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Abstract

:

Several species within the genera Cassia or Senna have a treasure of traditional medicines worldwide and can be a promising source of bioactive molecules. The objective of the present study was to evaluate the phenolic content and antioxidant and enzyme inhibition activities of leaf methanolic extracts of C. fistula L., C. grandis L., S. alexandrina Mill., and S. italica Mill. The two Cassia spp. contained higher total polyphenolic content (42.23–49.75 mg GAE/g) than the two Senna spp., and C. fistula had significantly (p ˂ 0.05) the highest concentration. On the other hand, the Senna spp. showed higher total flavonoid content (41.47–59.24 mg rutin equivalent per g of extract) than that found in the two Cassia spp., and S. alexandrina significantly (p ˂ 0.05) accumulated the highest amount. HPLC–MS/MS analysis of 38 selected bioactive compounds showed that the majority of compounds were identified in the four species, but with sharp variations in their concentrations. C. fistula was dominated by epicatechin (8928.75 µg/g), C. grandis by kaempferol-3-glucoside (47,360.04 µg/g), while rutin was the major compound in S. italica (17,285.02 µg/g) and S. alexandrina (6381.85). The methanolic extracts of the two Cassia species exerted significantly (p ˂ 0.05) higher antiradical activity, metal reducing capacity, and total antioxidant activity than that recorded from the two Senna species’ methanolic extracts, and C. fistula displayed significantly (p ˂ 0.05) the highest values. C. grandis significantly (p ˂ 0.05) exhibited the highest metal chelating power. The results of the enzyme inhibition activity showed that the four species possessed anti-AChE activity, and the highest value, but not significantly (p ≥ 0.05) different from those obtained by the two Cassia spp., was exerted by S. alexandrina. The Cassia spp. exhibited significantly (p ˂ 0.05) higher anti-BChE and anti-Tyr properties than the Senna spp., and C. grandise revealed significantly (p ˂ 0.05) the highest values. C. grandise revealed significantly (p ˂ 0.05) the highest α- amylase inhibition, while the four species had more or less the same effect against the α-glucosidase enzyme. Multivariate analysis and in silico studies showed that many of the identified phenols may play key roles as antioxidant and enzyme inhibitory properties. Thus, these Cassia and Senna species could be a promising source of natural bioactive agents with beneficial effects for human health.
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1. Introduction


Bioactive compounds derived from natural resources, especially from plants, provide huge potentials against a broad spectrum of pharmacological targets with beneficial effects on the human health care system [1]. Metabolomics has evolved in recent years as a comprehensive approach to examine a complex mixture of molecules that may be associated with observations obtained through biological activity tests without the need for isolation procedures; consequently, aiding the development of natural product-derived therapeutic agents [2]. A number of phytoconstituents with scientific evidences of their pharmacological potency have been discovered over the last few years. From the total approved drugs (1562 drugs) by the USFDA between 1981 and 2014, 4% were pure natural products, 9.1% were herbal mixtures, 21% were derived from natural products, and 4% were synthetic drugs prepared by exploring the pharmacophores of natural products [3]. Medicinal plants, traditionally used in the management of ailments, are gaining increasing attention from scientists worldwide with the view to identify new drug candidates to address diseases [4].



The utilization of herbal products with low side effects is always beneficial for the improvement of health [5]. Cassia is a large genus of around 500 species of flowering plants in the family Leguminaceae/Fabaceae and is widely distributed throughout Africa, Asia, and North and South America [6]. Taxonomically, and due to many morphological complexes, the genus Cassia was segregated into three allied genera, namely Cassia L. Sensu stricto, Chamaecrista Moench, and Senna miller. The two genera Senna and Cassia have economic importance for ornamental, nutritive, and medicinal purposes, and also wood production and degraded area restoration [7]. Many species have been used extensively for their laxative effects caused by sennosides present in these two genera [8]. Previous studies on the chemical composition of both genera have identified flavonoids, anthraquinones, stilbenoids, pentacyclic triterpenes, pyrones, and alkaloids [9,10]. Pharmacologically, they possess hepatoprotective, antipyretic, anti-inflammatory, leukotriene inhibition, antioxidant, wound healing, anticancer, antidiabetic, and antimicrobial activities among others [7,11].



There are 23 species belonging to the genus Cassia in Sudan, 16 of which are indigenous and 7 are exotic. They are distributed between the genera Senna (12 species), Cassia (8 species) and chamaecrista (3 species) [12]. The majority of species are used in traditional medicine for the treatment of different ailments. For example, Senna alexandrina Mill. (Syn. Cassia senna L. and C. acutifolia Del) is used to cure constipation, flatulence, diabetes, stomach ache, skin allergies, and sores [13]. Senna italica Mill. (Syn. (Cassia obovata Collad. and C. italica (Mill.) Lam. ex Andrews)) is used to treat dysentery, acne, rheumatic pain, and as a laxative [14]. Cassia fistula L. is used against jaundice, piles, rheumatism, ulcers, ring worms, and also externally to cure skin eruptions, eczema, and other skin diseases [15]. Cassia grandis L. is used against worms and intestinal parasites, and to treat stomach and respiratory problems, and infected wounds [16]. Generally, few studies on the enzyme inhibition property and antioxidant activity using different assays of the above four mentioned species have been reported. Considering all of these issues and in an attempt to explore plant-based alternative solutions for humans’ welfare, the objective of this study is to determine the composition of the phenolic content of C. fistula, C. grandis, S. alexandrina, and S. italica as well as their antioxidant activity and enzyme inhibitory properties against cholinesterase, amylase, glucosidase, and tyrosinase.




2. Results and Discussion


2.1. Total Polyphenolic and Flavonoid Contents


Phenolic compounds are well known for their important health benefits; they possess diverse pharmacological activities, such as antioxidant, antimicrobial, and anticancer among others [17]. In the present study, the total polyphenolic and flavonoid contents of the leaf methanolic extracts of the investigated Cassia and Senna spp. were determined and the results are presented in Table 1. The two Cassia spp. contained higher total polyphenolic content (42.23–49.75 mg GAE/g) than the two Senna spp. (21.54–22.25 mg GAE/g), and C. fistula had significantly (p ˂ 0.05) the highest concentration. On the other hand, the Senna spp. showed higher total flavonoid content (41.47–59.24 mg RE/g) than that found in the two Cassia spp., and S. alexandrina significantly (p ˂ 0.05) accumulated the highest amount. Additionally, the two Senna spp. showed higher amounts of total flavonoid content that their respective total polyphenolic content. Variation in polyphenolic and flavonoid contents of the studied species from values reported by Tzekiat and Chiang [18] for C. fistula, Fuentes et al. [19] for C. grandis, Laghari et al. [20] for S. alexandrina, and by Gololo et al. [21] for S. italica could be attributed to different factors among them; genetics factors, age and organ of plant, geographical areas and climatic conditions for the growth of the plant, as well as extraction solvent and methods [7]. Nevertheless, the results of the present study were in agreement with these previous studies in that Cassia and Senna spp. accumulated high total contents of polyphenolic and flavonoids.




2.2. Chemical Phenolic Profile by HPLC–MS/MS


Methanolic extracts of the studied Cassia and Senna spp. were analyzed by HPLC–MS/MS to examine their chemical profiles. The target compounds were quantified using the HPLC–MS/MS technique after the acquisition settings of the dynamic MRM mode were optimized. Table S1 lists the chosen ion transitions and mass spectrometer parameters for each molecule. Thirty-eight reference compounds belonging to different phenolic classes were used and the results are depicted in Table 2. The majority of compounds were identified in the four species. C. grandis (65,214.79 µg/g) followed by C. fistula (38,897.47 µg/g) accumulated higher total individual contents than S. italica (25,019.64 µg/g) and S. alexandrina (21,798.71 µg/g). The highest value of C. grandis was attributed to the remarkably high content in Kaempferol-3-glucoside (47,360.04 µg/g). However, it was also observed that there were sharp variations in the concentrations of compounds in the four species. For example, the major compounds: epicatechin (8928.75 µg/g), catechin (361.85 µg/g), procyanidin b2 (1767.78 µg/g), and quercitrin (1563.25 µg/g) in C. fistula were present in very high concentrations compared to other species. The same observation was noted in C. grandis for Kaempferol-3-glucoside (47,360.04 µg/g), phloridzin (2106.51 µg/g), ellagic acid (116.46 µg/g), and phloretin (16.65 µg/g), while rutin (17,285.02 µg/g) and quercetin (1207.88 µg/g) were in high concentration in S. italica. Malvidin-3-galactoside (14.19 µg/g) and petunidin-3-glucoside (2.51 µg/g) were only detected in S. alexandrina. Other compounds, such as isoquercitrin (1042.35–6526.84 µg/g) and hyperoside (1293.52–8270.74 µg/g), were relatively distributed in considerable amounts in the four species. Overall, C. fistula was dominated by epicatechin, hyperoside, and isoquercitrin, while C. grandis was dominated by kaempferol-3-glucoside, trans-cinnamic acid and phloridzin. Rutin and p-coumaric acid were the major compounds in S. alexandrina. However, S. italica was characterized by a remarkable highest concentration of rutin. Previous phytochemical studies were mainly performed on C. fistula and the two Senna species and have mainly reported the isolation of anthraquinones, anthranoides, anthrones, and flavonoids [7]. Few studies report the chemical constituents of C. grandis including the isolation of aloe-emodin from the leaf [22], 1,3,4-trihydroxy-6,7,8-trimethoxy-2-methyl anthraquinone-3-O-β-D- Glucopyranoside from the pod [23], and emodin-9-anthrone from the stem [24]. However, it is worth mentioning that this is the first detailed study on the phenolic profiles of these four species and this untargeted metabolomics approach would enable us to identify the composition of extracts to integrate biological knowledge, and, consequently, pinpoint pharmaceutical candidates [2].




2.3. Antioxidant Activity


Antioxidant agents can reduce the damaging effects of free radicals and may, therefore, play a protective role to attenuate oxidative stress-related diseases [25]. In the present study, six complementary in vitro DPPH, ABTS, CUPRAC, FRAP, MCA, and phosphomolybdenum assays were adopted to examine the antioxidant activity of the four species, and the results are presented in Table 3. The methanolic extracts of the two Cassia species exerted significantly (p ˂ 0.05) higher anti-DPPH and -ABTS radical activity than that recorded from the two Senna species’ methanolic extracts. Moreover, the antiradical activity of C. fistula from the DPPH and ABTS assays was, respectively, 2.2- and 2.8-fold higher than that obtained from C. grandis. Furthermore, the metal reducing capacity of the methanolic extracts of the two Cassia species was significantly (p ˂ 0.05) higher than that obtained from two Senna species’ methanolic extracts and the four species had higher Cu++ reducing capacity than the Fe+++ one. Again, the Fe+++ and Cu++ reducing activity of C. fistula was, respectively, 1.4- and 1.7-fold higher than that exerted by C. grandis. The Senna species were not significantly (p ≥ 0.05) different in their metal reducing capacity. The two Cassia species and S. italica revealed metal chelating power (11.38–8.11 mg EDTAE/g), and the highest and least values were recorded from C. grandis and C. fistula, respectively. The results of the total antioxidant activity from the phosphomolybdenum assay showed that the Cassia spp. exhibited significantly (p ˂ 0.05) higher activity than the Senna spp., and C. fistula recorded the highest value (1.94 mmol TE/g). On comparing these results with previous reports in the literature, it was observed that previous studies on these species were mainly evaluating their antiradical property. For example, Tzekiat and Chiang [18] reported that leaf samples of C. fistula under different age classes showed high anti-DPPH activity (IC50 0.040–0.050 g/mL). Laghari et al. [20] showed that the S. alexandrina leaf exerted anti-DPPH activity (IC50 3.6–7.4 mg/L) using different extraction techniques with the best results obtained from the microwave technique. A recent study on S. italica aerial parts showed that the isolated quercetin (95.8%) and rutin (94.2%) possessed potent antiradical activity from the DPPH assay [26]. Another recent study on C. grandis reported on the antioxidant activity of the fruit, showing values of 6.48 µg/g 0.34 mg/g from the DPPH and FRAP assays, respectively [19].



However, the significant antioxidant activity of the four species in the present study could be attributed to their total phenolic content and composition. S. fistula had the highest total polyphenolics content and it was observed that when considering the total content of all bioactive compounds without kaempferol-3-glucoside, A. fistula also recorded the highest total individual content (35,499.35 µg/g), which might significantly reflect on its highest antioxidant activity in most assays (5/6). This was in agreement with previous reports that demonstrated a good correlation between total bioactive compounds and antioxidant activity [17,27,28]. Moreover, many of the identified compounds in the present study were well known for their high antioxidant activity, such as epicatechin [29], caffeic acid [30], glycosides of kaempferol [31], delphindin 3,5 diglucoside [32], catechin [33], cinnamic acid [34], and hyperoside [35] among others.




2.4. Enzyme Inhibition Activity


Enzyme inhibitors play a great physiological and medical significance in the treatment of many diseases, including diabetes mellitus, hyperpigmentation, and central nervous system-related diseases [36]. In this context, the enzyme inhibitory property of the methanolic extracts of the investigated Cassia and Senna spp. was evaluated against AChE, BChE, Tyr, α-glucosidase, and α-amylase enzymes. The results are depicted in Table 4. The four species had anti-AChE activity in the range of 1.71–2.41mg GALAE/g, and the highest value, but not significantly (p ≥ 0.05) different from those obtained by two Cassia spp, was exerted by S. alexandrina. In addition, the Cassia spp. exhibited significantly (p ˂ 0.05) higher anti-BChE (0.95–1.15 mg GALAE/g) and anti-Tyr (34.51–46.58 mg KAE/g) properties than the Senna spp., and C. grandise revealed significantly (p ˂ 0.05) the highest values. Regarding their inhibition capacity against the two enzymes associated with diabetes, all four investigated species inhibited the α-glucosidase enzyme (1.43−1.45 mmol ACAE/g) better than the α- amylase (0.37–0.48 mmol ACAE/g) one. C. grandise revealed significantly (p ˂ 0.05) the highest α- amylase inhibition, while the four species had more or less the same effect against the α-glucosidase enzyme. It is worth mentioning that this is the first study on the enzyme inhibitory activity of the four species against these enzymes except for C. grandis, where a previous study on the pulp of the fruit reported its α-glucosidase inhibition [37]. Alhawarri et al. [38] reported that the high anti-AChE activity of Cassia timoriensis was positively correlated to its high phenolic and flavonoids. Phenolic compounds with anti-AChE activity were suggested to improve the signal transmission in nerve synapses and increase the concentration of ACh in synapses between cholinergic neurons [39,40]. In fact, rutin, quercetin, and kaempferol, were proven as cholinesterase inhibitors [41]. Furthermore, in silico studies revealed that compounds, such as rutin [42] and isorhamnetin [43] effectively inhibited the tyrosinase enzyme. The results of α- amylase and α-glucosidase inhibition might explain, in part, and support previous in vivo studies on the antidiabetic activity of the leaves of C. fistula [44] and S. alexandrina [45], as well as an in vitro study on the S. italica leaf [46]. In addition, the inhibition effect of the leaf of C. grandis shown in the present study, as well as previous in vivo studies demonstrating the hypoglycemic effect of the stem bark [16] and fruit pulp [37], suggest that all parts of this plant merit an in depth investigation on its antidiabetic activity. Furthermore, compounds, such as quercetin, ellagic acid, and kaempferol were found to possess a significant α-glucosidase inhibition effect [47,48,49].




2.5. Data Mining


In order to establish a connection between the chemical components and biological effects of the tested extracts, we performed a multivariate statistical analysis. Recently, multivariate statistical approaches have gained interest to identify relationships between different parameters. This gives a good insight into the structure–activity relationship in phytochemical studies. To this end, we first performed a Pearson’s correlation analysis between bioactive components (as total and individually) and biological properties. As can be seen in Figure 1, the total phenolic content was highly correlated with the radical scavenger assay, reducing power assay, and three enzyme inhibition assays (BChE, tyrosinase, and glucosidase). In particular, based on the existence of a strong correlation between the radical scavenger and reducing power assays, we concluded that the same components might play a key role in the assays. This fact was also confirmed by the correlation values between individual phenolics (especially C7 (epicatechin), C9 (caffeic acid), C13 (procyanidin A2), C18 (isoquercitrin), and C19 (delphindin 3,5 diglucoside)) and these parameters. Consistent with our results, several researchers reported that there is a positive correlation between these parameters [50,51,52]. Concerning enzyme inhibitory assays, different results were observed. For example, for AChE, C5 (chlorogenic acid) might be the main contributor with a high correlation value (R > 0.8). As for BChE, C10 (vanillic acid) and C12 (syringic acid) were the main contributors. In addition, the observed tyrosinase inhibitory effect can be attributed to the presence of C10 and C21 (naringin). PLS-DA makes it possible to assess the relationship between the tested parameters and species. The tested plants were separated based on genus and two groups were observed (Figure 2). In general, the Cassia species were characterized by stronger antioxidant properties and a higher content of phenols. However, the Senna species were close and characterized by high flavonoid content, and they were richer in rutin, quercetin, and isorhamnetin.




2.6. Molecular Modeling


In the absence of the crystal structures of human glucosidase and tyrosinase, homology models were built, as described in Section 3. The homology modeled structures of glucosidase and tyrosinase and their respective Ramachandran plot showing the energetically allowed regions of the 3D structures are shown in Figure 3A–D. The docking scores of the bioactive compounds in two Cassia and two Senna species against the five enzymes are shown in Figure 3E. Overall, the compounds showed the strongest binding to AChE and BChE, and moderate binding to tyrosinase, amylase, and glucosidase. Delphindin 3,5 diglucoside (C19) demonstrated the tightest binding to both AChE and BChE compared with the rest of the enzymes. Hence, the detailed protein–ligand interactions were visualized for some selected compounds. Both enzymes formed multiple H-bonds, a couple of charged interactions, and several van der Waals interactions (Figure 4A,B). On the other hand, isoquercitrin formed a metal–acceptor interaction with the two copper metal ions deep in the catalytic channel of tyrosinase. In addition, two H-bonds and two π-alkyl interactions near the active site surface, a π-π stacked, and several van der Waals interactions formed, contributing to the binding (Figure 4C). In the case of amylase, the major interactions formed by the active site residues with phloridzin are multiple H-bonds and several van der Waals interactions all over the channel (Figure 4D), while isorhamnetin, being a smaller molecule, spanned the glucosidase catalytic channel, forming H-bonds, alkyl, and multiple van der Waals interactions (Figure 4E). Together, these interactions may allow the compounds to block the activities of the studied enzymes.



Furthermore, the ADMET properties of the bioactive compounds were predicted using the Biovia DS ADMET prediction toolkit. The four ellipses enclose the area where well-absorbed compounds should be found: at 95 and 99% confidence levels for gastrointestinal absorption (red and green), and for the blood–brain barrier penetration (magenta and aqua). The compounds are shown according to their serial number (Figure 5). Compounds with low molecular weight and low polarity were found to be in one or more ellipses, suggesting low absorption and low blood–brain barrier penetration probability, whereas those with high molecular weight and high polarity were found to be located outside the ellipses, suggesting low absorption and low blood–brain barrier penetration probability.





3. Materials and Methods


3.1. Plant Materials


Fresh leaves of C. fistula, C. grandis, S. alexandrina, and S. italica were harvested from plants growing wild in the Botanical Garden in Al Mogran, Khartoum State, situated at 15°30′2″ N 32°33′36″ E. Taxonomical identification was carried out by Prof. Maha Kordofani and voucher specimens (No. HCF/05/19 for C. fistula, HCG/05/19 for C. grandis, HSA/05/19 for S. alexandrina, and HSI/05/19 for S. italica) were deposited at the Herbarium of the department.




3.2. Preparation of Extracts


Separately, 20 g of dried powdered leaves of each species were extracted by maceration in methanol (400 mL each) using a shaker apparatus, for about 24 h at room temperature, filtered, and then the solvent was evaporated under vacuum using a rotary evaporator. The resultant dry extracts were weighed and stored at 4 °C until used.




3.3. Determination of Total Polyphenol and Flavonoid Contents


The total phenolic and flavonoid contents were determined using the Folin–Ciocâlteu and AlCl3 tests, respectively [53]. The results were presented as gallic acid equivalents (mg GAEs/g dry extract) and rutin equivalents (mg REs/g dry extract) for the assays.




3.4. Phytochemical Analysis by HPLC–MS/MS System


The quantities of 38 phenolic compounds from the chemical classes of phenolic acids, flavonols, flavan-3-ols, flavones, proanthocyanidins, anthocyanins, and non-phenolic acids in the examined plants were measured using the methodology we previously described [54]. The dried extracts were dissolved in methanol (5 mg/mL), sonicated for 2 min at room temperature, and samples were centrifuged for 10 min at 13,000 rpm. Prior to being injected into the HPLC–MS/MS system, the solutions were filtered using a 0.2 m syringeless filter. Using an Agilent 1290 Infinity series and an Agilent Technology (Santa Clara, CA) Triple Quadrupole 6420 equipped with an electrospray ionization (ESI) source that operates in both positive and negative ionization modes, HPLC–MS/MS studies were conducted. The MS/MS parameters of each analyte were adjusted in flow injection analysis using Optimizer Software (Agilent). The target compounds were separated using Phenomenex’s Synergi Polar-RP C18 analytical column (250 mm × 4.6 mm, 4 μm), which was preceded by a Polar RP security guard cartridge (4 mm × 3 mm ID). The mobile phase used in gradient elution mode consisted of (A) water and (B) methanol, both contained a percentage of formic acid, and flowed at a rate of 0.8 mL min−1. The composition of the mobile phase was altered as follows: 0–1 min, isocratic condition, 20% B; 1–25 min, 20–85% B; 25–26 min, isocratic condition, 85% B; 26–32 min, 85–20% B. A total injection of 2 μL of the extracts was made and the column temperature was fixed at 30 °C. The ionization source’s drying gas temperature was maintained at 350 °C. The nebulizer pressure was 55 psi, the capillary voltage was 4000 V, and the gas flow rate was 12,000 mL/min. The areas of peaks of the most abundant product ions were integrated for quantification after the analytes were detected using the dynamic multiple reaction monitoring mode. Table S1 (Supplementary Materials) reported the HPLC–MS/MS acquisition parameters (dynamic MRM mode) used for the analysis of the 38 marker compounds.




3.5. Antioxidant Assays


Antioxidant assays were performed using methods that have been previously reported [55,56]. The antioxidant potential was calculated as follows: mg Trolox equivalents (TE)/g extract in the 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical scavenging tests; cupric reducing antioxidant capacity (CUPRAC) and ferric reducing antioxidant power (FRAP); mmol TE/g extract in the phosphomolybdenum (PBD) assays and mg disodium edetate equivalents (EDTAE)/g in the metal chelating activity (MCA).




3.6. Enzyme Inhibitory Assays


The enzyme inhibition experiments were performed based on previously described procedures [55,56]. Amylase and glucosidase inhibition was expressed as mmol acarbose equivalents (ACAE)/g extract, while acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) inhibition was expressed as mg galanthamine equivalents (GALAE)/g extract. Tyrosinase inhibition was expressed as mg kojic acid equivalents (KAE)/g extract.




3.7. Molecular Modeling


The following crystal structures of the target enzymes were retrieved from the protein data bank (https://www.rcsb.org/ (accessed on 1 June 2022)): AChE (PDB ID: 6O52) [57], BChE (PDB ID: 6EQP) [58], tyrosinase (PDB ID: 6QXD) [59], amylase (PDB ID: 2QMK) [60], and glucosidase (PDB ID: 7KBJ) [61]. In the absence of crystal structures of human tyrosinase and glucosidase, human sequences (UniProt IDs P14679 and P0DUB6, respectively) were used to build their homology models using these PDB structures as templates. The models were built using the ITASSER web-based tool (https://zhanggroup.org/I-TASSER/, accessed on 1 June 2022) [62] and validated using the PROCHECK server (https://www.ebi.ac.uk/thornton-srv/software/PROCHECK/, accessed on 1 June 2022) [63].



Each protein was protonated using the predicted pKa of the titratable residues at a physiological pH of 7.4 using an online server “Playmolecule proteinPrepare” (https://playmolecule.com/proteinPrepare/, accessed on 1 June 2022) [64]. The three-dimensional structure of each study ligand was retrieved from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/, accessed on 1 June 2022), and its geometry was optimized using Frog2 [65].



Using Autodock Tools program (https://autodock.scripts.edu, accessed on 10 June 2022) [66], docking grid files were generated using the coordinates of the cocrystal ligand in each crystal. The details of the docking procedure have been described in our previous studies [67,68]. The binding energy of the ligand poses were calculated, and protein–ligand interactions were examined using the Biovia DS Visualizer (Dassault Systèmes Biovia Software Inc, 2012, San Diego, CA, USA).




3.8. Data Analysis


All analyses were done in triplicate and the results were given as means ± SD. Pearson’s correlation coefficients were calculated to analyze the relationship between secondary metabolites, and antioxidant, and enzyme inhibitory activities, respectively. Pearson’s correlation was performed by GraphPad version 9.0. The relationship between species, chemical compounds, and bioactivities was also assessed using partial least squares regression analysis (PLS-DA). PLS-DA analysis was performed by SIMCA version 14.0.





4. Conclusions


The leaf methanolic extracts of the Cassia and Senna species were rich in phenols and the two species of the former genus contained higher amounts of total polyphenolics content, while those from the latter had a higher total flavonoid content. C. fistula and C. grandis were dominated by epicatechin and kaempferol-3-glucoside, respectively, while rutin was the major compound in both Senna spp. All four species showed considerable antioxidant activity, and C. fistula exerted the highest activity in most assays. Furthermore, the four species showed significant enzyme inhibition capacity. The outcome of the present study is helpful in the identification of new bioactive compounds from the investigated species, which might be further explored in the development of an effective drug system for the treatment of many diseases. Furthermore, more bioactive compounds belonging to different classes of secondary metabolites should be identified to better understand the mechanisms underlying the pharmacological benefits of these extracts.
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Figure 1. Relationship between secondary metabolites and biological activities of the tested extracts. For compound numbers refer to Table 1. The correlation is considered positive and statistically significant (r > 0.7). 
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Figure 2. The biplot obtained from partial least squares regression describing the relationship between chemical compounds and bioactivities. For compound numbers refer to Table 1. 
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Figure 3. (A) Homology modeled structures of glucosidase, and (B) its Ramachandran plot showing the energetically allowed regions. (C) Homology modeled structures of tyrosinase and (D) its Ramachandran plot showing the energetically allowed regions. Binding energy (docking score) values of the top bioactive compounds from two Cassia and two Senna species. The compounds are abbreviated based on their serial number in Table 2. 
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Figure 4. Protein–ligand interactions: (A) ChE:delphindin 3,5 diglucoside; (B) BChE:delphindin 3,5 diglucoside; (C) tyrosinase: isoquercitrin; (D) amylase: phloridzin; and (E) glucosidase:isorhamnetin. 
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Figure 5. ADMET properties of the bioactive compounds extracted from two Cassia and two Senna species predicted using the Biovia DS ADMET prediction toolkit. The four ellipses enclose the area where well-absorbed compounds should be found: at 95 and 99% confidence levels for gastrointestinal absorption (red and green), and for blood–brain barrier penetration (magenta and aqua). The compounds are shown according to their serial number in Table 2. 
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Table 1. Total polyphenolic and flavonoid contents of leaf methanolic extracts of the Cassia and Senna species.
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	Plant Name
	TPC (mg GAE/g)
	TFC (mg RE/g)





	Cassia fistula
	49.75 ± 0.37 a
	39.15 ± 0.29 c



	Cassia grandis
	42.23 ± 0.27 b
	30.38 ± 0.22 d



	Senna alexandrina
	22.25 ± 0.29 c
	59.24 ± 0.08 a



	Senna italica
	21.54 ± 0.28 c
	41.47 ± 0.28 b







Values are reported as mean ± SD. TPC: total phenolic content; TFC: total flavonoid content; GAE: gallic acid equivalent; RE: rutin equivalent; TE: Trolox equivalent. Different letters in the same column indicate significant differences in the samples (p < 0.05).
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Table 2. Content (µg g−1 of dried extract) of bioactive compounds in leaf methanolic extracts of the Cassia and Senna species.
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No

	
Compound

	
C. fistula

	
C. grandis

	
S. alexandrina

	
S. italica






	
1

	
Gallic acid

	
37.80

	
88.03

	
53.98

	
37.53




	
2

	
Neochlorogenic acid

	
0.15

	
n.d.

	
0.69

	
n.d.




	
3

	
Catechin

	
1361.85

	
32.94

	
3.19

	
n.d.




	
4

	
Procyanidin B2

	
1767.78

	
62.43

	
n.d.

	
17.20




	
5

	
Chlorogenic acid

	
2.29

	
3.55

	
11.45

	
5.54




	
6

	
4-Hydroxy benzoic acid

	
200.01

	
466.62

	
364.13

	
258.74




	
7

	
Epicatechin

	
8928.75

	
492.80

	
5.72

	
n.d.




	
8

	
3-Hydroxybenzoic acid

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
9

	
Caffeic acid

	
101.65

	
76.69

	
63.16

	
48.40




	
10

	
Vanillic acid

	
179.59

	
207.39

	
102.62

	
155.01




	
11

	
Resveratrol

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
12

	
Syringic acid

	
112.42

	
85.02

	
24.59

	
78.69




	
13

	
Procyanidin A2

	
35.90

	
7.34

	
3.63

	
4.60




	
14

	
P-Coumaric acid

	
177.89

	
198.16

	
354.55

	
314.18




	
15

	
Ferulic acid

	
21.43

	
5.52

	
49.04

	
7.73




	
16

	
3,5-Dicaffeoylquinic acid

	
0.67

	
n.d.

	
0.61

	
n.d.




	
17

	
Rutin

	
684.39

	
2.89

	
6381.85

	
17,285.02




	
18

	
Isoquercitrin

	
6526.84

	
3169.68

	
2752.63

	
1042.35




	
19

	
Delphindin 3,5 diglucoside

	
4907.12

	
2423.86

	
2071.99

	
810.07




	
20

	
Phloridzin

	
101.26

	
2106.51

	
0.56

	
10.85




	
21

	
Naringin

	
163.84

	
444.87

	
n.d.

	
16.14




	
22

	
Quercitrin

	
1563.25

	
139.76

	
5.30

	
2.82




	
23

	
Myricetin

	
4.26

	
1.28

	
0.71

	
1.56




	
24

	
Kaempferol-3-glucoside

	
3398.12

	
47,360.04

	
3019.95

	
1082.75




	
25

	
Ellagic acid

	
10.62

	
116.46

	
8.61

	
n.d.




	
26

	
Quercetin

	
106.15

	
126.86

	
522.83

	
1207.88




	
27

	
Phloretin

	
0.89

	
16.65

	
0.05

	
n.d.




	
28

	
Isorhamnetin

	
7.83

	
6.92

	
454.47

	
411.96




	
29

	
Delphindin3-galactoside

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
30

	
Cyanidin-3-glucoside

	
18.27

	
24.23

	
56.93

	
11.18




	
31

	
Petunidin-3-glucoside

	
n.d.

	
n.d.

	
2.51

	
n.d.




	
32

	
Pelargonidin-3-rutinoside

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
33

	
Pelargonidin-3-glucoside

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
34

	
Malvidin-3-galactoside

	
n.d.

	
n.d.

	
14.19

	
n.d.




	
35

	
Hyperoside

	
8270.74

	
3634.40

	
3299.95

	
1293.52




	
36

	
Hesperidin

	
n.d.

	
12.34

	
56.04

	
74.06




	
37

	
Kaempferol

	
28.04

	
49.89

	
16.81

	
37.98




	
38

	
Trans-cinnamic acid

	
177.68

	
3851.66

	
2095.98

	
803.88




	
Total content

	
38,897.47

	
65,214.79

	
21,798.71

	
25,019.64








n.d., not detected.
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Table 3. Antioxidant activity of leaf methanolic extracts of the Cassia and Senna species.






Table 3. Antioxidant activity of leaf methanolic extracts of the Cassia and Senna species.





	Plant name
	DPPH

(mg TE */g)
	ABTS

(mg TE/g)
	CUPRAC

(mg TE/g)
	FRAP

(mg TE/g)
	MCA

(mg EDTAE **/g)
	PBD

(mmol TE/g)





	Cassia fistula
	77.36 ± 0.69 a
	218.44 ± 13.8 a
	215.33 ± 4.37 a
	106.34 ± 5.88 a
	5,68 ± 0.55 c
	1.94 ± 0.13 a



	Cassia grandis
	34.74 ± 0.26 b
	78.43 ± 0.08 b
	152.79 ± 2.19 b
	62.68 ± 0.24 b
	11.38 ± 0.96 a
	1.48 ± 0.12 b



	Senna alexandrina
	24.74 ± 0.64 c
	54.49 ± 1.28 c
	88.45 ± 2.11 c
	44.02 ± 0.92 c
	na
	1.11 ± 0.05 c



	Senna italica
	18.60 ± 0.20 d
	51.98± 0.05 c
	84.60 ± 2.54 c
	44.58 ± 0.26 c
	8.11 ± 0.72 b
	1.07 ± 0.11 c







Note: Values are reported as mean ± SD. DPPH: 2,2-diphenyl-1-picrylhydrazyl; ABTS: 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid); CUPRAC: cupric ion reducing antioxidant capacity; FRAP: ferric reducing antioxidant power; MCA: metal chelating activity; PBD: phosphomolybdenum. * TE, Trolox equivalents. ** EDTAE, disodium edetate equivalents. Different superscript letters in the same column indicate significant difference (p < 0.05).
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Table 4. Enzyme inhibitory activity of leaf methanolic extracts of the Cassia and Senna species.






Table 4. Enzyme inhibitory activity of leaf methanolic extracts of the Cassia and Senna species.





	Plant name
	AChE

(mg GALAE */g)
	BChE

(mg GALAE/g)
	Tyrosinase

(mg KAE **/g)
	Amylase

(mmol ACAE ***/g)
	Glucosidase

(mmol ACAE/g)





	Cassia fistula
	1.71 ± 0.20 b
	0.92 ± 0.02 a
	34.51 ± 0.93 b
	0.40 ± 0.02 b
	1.45 ± 0.01 a



	Cassia grandis
	2.17 ± 0.22 a
	1.15 ± 0.18 a
	46.58 ± 0.32 a
	0.48 ± 0.02 a
	1.44 ± 0.00 ab



	Senna alexandrina
	2.41 ± 0.07 a
	na
	15.12 ± 0.59 d
	0.37 ± 0.02 b
	1.43 ± 0.00 b



	Senna italica
	2.05 ± 0.11 ab
	0.64 ± 0.02 b
	21.17 ± 0.38 c
	0.39 ± 0.01 b
	1.44 ± 0.01 ab







Note: Values are reported as mean ± SD. * GALAE, galanthamine equivalents. ** KAE, kojic acid equivalents. *** ACAE, acarbose equivalents. Different superscript letters in the same column indicate significant difference (p < 0.05); na, not active.
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