enhance cancer metabolism and growth signals and suppress antioxidants, which promote oncogenesis, moderate levels of ROS are advantageous to cancer cells. In contrast, high ROS concentrations may lead to DNA damage-related cell death [66,67,68]. Due to the production of reactive oxygen species (ROS), A. agallocha and A. malaccensis are essential reputable materials for anti-cancer action [69]. The DCFH-DA reagent was added in this instance to determine the intracellular ROS level in both samples on A549 cells. In comparison to the control, a dose-dependent increase in internal ROS production was seen in the malignant A549 cells after treatment with A. agallocha and A. malaccensis at higher concentrations (1000 μg/mL) (Figure 6). Research findings have revealed that an elevate in ROS formation and apoptosis are correlated with a decrease in mitochondrial membrane potential. Reactive oxygen species (ROS) are created by mitochondria during apoptosis [70,71]. The buildup of ROS may also trigger the development of p53, which has a substantial impact on the beginning of apoptosis by activating pro-apoptotic proteins (Bax) or inhibiting anti-apoptotic mitochondrial proteins (BCL-2) [31,72]. A. agallocha and A. malaccensis extracts inhibited cell growth and produced ROS, which suggests that ROS generation promotes apoptosis via the mitochondrial pathway in A549 lung cancer cells.




3.2.2. A. agallocha and A. malaccensis Extract Increased NO Production and Inhibited ROS Generation Induced by LPS


Appropriate NO production in mammalian cells is important for many basic physiological processes [73,74]. However, excessive NO production can result in a number of chronic and acute illnesses, including inflammation, cancer, and sepsis. One of the most significant pro-inflammatory mediators is nitric oxide (NO). Inhibiting the overproduction of nitric oxide levels is thus a desirable target in the search for new anti-inflammatory drugs. We examined the anti-inflammatory properties of the chosen A. agallocha and A. malaccensis on the reduction of NO generation in LPS-stimulated RAW 264.7 cells at concentrations of (15.625 to 1000 μg/mL). At 1000 μg/mL concentration, both samples showed strong significant reductions in LPS-induced NO production (44.73% and 46.91%, respectively), in a dose-dependent way, whereas L-NMMA was employed in this investigation as a positive control for inhibiting NO production. On the other hand, as a result of the immune response’s increased ROS production during inflammation and the body’s altered oxidant/antioxidant balance, DNA, proteins, and lipids are damaged [75]. RAW 264.7 cells were subjected to various meditations of A. Agallocha and A. malaccensis in the presence or absence of LPS for 24 h to examine the inhibitory effects of both species on LPS-induced ROS generation. As shown in Figure 7, ROS production was more elevated in the LPS-treated group than in the control and only LPS-treated group.




3.2.3. Cancer Cells Migration Is Inhibited by A. agallocha and A. malaccensis


Preventing cancer metastasis is a key objective of cancer treatment because it accounts for 90% of all cancer-related deaths [53]. The hallmarks of a cancer cell’s ability to spread to other tissues are cell invasion and migration. The initial stage in the progression of metastatic malignancies is the invasion of malignant cells into the surrounding tissue and the vasculature [76]. To prevent and cure metastatic cancer, it would be difficult to find targets that block cancer cells from migrating and invading other tissues. A scratch migration assessment was used to inspect the impacts of A.A and A.M on the migration of A549 cells. A wound closure test was used to compare cell migration (%) before and after the treatment of A549 lung cancer cells with A.A and A.M (500 and 1000 µg/mL) (Figure 8). Cells treated with A.A and A.M showed inhibited migration after 24 h. These studies propose that A.A and A.M can stop cancer cells from migrating and metastasizing. In the control group after 24 h, migratory cells had almost filled in all gaps between cell layers. Additionally, cancer cells treated with A.A. and A.M showed an enhanced ability to prevent migration in contrast to the control group. The ability of A.A and A.M to inhibit growth could suggest that it has potential as an anti-lung cancer treatment.




3.2.4. By Controlling Apoptotic Gene Expression, A. agallocha and A. malaccensis-Induced Apoptosis


Redox signaling requires the production of ROS by mitochondria, while the redox-active transcription factor p53 inhibits cancer [77,78]. Numerous pro- and anti-apoptotic genes involving Bax and BCL-2 are regulated by P53. One of the apoptotic pathways, BCL-2, is stimulated in response to stressful circumstances, such as DNA damage or cytokine shortage [79]. This mechanism might have been triggered by mitochondrial-mediated apoptosis, as shown by the downregulation of BCL-2, the overexpression of the caspase 9/3 gene, a rise in Bax level, cyto C relief into the cytoplasm, and BCL-2 inhibition [80]. Additionally, A. agallocha and A. malaccensis significantly upregulated the mRNA expression of the genes p53, Bax, Casp 9, and Casp 3, and downregulated the expression of the gene BCL-2 when compared to the control in the RT-PCR (Figure 9). In contrast, A. agallocha elevated the mRNA expression of p53 (1.44 fold), Bax (1.91 fold), caspase 3 (1.92 fold) and caspase 9 (1.56 fold), whereas BCL-2 (0.96 fold) downregulate the expression. A. malaccensis showed p53, Bax, BCL-2, Casp 3, and Casp 9 gene expression by (1.56, 1.91, 0.81,1.72, 1.44) fold, respectively, compared to untreated cells. As a result, this research demonstrated that A. agallocha and A. malaccensis were able to suppress the expression of the apoptosis gene in lung cancer cells. Therefore, to completely comprehend the biological pathways, Western blot analysis and additional studies (in vivo and clinical trials) regarding molecular signaling processes are required.




3.2.5. A. agallocha and A. malaccensis Extract Inhibited the Increased Levels of Inflammation-Related Cytokines


An important role for proinflammatory mediators in the development of inflammatory diseases [81]. Asthma, arthritis, and cancer are examples of chronic inflammatory illnesses where these factors, such as iNOS, TNF-α, Cox-2, IL-1β, and IL-6, are overexpressed by macrophages [82]. Important inflammatory response signaling pathways including NF-κB and MAPKs regulate a range of innate and adaptive immune responses. Both NF-κB and MAPKs signaling serve as key regulators of the production of pro-inflammatory mediators during the inflammatory response. Nuclear transcription factors including MAPKs and NF-κB can be activated by LPS, stimulating signaling pathways in macrophage cells. Inducible iNOS, TNF-α, IL-6, COX-2, and other proinflammatory mediators can all be initiated by macrophage cells when LPS is expressed [83]. Therefore, this study focused on exploring the A. agallocha and A. malaccensis affected gene expression on those factors by RT-PCR and qRT-PCR. In the LPS-treated group, there was a substantial increase in the mRNA expression of COX-2, TNF-α, iNOS, IL-6, and IL-8. However, the A. agallocha and A. malaccensis extracts reduced the gene expression in a dose-dependent way. The A. agallocha-treated cell significantly suppressed the gene expression of COX-2, TNF-α, iNOS, IL-6, and IL-8 (1.56, 0.98, 1.91, 1.93, 1.52) fold, respectively. In contrast, A. malaccensis treated cells that significantly suppressed the gene expression of COX-2 (1.44 fold), TNF-α (0.81 fold), iNOS (1.79 fold), IL-6(1.53 fold), and IL-8 (1.39 fold), respectively (Figure 10). The quantities analysis showed that A. malaccensis has more anti-inflammatory activity than A. agallocha.





3.3. Antioxidant Enzymatic Activity


ROS, which result in oxidative damage to skin cells, are a significant factor in the aging process. The skin is particularly vulnerable to these processes because there are so many possible cellular targets for oxidative injuries. A crucial defense against oxidative cell damage is the antioxidant mechanism [27]. SOD, CAT, GPx, GST, and other intrinsic and extrinsic antioxidant enzymes and nutrients make up the antioxidant system, which reduces the toxicity of free radicals [28]. SOD slows down the aging process by removing the superoxide anion, which are created in the initial stages of oxidative injury [84]. Superoxide is converted by CAT to hydrogen peroxide and oxygen. The fast breakdown of hydrogen peroxide is typically catalyzed by cells using CAT and GPx. GSTs primarily operate as cytoprotectors by activating the conjugation reaction of reduced glutathione (GSH), which results in the production of reactive electrophiles. HaCaT cells were medicated with both A.A and A.M, and antioxidant enzyme functions such as SOD, GPx, CAT, and GST were assessed to determine whether the antioxidant effects of A.A and A.M are connected to the induction of antioxidant enzyme activity. As displayed in Figure 11, the activities of the 4 enzymes were downregulated by H2O2 (100 µM) treatment during treatment with A.A and A.M. restored the activities of the enzymes more than the control. Through promoting the activity of endogenous antioxidant enzymes, A.A and A.M seem to have antioxidant capabilities.



Enhancing Antioxidative Gene Expression on Hacat Cells


The RT-PCR presented the upregulation of antioxidant genes such as SOD, CAT, GPx, and GST expression in a dose-dependent method via A.A and A.M extracts. Figure 12 shows that pretreatment with plant extracts and ascorbic acid has significantly increased the gene expression levels in the presence of H2O2. These outcomes showed that A.A and A.M extract effectively suppress oxidative stress by enhancing antioxidative gene expression in H2O2-induced Hacat cells.






4. Conclusions and Future Perspective


Medicinal plants have been utilized as traditional therapies for several human diseases for thousands of years. In this study, we investigated A. agallocha and A. malaccensis as possible bioactive substances from natural sources for different pharmacological efficacy for anti-cancer, anti-inflammatory, and antioxidant with in silico and in vitro experiments. Additionally, the in silico study revealed that the major constituents of both plants have a significant binding affinity to the sites of the target proteins (BCL-2, Bax, p53, Casp 3, and Casp 9). Among them, Grewin has shown stable and favorable energies, causing strong binding with the target. Accordingly, the in vitro study also observed that A.A and A.M are less toxic on RAW cells inhibiting NO production and intercellular ROS generation and suppressing the pro-inflammatory mediators such as (COX-2, TNF-α, iNOS, IL-6, and IL-8). On the other hand, A.A and A.M extract effectively suppress oxidative stress by enhancing antioxidative gene expression (SOD, CAT, GPx, GST) in H2O2-induced Hacat cells. Interestingly, anti-cancer results revealed significant toxicity on cancer cells with upregulating of ROS levels that inhibited cell migration and apoptosis in cancerous cells. Accordingly, both plant extracts increased the gene expression of p53, Bax, Casp 3, and Casp 9, whereas BCL-2 was downregulated via the intrinsic mitochondrial pathway. Our findings exposed the possibility of a future study to identify the potential therapeutic agents from Aquilaria species for the development of herbal-based medicine for anti-inflammatory, antioxidant, and anti-cancer after animal tests and clinical trials. Future perspective: Even though these species of plants are proven to have more medicinal properties and are precious to humankind, still this particular species is listed in the “critically endangered category”, which should be carefully considered and conserved before it is completely extinct.
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Figure 1. ADMET properties of (A) Grewin; (B) BDA-366. Abbreviations: MW: Molecular weight; nRig: number of rigid bonds; fChar: formal charge; nHet: number of heteroatoms; MaxRing: number of atoms in the biggest ring; nRing number of rings; nRot: number of rotatable bonds; TPSA: topological polar surface area; nHD: number of hydrogen bond donors; nHA: number of hydrogen bond acceptor; LogD: logP at physiological pH 7.4; logS: log of the aqueous solubility; and LogP: log of the octanol/water partition coefficient. 
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Figure 2. (A) Two-dimensional and three-dimensional docking interactions of Grewin with BCL-2. (B) Grewin and BDA-366 in complex with BCL-2 (Blue—Grewin, Orange—BDA-366). 
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Figure 3. (A) RMSD of Grewin and control (BDA-366) in complex with BCL-2. (B) RMSF of Grewin and control (BDA-366) in complex with BCL-2 as a function of MD simulation time. 
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Figure 4. (A) Radius of gyration plots of molecular dynamics (MD) simulation of BCL-2 Grewin and control (BDA-366) complexes. (B) Line plots of ligand–protein H bonds for BCL-2 with Grewin and control (BDA-366). 
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Figure 5. An assessment of the cytotoxicity of A. agallocha and A. malaccensis to cells (A) on (RAW 264.7), (B) on lung carcinoma (A549) cells, (C) HaCaT cell lines compared to non-treated cells. The graph displays the means and standard deviations for the four replicates. Significant differences from control sets are mentioned by ** p < 0.01; and *** p < 0.001. 
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Figure 6. The capacity of A. agallocha and A. malaccensis to produce intercellular ROS in A549 cells was compared to control. The graph displays the mean and standard deviation for the three replicates. Significant deviations from control groups are denoted by ** p < 0.05; *** p < 0.001. 
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Figure 7. The effects of A. agallocha and A. malaccensis on (A) NO generation were assessed using RAW 264.7 cells activated with 1 μg/mL of LPS. (B) Reactive oxygen species (ROS) production within cells was contrasted with control. Data presented as ±SEM, *** p < 0.01 vs. control cell. All medication was conducted in triplicate. 
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Figure 8. (A) ImageJ software was used to measure the scratched region’s cell-free area. The proportion of scratch cell migration seen 24 h after treatment compared to control data represents the amount of cell migration. (B) Untreated cells are indicated by controls. Values are revealed as mean ± standard deviation, and statistical significance is indicated by *** p < 0.01. The scale bar indicates 10× magnification. 
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Figure 9. Effects of A.A and A.M on the apoptosis-related genes’ levels of mRNA expression in A549 cells. A.A and A.M were applied to A549 cells at a dose of 1000 μg/mL for 24 h. Following the extraction of total RNA, qPCR was used to analyze the transcript expression levels using primers that targeted (A) p53, (B) Bax, (C) BCL-2, (D) Caspase 9, and (E) Caspase 3. Every bar displays the mean and standard deviation of both samples from all three separate trials (*** p < 0.01 utilizing Student’s t-test contrasted against the control). 
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Figure 10. Effects of A.A and A.M on pro-inflammatory mediators (A) COX-2, (B) TNF-α, (C) iNOS, (D) IL-6, (E) IL-8 in LPS induced RAW 264.7 cells. The mRNA expression was determined by qPCR analysis. Data presented as ±SEM, *** p < 0.01 vs. normal. All treatment was observed three times. 
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Figure 11. In vitro, antioxidant enzymatic activity for A. agallocha and A. malaccensis (A) CAT (B) GPx (C) SOD (D) GST on Hacat cells compared to non-treated control. Graph shows mean ± SD values of four replicates. *** p < 0.001 shows considerable variations from control groups. 
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Figure 12. Effects of A. agallocha and A. malaccensis on mRNA expression levels of antioxidant related genes SOD, GPx, CAT and GST in Hacat cells. Compared with positive control (H2O2). 
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Table 1. Total phenolic and flavonoid content of ethanolic extracts of A. agallocha and A. malaccensis.
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Samples

	
Total Phenolic Contents

(µg GAE/mg Extract)

	
Total Flavonoid Contents

(µg RE/mg Extract)

	
In Vitro Antioxidant




	
DPPH Scavenging

(ug/GAE mg Extract)

	
Reducing Power

(ug/GAE mg Extract)






	
A. agallocha

	
37.203 ± 0.14

	
276.745 ± 0.09

	
2.394 ± 0.009

	
9.746 ± 0.06




	
A. malaccensis

	
30.026 ± 0.11

	
292.095 ± 0.08

	
2.271 ± 0.006

	
9.243 ± 0.03
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Table 2. Grewin’s predicted biological activity.
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	Predicted Biological Activity
	Pi a (%)
	Pa b (%)





	TP53 expression enhancer
	0.907
	0.002



	Hepato-protectant
	0.907
	0.002



	Monophenol monooxygenase inhibitor
	0.907
	0.002



	Free radical scavenger
	0.906
	0.002



	Membrane integrity agonist
	0.850
	0.024



	Antimutagenic
	0.816
	0.004



	Caspase 3 stimulant
	0.811
	0.005



	Anticarcinogenic
	0.803
	0.005



	UDP-glucuronosyltransferase substrate
	0.794
	0.007



	Chemo-preventive
	0.741
	0.005







a Pa denotes the probability of active. b Pi symbolizes the probability of inactive.
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Table 3. Interaction of compounds from Agallocha with amino acid residue of BCL-2.
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Protein

	
Compound

	
Binding Energy (kcal/mol)

	
Hydrogen Bond

Interactions

	
Hydrophobic

Interactions

	
No. of Hydrogen Bonds






	
BCL-2

	
Grewin

	
−7.5

	
ASP108; ARG143

	
PHE109; MET112; ALA146

	
2




	
Gmelofuran

	
−7.4

	
-

	
ARG104; LEU198; PHE195

	
0




	
BDA-366

	
−6.3

	
LEU134; ARG143

	
ALA146; GLU133; TRY105

	
3
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