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Pomegranate peel (PoP) contains plenty of bioactive compounds and exhibits strong activity to prevent postprandial hyperglycaemia and improve diabetes mellitus. Presently, bioaffinity ultrafiltration coupled with high performance liquid chromatography-electrospray ionization mass spectrometry (HPLC-ESI-MS/MS) is employed to screen and identify the efficient α-glucosidase inhibitors in PoP and the detailed inhibitory mechanisms are further investigated. The results show that many substances, including ellagic acid, kaempferol, gallic acid, and resveratrol in PoP reveal strong activity to inhibit α-glucosidase and ellagic acid (EA) is screened as the most effective compound. Further research indicates that EA plays a competitive and reversible inhibition role against α-glucosidase with the value of Ki was 6.24 × 105 mol/L. EA also directly interacts with the amino acids of α-glucosidase mainly via van der Waals forces and hydrogen bonds, thereby, influencing the secondary structure and stability of α-glucosidase. Finally, the α-glucosidase inhibitory activity of EA is further confirmed to significantly reduce postprandial blood glucose in vivo.
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Introduction

Diabetes mellitus is one of the most serious chronic metabolic diseases all over the world with the typical characteristic of hyperglycemia (1). Inhibiting the digestion and absorption of carbohydrates plays a key role in controlling postprandial blood glucose and preventing hyperglycemia, which is closely related with the activity of carbohydrate digestive enzymes, such as α-amylase, α-glucosidase, etc. (2). Reducing the activity of α-glucosidase can effectively prevent the release of D-glucose from the non-reducing end side of disaccharide, thus, suppressing the generation of glucose and ultimately decreasing the postprandial hyperglycemia (3). Compared to acarbose, a commercial α-glucosidase inhibitor, many natural compounds in fruits and vegetables effectively inhibited α-glucosidase with fewer side effects (4). Therefore, screening and identification natural α-glucosidase inhibitors with stronger activity will provide us more methods and choices to prevent postprandial hyperglycemia and ameliorate diabetes mellitus.

Pomegranate (Punica granatum L.), an ancient and popular fruit, is widely cultivated in the subtropical and tropical regions of the world (5). As a byproduct, PoP comprises about 30–40% portion of the fruit with plenty of bioactive compounds (6). Previous reports demonstrated that PoP contained lots of high molecular weight phenolics, ellagitannins, proanthocyanidins, flavonoids, and complex polysaccharides; especially the phenolic content was much higher than that of any other anatomical part of the fruit (7–9). PoP has demonstrated many bioactivities, including antioxidant, antidiabetic, anticancer, and cardiovascular protection (10–12). Both PoP powder and extract displayed effective activity against diabetes, which might be tightly related with the inhibitory capacity of α-glucosidase (6, 13). Further research found that the methanolic or water extract of PoP could significantly inhibit α-glucosidase (14–16). Although some reports indicated that the α-glucosidase inhibitory activity of PoP was associated with some phenolic compounds, such as gallic acid and ellagic acid, the specific basis for PoP contributing to the inhibition of α-glucosidase has not been fully elucidated. Bioaffinity ultrafiltration combines with HPLC-MS/MS has been developed as one of the most powerful strategies to high-throughput screen and identify the bioactive components from extract. Briefly, the target protein is regarded as the receptor of the bioactive molecules (ligands), which could separate the combined ligands from the extract via the bioaffinity. After ultrafiltration, the ligands are released from the receptor, following further identification and quantification by HPLC-MS/MS assay (17). Wang et al. (18) has employed α-glucosidase as the receptor to screening for the potential inhibitors from Guava leaves tea (GLT) through bioaffinity ultrafiltration-HPLC-MS/MS method and found that quercetin and procyanidin B3 were the primarily responsible for the antihyperglycemic effect of GLT (18).

Therefore, the present study aimed to screen and identify the natural α-glucosidase inhibitors in PoP by using the method of bioaffinity ultrafiltration coupled with HPLC-ESI-MS/MS. After that, the interaction mechanism of screened inhibitors with α-glucosidase was further studied using enzyme kinetics, spectroscopic analysis (including fluorescence spectra and CD spectra), molecular docking, and atomic force microscopy (AFM). Moreover, a sucrose-loading test was employed to evaluate the α-glucosidase inhibitory activity in vivo. The results of this work provided much more information about the substances in pomegranate peel that contributed to the inhibitory activity against α-glucosidase, and uncovered interaction mechanism details between an inhibitor and α-glucosidase.



Materials and methods


Materials and chemicals

Pomegranate peel was purchased from Hebei Kang’an Biotech. Co. (Anguo, China). p-Nitrophenyl-α-D-glucopyranoside (pNPG) and α-glucosidase (100 U/mg) were obtained from Sigma-Aldrich (Shanghai, China). Acarbose, ellagic acid (EA), and the other compounds including nicotinic acid, isoguanosine, sclareol glycol, triptolide, sclareolide, p-hydroxybenzoic acid, kaempferol, gallic acid, quercetin, and resveratrol were purchased from Yuanye Biotech. Co. (Shanghai, China). All other chemicals used in this study were analytical grade.



Preparation of different solvent extracts from pomegranate peel

20 g of PoP powder was mixed with 80 mL different solvents including distilled water (water extract), 80% (V/V) ethanol (ethanol extract), and 30% (V/V) acetone (acetone extract), respectively. The mixtures were ultrasonic-assisted extracted (80 kHz) under 40°C for 20 min. After that, the extracts were centrifuged for 10 min at 5000 r/min and the supernatant was collected. The residues were extracted twice according to the above procedures and all supernatants were dried in a vacuum freeze dryer after rotary evaporation treatment. The dried samples were sealed and preserved at −20°C. Different concentrations of extracts were prepared to determine the inhibitory activity against α-glucosidase (19).



Ultrafiltration test and HPLC-ESI-MS/MS analysis

Ultrafiltration was performed according to previous reports with some modifications (18, 20). The dried acetone extract of pomegranate peel was re-dissolved in ammonium acetate buffer (pH = 6.8) to the concentration of 2 mg/ml. 200 μL of the sample was added to equal α-glucosidase (0.5 U/ml, dissolved in 0.1 M PBS with pH 6.8) and the mixture was incubated on the constant temperature shaker (500 r/min) at 37°C for 30 min. After that, the mixture was transferred to ultrafiltration tubes (10 kDa, Millipore) and centrifuged at 10000 r/min for 15 min. This process was repeated for 3 times by adding another 100 μl of ammonium acetate buffer to remove the unbound substances. And then, 100 μl of methanol-water solution (pH = 3.3, V/V = 1:1) was added and slightly shook before centrifuging at 10000 r/min for 15 min. This process was repeated for another 3 times and the filtrate was collected and dried in vacuum freeze dryer.

High resolution ion mobility liquid chromatography-mass spectrometry (HRLC-MS, AB SCIEX, Singapore) equipped with a Zorbax Eclipse Plus C18 column (250 mm × 4.6 mm, 5 μm) and high resolution tandem quadrupole time of flight mass spectrometry was employed to identify the substances in the collected samples (18). The conditions were as follows: mobile phase A was consisted with 0.1% formic acid-water (V/V), mobile phase B was acetonitrile. The elution was 0–5 min, 15% B; 5–10 min, 15–20% B; 10–20 min, 20–25% B; 20–30 min, 25–35% B; 30–40 min, 35–50% B; 40–45 min, 80% B; 45-50 min, 15% B. The flow rate was 0.8 mL/min with the injection volume of 20 μL. The mass spectrometry conditions: IDA acquisition mode; scanning range is 100–2000 (MS), 50–2000 (MS/MS); ESI (negative); temperature of ion source, 550°C; spray voltage, −4500 V.



Inhibitory effect against α-glucosidase

Different concentrations (0.01, 0.1, 1, 5, and 10 mg/mL) of Pop extract samples, PBS (pH = 6.8), and α-glucosidase (5 U/mL) were mixed together with equal volumes and co-incubated at 37°C for 15 min. 20 μL pNPG (3 mM) was added to incubate for another 10 min and 150 μL Na2CO3 (0.1 mol/L) was used to stop the reaction. Finally, the absorbance was measured at 405 nm by microplate reader (Perkin Elmer, Waltham, MA, USA). Meanwhile, the blank group without samples were simultaneously carried out and the inhibition ratios were calculated (21, 22).

For identified compounds, two concentrations (0.1 mg/mL and 0.5 mg/mL) of each inhibitor were prepared and added to PBS (pH = 6.8) and α-glucosidase (5 U/mL) with equal volumes. After that, 20 μL pNPG (3 mM) was added to initiate the reactions and the changes of absorbance were recorded every 20 s immediately.



Kinetic analysis

Lineweaver–Burk plot was employed to determine the inhibitory type of EA against α-glucosidase (23). Briefly, 20 μL α-glucosidase (5 U/mL) was mixed with different concentrations (0, 10, 15, 20, 30 μg/mL) of EA and incubated at 37°C for 15 min. pNPG (1.0, 2.0, 4.0, and 8.0 × 10–3 mol/L) was added to initiate the reaction and the changes of absorbance were recorded every 60 s immediately. The double-reciprocal plots of reaction velocity (υ) against different concentration of pNPG (1/υ vs. 1/[pNPG]) were analyzed using the Lineweaver–Burk plot to determine inhibition constant (Ki).

To determine the inhibitory reversibility of EA against α-glucosidase, different concentrations (0, 20, 40, 60, and 100 μg/mL) of EA were reacted with the range of 7.5–1 U/mL α-glucosidase, the absorbance was recorded every 60 s immediately after the pNPG (3 mM) was added (24).



Fluorescence spectra analysis

The fluorescence spectra of α-glucosidase with or without EA were measured at three different temperatures (298, 304, and 310 K) according to the previous study (21). Exactly, 2.5 mL α-glucosidase (15 U/mL) was titrated by continuous additions of EA (5 μL each time) to reach a final concentration range from 0 to 19.89 × 10–6 mol/L. After 5 min of equilibration under different temperatures, the steady fluorescence emission spectra were recorded from 300 to 460 nm with an excitation wavelength of 280 nm. Additionally, the fluorescence of free EA was measured as the background. According to fluorescence spectra data, the quenching constant (Ksv), binding constant (Ka), number of binding sites (n), the binding constant of accessible fluorophores, and the values of free energy change (△G0), △H0 and △S0 were calculated according the previous reports (21, 22, 25).



Circular dichroism spectrum analysis

The analysis of CD spectrum was performed according to the previous report with some modifications (26). Briefly, both α-glucosidase and EA were dissolved in PBS (pH = 6.8). The CD spectra of 200 μL α-glucosidase (50 U/mL) were measured freely or with different volumes (25, 50, 100 μL) of EA (2 mg/mL) by CD spectrometer (Leatherhead, Surrey, UK). The spectrum scanning range was 200–250 nm, the response time and scanning speed were 1 s and 30 nm/, respectively.



Observation by atomic force microscopy

Equal volumes of EA (40 μg/mL) and α-glucosidase (2.0 U/mL) were co-incubated at 37°C for 20 min, and then the mixture was evenly spread on the clean mica substrate and dried at room temperature for 12 h. Finally, AFM observation was performed by a Multimode Nanoscop V (Bruker, Billerica, MA, USA) with tapping model.



Molecular docking

The software Sybyl 2.0 was used to carry out molecular docking for further investigating the interactions between EA and α-glucosidase. The crystal structure of α-glucosidase (PDB ID: 3A4A; gi number: 411229) was searched from the Protein Data Bank (PDB). The procedures for molecular docking were according to the report of Han et al. (25).



Sucrose-loading test

Kunming mice (male, 35–40 g) were gained from Xi’an Jiaotong University (Xi’an, China). After adaptive feeding for 1 week, the mice were divided into four groups (n = 6): blank group, mice were oral administrated by gavage without sucrose and inhibitors; sucrose group, mice were oral administrated by gavage with sucrose only (2 g/kg); sucrose + acarbose group, mice were oral administrated by gavage with sucrose (2 g/kg) and acarbose (50 mg/kg); sucrose + ellagic acid group, mice were oral administrated by gavage with sucrose (2 g/kg) and EA (25 mg/kg). After gavage, the blood glucose levels were measured at 0, 15, 30, 45, 60, 90, and 120 min by glucose detection kit (Robio Co., Shanghai, China). The whole process conformed to the Guide for the Care and Use of Laboratory Animals, eighth edition (ISBN 10: 0-309-15396-4) (22).



Statistical analysis

All data were analyzed using GraphPad Prism 8.0 software by One-way ANOVA and the results were expressed as mean ± standard deviation (SD). p < 0.05 and p < 0.01 indicated significant differences.




Results and discussion


The α-glucosidase inhibitory effect of extracts from pomegranate peel

Previous research demonstrated that extracts from PoP showed effective activity to improve diabetes and decrease blood glucose, which might be associated with the α-glucosidase inhibition (9). In the present study, we found that the extracts from PoP by different solvents (acetone, water, and ethanol) revealed stronger inhibitory activity against α-glucosidase than that of acarbose, a commercial α-glucosidase inhibitor (Supplementary Figure 1). Moreover, acetone extract showed the best α-glucosidase inhibitory activity among the three extracts with the IC50 was less than 0.01 mg/mL (Supplementary Figure 1). These results were consistent with several previous reports, which demonstrated that the extracts from pomegranate, including juice, peels, seeds, and flowers, with different solvents revealed effective inhibitory activity against α-glucosidase (13, 14, 27). However, the exact substance that plays the key role for α-glucosidase inhibition is still not clear. Subsequently, we chose the acetone extract of PoP for screening the α-glucosidase inhibitors by ultrafiltration-HPLC-ESI-MS/MS.



Filtration and identification of α-glucosidase inhibitors from pomegranate peel

In order to screen and identify the specific α-glucosidase inhibitors, a combination of bioaffinity ultrafiltration and HPLC-ESI-MS/MS was employed in the present study. α-Glucosidase was used as an adhesion receptor for the acetone extract ligands from pomegranate peel using bioaffinity (18). After elution from the receptor, the ligands were isolated and identified by HPLC-ESI-MS/MS via comparing with the standards in the ESI-MS library, which was provided with the device of AB SCIEX Co. (Singapore) (Supplementary Figure 2; Table 1; 23, 28, 29). The mass spectrograms and chemical structures of the selected 11 bioactive substances were presented in Supplementary Figure 3 and their inhibitory activity against α-glucosidase were compared. As shown in Figure 1, ellagic acid (EA) exhibited the strongest activity to inhibit α-glucosidase among these identified compounds, which significantly prevented the rapid increase of absorbance at 405 nm (Figure 1). Previously, EA isolated and identified from Rosa gallica was reported to have almost no α-glucosidase inhibition (30). But the later articles demonstrated that EA, as hydrolysable tannins in pomegranate, revealed strong activity to inhibit α-glucosidase (14, 27). The present results further confirmed these findings. Besides EA, resveratrol also revealed strong inhibitory activity against α-glucosidase, both were stronger than acarbose (0.1 mg/mL), a commercial inhibitor, in inhibiting α-glucosidase (Figure 1). Lots of previous studies demonstrated that EA is one of the main phenols in the pomegranate, especially in the peel of a Chinese pomegranate cultivar (201.3 mg/g), but resveratrol occurs in lesser amounts if this study analyzed for stilbenes (6, 7, 31). Therefore, we next focused on EA and further investigated its inhibitory mechanisms against α-glucosidase both in vitro and in vivo.


TABLE 1    Identification of the main potential α-glucosidase inhibitors from the acetone extract of pomegranate peel.
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FIGURE 1
The structures of acarbose and the screened α-glucosidase inhibitors from the acetone extract of pomegranate peel (A) and their α-glucosidase inhibitory activities under different concentrations [(B) 0.1 mg/mL; (C) 0.5 mg/mL].




The α-glucosidase inhibitory effect of ellagic acid

Different concentrations of EA were prepared to further confirm its strong α-glucosidase inhibitory activity. As shown in Figure 2, EA revealed stronger capacity to inhibit α-glucosidase in a dose-dependent manner than acarbose. The IC50 values of EA and acarbose were 76.08 ± 0.02 μM and 1.02 ± 0.03 mM, respectively (Figures 2A,B). The number and position of hydroxyl group play an important role in the inhibition of α-glucosidase activity (4). EA have four hydroxyl groups that might closely affect its inhibitory activity. Lineweaver–Burk plots were investigated to determine the inhibitory type and the results were presented in Figure 2C. 1/[pNPG] showed good linearity to 1/υ with the concentrations of EA ranging from 0 to 30 μg/mL. All the straight lines intersected on Y axis, indicating that EA could competitively bind to the active site of α-glucosidase and play a competitive inhibitory role to inhibit α-glucosidase activity (Figure 2C; 32, 33). Meanwhile, the inhibition constant value (Ki) was calculated to be 6.24 × 105 mol/L. Moreover, the inhibitory reversibility of EA was researched and the result was shown in Figure 2D. EA gradually reduced the change rate of absorbance with the increase of α-glucosidase in a dose-dependent manner (Figure 2D). All the straight lines of υ vs. [α-glucosidase] passed through the original point, indicating that EA showed reversible inhibitory activity against α-glucosidase (26).
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FIGURE 2
The inhibitory activity of EA (A) and acarbose (B) against α-glucosidase with different concentrations. The Lineweaver–Burk plots (C), the concentrations of EA were 30, 20, 15, 10, and 0 μg/mL for curves 1→5, and the inhibitory reversibility of EA with different concentrations (0, 20, 40, 60, and 100 μg/mL for curves a→e) against α-glucosidase (D).




Influence of ellagic acid on the fluorescence spectra of α-glucosidase

Since α-glucosidase itself has fluorescence, we investigated the influence of EA on the fluorescence intensity of α-glucosidase at three different temperatures (298, 304, and 310 K). As shown in Figure 3, free α-glucosidase revealed strong fluorescence intensity, but EA itself almost exhibited no fluorescence under different temperatures. However, the fluorescence intensity of α-glucosidase was gradually decreased with the addition of EA, indicating that EA interacted with α-glucosidase and quenched the fluorescence. Three amino acids, tyrosine, tryptophan, and phenylalanine exhibit fluorescence in the molecular structure of α-glucosidase (22). Therefore, EA might directly interact with these amino acid residues, and quench the intrinsic fluorescence of α-glucosidase.
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FIGURE 3
The influence of EA on the fluorescence spectra of α-glucosidase at different temperatures. (A) 298 K. (B) 304 K. (C) 310 K. The concentration of α-glucosidase was 15 U/mL with or without different concentrations (2.21, 4.42, 6.63, 8.84, 11.05, 15.47, 17.68, and 19.89 × 10–6 mol/L) of EA for the curves 1→9. EA alone almost showed no fluorescence at the concentration of 0.01 mg/mL, λ = 280 nm. (D) The Stern–Volmer plots of the fluorescence quenching of α-glucosidase that interacted with EA at different temperatures.


To further exploit the quenching mechanism, Ksv was calculated by Stern–Volmer equation to determine the quench type, dynamic quenching or static quenching:
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where F0 and F are the peak of fluorescence intensities of α-glucosidase with or without EA, respectively; Ksv is the dynamic quenching constant; Kq is the quenching rate constant; [Q] is the different concentrations of EA; τ0 is the average lifetime of fluorescence with the value of 10–8 s. As shown in Table 2, the values of Ksv were reduced with the increased temperatures, but Kq showed greater values at each temperature than 2.0 × 1010 L/mol⋅s, the maximum scatter collision quenching constant, indicating that EA interacted with α-glucosidase and quenched its fluorescence by a static quenching mechanism (21).


TABLE 2    Quenching constants (Ksv), binding constant (Ka), number of binding sites (n), and thermodynamic parameters of the interaction between α-glucosidase and EA at different temperatures.
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For static quenching, the equation as follow was employed to calculate binding constant (Ka) and number of binding sites (n) between EA and α-glucosidase:
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With the increase of temperature, the values of Ka were reduced, but still exhibited strong affinity between EA and α-glucosidase (Table 2). Moreover, EA had only one binding site on the α-glucosidase as the values of n under different temperatures were approximately equal to 1 (Table 2).

Thermodynamic analysis was performed to further determine the binding forces between EA and α-glucosidase, and the relevant thermodynamic parameters, including△G0,△H0, and △S0, were calculated by the two following equations:
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where R and T are the gas constant and temperature, respectively. As shown in Table 2, both the values of △H0 and △S0 were negative (−73.55 ± 0.36 kJ/mol and −169.14 ± 0.33 J/mol⋅K, respectively), indicating that van der Waals forces and hydrogen bonds were the main driving forces to promote the interaction between EA and α-glucosidase (23). In addition, all the values of △G0 were less than zero, implying that EA could spontaneously interact with α-glucosidase under the three different temperatures (21).



Influence of ellagic acid on the circular dichroism spectra of α-glucosidase

Circular dichroism spectra were employed to further investigate the influence of EA on the secondary structures of α-glucosidase. As shown in Figure 4, free α-glucosidase has two characteristic bands of α-helix structure in the ultraviolet region at around 209 and 222 nm (23). However, the CD intensities at these two bands were decreased after adding different volumes of EA with the concentration of 2 mg/mL, indicating that the interactions between EA and α-glucosidase significantly altered the enzyme’s secondary structures (Figure 4). These observations were further supported by the quantitative calculation of the secondary structure contents (Table 3). With the addition of EA, the contents of α-helix in α-glucosidase were obviously reduced from 34.90 to 24.83%, but the β-sheet and random coil were significantly increased (from 18.37 to 31.00% and from 25.60 to 32.87%, respectively) and β-turn was slightly influenced. These results further confirmed that EA directly interacted with α-glucosidase and inhibited its activity (34).
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FIGURE 4
The CD spectra of α-glucosidase with or without different volumes of EA. 200 μL of α-glucosidase (5.0 U/mL) mixed with different volumes (0, 25, 50, and 100 μL) of EA (2 mg/mL) and the CD spectra was determined. The spectrum scanning range was between 200 and 250 nm.



TABLE 3    The secondary structure contents of α-glucosidase that influenced by different contents of EA.
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Atomic force microscopy studies

Atomic force microscopy is a powerful imaging platform to investigate the interaction of small molecules and protein via visualized and manipulated ways (35). Here, we used the tapping model of AFM to study the interaction between EA and α-glucosidase. The results showed that 2.0 U/mL of free α-glucosidase was uniformly distributed on the mica plate (white spots) (Figure 5A). However, after co-incubation with 40 μg/mL of EA for 30 min, the molecules of α-glucosidase were aggregated together and formed irregular polymers (Figure 5B), indicating that EA interacted with α-glucosidase and changed its stability via influencing the microenvironment and conformation (21). Therefore, the unstable molecules of α-glucosidase gathered together to form much more stable polymers.
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FIGURE 5
AFM images of free α-glucosidase (A) and the interaction between EA and α-glucosidase (B). The concentrations of α-glucosidase and EA were 2.0 U/mL and 40 μg/mL, respectively. EA and α-glucosidase were co-incubated for 30 min at 37°C before preparing on the mica plate for observation.




Molecular docking analysis

Molecular docking is popularly applied to investigate the precise interaction between small molecular compounds and target proteins (36). As shown in Figures 6A,B, EA inserted into α-glucosidase and occupied the bioactive site, which depended mainly on intermolecular hydrogen bond (dashed lines). These interactions occurred between EA and the amino acid residues, including Tyr72, Phe159, Phe178, Arg213, Asp215, His351, Asp352, Gln353, Glu411, and Arg442, with the average bond length of 2.23 nm and binding energy of −6.7656 kcal/mol (Figures 6A,B). The hydroxyl groups of EA played a key role in the formation of hydrogen bonds with the amino acid residues of α-glucosidase. These results indicated that EA could effectively interact with α-glucosidase at the bioactive site and inhibit catalyzing disaccharides into monosaccharide.
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FIGURE 6
The result of molecular docking between EA and α-glucosidase. (A) The active cavity of α-glucosidase was occupied by EA and (B) these interactions mainly depended on intermolecular hydrogen bonding (dashed lines).




Ellagic acid reduces the postprandial blood glucose

To further verify the inhibitory activity of EA against α-glucosidase in vivo, a sucrose-loading test was employed to determine the effect of EA on postprandial blood glucose. After intragastric administration with sucrose or sucrose plus EA, the blood glucose of Kunming mice was measured at 0, 15, 30, 45, 60, 90, and 120 min, respectively. As presented in Figure 7, the level of blood glucose in blank group that gavaged with 0.5% CMC-Na solution showed no significant differences from 0 to 120 min (Figures 7A,B). But, intragastric administration with sucrose only acutely increased the blood glucose of Kunming mice with the maximum appeared at 15 min. Comparatively, EA (25 mg/kg) and acarbose (50 mg/kg) obviously inhibited the rapid rise of blood glucose after the sucrose gavage, and the values of AUC were reduced 31.8 and 36.4%, respectively (Figures 7A,B). However, the concentration of EA used in this test is only half of acarbose, indicating that EA revealed better hypoglycemic activity than that of acarbose, but this result still needs further clinical verification. Sucrose is mainly catalyzed into glucose by α-glucosidase in the brush-border surface membrane of intestinal cells and the glucose is absorbed and transported into the blood (25). Hence, inhibiting the activity of α-glucosidase can effectively reduce the generation of glucose and decrease postprandial blood glucose. The current results provided more evidence to support EA as a significant inhibitor of the α-glucosidase activity in vivo.
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FIGURE 7
The effect of EA and acarbose on the blood glucose after intragastric administration of sucrose (A) and the area under curve (AUC) of blood glucose were calculated (B). Different letters mean p < 0.05.





Conclusion

Much research has demonstrated that pomegranate exhibits strong antidiabetic activity and effectively decreases the blood glucose levels (11). Further investigations have found that extracts from different parts of pomegranate, including juice, peels, seeds, and flowers, reveal efficaciously α-glucosidase inhibitory activity, which reduce postprandial blood glucose. In this current study, we found that the acetone extract of pomegranate peel showed much better α-glucosidase inhibitory activity than water and ethanol extracts (Supplementary Figure 1). Eleven substances were screened and identified as the main α-glucosidase inhibitors in pomegranate peel by ultrafiltration-HPLC-ESI-MS/MS technology, and EA was found to have the strongest α-glucosidase inhibitory activity among the eluted identified compounds.

Furthermore, we found that EA played a competitive inhibitory manner against α-glucosidase with a Ki value of 6.24 × 105 mol/L, and this inhibitory process was reversible. EA also interacts with the amino acid residues including tyrosine, tryptophan, and phenylalanine of α-glucosidase and quenched the enzyme’s fluorescence via a static quenching mechanism. Further analysis discovered that EA could spontaneously interact with α-glucosidase at only one binding site. The results of CD spectra and AFM studies further supported the direct interactions between EA and α-glucosidase and molecular docking analysis uncovered that EA was inserted into the active site of α-glucosidase and formed intermolecular hydrogen bonds with the amino acid residues. Moreover, the α-glucosidase inhibitory activity of EA was further confirmed in Kunming mice using a sucrose-loading test. These results illuminated in detail the inhibitory mechanisms of EA against α-glucosidase both in vitro and in vivo, and further elucidated the active substance basis of anti-diabetic activity of pomegranate peel based on α-glucosidase inhibition.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The whole process conformed to the Guide for the Care and Use of Laboratory Animals, eighth edition (ISBN 10: 0-309-15396-4).



Author contributions

RS: conceptualization, methodology, and writing—original draft. RS and LH: investigation, formal analysis, software, conceptualization, writing—review and editing, funding acquisition, project administration, and supervision. LH and HZ: methodology and software. RS and MG: investigation and formal analysis. RS and NZ: writing—review and editing. All authors contributed to the article and approved the submitted version.



Funding

This work was funded by the National Natural Science Foundation of China (No. 32001701).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2022.1014862/full#supplementary-material



References

1. Sun Z, Sun X, Li J, Li Z, Hu Q, Li L, et al. Using probiotics for type 2 diabetes mellitus intervention: advances, questions, and potential. Crit Rev Food Sci. (2020) 60:670–83. doi: 10.1080/10408398.2018.1547268

2. Zeng L, Zhang G, Lin S, Gong D. Inhibitory mechanism of apigenin on α-glucosidase and synergy analysis of flavonoids. J Agr Food Chem. (2016) 64:6939–49. doi: 10.1021/acs.jafc.6b02314

3. Hossain U, Das AK, Ghosh S, Sil PC. An overview on the role of bioactive α-glucosidase inhibitors in ameliorating diabetic complications. Food Chem Toxicol. (2020) 145:111738. doi: 10.1016/j.fct.2020.111738

4. Xiao J, Kai G, Yamamoto K, Chen X. Advance in dietary polyphenols as α-glucosidase inhibitors: a review on structure-activity relationship aspect. Crit Rev Food Sci. (2013) 53:818–36. doi: 10.1080/10408398.2011.561379

5. Kalaycıoğlu Z, Bedia Erim F. Total phenolic contents, antioxidant activities, and bioactive ingredients of juices from pomegranate cultivars worldwide. Food Chem. (2017) 221:496–507. doi: 10.1016/j.foodchem.2016.10.084

6. Singh B, Singh JP, Karu A, Singh N. Phenolic compounds as beneficial phytochemicals in pomegranate (Punica granatum L.) peel: a review. Food Chem. (2018) 261:75–86. doi: 10.1016/j.foodchem.2018.04.039

7. Akhtar S, Ismail T, Fraternale D, Sestili P. Pomegranate peel and peel extracts: chemistry and food features. Food Chem. (2015) 174:417–25. doi: 10.1016/j.foodchem.2014.11.035

8. Sharayei P, Azarpazhooh E, Zomorodi S, Ramaswamy HS. Ultrasound assisted extraction of bioactive compounds from pomegranate (Punica granatum L.) peel. LWT-Food Sci Technol. (2019) 101:342–50. doi: 10.1016/j.lwt.2018.11.031

9. Ismail T, Sestili P, Akhtar S. Pomegranate peel and fruit extracts: a review of potential anti-inflammatory and anti-infective effects. J Ethnopharmacol. (2012) 143:397–405. doi: 10.1016/j.jep.2012.07.004

10. Ambigaipalan P, de Camargo AC, Shahidi F. Phenolic compounds of pomegranate byproducts (outer skin, mesocarp, divider membrane) and their antioxidant activities. J Agr Food Chem. (2016) 64:6584–604. doi: 10.1021/acs.jafc.6b02950

11. Viuda-Martos M, Fernández-López J, Pérez-Álvarez JA. Pomegranate and its many functional components as related to human health: a review. Compr Rev Food Sci F Safety. (2010) 9:635–54. doi: 10.1111/j.1541-4337.2010.00131.x

12. Kandylis P, Kokkinomagoulos E. Food applications and potential health benefits of pomegranate and its derivatives. Foods. (2020) 9:122. doi: 10.3390/foods9020122

13. Arun KB, Jayamurthy P, Anusha CV, Mahesh SK, Nisha P. Studies on activity guided fractionation of pomegranate peel extracts and its effect on antidiabetic and cardiovascular protection properties. J Food Process Pres. (2017) 41:1–12. doi: 10.1111/jfpp.13108

14. Kam A, Li KM, Razmovski-Naumovski V, Nammi S, Shi J, Chan K, et al. A comparative study on the inhibitory effects of different parts and chemical constituents of pomegranate on α-amylase and α-glucosidase. Phytother Res. (2013) 27:1614–20. doi: 10.1002/ptr.4913

15. Çam M, Ýçyer NC. Phenolics of pomegranate peels: extraction optimization by central composite design and alpha-glucosidase inhibition potentials. J Food Sci Tech. (2015) 52:1489–97. doi: 10.1007/s13197-013-1148-y

16. Mirab B, Gavlighi HA, Sarteshnizi RA, Azizi MH, Udenigwe CC. Production of low glycemic potential sponge cake by pomegranate peel extract (PPE) as natural enriched polyphenol extract: textural, color and consumer acceptability. LWT-Food Sci Technol. (2020) 134:109973. doi: 10.1016/j.lwt.2020.109973

17. Chen G, Huang B, Guo M. Current advances in screening for bioactive components from medicinal plants by affinity ultrafiltration mass spectrometry. Phytochem Anal. (2018) 29:375–86. doi: 10.1002/pca.2769

18. Wang L, Liu Y, Luo Y, Huang K, Wu Z. Quickly screening for potential α-glucosidase inhibitors from Guava leaves tea by bioaffinity ultrafiltration coupled with HPLC-ESI-TOF/MS method. J Agr Food Chem. (2018) 66:1576–82. doi: 10.1021/acs.jafc.7b05280

19. Zhao K, Sun S, Wang H, Wang L, Qin G, Fan J, et al. α-Glucosidase inhibitory triterpenoids from Euonymus fortune. Bioorg Chem. (2021) 111:104980. doi: 10.1016/j.bioorg.2021.104980

20. Yang D, Zhao J, Liu S, Song F, Liu Z. The screening of potential α-glucosidase inhibitors from the Polygonum multiflorum extract using ultrafiltration combined with liquid chromatography-tandem mass spectrometry. Anal Methods. (2014) 6:3353–9. doi: 10.1039/C4AY00064A

21. Han L, Zhang L, Ma W, Li D, Shi R, Wang M. Proanthocyanidin B2 attenuates postprandial blood glucose and its inhibitory effect on alpha-glucosidase: analysis by kinetics, fluorescence spectroscopy, atomic force microscopy and molecular docking. Food Funct. (2018) 9:4673–82. doi: 10.1039/c8fo00993g

22. Zhang L, Han L, Yang S, Meng X, Ma W, Wang M. The mechanism of interactions between flavan-3-ols against α-glucosidase and their in vivo antihyperlgycemic effects. Bioorg Chem. (2019) 88:364–72. doi: 10.1016/j.bioorg.2018.12.037

23. Peng X, Zhang G, Liao Y, Gong D. Inhibitory kinetics and mechanism of kaempferol on α-glucosidase. Food Chem. (2016) 190:207–15. doi: 10.1016/j.foodchem.2015.05.088

24. Zhang C, Zhang G, Liao Y, Gong D. Myricetin inhibits the generation of superoxide anion by reduced form of xanthine oxidase. Food Chem. (2017) 221:1569–77. doi: 10.1016/j.foodchem.2016.10.136

25. Han L, Fang C, Zhu R, Peng Q, Li D, Wang M. Inhibitory effect of phloretin on α-glucosidase: kinetics, interaction mechanism and molecular docking. Int J Biol Macromol. (2017) 95:520–7. doi: 10.1016/j.ijbiomac.2016.11.089

26. Ni M, Hu X, Gong D, Zhang G. Inhibitory mechanism of vitexin on α-glucosidase and its synergy with acarbose. Food Hydrocolloid. (2020) 105:105824. doi: 10.1016/j.foodhyd.2020.105824

27. Bellesia A, Verzelloni E, Tagliazucchi D. Pomegranate ellagitannins inhibit α-glucosidase activity in vitro and reduce starch digestibility under simulated gastro-intestinal conditions. Int J Food Sci Nutr. (2015) 66:85–92. doi: 10.3109/09637486.2014.953455

28. Oboh G, Ogunsuyi OB, Ogunbadejo MD, Adefegha SA. Influence of gallic acid on α-amylase and α-glucosidase inhibitory properties of acarbose. J Food Drug Anal. (2016) 24:627–34. doi: 10.1016/j.jfda.2016.03.003

29. Zhang AJ, Rimando AM, Mizuno CS, Mathews ST. α-Glucosidase inhibitory effect of resveratrol and piceatannol. J Nutr Biochem. (2017) 47:86–93. doi: 10.1016/j.jnutbio.2017.05.008

30. Ochir S, Nishizawa M, Park BJ, Ishii K, Kanazawa T, Funaki M, et al. Inhibitory effects of Rosa gallica on the digestive enzymes. J Nat Med. (2010) 64:275–80. doi: 10.1007/s11418-010-0402-0

31. Ma G, Wang C, Li L, Ding N, Gao X. Effect of pomegranate peel polyphenols on human prostate cancer PC-3 cells in vivo. Food Sci Biotechnol. (2015) 24:1887–92. doi: 10.1007/s10068-015-0247-0

32. Lin M, Chai W, Zheng Y, Huang Q, Ou-Yang C. Inhibitory kinetics and mechanism of rifampicin on α-glucosidase: insights from spectroscopic and molecular docking analyses. Int J Biol Macr. (2019) 122:1244–52. doi: 10.1016/j.ijbiomac.2018.09.077

33. Bai Y, Atluri S, Zhang Z, Gidley MJ, Li E, Gilbert RG. Structural reasons for inhibitory effects of pectin on α-amylase enzyme activity and in-vitro digestibility of starch. Food Hydrocolloid. (2021) 114:106581. doi: 10.1016/j.foodhyd.2020.106581

34. Ding H, Wu X, Pan J, Hu X, Gong D, Zhang G. New insights into the inhibition mechanisms of betulinic acid on α-glucosidase. J Agr Food Chem. (2018) 66:7065–75. doi: 10.1021/acs.jafc.8b02992

35. Dufrê YF, Ando T, Garcia R, Alsteens D, Martinez-Martin D, Engel A, et al. Imaging modes of atomic force microscopy for application in molecular and cell biology. Nat Nanotechnol. (2017) 12:295–307. doi: 10.1038/nnano.2017.45

36. Tao X, Huang Y, Wang C, Chen F, Yang L, Ling L, et al. Recent developments in molecular docking technology applied in food science: a review. Int J Food Sci Tech. (2020) 55:33–45. doi: 10.1111/ijfs.14325



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Bioaffinity ultrafiltration coupled with HPLC-ESI-MS/MS for screening potential α-glucosidase inhibitors from pomegranate peel



		Introduction



		Materials and methods



		Materials and chemicals



		Preparation of different solvent extracts from pomegranate peel



		Ultrafiltration test and HPLC-ESI-MS/MS analysis



		Inhibitory effect against α-glucosidase



		Kinetic analysis



		Fluorescence spectra analysis



		Circular dichroism spectrum analysis



		Observation by atomic force microscopy



		Molecular docking



		Sucrose-loading test



		Statistical analysis







		Results and discussion



		The α-glucosidase inhibitory effect of extracts from pomegranate peel



		Filtration and identification of α-glucosidase inhibitors from pomegranate peel



		The α-glucosidase inhibitory effect of ellagic acid



		Influence of ellagic acid on the fluorescence spectra of α-glucosidase



		Influence of ellagic acid on the circular dichroism spectra of α-glucosidase



		Atomic force microscopy studies



		Molecular docking analysis



		Ellagic acid reduces the postprandial blood glucose







		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Nutrition

Bioaffinity ultrafiltration coupled
with HPLC-ESI-MS/MS
for screening potential
a-glucosidase inhibitors from
pomegranate peel












OPS/images/logo.jpg
P frontiers | Frontiers in Nutrition







OPS/images/fnut-09-1014862-g007.jpg
>

Blood Glucose (mmol/L)

- —— Blank
—=— Sucrose
o - Sucrose+Acarbose
-~ Sucrose+Ellagic acid
8-
' s
| ) f —i
4+ = R
0 1 1 1 1
0 30 60 90 120

Time (min)

B
1500 1

AUC for Glucose

1000 -

500 -






OPS/images/fnut-09-1014862-t002.jpg
T (K) Ky (x10° L/mol) K, (x10% L/mol) n AG° (kJ/mol) AH° (kJ/mol) AS® (J/mol K)

298 4.75 4+ 0.01 11.42 +0.04 0.87 —23.15+£0.03 —73.55 + 0.36 —169.14 +0.33
304 4.05 £ 0.03 6.17 4 0.06 0.83 —22.30 £ 0.06
310 3.32+£0.01 3.76 +0.02 0.86 —21.12 £ 0.05





OPS/images/fnut-09-1014862-g006.jpg





OPS/images/fnut-09-1014862-t001.jpg
4
4

O e NN U R W N

—
(=]

11

Compounds

Ellagic acid

Nicotinic acid
Isoguanosine

Sclareol glycol
Triptolide

Sclareolide
p-Hydroxybenzoic acid
Kaempferol

Gallic acid

Quercetin

Resveratrol

*RT, Retention time.

Formula

Ci14HeOg
CsH5NO,
CioH13N505
Ci6H3002
Ca0H2406
Ci6H2602
C7HeO3
Ci5Hi1006
C26H3405
Ci5Hi1007
C14H1203

Expected m/z

303.0135
124.0393
301.2162
255.2319
361.1646
251.2006
139.039
287.055
443.2428
303.0499
229.0859

Found at m/z

303.0124
124.0391
301.2162
255.2319
361.165
251.2011
139.0387
287.055
443.2419
303.0502
229.0857

RT* (min)

7.65
0.87
0.84
4527
24.62
45.11
40.72
11.39
40.2
8.69
41.57

Intensity

2,839

1,432

1,199
740
588
494
393
388
346
190
163

Ref.

Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard





OPS/images/fnut-09-1014862-g003.jpg
Fluorescence Intensity

C

Fluorescence Intensity

250+

200-

150~

g

¢ (EA)=0.01 mg/mL

T=298 K

¢ (a-glucosidase)+c (EA)

15 U/mL

15 U/mL+2.21x10°*mg/mL
15 U/mL+4.42x10°mg/mL
15 U/mL+6.63x10°mg/mL
15 U/mL+8.84x10° mg/mL
15 U/mL+11.05x10* mg/mL
15 U/mL+15.47x10° mg/mL
15 U/mL+17.68%10° mg/mL
15 U/mL+19.89%10°* mg/mL

250

200 -

@
S
|

320

340

360 380

Wavelenth (nm)

¢ (EA)=0.01 mg/mL

T=310K

0
300

320

340

360 380 400

Wavelenth (nm)

420 440 460

B 250

%0 320 340 360 380 400 420 440
Wavelenth (nm)
2.5-
— 298K
- 304K .
2.0+
1.5+
1.0+
0 5 10 15 20 25
1Q1/(10°® mol/L)





OPS/images/fnut-09-1014862-e001.jpg
Is

Fy—F

F

=1gKa +nlg[Q]

@)





OPS/images/cross.jpg
@ Check for updates.





OPS/images/fnut-09-1014862-g002.jpg
A 1.0- B 1.5-

0.8 =
o 2 1.0~
= 0.67 ©
5 0 S
= 0.4 =
‘S O 0.5-
= =
S 0.2 =
O-O | T 1 O'O 1 1 1
0.00 0.05 0.10 0.15 0 S 10 IS
| . - Concentration of acarbose (mg/mL)
Concentration of EA (mg/mL)
C D 0.08=
6007 -o 0 pg/mL 1 * 0 ug/mL
- = 20 pg/mL
- 0061 -+ 40 pgmL a
400+
- v 6} ¥ 60 pg/mL
E -~ E04 100 pg/mL
a =
S 200- 5 S
) < 0.02+
z g e
—
5 10 -4 % 2 4 6 8
=3
1/[pNPG (10™ mol/L)] -0.02- [o-glucosidase] (U/mL)
-200=





OPS/images/fnut-09-1014862-e000.jpg
%:Hmm}:luc,m[ol a





OPS/images/fnut-09-1014862-g005.jpg





OPS/images/fnut-09-1014862-e003.jpg
AG’ = AH’ - TAS

)





OPS/images/fnut-09-1014862-g004.jpg
CD (mdeg)

—  0:200
—  25:200
—  50:200
——— 100:200

EA® * a-glucosidase

| L] L]

T
230 240

Wavelength (nm)

T T T
200 210 220

T
250





OPS/images/fnut-09-1014862-t003.jpg
VEa :Voc—glucosidase

0:200
25:200
50:200
100:200

o-helix (%)

34.90 £ 0.54
29.53 £0.29
28.17 £0.21
24.83 £0.29

B-sheet (%)

18.37 £0.21
23.73 £ 0.21
26.60 +0.22
31.00 & 0.54

The concentrations of EA and a-glucosidase were 2 mg/mL and 5.0 U/mL, respectively.

B-turn (%)

17.43 £ 0.17
18.07 +0.21
18.57 +0.29
18.70 +0.33

Random coil (%)

25.60 +0.22
28.43 +0.21
30.47 +0.33
32.87+£0.33





OPS/images/fnut-09-1014862-e002.jpg
IgK, =

AH®
T 3303RT

AS°
2.303R

3)





OPS/images/fnut-09-1014862-g001.jpg
NH» OH

0
NZ | \>
o OH o/l\.\' N
H s
| -
N HO |
", /on &
HO ) ) )
Ellagic acid Nicotinic acid Isoguanosine Sclareol glycol Triptolide Sclareolide

() OH " > o
/ O

(o]
o
HO
OH O
HO
HO
OH

OH N * o
p-Hydroxybenzoic acid Kaempferol Gallic acid Quercetin Resveratrol .. Acarbose
E *  Quercetin dihydrate C * Quercetin dihydrate
0.1mg/mL « Sclareol glycol 0.5mg/mL = Sclareol glycol
3- +  P-hydroxybenzoic acid 2.5~ +  P-hydroxybenzoic acid
E - Triptolide = » eg s Triptolide
= L08005%0" - Sclareolide a 2.1 E“agf.ggg, : o Sclareolide
& 45008000010 Gallic acid T 154 addtertloilen™t L Gallicacid
g Q@ﬂ ?" Kaempferol §' aagtgggfz;;gi-' - Kaempferol
2 17 @GQ@Q-"::;;:::.. Nicotinic acid El'o- '“35:;;-" + Nicotinic acid
E “???g=': + Resveratrol §051,!;=!" EPp—— *  Resveratrol
<n ® 2-Hydroxyadenosine z ':l:;:;:‘:;“““"”:’“""‘ » 2-Hydroxyadenosine
% 200 400 0 - Ellagic acid e o o o © Ellagicacid

Time (s) « Acarbose Time (s) «  Acarbose





