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Ipomea aquatica, also known as water spinach, is an aquatic non-conventional leafy vegetable and is considered a healthy and seasonal delicacy in ethnic food culture. The study revealed the presence of rich chemical and biochemical composition in I. aquatica and antioxidant activities. Moreover, the plant extracts demonstrated significant DNA damage prevention activity against UV/H2O2-induced oxidative damage. High-resolution mass spectrometric analysis by UPLC-qTOF-MS/MS resulted in the identification of over 65 different compounds and 36 important secondary metabolites. Most of the compounds identified represented polyphenolic compounds, viz. polyphenol glycosides and phenolic acids, followed by alkaloids and terpenoids. A UPLC-DAD method was developed and quantified for 10 different polyphenolic compounds. Out of all the metabolites examined, a significant number of compounds were reported to have various bioactive properties, including antibacterial, antiviral, antitumor, hepatoprotection, and anti-depressant effects. The plant extracts were found to contain various compounds, including euphornin, lucidenic acid, and myricitin glycosides, which possess significant medicinal value. Metabolite analysis utilizing GC–MS revealed the presence of various fatty acids, amino acids, sugars, and organic acids. The analysis revealed the presence of essential unsaturated fatty acids such as α-linolenic acid as well as beneficial substances such as squalene., The evaluation of glycemic control activity was carried out by comprehending the inhibitory potential of α-amylase and α-glucosidase, outlining the kinetics of the inhibition process. The inhibitory activities were compared to those of acarbose and revealed stronger inhibition of α-glucosidase as compared to α-amylase. Furthermore, the mechanism of inhibition was determined using in silico analysis, which involved molecular docking and molecular dynamic simulation of the identified IA phytochemicals complexed with the hydrolase enzymes. The study generates convincing evidence that dietary intake of I. aquatica provides a positive influence on glycemic control along with various health-protective and health-promoting benefits.
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1 Introduction

Lifestyle diseases are emerging as an alarming global issue, particularly among urban populations. Pathologies like diabetes, fatty liver, coronary heart disease, anxiety, and depression have become a growing public health concern worldwide. Clinical control of these diseases is still not sufficiently effective, and the only pertaining solution is a preventive approach. The utilization of traditional knowledge-based approach such as dietary consumption of wild edible plants has been age-old practice for prevention of these lifestyle diseases and for promotion of health improvement (1–3). Many lesser-known, non-conventional food plants, which were earlier a part of ancient food culture are widely known for their functional benefits (4, 5). Such health protecting properties of these plants are directly attributable to the presence of important phytochemicals, micronutrients, and impressive amount of dietary antioxidants (6–8). Apart from that many non-conventional food plants are also a rich source of bioactive natural products which are nowadays classified as phytopharmaceuticals.

Ipomoea aquatica Forsskal (IA) also known as water spinach, is a wild edible food plant found predominantly in several regions of Asia, Africa and Australia. It is a free-floating aquatic herb with long soft stems which grow in ponds, wetlands and other aquatic habitat. It is perennial but remain dormant during winter and begin to grow with the advent of pre-monsoon (April/May) and proliferate vigorously during monsoon season upto August/September. The freshly collected leafy shoot is consumed as vegetable. Many different cultivars of IA have been reported in North East India where the plant occurs abundantly in wild and traditionally known for its great medicinal and nutritional value. The plant is also nowadays cultivated in some regions for consumption as leafy greens. Being wild or semi- wild IA is resilient to harsh climatic conditions and hence easy to cultivate as compared to other conventional leafy vegetables. IA has long been used in anti-diabetic therapy, and according to Indian Ayurveda, green leaves of IA are recommended to be consumed orally for the treatment of diabetes. IA has been recently demonstrated for antidiabetic activity in in vivo experiments, but its prospect as food based glycemic control is not properly established (9). Moreover, previous works demonstrated the potential of IA extract to exhibit pharmacological activities including prevention of liver injury, anticancer activities and hypoglycemic effects (3, 10, 11). In contrast, these activities are attributed directly toward its phytochemical makeup. Although, the chemical composition of few IA cultivars has been explored earlier, the values differ significantly from region to region and even across the cultivars. Likewise, the phytochemicals identified in these works are often restricted to a small number of commonly found polyphenols, and the quantitative content of these compounds in IA is yet to be determined.

The phytochemical composition of many non-conventional leafy vegetables is often reported for their significant inhibitory activity toward glycoside hydrolases like α-amylase (AML) and α-glucosidase (YGU) (12–14). AML and YGU play a key role in the conversion of dietary carbohydrates to oligosaccharides and glucose. Previous studies suggest that IA has the ability to inhibit glucose absorption in a perfused rat intestinal preparation as well as to act on AML and YGU. However, the mechanism of the AML and AGU inhibition by IA remains unexplored. In contrast, the mechanism and proportion of inhibition of AML and YGU has a significant role in the reduction of postprandial glycemia, which is potential factor for development of type 2 diabetes (12, 14). Furthermore, it is crucial to consider the dietary management of postprandial glycemia as an essential concern for patients who have already been diagnosed with type 2 diabetes. Phytochemicals, particularly polyphenols, are among the most extensively studied natural compounds that are demonstrated to act on these enzymes (13). Conventional leafy vegetables do not contain sufficient quantities of dietary polyphenols; hence, wild edible plants containing a rich phytochemical makeup are far more effective at exerting inhibitory effect on these enzymes. Furthermore, the quantitative content of the phytochemicals is another crucial factor that greatly contributes to the synergistic inhibition mechanism and kinetics of AML and YGU inhibition.

The present study was undertaken with three main objectives: first, to evaluate IA for its chemical composition, and in vitro antioxidant activities, including oxidative DNA damage prevention. The second objective involved the identification of the phytochemical constituents of IA using cutting-edge high resolution mass spectrometry (HRMS) techniques, along with quantification of some important polyphenolic compounds. Finally, the study aimed to evaluate the inhibitory effects of IA extract on AML and YGU, highlighting the inhibition kinetics and mechanism.



2 Materials and methods


2.1 Chemicals and reagents

All the chemicals used for analytical work were of ACS grade. Porcine pancreatic α-amylase (EC 3.2.1.1, A3176) and α-glucosidase from Saccharomyces cerevisiae (EC 3.2.1.20, G5003) were obtained from Sigma-Aldrich. Phosphate buffer and soluble starch were obtained from HiMedia Laboratories (India); 4-Nitrophenyl β-D-glucopyranoside (N7006) was obtained from Sigma-Aldrich. Standard polyphenolic compounds viz. gallic acid, chlorogenic acid, 4-hydroxybenzoic acid, vanillic acid, caffeic acid, rutin, sinapic acid, ferulic acid, naringin, and quercetin were of HPLC reference standard grade and obtained from Sigma-Aldrich.



2.2 Collection of plant material

Edible parts of Ipomoea aquatica (IA) consisting of leaves and tender shoots were obtained from wild natural habitats such as wetlands of the state of Assam, India in the month of July. Freshly collected leaves were washed, cleaned and freeze dried. The moisture content of the leaves was calculated according to the method outlined by AOAC method (930.15). The dry leaves were then ground to fine powder resulting ground dry matter (dm) and used for subsequent analysis.



2.3 Determination of proximate composition and amino acid content

The proximate composition and mineral profile in IA were determined on dry weight basis using respective AOAC methods (15) as mentioned in Supplementary Table S1. For estimation of total carbohydrate, the dry matter of the leaves were initially digested by 2.5 N HCl and estimated by anthrone reagent (16). The calorific value (kcal/100 g) was calculated from the given formula (17).
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where, C, P and L are percentage of carbohydrate, protein and lipid content, respectively.

Extraction of amino acids was carried out according to method 994.12 of AOAC (15) with some modifications (18). Extracted amino acids were derivatized using FMOC and OPA followed by quantification in HPLC-DAD (Agilent, United States). The detailed method of amino acid extraction, derivatization and quantification is listed in Supplementary material.



2.4 Polyphenols content and in vitro antioxidant activity

The phytochemicals of IA were extracted using a hydroalcoholic solvent system consisting of 80% methanol. This solvent system has been previously demonstrated to effectively extract various phenolic components, including flavonoids and other secondary metabolites (19). 5 g of the ground dry matter of IA was extracted under constant agitation for 6 h at room temperature using about 100 mL of 80% methanol. The components were then sonicated for 30 min and extracted again for 90 min in water bath shaker at 40°C. The extracts were centrifuged, and concentrated using a rotary evaporator at 35°C and the remaining content was lyophilized. A portion of the lyophilized extract was reconstituted in HPLC grade methanol for subsequent phytochemical analysis.

Total phenolics content (TPC) was estimated by Folin–Ciocalteu method (20) and the results were expressed as gallic acid equivalent (mg GAE/g dm). Total flavonoid content (TFC) was estimated by aluminum chloride method (21) and expressed as rutin equivalent (mg RE/g dm).

In vitro antioxidant activity of the reconstituted crude IA extracts was determined using five different assay methods namely DPPH radical scavenging assay (22), Trolox equivalent antioxidant capacity (TEAC) assay (23), oxygen radical absorbance capacity (ORAC) assay (24), ferric reducing antioxidant power (FRAP) assay (25) and phosphomolybdate assay for total antioxidant capacity (TAC) (26).



2.5 UPLC-ESI-QTOF-MS based phytochemical identification

The screening of different phytochemicals from the crude extract was carried out using an Agilent, 6,550 iFunnel quadrupole time of flight (QTOF) mass coupled with and Agilent LC/MS system. The LC method was optimized to separate and detect the maximum possible phytoconstituents from IA crude extract. 5 μL of redissolved lyophilized extract was injected using an autosampler into a reverse-phased column thermostatically maintained at 40°C. The mobile phase comprised of (A) 0.1% formic acid in water; (B) 90% acetonitrile with 10% water and 0.1% formic acid. The flow rate was 0.3 mL/min, and the gradient elution program was set as 95%A for 1 min 0%A for 20 min and 25 min 95%A for 26 min and 30 min.

Mass spectrometric acquisition was done in both positive and negative ESI mode using dual AJS ESI within the range of 100 to 1,100 m/z with MS and MS/MS scan rate 1 spectra/s. The scan source parameters were: VCap 3,500, nozzle voltage 1,000 V, fragmentor 175, skimmer 65 and octupole RFPeak 750. The temperature of gas and sheath gas were 250°C and 300°C, respectively, with flow of 13 L/min and 11 L/min. The data acquisition was performed by Mass Hunter software of Agilent and the detected compounds were identified by searching against a plant metabolite database available with the instrument.



2.6 Quantitative profiling of polyphenols using UPLC-DAD

Among all the identified metabolites, 10 polyphenolic compounds viz. gallic acid, chlorogenic acid, 4-hydroxybenzoic acid, vanillic acid, caffeic acid, rutin, sinapic acid, ferulic acid, naringin, and quercetin were quantified from IA extract. Quantification was carried out in a UPLC-DAD system (Agilent, United States) with a polar RP C18 column (250 mm L, 4.6 mm ID, 5 μm particle size) using mobile phase 0.1% formic acid in HPLC grade water (A) and 100% acetonitrile (B). The column was thermostatically maintained at 40°C, flow rate was set at 1 mL/min and 15 μL was used as injection volume. The gradient program for separation was as follows: 90%B for 0 min, 70%B for 8 min, 50%B for 13 min, 40%B for 15 min, 90%B for 18 min and 20 min. DAD detector was set at 255 nm for 4-hydroxybenzoic acid, chlorogenic acid, and vanillic acid; 280 nm for cinnamic acid, gallic acid, naringin and p-coumaric acid; 320 nm for caffeic acid, sinapic acid and ferulic acid; 375 nm for rutin and quercetin.



2.7 GC–MS analysis

The metabolite composition of IA was determined by GC 2010 plus with TP-8030 triple quadrupole MS (Shimadzu, Japan), fitted with EB-5 MS column (30 m); briefly – a portion of lyophilized IA extract was mixed with 200 μL methoximation mixture and incubated at 37°C for 90 min. This was followed by the addition of 150 μL BSTFA with 1% trimethylchlorosilane and incubation at 70°C for 60 min. 1 μL of the test portion was injected in splitless mode. Helium was used as carrier gas at a flow of 1 mL/min; columns were isothermally maintained at 80°C for 2 min followed by ramping at 10°C/min to 300°C followed by a hold for 6 min. Injector and ion source temperatures were kept at 280°C and 230°C along with 150°C transfer temperature to MS. The ionized mass fragments were recorded between 50–550 m/z.



2.8 Oxidative DNA damage prevention assay

Qualitative assessment of oxidative DNA damage prevention (genoprotective effect) of IA extract was carried out on PTZ57R (2,886 bp) plasmid (Fermentus, United States). Lyophilized IA extract was reconstituted on HPLC grade water. The reaction mixture was prepared by adding 16 μL TE buffer with 2 μL DNA and 5 μL extract at different concentrations (1–10 μg/mL) and 2 μL 30% H2O2. The negative control comprised of 5 μL water; a reaction as control was set without the addition of H2O2. The reaction mixture was exposed to UVC radiation for 15 min to produce hydroxyl radicals and induce DNA damage. After that, the reaction was terminated by the addition of loading dye (6X). The mixtures were transferred to a 1% agarose gel and electrophoresis was carried out followed by documentation in a gel documentation system. The densitometric processing of the gel image was carried out in ImageJ tool (27). The percentage of DNA damage inhibition (DI) was calculated by the following equation.

[image: image]

where, NS and N0 are percentage of nicked DNA in lanes with sample and without sample extracts, respectively.



2.9 α-amylase and α-glucosidase inhibitory assays

For determination of inhibitory effects of IA on α-amylase, 0.5 U/mL solution porcine pancreatic α-amylase (PPA) was prepared in 0.2 M phosphate buffer, pH 6.5. Subsequently, 0.5 mL of PPA was incubated with different concentrations of 1 mL IA extracts (prepared in phosphate buffer) at 37°C for 30 min. This reaction was initiated by the addition of 0.5 mL soluble starch solution (5 mg/mL) and allowed to be hydrolyzed for 15 min at the same condition. A negative control and a reaction blank were processed in a similar manner without the addition of enzyme and extract, respectively. The reaction was then stopped by adding 0.3 mL dinitro salicylic acid (DNS) reagent and diluted using 0.5 mL phosphate buffer. The reaction mixture was then heated in a boiling water bath for 5 min and allowed to cool at room temperature. The absorbance of the colored complex was recorded at 540 nm using Varioskan™ LUX multimode microplate reader (Thermo Scientific, United States).

For α-glucosidase inhibitory assay, 0.15 U/mL α-glucosidase from Saccharomyces cerevisiae (YGU) was prepared in 0.2 M phosphate buffer, pH 6.5. The p-nitrophenyl α-D-glucopyranoside (pNPG) was used as a reaction substrate. The reaction volume comprised of 50 μL of YGU and 150 μL of inhibitor, i.e., IA extracts at different concentrations, was incubated for 10 min at 37°C. The reaction was initiated by addition of 50 μL of 0.2 mg/mL pNPG followed by incubation for 15 min at 37°C. The reaction was then terminated by addition of 50 μL 0.2 M Na2CO3 and the absorbance of the colored solution was recorded at 450 nm using Varioskan™ LUX multimode microplate reader (Thermo Scientific, United States). The results were quantified as maltose equivalent using a calibration curve.

All the samples were measured in triplicates. The percentage of inhibition (I) for both PPA and YGU were calculated using the following formula:
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where, AC, AS, ACB, ASB are the absorbances for control, sample, control blank and sample blank, respectively.

The IC50 values for α-amylase and α-glucosidase inhibition were calculated using the following equation (28).

[image: image]

where, [I] is the concentration of IA extracts or acarbose, and Imax is the maximum percentage inhibition.



2.10 α-amylase and α-glucosidase inhibition kinetics

The kinetics of PPA inhibition were determined at different concentrations of starch in the range of 0.25–5 mg/mL. Similarly, for YGU, inhibition kinetics were determined at different concentrations of pNPG in the range of 0.1–2.0 mM. IA extract at various concentrations were used inhibitor ([I]); for PPA inhibitor concentration was in the range of 1–2.5 mg/mL and for YGU the range was within 0.05–0.2 mg/mL. Acarbose was used as a standard inhibitor and kinetic parameters were calculated in similar manner to that of IA extract. The enzymatic reactions and substrate utilization were measured spectrophotometrically using the same methods as described above. The reaction velocities were determined by recording the starch digestion at 0, 5, 10 and 15 min, respectively. The kinetic parameters were determined using Michaelis–Menten kinetic model where V is the rate of reaction, Vmax is the maximum reaction rate of enzyme, [S] is the substrate concentration, and Km is the Michaelis–Menten constant. The initial rate of enzyme reaction (V0) was determined from the quantity of substrate hydrolyzed at different concentrations by plotting a calibration curve. The nature of inhibition was determined by plotting a Lineweaver-Burk double reciprocal plot of 1/V against 1/S for each substrate concentration and IA extract concentration used as inhibitor. The Dixon plot [Eq. (2)] and Cornish Bowden-Eisenthal plot [Eq. (3)] was used to calculate the binding constant Ki, the equation used was as follows:
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2.11 Molecular docking and molecular dynamic simulation

In order to evaluate the interaction between IA polyphenols with human α-amylase and α-glucosidase, molecular docking was carried out in the active site of both the enzymes. Three dimensional structures of human α-amylase (1HNY), porcine pancreatic α-amylase (1OSE) and α-glucosidase (3L4Y) were obtained from protein data bank (PDB). For both α-amylase and α-glucosidase structures, acarbose interaction was modeled in all the proteins from acarbose co-crystallized templates available at PDB and active sites were mapped. The proteins were processed using the protein preparation wizard of Schrödinger maestro (Schrödinger suite 2021) and docking grid was generated. Structures of all the identified compounds from IA were obtained and processed using LigPrep tool allowing generation of tautomer. All the ligands were then docked in the acarbose binding site grid of all the prepared structures. The stability of the docked complexes was determined by molecular dynamic (MD) simulations. Briefly, the system was generated using orthorhombic boundary conditions containing TIP3P water model and 0.15 M NaCl within 10 Å buffer region. The system was equilibrated at 300 K and 1 bar using NVT and NPT ensembles. Nosé-Hoover chain thermostat and Martyna Tobias Klein barostat were used with isotropic coupling at 1 ps and 2 ps relaxation times. The system was relaxed using default options and MD simulations were performed for 100 ns in Desmond (academic version 2023) using the OPLS4 force field. The binding free energy of the complexes was calculated using the MM-GBSA method.



2.12 Statistical analysis

All the statistical analyzes and curve fitting were carried out using R programming and SPSS Statistics v28.0 (IBM Corp, United States). Data generated were analyzed in triplicates and expressed as mean ± standard error of mean (SEM).




3 Results


3.1 Proximate composition and amino acid profile

The proximate composition of IA is listed in Table 1. The content of 8 individual mineral elements were shown in Table 2. IA exhibited relatively low protein content, analysis of amino acid profile revealed 20 amino acids with varying amounts (Table 2) and of the total amino acids 60.4% were essential amino acids. Among the essential amino acid lysine was highest with 2.141 g/100 g followed by phenylalanine with 1.891/100 g and isoleucine 1.674 g/100 g. Among the sulfur containing amino acids methionine occurred in relatively high amount which is 1.223 g/100 g and cystine in relatively low amount (0.291 g/100). Furthermore, among the aromatic amino acids, phenylalanine occurred in highest quantities (1.891 g/100 g) followed by tyrosine and tryptophan (Table 2).



TABLE 1 Major nutritional parameters of I. aquatica along with moisture content and calorific value.
[image: Table1]



TABLE 2 Amino acid profile of I. aquatica (mean ± SEM).
[image: Table2]



3.2 Polyphenols content and in vitro antioxidant activity

IA exhibited total phenolics and flavonoid content of 142.43 mg GAE/g dm and 43.06 mg RE/g, respectively (Table 3). Assessment of different radical scavenging capabilities revealed that IA antioxidant can effectively inhibit ABTS radicals (IC50 of 0.087 mg/mL and 0.924 mg dm eq) as compared to DPPH radicals (IC50 of 0.122 mg/mL and 1.125 mg dm eq). Different antioxidant assay activities exhibited by IA were compared to that of trolox, which is a vitamin E analog, and hence results were expressed as trolox equivalent. In both the cases radical scavenging assays the IC50 values were similar to of the standard compound trolox (Table 3). ORAC assay demonstrated significant capability of IA extract to inhibit free radical damage by measuring the fluorescence intensity. Furthermore, upon assessment of radical scavenging capability by TEAC assay, the antioxidant capacity was found to be 699.35 μmol TE/g dm. Moreover, the ferric reducing power as determined by FRAP assay was observed to be 5762.88 μmol TE/g dm. Determination of total antioxidant capacity by phosphomolybdate assay revealed antioxidant activity of 17.93 mM TE/g dm.



TABLE 3 Dietary antioxidant and in vitro antioxidant activity of IA.
[image: Table3]



3.3 LC-ESI-QTOF-MS based phytochemical screening

In both positive and negative ESI mode, LC-QTOF-MS analysis has identified more than 65 compounds, and among them 36 compounds were important secondary metabolites (Tables 4, 5). The compounds were identified by database search of HRMS data and similarity percentage of the retrieved compounds were reported. Moreover, characteristic mass fragments of the compound hits were also listed. Total ion chromatograms in the ionization mode were shown in Figure 1. Among the compounds identified, the number of polyphenols and their derivatives were high, followed by some important alkaloids and terpenoids. Polyphenolic compounds such as phenolic acids and flavonoids were detected mostly in negative ESI mode whereas alkaloids and terpenoids were detected mostly in positive ESI mode. Major polyphenolic compounds in IA were comprised of quinic acid, caffeoylquinic acid and its derivatives including caffeic acid and chlorogenic acid. Furthermore, flavone glycosides constituted a dominant portion of IA phytochemical constituents. In addition, non-polyphenolic compounds such as norharman, asclepin, jervine, edulinine, cerbertine, euphornine, jatrophone etc. were also found to be a part of IA phytochemical constituent, which had not been reported in earlier works. Apart from the 36 secondary metabolites identified, the other compounds such as fatty acids, amino acid derivatives etc. which were obtained in database search are listed separately in Supplementary Tables S3, S4.



TABLE 4 LC-ESI-qTOF-MS/MS determination of phytochemical composition of IA crude extract in positive ionization (+ESI) mode.
[image: Table4]



TABLE 5 LC-ESI-qTOF-MS/MS determination of phytochemical composition of IA crude extract in negative ionization (-ESI) mode.
[image: Table5]
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FIGURE 1
 Total ion chromatogram of UPLC-ESI-qTOF-MS analysis in (A) + ESI mode and (B) – ESI mode, of IA extract.




3.4 Quantitative determination of polyphenols

After identification of different polyphenols in LC-ESI-QTOF-MS analysis 10 major polyphenolic compounds were further quantified using a customized UPLC-DAD method (Figure 2). The quantitative composition of the individual polyphenolic compound is listed in Table 6 and the parameters of the quantification method are listed in Supplementary Table S6. Among the quantified polyphenols prominent were caffeic acid (1553.8 μg/g) and ferulic acid (222.1 μg/g). Furthermore, contents of quercetin and chlorogenic acids were also found marginally high, which was 53.22 μg/g and 27.15 μg/g, respectively. Gallic acid, 4-hydroxybenzoic acid and naringin content were found to be low and varied in the range of 10–15 μg/g.

[image: Figure 2]

FIGURE 2
 HPLC quantification of 11 different polyphenol compounds from (A) IA crude extract and (B) standard polyphenol compounds.




TABLE 6 List of polyphenols quantified from IA extracts using UPLC-DAD.
[image: Table6]



3.5 GC/MS analysis

GC–MS evaluation of metabolites revealed 65 metabolites which were mainly organic acids, fatty acids, amino acids, sugars, and other metabolites such as catecholamines, sterols etc. The compounds were listed based on their category, retention time and percent area of the peak (Table 7). The majority of compounds detected were organic acids, sugar and their derivatives, followed by fatty acids. The analysis revealed the presence of essential fatty acids, mostly poly unsaturated fatty acids along with omega 3 fatty acids such as α-linolenic acid and omega 6 fatty acid such as linoleic which are very rare in conventional food plants. Moreover, the presence of α-linolenic acid was also observed during UPLC-qTOF-MS analysis (as listed in Supplementary Tables S3, S4). Four essential amino acids viz. valine, isoleucine, threonine and tryptophan were detected in metabolic analysis as well as during HPLC quantification of amino acids. Furthermore, the present analysis also identified other plant secondary metabolites such as linalool, squalene etc.



TABLE 7 Metabolic profile of derivatized IA extract determined by GC/MS analysis.
[image: Table7]



3.6 Oxidative DNA damage prevention

IA crude extracts have exhibited a promising DNA damage prevention activity. The hydroxyl radicals produced during the UVC irradiation have conferred to a total 93.5% of DNA damage. However, the presence of IA extract has inhibited 48.9% of DNA damage at concentration of 10 μg/mL and 18.8% of DNA damage at lowest concentration levels up to 1 μg/mL (Figure 3). The DNA damage inhibition by different concentrations of IA crude extracts were represented by a calibration curve shown in (Figure 3C).

[image: Figure 3]

FIGURE 3
 Oxidative DNA damage prevention assay by IA extract (A) electrophoretic separation of nicked DNA at different concentrations, C – control and NC – negative control; (B) pixel densitometry plot and (C) calibration curve of DNA damage prevention at different concentrations of IA extract.




3.7 α-Amylase and α-glucosidase inhibition

IA crude extracts have exhibited significant levels of inhibition for both the hydrolase enzymes as represented by IC50 values (Table 8). However, YGU inhibition potential was substantially stronger as compared to PPA. The IC50 values of IA inhibition were 0.106 mg/mL for YGU and 1.316 mg/mL for PPA. Likewise, for acarbose IC50 values were 0.210 mg/mL for YGU and 0.115 mg/mL for PPA. The inhibition potential of IA extract was compared to acarbose (Figure 4) and observed that IA extracts have a significantly higher YGU inhibition potential as compared to acarbose. However, in the case of PPA inhibition acarbose inhibition was marginally high.



TABLE 8 α-amylase and α-glucosidase inhibitory activities and inhibition kinetic parameters of IA extract.
[image: Table8]
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FIGURE 4
 Inhibition of PPA and YGL by IA extract and acarbose at different concentrations. (A) PPA inhibition by acarbose, (B) PPA inhibition by IA extract and (C) YGL inhibition by both acarbose and IA extract. Curve fitting was carried out based on equation 2 with natural logarithm of X axis values.




3.8 Kinetics of α-amylase and α-glucosidase inhibition

In order to explore the inhibition kinetics of IA phytochemicals against PPA and YGU, the enzyme kinetic reactions of both the enzymes were investigated with different concentrations of their substrate and IA extract as inhibitor. The kinetics of inhibition was compared to that of acarbose. In order to outline the inhibitory mechanism, the Lineweaver-Burk plots (1/[S] against 1/V) were generated as shown in Figure 5. IA extracts at different concentrations were taken as inhibitors and represented by a series of lines with different slopes and intercept at Y axis. With increasing concentration of IA extracts the value of slope (Km/Vmax) as well as the intercepts (1/Vmax) has increased significantly. This indicated the decrease of Vmax with increase of Km which is a nature of mixed inhibition type. The same nature of inhibition toward PPA was also observed in case of acarbose, however, in case of YGU the nature of inhibition exhibited by acarbose was different. In case of acarbose YGU inhibition, Vmax remained constant with increase of Km representing a competitive inhibition, unlike IA extract which was mixed. All the kinetic parameters of PPA and YGU inhibition were listed in Table 8. Dixon plot was generated by plotting concentration of inhibitor ([I]) against Km/Vmax values (Figure 5). By comparison of Ki values, it was observed that IA exhibited Ki value of 0.278 mg/mL for PPA and 0.017 mg/mL for YGU. Moreover, smaller Ki value YGU inhibition as compared to PPA inhibition indicates that the extracts can strongly inhibit YGU as compared to PPA. Similarly, upon comparison with Ki of acarbose – YGU inhibition (43.12 μg/mL) it has been revealed that IA has potentially high inhibitory effects toward YGU.

[image: Figure 5]

FIGURE 5
 Linewaver-Burk plot, Dixon plot and Cornsih-Bowden -Esenthal plot (left to right) for IA extract inhibition at different concentration of substrate and inhibitor against (A) porcine pancreatic α-amylase (PPA), (B) yeast α-glucosidase (YGL).




3.9 Molecular docking and molecular dynamic simulation

The compounds identified in LC-ESI-QTOF-MS and GC/MS analysis were evaluated for their interaction with different α-amylases (AML) and α-glucosidase (AGL). A set of 35 different compounds were selected resulting in a ligand library of 355 molecules after generation of tautomeric forms. The docking scores of all these molecules were listed in Supplementary Table S5 and the protein-ligand interaction of some compounds were shown in Figure 6. The stability of different interactions was represented by RMSD analysis of the MD simulation trajectory for 100 ns (Figure 7). Polyphenols showed a predominant interaction with AML and AGL enzymes, while a limited number of non-polyphenolic compounds such as jervine, asclepin and norharman also displayed significant levels of interaction with these enzymes. Oolonghomobisflavan A, 6″-caffeoylhyperin and herbacetin 3,8-diglucoside represented one of the strongest interactions for AMLs (Figure 6). Flavone glycosides such as rutin, herbacetin 3,8-diglucoside, myricetin 7-rhamnoside etc. represented strong docking score and binding energies for both AML and AGL. Moreover, caffeoylquinic acid derivatives and compounds like jervine and asclepin represented stronger docking score against AML and compounds like norharman for AGL. Although protein structures of human AML and PPA exhibited similar docking scores, the stability of similar compounds docked in the active sites varied nominally (Figure 7). This suggests that some compounds in IA extracts may be more effective at inhibiting human α-amylases as compared to PPA. For instance, kaempferol 3-(2″,3″-diacetyl-4″-p-coumaroylrhamnoside) may interact strongly and stably with human α-amylase as compared to PPA. The docking scores and binding energies of all the molecules were subjected to principal component analysis (Figure 8). PC1 comprised of total 90% variance and represented the compounds with or without significant interaction with α-amylases and α-glucosidase. PC2 comprised of 8% variance and distinguished the compounds that interacted with α-amylases and α-glucosidase. It was observed that flavone glucosides and rhamnosides interact strongly with AGL as compared to AML. However, 6″-caffeoylhyperin and caffeoylquinic acid derivatives were equally significant for interaction with both AML and AGL.
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FIGURE 6
 Interaction duration of different polyphenolic compounds with binding site residues of (A) human α-amylase (PDB: 1HNY) and (B) human α-glucosidase (PDB: 3L4Y).
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FIGURE 7
 RMSD of trajectories calculated after molecular dynamic simulations of given ligand complexes with (A) human α-amylase (PDB: 1HNY), (B) porcine pancreatic α-amylase (PDB: 1OSE), (C) human α-glucosidase (PDB: 3L4Y).
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FIGURE 8
 Principal component analysis (PCA) of binding energies of different polyphenol compounds identified in IA extract in complexed with different α-amylases and α-glucosidase represented by their PDB ids.





4 Discussion

IA is a wild aquatic plant, and its biochemical composition varies from region to region and across the cultivars. Moreover, there are different land races of IA available worldwide with several plant morphology. Recently, IA has gained specific attention with reports of its numerous bioactive properties such as anticancer, anti-hyperglycemic, anti-hyperlipidemic, prevention against hepatic injury etc. (3, 10, 29, 30). Within the few studied cultivars of IA, majority of them are from China and Malaysia, however, the cultivars originating from North East India are yet to be explored along with their biochemical composition as well as for medicinal values. Although IA has recently gained scientific attention, its complete nutritional and phytochemical composition is still not properly established and seems to vary significantly across different studies (3, 29). The present study suggests that IA is a rich source of minerals and fiber, which is in agreement with the previous works (31, 32). In comparison, average content of minerals in leafy vegetables is within 8 to 10% and also may be high upto 22% in case of non-conventional edible plants (5, 33); however, in our case the mineral content obtained was 14.99%. In addition, the relatively high content calcium and iron in IA is superior to many conventional leafy vegetables (34). Leafy vegetables are not considered as an abundant source of protein, in our case, protein content in IA was comparable to that of other vegetables. However, essential amino acid content was high as demonstrated by HPLC quantification as well as in GC–MS metabolomic analysis. By comparison, all major food grains contain total essential amino acids variably in the range of 33 to 43% (35), however, in case of IA it was higher upto 60%. Among the amino acid quantified IA exhibited promising amount of sulfur containing amino acid methionine and essential aromatic amino acid phenylalanine, which is of considerable nutritional benefit (36, 37). Furthermore, in the present study, IA exhibited the presence of important fatty acids, mainly α-linolenic acid and linolenic acid which are known to confer various health protecting properties. Contrary to the nutritional benefits of IA, certain wild Ipomoea species such as Ipomoea carnea and Ipomoea batatas have some anti nutritional properties due to presence of some toxic alkaloids (38, 39). However, such wild plants like Ipomoea carnea are not considered edible despite having some medicinal value. Likewise, for Ipomoea batatas as per traditional knowledge the tuber of the plant is edible while it is healthy and fully mature and at that stage these toxic alkaloids were found to be absent (38). However, traditional consumption of IA as leafy vegetable has been an age-old practice, and no such toxicities were known till date. Furthermore, the chemical composition revealed in the present work also substantiates absence of any such toxic compounds in the IA cultivar studied.

Along with its promising nutritional composition, IA also revealed the presence of substantial amounts of dietary antioxidants. IA exhibited significantly higher polyphenolic content (42.43 mg GAE/g dw) as compared to conventional leafy vegetables as well as many non-conventional food plants (4, 40, 41). Previous studies suggest that polyphenolic content in IA may be high upto 174.4 mg GAE/g dm which is equivalent to that of Moringa oleifera (42, 49). Flavonoids and many other polyphenolic compounds gained momentum with the reports that they are efficient antioxidants because of their strong ability to scavenge free radicals particularly reactive oxygen species (ROS) (46).

Several research have consistently shown that wild edible food plants, such as IA, possess a greater level of antioxidant activity in comparison to various leafy vegetables. In fruits and vegetables polyphenolic compounds as well as vitamins are majorly responsible for antioxidant activity. Polyphenols, particularly flavonoids and phenolic acids, are a considerable component of dietary antioxidants and are known for their remarkable antioxidant properties (3, 46). Furthermore, the phytochemical makeup of a plant can exhibit antioxidant activity synergistically in several mechanisms such as ROS scavenging, reducing metal ions as well as altering responses of innate enzymatic antioxidant mechanisms in human body (3). Along with high polyphenol content in IA, assessment of in vitro radical scavenging for both DPPH and ABTS revealed remarkable IC50 of inhibition indicating a significant potential to act on different ROS. In a recent work it was evidenced that glycoside merremoside from IA can exert anti breast cancer activity by regulation of ROS and altering responses of different enzymatic antioxidants in human body (3). Another key factor of antioxidant potential is reducing power of its constituents, in the present study both the FRAP assay and phosphomolybdate reduction capacity (TAC assay) revealed superior antioxidant capacity of IA as compared to many other food plants (5, 40, 41). Furthermore, prevention of ROS induced damage to biomolecules such as DNA is one of the major properties of antioxidant compounds. In the present study IA exhibited significant dose dependent oxidative DNA damage prevention (Figure 3) from hydroxyl radicals produced during UVC irradiation. This can be correlated directly to the free radical inhibition measurement by ORAC assay and strong radical scavenging activities exhibited by IA extracts. Similarly, a number of workers have demonstrated DNA damage prevention activity of plant extracts from other non-conventional food plants such as Polygonum aviculare (47), Ludwigia octovalis, Bombax malabaricum, (57) and Curcuma species (55).

In the present study, high resolution mass spectrometric identification of phytochemical composition revealed a significant proportion of polyphenolic compounds in IA (Tables 4, 5). Several identified compounds from IA in the present study were not reported in previous works. However, some studies have evidenced the presence of compounds such as 1-o-sinapoyl- β-D-glucose and derivatives of ferulic acids and caffeoylquinic acids (29, 49). Many of the listed compounds in the present are known to act as strong antioxidants in numerous in vitro and in vivo assays (48). Glycosides such as flavone glycosides comprise a dominant portion of IA phytochemical composition followed by phenolic acids. This corroborates with the previous reports and recently it was evidenced that extracted glycosides from IA can prevent some serious clinical conditions (3, 30). In the present study we have reported some polyphenol glycosides from IA such as herbacetin 3,8-diglucoside, myricetin 7-rhamnoside, hesperetin 7-O-glucuronide, ferulic acid 4-O-glucuronide and kaempferol 3-(2″,3″-diacetyl-4″-p-coumaroylrhamnoside). Hespertin glucuronide and its analogs are antioxidants known for their strong photoprotective activity, which may play a crucial role in prevention of UVC induced DNA damage (54). The significant genoprotective activity observed in the present study can be directly attributed to presence of such compounds. Derivatives of quinic acids and caffeoylquinic acids are important constituents of IA and other plants from genus Ipomoea (39, 56). Likewise, caffeic acid and chlorogenic acid are another compound which occurs in major quantities in IA and Ipomoea asarifolia which were also evidenced earlier (29, 49, 56). Apart from polyphenols several compounds such as euphornin, asclepin and jervine were found to be part of IA phytochemicals which are reported to be bioactive against hyperlipidemic, cancer and inflamatory activities (44, 50, 52). In addition, the present study quantifies 10 different polyphenolic compounds (Table 6) from IA, and to the best of our knowledge, this had not been carried out in any of the previous works.

Interest and studies on inhibition of digestive enzymes is growing because slowdown in hydrolysis of starch has immense curative effect on diabetes management through prevention of hyperglycemia (12, 45, 62). The present study examined the inhibitory effect of IA extract against PPA and YGU (Figures 4, 5) and revealed a stronger inhibition of YGU in comparison to acarbose while weakly inhibiting PPA. The ratio of inhibition between YGU and PPA is of utmost importance due to the potential consequences associated with a greater degree of α-amylase inhibition. Specifically, an elevated level of α-amylase inhibition may result in an increased amount of undigested starch, which in turn can lead to gastrointestinal issues such and an imbalanced microbiome (12, 43). Inhibition of PPA and YGU may occur in multiple ways, either the inhibitors compete directly with the enzyme or bind to the enzyme-substrate complex. Previous works demonstrate that different polyphenols exhibit different Ki values of PPA, YGU and their respective enzyme-substrate complexes (60, 63). In the present inhibition kinetic study, both PPA and YGU were inhibited by mixed inhibition mode which is due to the diverse phytochemical composition obtained in IA. In accordance to the dominant portion of polyphenol glycosides obtained in IA, numerous studies suggest plant extract rich in polyphenol glycosides can significantly inhibit α-amylase and downstream enzyme α-glucosidase in various kinetic modes (14, 45, 59). As an example, Chlorogenic acid, caffeic acid and compounds with caffeoyl substitution acts as mixed inhibitor against both PPA and YGU (58, 59); ferulic acid can inhibit PPA in mixed mode and inhibit YGU in non-competitive mode (63). In our case, the phytochemical makeup of IA revealed a significant quantity of such compounds, resulting in a mixed mode of inhibition kinetics, which includes both competitive and noncompetitive inhibitions.

The inhibition of AML and AGL by IA phytochemicals is primarily due to hydrogen bonds and hydrophobic interactions between the binding site residues and the ligand. Moreover, the electron domain that results from the C=C or C=O and aromatic ring exerts hydrophobic effect near the binding site residues resulting inhibitory effects (53). A similar phenomenon was observed with flavonoids and other compounds of IA interacting with AML and AGL amino acid residues (Figure 6). The increase in the number of hydroxyl groups in the polyphenolic compounds played an important role in AML and AGU inhibitions, which was also evidenced in earlier works (13, 53). Considering the amino acid interactions, OH groups in polyphenols interacted mainly with negatively charged polar residues viz. ASP and GLU through hydrogen bonding. Moreover, oxygens (C=O) interacted with polar residues mainly GLY, ASN, GLN, THR and HIS. Notably, ASP300, ASP356 and GLY60, hydrogen bond formation were strong and most frequently observed during MD simulation of the polyphenol complexes with human AML (Figure 6). Likewise in case of human AGL the same interactions were observed with ASP443 and GLN603. It is noteworthy that these residues are situated very close to the active site residues in case of both AML and AGU, strong interaction with which indicates greater chance of inhibiting the enzyme catalytic activity. In the present study, oolonghomobisflavan A was found to be strongly and stably interacting with of both human AML and PPA; studies suggest that occurrence of flavins and flavin like compounds results in significant inhibition of AML (13). Moreover, 6”-Caffeoylhyperin and caffeoylquinic acid derivatives comprised a significant portion of IA phytochemical composition and participated considerably in both AML and AGL interactions. Apart from phenolic compounds, a few compounds which were part of IA phytochemicals exhibited significant interaction with AML and AGL structures, this was shown in PCA analysis (Figure 8). Moreover, contrary to that there were compounds including certain phenolic acids which did not interacted considerably with the active site of AML and AGL, however, previous reports suggest such compounds can interact with substrates like starch or directly with enzyme-substrate complex and slow down the response of starch digestion (13, 61). Apart from polyphenols, other compounds including leaf polysaccharides and other carbohydrate derivatives were also reported to be inhibitors of AML and AGL (51). In the present study, metabolite profile of IA identified by GC/MS analysis revealed presence of such sugar derivatives and sugar alcohols which may also be active against PPA and YGU inhibitions.



5 Conclusion

The present study shows that IA is nutritionally rich with high amounts of minerals, dietary fiber and essential amino acids. It is also rich in dietary antioxidants viz. phenolics and flavonoids exhibiting high antioxidant activity. Thus, this has promising implication for health protective and health promoting purpose and also evidenced in recent works. Phytochemical composition revealed a dominant portion of flavone glycosides in IA followed by phenolic acids and some other compounds having pharmaceutical importance. The rich phytochemical makeup of IA revealed in the present study were previously unknown. Apart from identification of important secondary metabolites, the present study quantified 10 different polyphenol compounds with high redox potentiality, which implies a strong antioxidant potency of IA. The previous works on IA did not include quantitative determination of such polyphenolic compounds. The present study demonstrated that IA extract can considerably protect damage of DNA from free radicals, which can prevent the onset of many chronic and lifestyle diseases in humans. IA also exhibited a strong α-glucosidase and α-amylase inhibition potential with mixed inhibition kinetics. The inhibitory mechanism, kinetic parameters of inhibition along with the specific compounds present in IA responsible for such behavior were outlined in the present work. This phenomenon indicates that IA phytochemicals can prevent hyperglycemia, and this is very important for type II diabetes management. The study also suggests that the synergistic application of purified IA polyphenols with standard drugs like acarbose can bolster anti hyperglycemic effect on humans by similar inhibitory mechanisms outlined in the present study. In summary, IA as non-conventional wild leafy vegetable is nutritious as well as has remarkable nutraceutical value along with a diverse phytochemical composition which can impart numerous health protecting and health promoting properties.
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Non-essential amino acids
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