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Abstract

:

Cyperus conglomeratus has been utilized in traditional medicine as an emollient, diuretic, analgesic, anthelmintic, and for other diseases. Furthermore, several biological activities have been reported for the plant extract and the isolated metabolites. The chromatographic investigation of an ethyl acetate extract of the aerial parts led to the isolation of three aurone derivatives (1–3) from the plant for the first time. Their structures were identified as aureusidin (1), aureusidin-4-methyl ether (2), and 5-methyl aureusidin (3) using 1D and 2D NMR techniques, along with mass spectrometry. The compounds were tested for their inhibitory activities against enzymes vital in metabolic diseases, especially diabetes, such as α-amylase, α-glucosidase, and glycogen phosphorylase. The results were expressed as percentage inhibition. The inhibitory activity of aurones against the tested enzymes was also analyzed by computational docking studies to provide a rational explanation for the observed results. The tested compounds formed stable interactions in terms of hydrogen bonding and hydrophobic interaction with the active site residues of the tested enzymes, and the results are in agreement with those of the in vitro antidiabetic activity. The compounds were also evaluated for their ability to support the growth and viability of beneficial bacteria in terms of prebiotic activities using two species, Lacticaseibacillus paracasei and Lacticaseibacillus rhamnosus, through the determination of prebiotic activity scores (Pscore). The findings of this study showed that C. conglomeratus is a potential natural source of bioactive agents. There is, however, a need for in vivo testing to evaluate this plant’s efficacy for developing new drug entities in the future.
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1. Introduction


Plants are one of the most important and largest sources of natural compounds, which have been proven effective in curing many health problems [1]. Type II diabetes mellitus, which represents 90–95% of total diabetic patients, is a serious chronic disease with numerous complications. The drugs available cause problems such as abdominal disturbance, diarrhea, nausea, flatulence, and other undesirable side effects. Thus, there is a need for an alternative natural drug to solve this problem [2]. One therapeutic protocol for treating diabetes is to reduce postprandial glycemia by inhibiting the enzymes responsible for carbohydrate hydrolyses, such as α-amylase and α-glucosidase [3]. In this respect, the α-amylase and α-glucosidase inhibitors have been exploited as specific targets that help to manage glucose levels in type II diabetes.



Moreover, glycogen phosphorylase is a crucial enzyme in regulating glycogen metabolism. It catalyzes the degradative phosphorolysis of glycogen to glucose 1-phosphate [4]. Thus, glycogen phosphorylase inhibitors have attracted specific attention because they might prevent glycogenolysis at high blood glucose levels in type II diabetes [3].



Natural products, especially purified compounds, have shown good enzyme inhibitory activities [5,6]. Thus, plants constitute a hopeful source in this field. Cyperus conglomeratus Rottb., a perennial herb, family, Cyperaceae, is distributed in temperate, tropical, and subtropical regions [7]. This herb is important in traditional medicine as an emollient, diuretic, analgesic, anthelmintic, and for treating thoracic diseases. Previous studies have described the biological activities of this plant, such as antiulcer activity, antimicrobial activity [8,9], antioxidant and antidiarrheal activities [10], and wound healing activity [11]. In previous phytochemical investigations of C. conglomeratus, several components of different classes were isolated, including essential oil [12], flavonoids [13,14], stilbenes [15], steroids, and triterpene [8]. The oil of C. conglomeratus rhizomes resembled other Cyperus oils in their hydroazulene compounds, such as cyperene, cyperotundone, and α-cyperone. According to Hisham et al. [8], eugenol was found as the principal compound in the volatile oil of C. conglomeratus, with a percentage of 33.3%, which seems rare in Cyperus species. Accordingly, as the major component in the oil, eugenol is a characteristic feature of C. conglomeratus rhizome oil. The oil of C. conglomeratus had moderate antibacterial and antifungal activities against a panel of pathogenic microorganisms (five bacterial and two fungal strains) [8].



Continuing the search for new compounds of natural products origin for treating diabetes mellitus, we describe the isolation of three aurone compounds from C. conglomeratus and their inhibitory activities against enzymes responsible for glucose metabolism. Furthermore, the docking simulation of these compounds was conducted within the active site of α-amylase (PDB ID: 1HNY), α-glucosidase (PDB ID: 2ZE0), and glycogen phosphorylase (PDB ID: 1LWO) to analyze the binding conformation and interactions responsible for their activity.



Aurones are structural isomers of flavonoids but hold a narrow place in nature. They are tricyclic flavonoids with a benzofuranone ring connected to phenyl moiety through a double bond [16]. It has been reported that aurones have therapeutic potential in cancer, Alzheimer’s, and hyperpigmentation. Furthermore, they were discovered to have antiviral, antibacterial, antioxidant, and anti-obesity activities [16]. The antidiabetic activity was also reported for sulfuretin, an aurone derivative isolated from the bark of Rhus verniciflua. It has been identified as an aldose reductase inhibitor and prevented the formation of advanced glycation end products [17].



Prebiotics are the constituents that resist digestion in the upper gastrointestinal tract until they reach the colon undigested or partially digested. Probiotics, or beneficial bacteria, could feed on these constituents and produce short-chain fatty acids, to which the health benefits are attributed. Well-known categories of prebiotics are carbohydrates such as inulin, fructans, and resistant starch [15,16]. Research studies have revealed that compounds other than carbohydrates can improve the growth and activity of probiotic bacteria, such as phenolic compounds and steroids [17,18,19].



It has been reported that prebiotics play an important role in metabolic disorders such as obesity and type II diabetes mellitus. Information obtained from animal studies has indicated that modified gut microbiota might have an impact on the regulation of insulin resistance (IR) and, consequently, type 2 diabetes (T2DM) through a variety of mechanisms [20]. The gut microbiota is primarily engaged in the initial digestion of carbohydrates and the fermentation of indigestible oligosaccharides, producing short-chain fatty acids (SCFA) such as butyrate, propionate, and acetate [21]. Currently, the discourse surrounding the role of SCFA revolves around their potential to stimulate the secretion of glucagon-like peptide-1 (GLP-1) and peptide YY; both are regulators produced by endocrine cells in the colon’s mucosal lining. These hormones influence the gastrointestinal tract, including suppressing the release of gastric juice and gastrointestinal peristalsis, delaying gastric content emptying, and activating the hypothalamus in the central nervous system, thus enhancing sensations of satiety and appetite.



Consequently, this process has the potential to lead to reductions in fasting blood glucose levels, weight, and other markers associated with type II diabetes [22,23]. A study on type II diabetes patients revealed that a daily intake of fermented milk containing probiotics for 6 weeks improved hemoglobin A1c, IL-10, and fructosamine levels. Several meta-analyses demonstrated the beneficial effects of probiotics on hemoglobin A1c and fasting insulin levels. Prebiotics have also been reported to have the potential for type II diabetes mellitus prevention. In a clinical trial on 46 diabetic patients, the daily intake of oligofructose-enriched inulin for 8 weeks improved the lipid profile, glycemic status, and immune biomarkers [24].



The current work aimed at bioprospecting the isolated compounds from C. conglomeratus for their α-amylase, α-glucosidase, and glycogen phosphorylase inhibition activities. Their prebiotic effects in managing patients with type II diabetes mellitus were also investigated.




2. Materials and Methods


2.1. Plant Material


Cyperus conglomeratus Rottb. was collected in Egypt’s Delta region on the Mediterranean coast in May 2018. Plant identification was accomplished in the Department of Pharmacognosy by comparing it to a voucher specimen and verified by the Department of Botany, Faculty of Science, Mansoura University. A voucher sample of the plant under the code CYP-18 was deposited in the Department of Pharmacognosy Herbarium.




2.2. Extraction and Isolation


The shade-dried C. conglomeratus plant was finely powdered (510 g) and extracted with methanol (5 L × 4). The collected methanol extracts were dried using a rotary evaporator. The extract was suspended in 200 mL of distilled water and fractionated with petroleum ether, methylene chloride, ethyl acetate, and n-butanol. The ethyl acetate fraction (2.91 g) was chromatographed over RP18 in a VLC (35 cm L × 4 cm W). The elution was performed using MeOH:H2O mixtures in the following gradients (6:4, 7:3, 8:2, 10:0), two liters each. Fifteen sub-fractions were obtained. Sub-fraction 6 (110 mg) was subjected to silica gel column chromatography (1.5 × 80 cm) and eluted isocratic with EtOAc:CHCl3: CH3OH:H2O (15:8:4:1) to afford compound 1 (6.5 mg). Compound 2 (7.2 mg) was obtained from sub-fraction 7 (71 mg) by using preparative TLC (20 cm × 20 cm, 0.5 mm) using CHCl3:CH3OH (9:1) as a mobile phase. Column chromatography for sub-fraction 11 (182 mg) over silica gel and elution with CHCl3:CH3OH:H2O (8:2:0.25) led to the isolation of compound 3 (8 mg), which was further purified by preparative TLC (20 cm × 20 cm, 0.5 mm) with the same mobile phase.



Compound 1: yellowish brown powder; (MeOH); ES/MS m/z: 287 [M+H]+; UV λmax (MeOH) nm: 198, 255, 270, 335, 399; 1H-NMR (400 MHz, CD3OD, δH) 7.49 (d, J = 2.1 Hz, H-2′), 7.21 (dd, J = 8.2, 2.1 Hz, H-6′), 6.85 (d, J = 8.2 Hz, H-5′), 6.58 (s, H-10), 6.22 (d, J = 1.7 Hz, H-7), and 6.04 (d, J = 1.7 Hz, H-5). 13C-NMR (101 MHz, CD3OD, δc) 182.9 (C-3), 169.6 (C-6), 169.4 (C-8), 159.8 (C-4), 148.9 (C-4′), 147.9 (C-2), 146.6 (C-3′), 125.9 (C-6′), 125.8 (C-1′), 118.7 (C-2′), 116.6 (C-5′), 112.8 (C-10), 104.7 (C-9), 98.6 (C-5), 91.7 (C-7) [25].



Compound 2: yellowish red powder; (MeOH); ES/MS m/z: 301 [M+H]+; UV λmax (MeOH) nm: 198, 255, 270, 335, 399; 1H-NMR (400 MHz, CD3OD, δH) 7.52 (d, J = 8.2 Hz, H-2′), 7.26 (dd, J = 8.2, 2.1 Hz, H-6′), 6.88 (H-5′), 6.61 (s, H-10), 6.32 (s, H-7), 6.18 (s, H-5), 3.93 (s, 4-OCH3). 13C-NMR (101 MHz, CD3OD, δc) 182.0 (C-3), 170.2 (C-6), 169.7 (C-8), 161.3 (C-4), 148.8 (C-4′), 147.9 (C-2), 147.6 (C-3′), 125.8 (C-6′), 125.7 (C-1′), 118.5 (C-2′), 116.4 (C-5′), 113.1 (C-10), 104.7 (C-9), 95.1 (C-5), 92.2 (C-7), 56.2 (4-OCH3) [26].



Compound 3: yellowish brown powder; (MeOH); ES/MS m/z: 301 [M+H]+; UV λmax (MeOH) nm: 214, 259, 266, 270, 325, 400; 1H-NMR (400 MHz, DMSO-d6, δH) 7.41 (s, H-2′), 7.17 (d, J = 8.4 Hz, H-6′), 6.82 (d, J = 8.2 Hz, H-5′), 6.47 (s, H-10), 6.31 (s, H-7), 1.92 (s, 5-CH3). 13C-NMR (101 MHz, DMSO-d6, δc) 180.5 (C-3), 165.6 (C-6), 164.7 (C-8), 155.6 (C-4), 147.9 (C-2), 146.2 (C-4′), 145.8 (C-3′), 124.4 (C-6′), 124.0 (C-1′), 117.9 (C-2′), 116.3 (C-5′), 110.3 (C-10), 106.4 (C-9), 103.7 (C-5), 90.4 (C-7), 8.1 (CH3-5) [27].




2.3. Assessment of Biological Activities


2.3.1. In Vitro Glycogen Phosphorylase Inhibition Assay


The glycogen phosphorylase (GPa) inhibitory activity was evaluated following a previously reported method [25]. Briefly, 50 µL of rabbit muscle GPa (0.38 UmL−1) was mixed with 10 µL of the isolated compounds at a 2 mg/mL concentration in DMSO, then incubated at 37 °C for 15 min. A 45 µL of HEPES solution (50 mM and pH 7.2) containing 0.25 mM glucose 1-phosphate, 0.25 mg/mL glycogen, 100 mM KCl, and 2.5 mM MgCl2, were added to the enzymatic reaction followed by incubation for an additional 15 min at 37 °C. A 130 µL of BIMOL Green, a reagent used for colorimetric phosphate quantification, was added to the enzyme reaction mixture, and the absorbance was measured at 620 nm using a spectrophotometer. The inhibition of mGPa activity was determined using the following equation:


   mGPa   inhibition     %  =   B − A   C − A   × 100  











A represents the absorbance measured without the enzyme (blank), B represents the absorbance measured with the enzyme and individual compounds, and C represents the control absorbance (measured with the enzyme but without the tested compounds). CP-91149 was used as a positive control.




2.3.2. Inhibition of α-Amylase


The α-amylase inhibitory activity of the isolated compounds was tested by adopting a previously described method [26]. In brief, a mixture containing 200 µL of the sample (at a concentration of 2 mg/mL), α-amylase (10 UmL−1), and 200 µL of 20 mM sodium phosphate buffer (pH 7.0 with 6 mM NaCl) were incubated at 37 °C for 45 min. A 400 µL solution of potato starch (0.5%) was added to each sample, and the mixture was incubated at 37 °C in a shaking water bath (100 rpm) for 10 min. The enzymatic reaction was stopped by adding a dinitro salicylic acid color reagent. The reaction tubes were then transferred to a water bath at 100 °C for 10 min and then cooled to room temperature. The samples were diluted with 3 mL of deionized water, and the absorbance of the solutions was measured at 540 nm using a spectrophotometer. The percentage inhibition of α-amylase was calculated by comparing the test and control samples. Acarbose was employed as a positive control.




2.3.3. Inhibition of α-Glucosidase


The α-glucosidase inhibition activity of the compounds was conducted following the previously described method by Abdallah et al. [26]. In a 96-microwell plate, 25 μL of samples or blank were incubated at 37 °C for 10 min with 50 μL of α-glucosidase from Saccharomyces cerevisiae (0.6 mL−1) in 0.1 M phosphate buffer (pH 7). A 25 μL of 3 mM 4-Nitrophenyl-β-D- glucopyranoside (pNPG) substrate in phosphate buffer (pH 7) was added, and the mixture was incubated for an additional 5 min at 37 °C. Enzyme activity was evaluated by measuring the release of p-nitrophenol from the pNPG substrate at 405 nm using a microplate reader (Omega, Salt Lake City, UT, USA). Acarbose was used as a positive control. The percentage of α-glucosidase inhibition was calculated using the formula:


   %   inhibition    =    A   blank  −  A   sample     A   blank    × 100  













2.4. Prebiotic Activity


2.4.1. Strains


The bacterial strains used in this study were Lactobacillus rhamnosus ML57, Lactobacillus paracasei MSD108, and Escherichia coli K12. They were obtained from the microbiology laboratory at the Dairy Department, Faculty of Agriculture, Mansoura University, Egypt. The culture media, such as nutrient agar, nutrient broth (NB), de Man, Rogosa, and Sharpe (MRS) broth, and MRS agar, were purchased from Thermo Fisher Scientific (Cairo, Egypt).




2.4.2. Prebiotic Activity Score (Pscore)


A 100 µL portion of the chosen probiotic strains and E. coli K12 was introduced into MRS and NB, respectively, and left to incubate at 37 °C for 24 h. An overnight culture of the probiotic strains and E. coli K12 was also streaked onto MRS and nutrient agar and incubated at 37 °C for 48 h. On the day of the assay, the bacterial cultures were diluted in buffered peptone water to obtain a final cell count of 1.5 × 108 CFU/mL. The effect of compounds (1–3) on the Pscore of L. rhamnosus and L. paracasei was examined. Overnight cultures of the probiotic strains and E. coli K12 were used to inoculate MRS and NB, respectively, at a concentration of 2% (v/v). In these media, 2% of the glucose was replaced with each compound and then incubated at 37 °C for 24 h. The growth of L. rhamnosus, L. paracasei, and E. coli K12 was evaluated by determining the number of viable colony-forming units (CFU) per mL after 24 h incubation. This assessment was carried out using the pour plate method on MRS agar for probiotic strains [25]. The prebiotic activity scores (Pscore) were determined using the equation of Dawood et al. [18]:


  Pscore =      Log   P  24 −  Log   P  0   PC      Log   P  24 −  Log   P  0   Glucose   −      Log   E  24 −  Log   E  0   PC      Log   E  24 −  Log   E  0      Glucose     













2.5. Docking Studies


2.5.1. Preparation of the Target


The crystal structures of α-amylase (PDB ID 1HNY, 1.8 A resolution, [27]), α-glucosidase (PDB ID 2ZE0, 2.0 A resolution, [28]) and glycogen phosphorylase (PDB ID 1LWO, 2.0 A resolution, [29]) were downloaded from the Protein Data Bank. Each protein was protonated with hydrogen atoms in their standard 3D geometry, automatically corrected to check its atom’s connection and type for any errors, and the potential of the receptor and its atoms were fixed, as previously discussed in detail in Samra et al. [30].




2.5.2. Docking of the Tested Molecules to the Enzyme Binding Site


Docking of the database composed of tested compounds together with the positive control acarbose in the case of α-amylase and α-glucosidase proteins and with the positive control CP-91149 in the case of glycogen phosphorylase protein.





2.6. Statistical Analysis


The mean percentages of Pscore, α-Glucosidase, and Glycogen Phosphorylase inhibition and α-amylase inhibition, obtained from three independent repetitions, were subjected to one-way analysis of variance using SAS 2000. Subsequently, pairwise comparisons among means were determined using Duncan’s Multiple Range Test in cases where significant main effects were observed.





3. Results and Discussions


3.1. Identification of Isolated Compounds


The phytochemical investigation of C. conglomeratus extract resulted in the isolation of three aurone derivatives (1–3) from the plant for the first time. Compound 1 was isolated as a yellowish-brown powder with a molecular weight of 287 [M+H]+, corresponding to the molecular formula C15H10O6. The UV spectral data suggested its structure to be an aurone derivative. The 13C-NMR spectrum showed 15 signals characteristic of a flavonoid skeleton. The presence of a singlet proton signal at δ 6.58 in the 1H-NMR spectrum is characteristic of the flavones. The careful assignment of carbon signals and their corresponding protons in the HSQC spectrum revealed the downfield shifted carbon signal at δ 113.2 (δ 6.58, s, 1H) and a quaternary carbon signal at δ 146.9. These observed signals were assigned to C-10 and C-2. Further, the downfield shifted carbon signals at δ 169.9 and 169.8 were attributed to C-6 and C-4, respectively, of an aurone, a rare type of flavonoid. The full assignment of the structure with 1H, 13C, HSQC, HMBC, and MS spectroscopic analysis, together with a comparison with those previously reported in the literature [31], revealed that compound 1 is aureusidin (the NMR data are shown in Supplementary Materials).



Based on NMR data, compounds 2 and 3 showed the same nucleus as 1; however, they showed additional methoxy and methyl groups, respectively. Compound 2 has a molecular weight of 301 [M+H]+, corresponding to the molecular formula C16H12O6. The 13C and HSQC spectra of 2 revealed the presence of a signal for methoxy at δ 56.2, and the HMBC correlations from methoxyl proton at δ 3.93 and C-4 at δ 161.3 indicated that the methoxy group was located at the 4-position. Thus, compound 2 was shown to be aureusidin 4-methyl ether by comparing spectral data with Sayed et al. [32]. On the other hand, compound 3 had a molecular weight of 301 [M+H]+, corresponding to the molecular formula C16H12O6. The 13C spectrum revealed an additional signal for the methyl group at δ 8.1, which showed HMBC correlation between its proton at δ 1.92 and C-4, C-5, and C-6 at 155.6, 103.7, and165.6, respectively, which proved the location of the methyl group at the C-5 position. In interpreting spectral data and comparing it with the literature [33], compound 3 was characterized as 5-methyl aureusidin. The structures of isolated compounds are shown in Figure 1.




3.2. Assessment of Antidiabetic Activity of the Isolated Compounds


The in vitro antidiabetic activity of the isolated aurones was estimated by assessing their α-amylase and α-glucosidase inhibitory activities, and the results were expressed as percentage inhibition. Acarbose was used as a positive control with a % inhibition of 97.7 ± 0.54 and 97.7 ± 0.88, respectively, against α-glucosidase and α-amylase enzymes. Compounds 1 and 3 had the highest activity with % inhibition of 60.5 + 1.54 and 79.6 + 0.97, respectively, against α-glucosidase enzyme and 58.4 + 1.61 and 53.7 + 1.03, respectively, against α-amylase enzyme. Compound 2 had the lowest inhibitory activity against the tested enzymes. We also investigated the inhibitory activity of the compounds against glycogen phosphorylase. Compound 3 showed potent activity with a % inhibition of 80.4 ± 1.34, compared to CP-91149 84.9 ± 0.81%. Compounds 1 and 2 exhibited low inhibitory activity, with a % inhibition of 27.5 ± 0.64 and 17.3 ± 1.79 against glycogen phosphorylase (Table 1). It is important to note that compound 3 acted as a dual target inhibitor against α-glucosidase and glycogen phosphorylase enzymes, thus inhibiting the absorption of glucose and suppressing its production arising from glycogenolysis. Compound 1 also showed moderate inhibitory activity against the two key starch digestive enzymes. Roshanzamir et al. [34] reported the inhibitory activity of the synthesized aurones on α-amylase, which exhibited a weak-to-moderate inhibitory activity range (9–81% inhibition) up to a concentration of 1000 µM. Sun et al. [35] also reported that a semi-synthesized aurone-coumarin hybrid showed potent α-glucosidase inhibitory activity but moderately against α-amylase. This is the first report proving the preliminary antidiabetic activity of these natural aurone derivatives.




3.3. Prebiotic Activity Score of the Isolated Compounds


The isolated aurones were evaluated for their ability to support the growth and activity of beneficial bacteria in terms of prebiotic activities using two species, Lacticaseibacillus paracasei and Lactobacillus rhamnosus. All Pscore values were positive, indicating that the growth rate of Lb. rhamnosus and Lb. paracasei in different tested compounds was higher than that of E.coli K12 paired with the isolated compounds. Lb. rhamnosus paired with 1, 2, and 3 presented great Pscore values of 3.84 ± 0.67, 3.82 ± 0.73, and 2.36 ± 0.76, respectively. Further, these compounds were found to have a marked effect on the growth of Lb. paracasei. Compounds 1–3 exhibited noticeable Pscore values of about 1.82 ± 0.14, 3.81 ± 0.56, and 4.54 ± 0.78, respectively (Table 2). There have been no prior studies on the prebiotic activity of this class of flavonoids.




3.4. Docking Studies


3.4.1. Docking Analysis of the Test Samples and Positive Control (Acarbose) against α-Amylase


The docking of acarbose into the α-amylase binding site indicated that the model structure of ligand-protein interaction had formed six hydrogen bonds with Lys 200, Asp 197, Asp 300, Gly 306, and His 201, as well as hydrophobic interactions with Tyr 62, Tyr 151, Leu 162, and Ile 235. According to [27], the active site residues at the largest domain A of the α-amylase enzyme are Asp 197, Glu 233, and Asp 300. The docking studies revealed that the tested compounds formed stable interactions in terms of hydrogen bonding and hydrophobic interaction with the active site residues of α-amylase (Table S1).



Compound 1 formed a hydrogen bond with the essential amino acid Asp 197 by acting as a hydrogen bond acceptor, in addition to the five hydrophobic interactions with Tyr 62, Tyr 151, Lys 200, Ile 235, and the critical amino acid residue Asp 300. This compound and acarbose illustrate similarity in the binding profiles with α-amylase. Both have potential hydrophobic interactions with Tyr 62, Tyr 151, and Ile 235 residues and hydrogen bonds with Asp 197. Compound 3 exhibited similarity with compound 1 in the binding to Asp 197 by forming a hydrogen bond but with higher binding energy. Furthermore, it interacted with the amino acids Tyr 62, Tyr 151, Leu 162, Ile 235, Glu 233, and Asp 300 of α-amylase by forming hydrophobic interactions.



The α-amylase binding site for compound 2 was mainly formed by amino acid residues Tyr 62, Leu 162, Gly 306, and Ile 235 through hydrophobic interactions. It exhibited one H-bond with the catalytic site, Asp 300. Binding poses with the highest binding affinity for docked compounds are shown in Figure 2. It was observed that substituting the hydroxyl group with methyl or adding methyl to the aurone nucleus may reduce hydrogen bonding, which has a crucial role in inhibitory activity. According to Roshanzamir et al. [34], the most important groups of aurones that are needed for interaction with the catalytic active site are the 6-OH group on the benzofuranone moiety and the OH groups in the 3′ and 4′ positions on the benzylidene ring. These findings generally agree well with our results, as shown in Figure 2.




3.4.2. Docking Analysis of α-Glucosidase


According to Shirai et al. [28], the residues important for substrate binding with α-glucosidase are Tyr 63, His 103, and His 325. The control, acarbose, makes eight hydrogen bonds with the active site residues: His 325, Arg 411, Ser 384, Asp 326, Asn 258, and Val 383 and form hydrophobic interactions with Arg 407, Phe 144, Asn 61, Asp 60, and with the essential amino acid residue Tyr 63 (Table S2).



Compounds 1 and 3 displayed almost the same binding modes for the α-glucosidase enzyme. Both compounds formed an arene-arene interaction with the crucial amino acid Tyr 63. They formed two H-bonds with Arg 411 and Asp 382. Additionally, they interacted with Phe 144, Asn 61, and Asp 326 through hydrophobic interactions. It is observed that both the carbonyl and hydroxyl groups of the benzofuranone moiety, as well as the benzylidene ring, are crucial for interaction with the α-glucosidase active site. The presence of methyl in the case of compound 3 may enhance the ability to enter the hydrophobic cavity of the α-glucosidase enzyme, therefore showing a lower binding score than 1. Compound 2 properly accommodated itself into the binding cavity of the α-glucosidase enzyme and developed an arene-arene interaction with the crucial amino acid Tyr 63. Furthermore, hydrophobic interactions were found with Phe 144, Asn 61, and Asp 326 residues. Binding poses with the highest binding affinity for docked aurones are shown in Figure 3.




3.4.3. Docking Analysis of Glycogen Phosphorylase


Herowati and Widodo [4] established that amino acid residues of glycogen phosphorylase that are involved in the interaction with CP320626, a potent inhibitor of human glycogen phosphorylase, are Glu 190, Arg 60, and Lys 191. Moreover, hydrophobic interactions were observed between this ligand and residues such as Pro 229, Trp 189, and Trp 67. The positive control, CP-91149, formed three arene-cation interactions with Arg 193, Lys 191, and one H-bond with Arg 60. Additionally, hydrophobic interactions were observed with residues Lys 191, Ile 68, Val 64, and Arg 60 (Table S3). Compound 2 developed two arene-cation interactions with Arg 60 and Arg193, one hydrogen bond with the essential amino acid Lys191, and hydrophobic interactions with Trp 67, Val 64, and Ile 68. Compounds 1 and 3 had a similar interaction profile to CP-91149 but a higher binding score. They formed an arene-cation interaction with Arg 60. Furthermore, hydrophobic interactions were observed with residues Trp 67, Ile 68, Lys 191, and Val 64. Binding poses with the highest binding affinity for docked compounds are shown in Figure 4.






4. Conclusions


Three aurone derivatives (1–3) were purified from C. conglomeratus. The compounds characterized as aureusidin (1), aureusidin-4-methyl ether (2), and 5-methyl aureusidin (3) were described for the first time from this species. They were screened for anti-diabetic and prebiotic activities. Compound 3 acted as a dual target inhibitor against α-glucosidase and glycogen phosphorylase enzymes. Compound 1 also showed moderate inhibitory activity against the two key starch digestive enzymes. These compounds were found to have a marked prebiotic effect on the growth of Lacticaseibacillus paracasei and Lacticaseibacillus rhamnosus. Docking studies explain the enzymes’ inhibitory activities and agree well with the results of the in-vitro antidiabetic studies. In conclusion, these aurone compounds could serve as potential leads with improved in vitro antidiabetic and prebiotic activities. Still, in vivo evaluations will be required to test these compounds’ efficacy in humans.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/futurepharmacol3030040/s1, Figure S1: 1H-NMR spectrum (CD3OD, 400 MHz) of aureusidin (1), Figure S2: 13C-NMR spectrum (CD3OD, 101 MHz) of aureusidin (1), Figure S3: HSQC spectrum of aureusidin (1), Figure S4: HMBC spectrum of aureusidin (1), Figure S5: 1H-NMR spectrum (CD3OD, 400 MHz) of aureusidin-4-methyl ether (2), Figure S6: 13C-NMR spectrum (CD3OD, 101 MHz) of aureusidin-4-methyl ether (2), Figure S7: HSQC spectrum of aureusidin-4-methyl ether (2), Figure S8: HMBC spectrum of aureusidin-4-methyl ether (2), Figure S9: 1H-NMR spectrum (DMSO-d6, 400 MHz) of 5-methyl aureusidin (3), Figure S10: 13C-NMR spectrum (DMSO-d6, 101 MHz) of 5-methyl aureusidin (3), Figure S11: HSQC spectrum of 5-methyl aureusidin (3), Figure S12: HMBC spectrum of 5-methyl aureusidin (3), NMR spectra of isolated compounds; Table S1: Receptor interactions and binding energies of the tested compounds, and acarbose inside the binding pocket of α-amylase, Table S2: Receptor interactions and binding energies of the tested compounds, and acarbose inside the binding pocket of α-glucosidase, Table S3: Receptor interactions and binding energies of the tested compounds, and CP-91149 inside the binding pocket of glycogen phosphorylase, Receptor interactions and binding energies of the tested compounds.
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Figure 1. Chemical Structures of Isolated Aurones. 
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Figure 2. 2D docking representations of the isolated compounds and acarbose against the binding site of α-amylase. (A): acarbose; (B–D), compounds 1, 2, and 3, respectively. 
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Figure 3. 2D docking representations of the isolated compounds and acarbose against the binding site of α-glucosidase. (A): acarbose; (B–D), compounds 1–3, respectively. 
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Figure 4. 2D docking representations of the isolated compounds and CP-91149 against the binding site of glycogen phosphorylase. (A): CP-91149; (B–D) are compounds 1–3, respectively. 
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Table 1. Results of enzyme inhibition assays.
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% Inhibition




	
α-Glucosidase

	
α-Amylase

	
GP






	
Acarbose

	
97.7 ± 0.54

	
Acarbose

	
97.7 ± 0.88

	
CP-91149

	
84.9 ± 0.81




	
1

	
60.5 ± 1.54

	
1

	
58.4 ± 1.61

	
1

	
27.5 ± 0.64




	
2

	
20.91 ± 1.467

	
2

	
39.57 ± 0.592

	
2

	
17.3 ± 1.79




	
3

	
79.6 ± 0.97

	
3

	
53.7 ± 1.03

	
3

	
80.4 ± 1.34











 





Table 2. Results of prebiotic activity of the isolated compounds.
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	Lb. rhamnosus
	Lb. paracasei





	1
	3.84 ± 0.67
	1.82 ± 0.14



	2
	3.82 ± 0.73
	3.81 ± 0.56



	3
	2.36 ± 0.76
	4.55 ± 0.78
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