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Traditional medicines for controlling postprandial hyperglycemia includes herbs and plant extracts as well as synthetic drugs like acarbose. Synthetic drug molecules frequently have side effects such as flatulence and diarrhea. Cyanobacterial pigments have excellent anti-oxidant and free radical scavenging properties. Thus, α-amylase and α-glucosidase inhibiting activities of purified pigments and crude extracts from three cyanobacterial species, Lyngbya, Microcoleus, and Synechocystis sp., were investigated. Lyngbya extract had the highest total anti-oxidant activity (TAC) before digestion (48.26 ± 0.04 μg AAE ml−1) while purified lycopene had the highest TAC after digestion (154.16 ± 0.96 μg AAE ml−1). The Microcoleus extract had the highest ABTS scavenging activity before digestion (98.23 ± 0.25%) while purified C-phycocyanin (C-PC) had the highest ABTS scavenging after digestion (99.69 ± 0.04%). None of the digested or undigested extracts performed better than acarbose in inhibiting α-amylase but the digested Microcoleus extract was able to inhibit its activity by ~35%. The purified pigments gave inhibitory activities ranging from ~8 to 16%. The Lyngbya extract had the highest inhibitory activity against α-glucosidase both before and after digestion (62.22 ± 0.02 and 97.82 ± 0.03%, respectively). Purified C-phycoerythrin (C-PE), C-PC, lycopene and myxoxanthophyll could inhibit α-glucosidase in a range of ~83–96%. Considering the potent inhibitory activities of purified pigments against both α-amylase and α-glucosidase, cyanobacterial pigments could be used as food additives for their dual advantage of anti-oxidant and anti-hyperglycemic activities.
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INTRODUCTION

Diabetes is a major lifestyle disease which affects several million people worldwide every year. According to reports, 415 million people worldwide were diabetic in 2015, most of them suffering from Type II diabetes (IDF Diabetes Atlas, 2015). Type I diabetes is a result of lack of enough insulin production by the pancreas whereas Type II diabetes results from our body developing immunity against insulin. India stands at second position with respect to the number of type I and II diabetic patients whereas it does not even figure in the top 10 countries for diabetes related expenditure. A major worry is the lack of awareness of the symptoms, which leads to ignorance about the disease until very late.

The management of the disease is an important step for its control which often includes reducing the postprandial increase in blood glucose levels by inhibiting the enzymes, α-amylase, and α-glucosidase, responsible for hydrolysis of carbohydrates to simple sugars such as glucose (Zia-Ul-Haq et al., 2011). α-Amylase, the major form of amylase in mammals including humans, is responsible for the breakdown of complex polysaccharides such as starch into glucose by acting on the α-(1,4) glycosidic linkage (Ramasubbu et al., 2005). α-glucosidase is a type of glucosidase enzyme present in the brush border of the small intestine, which breaks down starch and other complex polysaccharides to glucose and other monosaccharides. It also acts on the α-(1,4) glycosidic linkage to release α-glucose (Flanagan and Forstner, 1978). The released glucose moieties are absorbed by the blood and transported wherever required. Typically, glucose levels in our blood peak after having a heavy meal. Many synthetic drugs are available in the market that aim to manage this hyperglycemic condition by reducing the activities of α-amylase and α-glucosidase, thereby reducing the rate of glucose entering the bloodstream. Examples of such “diabetes pills” include acarbose, voglibose, and miglitol. However, they are not without their side effects. Acarbose, for instance, has been found to cause flatulence and diarrhea in patients due to carbohydrate malabsorption. Acute liver toxicity leading to hepatitis has also been widely reported in various studies (Acarbose, US National Library of Medicine, 2016). Alternate remedies in such cases can include fruits such as berries (Jo et al., 2011), tea and tea pomace extracts (Oh et al., 2015), plant extracts (Zia-Ul-Haq et al., 2011), pine bark (Kim et al., 2004), green tea extracts (Gao et al., 2013), herbal medicines such as Tinospora cordifolia (Sengupta et al., 2009), and vegetables such as bitter gourd (Ahmad et al., 2012).

Cyanobacteria are primitive organisms responsible for photosynthesis and a storehouse of various beneficial biomolecules like polyunsaturated fatty acids (PUFAs), phycobiliproteins (PBPs), carotenoids, sterols, enzymes, and vitamins (Ghosh et al., 2015). Among these compounds, natural pigments like PBPs, and carotenoids have attracted attention due to their fluorescent properties and various uses (Stryer and Glazer, 1985; Kronick, 1986; Sekar and Chandramohan, 2007; Jaswir et al., 2011; Ghosh et al., 2015; Paliwal et al., 2015a; Sudhakar et al., 2015). Moreover, cyanobacteria such as Spirulina sp. has been traditionally consumed by some tribal people living near Lake Chad as far back as the 1940s (Ciferri, 1983). Reports state that Spirulina has been consumed by the Aztec civilization. Due to its nutritional value, it has been recommended by the National Aeronautics and Space Administration (NASA) and the European Space Agency (ESA) as a primary food for long term missions (Deng and Chow, 2010). Considering their nutritional properties, they can be potential candidates for natural alternatives for hyperglycemia. Though not all cyanobacteria are benign; some of them contain potent toxins (Ghosh et al., 2015). To the best of our knowledge, there are almost no reports that utilize cyanobacterial pigments as natural remedies for hyperglycemic conditions. These pigments could be classified into water soluble PBPs or lipid soluble carotenoids. PBPs are water soluble proteins responsible for light harvesting in cyanobacteria, cryptophytes, and some red seaweeds while carotenoids are long chain derivatives of tetra-terpenoids, responsible for photosynthesis as well as protection of photosystems from photo-damage. Apart from light harvesting, PBPs, and carotenoids have also been the focus for their utility as natural food colorants (Jaswir et al., 2011; Manirafasha et al., 2016). A lack of studies and the role of PBPs and carotenoids as food supplements prompted us to investigate their inhibitory effects on α-amylase and α-glucosidase. Further, we also aimed to investigate whether consuming such pigments as part of a regular diet would lead to the same extent of inhibition. Thus, we also digested the cyanobacterial extracts and pigments purified from them in vitro to observe their effects on the activity of said enzymes. This study aims to evaluate potential compounds from cyanobacteria as natural alternatives for managing hyperglycemic conditions, which could be of help to diabetic patients.

MATERIALS AND METHODS

Extract Preparation

Phycobiliprotein Extract

Lyngbya sp. CCNM 2053 and Microcoleus sp. CCNM 2005 were grown respectively in modified ASN III and Zarrouk's media in a light intensity of 30 μE m−2 s−1 and 12:12 light:dark photoperiod at 25 ± 2°C. The biomass was centrifuged after 18 days and washed to remove salts. The biomass pellets were crushed in 0.1 M phosphate buffer (pH 7.2, 75 mg ml−1 on a wet basis) followed by repeated freezing and thawing at −70 and 25°C to extract the water soluble PBPs. The crude extract was centrifuged at 10,000 g (4°C, 10 min) to remove cell debris and the supernatant was collected. The extract was divided in two fractions; one was used directly and other half was purified using previous methods to obtain purified C-PE and C-PC for experiments (Patel et al., 2005; Mishra et al., 2011). The PBP content was measured according to Bennett and Bogorad (1973):
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The UV—Visible spectra of the extracts and the purified PBPs were recorded on a Cary 50 Bio (Agilent, USA) spectrophotometer in a range of 280–800 nm. The fluorescence emission spectra of the crude extracts and the purified PBPs were recorded on an FLS900 fluorescence spectrophotometer (Edinburgh Instruments, UK). The Lyngbya extract and the purified C-PE were excited at 470 nm and the emission spectra were recorded in a range of 480–800 nm while the Microcoleus extract and purified C-PC were excited at 570 nm and their emission spectra were recorded in a range of 575–800 nm. The slit width was kept constant at 2 nm for all measurements. The curves were smoothed using the software provided with the instrument (F900 v7.0.2, Edinburgh Instruments, UK).

Carotenoid Extract

For carotenoid extraction, Synechocystis sp. CCNM 2501 was grown in BG11 medium and harvested by centrifugation (10,000 g, 4°C, 10 min) after 30 days. The supernatant was discarded and the wet biomass was suspended in 1 ml methanol (100 mg ml−1 on a wet basis) and vortexed thoroughly to dissolve the aggregates. The mixture was incubated at 45°C for 24 h followed by centrifugation (10,000 g, 4°C, 10 min) to remove the biomass. The extract was dried under nitrogen stream and subsequently dissolved in 1 mL dimethyl sulfoxide (DMSO). The concentrations were determined using HPLC (Paliwal et al., 2015b). Briefly, lycopene and myxoxanthophyll standards (DHI, Denmark) were run under identical conditions and the retention times and the peak area were recorded. The Synechocystis extract was then run under identical conditions and the fractions corresponding to lycopene and myxoxanthophyll were collected according to their retention times. The purity of both were calculated by comparing their peak areas with the peak areas of their respective standards.

Total Antioxidant Capacity

The total anti-oxidant capacity was measured according to a modified method given in Paliwal et al. (2015a). 200 μl of the undigested or digested extract or purified pigment was mixed with 600 μl of phospho-molybdate reagent (1.1 M H2SO4, 30 mM NaH2PO4, and 4 mM ammonium heptamolybdate). The tubes were incubated at 95°C for 90 min and were cooled to room temperature afterwards. Blank tubes with either 0.1 M phosphate buffer (pH 7.2) or DMSO were prepared in the same way. Absorbances of the samples were read against their respective blanks at 695 nm. Ascorbic acid was used as a standard.

ABTS Scavenging Activity

2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid), (ABTS) radical scavenging activity was evaluated using the method given by Re et al. (1999). The ABTS radical solution was prepared by adding ABTS and K2S2O8 in MilliQ water to a final concentration of 7 and 2.45 mM, respectively. The solution was kept for 12–16 h at 25 ± 2°C in dark for free radical activation. The resulting dark green solution was diluted using MilliQ water to an absorbance of 0.7 ± 0.05 at 734 nm. 100 μl of cyanobacterial extracts or purified pigments were added to 1 ml of ABTS working solution and incubated for 30 min at room temperature (25 ± 2°C) in the dark. The absorbance was recorded at 734 nm (Cary Varian 50 Bio, Cary, US). The control reaction had 0.1 M phosphate buffer (pH 7.2) or DMSO. The scavenging percentages were calculated according to the Equation:
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α-Amylase Inhibitory Activity

Porcine pancreatic α-amylase was purchased from Sigma Aldrich (Sigma, Aldrich, St. Louis, Missouri, USA) while soluble starch was purchased from HiMedia (Himedia Laboratories, Mumbai, India). The enzyme was diluted using 0.1 M phosphate buffer (pH 6.9). The α-amylase inhibitory activity was determined according to a modified procedure described by Zia-Ul-Haq et al. (2011). Briefly, 20 μl of the enzyme solution (1 U ml-1) was pre-incubated with 20 μl of undigested or digested extract or purified pigment, at 37°C for 10 min. After the incubation, 250 μl of 1% starch in 0.1 M phosphate buffer (pH 6.9) was added and the mixture was further incubated at 37°C for 20 min. The reaction was terminated by adding 200 μl of 3,5-dinitrosalicylic acid (DNS) reagent (1% DNS and 12% sodium potassium tartrate in 0.4 M NaOH). The tubes were incubated in a boiling water bath for a few minutes. 5 mL distilled water was added to all the tubes and their absorbance was recorded at 540 nm against a blank devoid of starch and sample. The control reaction, signifying 100% enzyme activity, contained buffer or DMSO instead of the samples while acarbose was used as a positive control. The inhibitory activity was calculated by using the following Equation:

[image: image]

α-Glucosidase Inhibitory Activity

α-Glucosidase from Saccharomyces cerevisiae was purchased from Sigma Aldrich (Sigma, Aldrich, St. Louis, Missouri, USA) while reduced glutathione and p-nitrophenyl α D-glucopyranoside (pNPG) were purchased from HiMedia (Himedia Laboratories, Mumbai, India). The α-glucosidase inhibitory activity was determined according to a modified procedure described by Kim et al. (2004). Briefly, 50 μl of 0.1 M potassium phosphate buffer (pH 6.9) was pre-incubated with 50 μl of reduced glutathione (1 mg ml−1), 20 μl α-glucosidase (1 U ml−1 in 0.1 M phosphate buffer, pH 6.9), and 20 μl of undigested or digested extract or purified pigment at 37°C for 10 min. After the incubation, 20 μl pNPG was added and the mixture was further incubated at 37°C for 30 min. The reaction was terminated by adding 1 ml of 0.1 M sodium carbonate. The absorbance of the samples and control were taken at 405 nm against a blank devoid of pNPG and sample. The control reaction (with 100% enzyme activity) contained buffer or DMSO instead of their respective samples while acarbose was used as a positive control. The inhibitory activity was calculated by using the following Equation:
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In vitro Digestion of Cyanobacterial Extracts and Purified Pigments

In vitro digestion of the crude extracts, C-PE, C-PC, myxoxanthophyll, and lycopene were carried out according to Ferranti et al. (2014). 1 ml crude extracts in either 0.1 M phosphate buffer (pH 7.2) or DMSO and the purified pigments in their appropriate solvents (0.1 M phosphate buffer, pH 7.2 for C-PC and C-PE and DMSO for carotenoids) were digested with 90 U ml−1 α-amylase in 4 ml of digestion buffer (120 mM NaCl, 5 mM KCl, 6 mM CaCl2) for 5 min at 37°C. After amylase digestion, 8 ml of the digestion buffer was added and the pH was adjusted to 2.0 using 37% (w/w) HCl. Pepsin (Sigma Aldrich, USA, > 400 U mg−1, final concentration 3 mg ml−1) was added to the solution and the mixture was incubated for 60 min at 37°C. After the incubation, 8 ml of digestion buffer was added to the mixture and the pH was adjusted to 5 using 1.5 M NaHCO3 solution to stop peptic digestion. Duodenal digestion was started by addition of pancreatin (Sigma Aldrich, USA, final concentration 0.4 mg ml−1) and porcine bile extract (SantaCruz Biotechnology, USA, final concentration 2.4 mg ml−1) and the pH was adjusted to 6 using 1.5 M NaHCO3. The mixture was further incubated at 37°C for 300 min. After completion of in vitro digestion, the pH was adjusted to 2 using 37% (w/w) HCl to prevent further digestion of samples during storage. The solutions were centrifuged to remove any particulate matter and stored at −70°C.

Statistical Analysis

All experiments were performed in triplicate and the results are shown in mean ± SD. Analysis of variance was conducted using Fischer LSD test (Info Stat 3.0, Di Rienzo et al., 2011). The differences were calculated to be significant at p < 0.05.

RESULTS

Characterization of Cyanobacterial Extracts and Purified Pigments

The Lyngbya extract had C-PE as the major pigment (102.48 ± 1.57 mg g−1) while the Microcoleus extract had C-PC as the major pigment (46.58 ± 0.06 mg g−1). Similarly, the Synechocystis extract had myxoxanthophyll as the major carotenoid (2.21 ± 0.43 mg g−1) with a lycopene content of 0.59 ± 0.13 mg g−1. All the values have been reported in triplicate on a dry mass basis.The UV-visible absorbance of the Lyngbya extract and the purified C-PE had characteristic absorption maxima at 565 nm while the Microcoleus extract and purified C-PC had their absorption maxima at 618 nm (Figure 1). Fluorescence emission analysis of the Lyngbya extract and purified C-PE showed an emission maxima at 575 nm (Figure 2). In comparison, the Microcoleus extract and purified C-PC had their emission maxima at 653 nm (Figure 3). The purity ratios for purified C-PE and C-PC were 3.67 and 3.49, respectively.
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FIGURE 1. The UV-visible absorbance spectra of cyanobacterial extracts and purified pigments.
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FIGURE 2. Fluorescence emission spectra of Lyngbya extract and purified C-PE.
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FIGURE 3. Fluorescence emission spectra of Microcoleus extract and purified C-PC.



Total Anti-Oxidant Capacity of Undigested and Digested Cyanobacterial Extracts and Purified Pigments

The total antioxidant capacity (TAC) for the undigested and digested extracts as well as purified C-PE, C-PC, myxoxanthophyll, and lycopene are presented in Table 1. TAC values are expressed in terms of ascorbic acid equivalents (AAE). Among the undigested samples, the Lyngbya extract had the highest TAC value (48.26 ± 0.04 μg AAE ml−1) while the extracts from Microcoleus and Synechocystis had similar activities (38.44 ± 0.48 and 34.91 ± 0.48 μg AAE ml−1, respectively), although they were significantly different statistically. Among the purified pigments, C-PE had the highest TAC (15.24 ± 1.47 μg AAE ml−1). If we compare the digested samples, the purified pigments had better TAC values compared to the extracts. The extracts of Lyngbya and Microcoleus had activities of 62.98 ± 0.6 and 110.68 ± 0.2 μg AAE ml−1, respectively while purified C-PE and C-PC had TAC values of 118.97 ± 0.34 and 131.67 ± 0.96 μg AAE ml−1, respectively. Purified lycopene and myxoxanthophyll, after digestion, showed maximum TAC values of 154.16 ± 0.96 and 134.95 ± 0.40 μg AAE ml−1, respectively.

Table 1. Total Anti-oxidant activity of the undigested and digested cyanobacterial extracts and purified pigments.
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ABTS Scavenging Activity of Undigested and Digested Cyanobacterial Extracts and Purified Pigments

The undigested and digested cyanobacterial extracts and purified pigments were evaluated for ABTS scavenging activity (Table 2). The undigested Lyngbya and Microcoleus extracts had scavenging activities of 91.40 ± 0.75 and 98.23 ± 0.25%, respectively and they were the only samples where the undigested samples had more activity than the digested ones. The undigested Synechocystis extract had an ABTS scavenging activity of 36.26 ± 2.66%. The undigested purified C-PE and C-PC were able to scavenge 94.03 ± 0.91 and 83.57 ± 1.67% of the ABTS free radicals respectively, while purified lycopene and myxoxanthophyll did not show any scavenging activity before digestion. Comparing the digested samples, the Lyngbya and Microcoleus extracts had scavenging activities of 81.08 ± 0.9 and 48.07 ± 0.77%, respectively while the Synechocystis extract had an activity of 77.92 ± 0.74%. In comparison, the scavenging activities of the digested purified pigments was significantly better with all the purified pigments able to scavenge ~99% of the ABTS free radicals.

Table 2. ABTS scavenging activity of the undigested and digested cyanobacterial extracts and purified pigments.
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α-Amylase Inhibitory Activity of Undigested and Digested Cyanobacterial Extracts and Purified Pigments

We investigated the undigested and digested cyanobacterial extracts sourced from three different cyanobacteria as well as purified C-PC, C-PE, myxoxanthophyll, and lycopene for their α-amylase inhibitory activities (Table 3). When we compared the undigested extracts, we observed that acarbose, as the positive control, had the maximum activity (54.23 ± 0.01%) while the Lyngbya and Microcoleus extracts had significantly lesser activities (10.68 ± 0.02 and 8.53 ± 1.65%, respectively). The undigested Synechocystis extract was unable to inhibit the activity of α-amylase in vitro. Purified C-PE and C-PC had almost the same inhibitory activities (14.46 ± 0.26 and 14.06 ± 0.07%, respectively) while purified lycopene and myxoxanthophyll again showed almost no inhibitory effect on α-amylase. In comparison, in vitro digestion had a very minor increase in the inhibitory activities of the extracts and the purified pigments, with the exception of purified C-PC. The greatest enhancement was observed in the activity of the Microcoleus extract (34.89 ± 0.03%) while the Lyngbya and Synechocystis extracts had inhibitory activities of 12.36 ± 0.01 and 14.72 ± 0.05%, respectively. The purified pigments had inhibitory activities ranging from ~8 to 16%. It was also observed that purification had an antagonistc effect on the inhibitory activity of C-PC after in vitro digestion; the inhibitory activity decreased by ~26%.

Table 3. α-amylase inhibitory activity of the undigested and digested cyanobacterial extracts and purified pigments.
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α-Glucosidase Inhibitory Activity of Undigested and Digested Cyanobacterial Extracts and Purified Pigments

The cyanobacterial extracts and purified C-PE, C-PC, lycopene, and myxoxanthophyll were studied for their inhibitory effects on the activity of α-glucosidase (Table 4). On comparing the undigested extracts, we observed that the Lyngbya extract had the highest inhibitory activity against α-glucosidase (62.22 ± 0.02%) whereas the Microcoleus extract had a significantly lower activity (8.53 ± 1.65%). The Synechocystis extract again had no inhibitory activity on α-glucosidase before digestion. The purified pigments also varied widely in their inhibitory activities. Purified C-PE had an activity of 14.46 ± 0.26% while purified C-PC failed to inhibit the enzyme. Purified lycopene and myxoxanthophyll had inhibitory activities in the range of 43.77–46.82%. Acarbose, as the positive control, had an inhibitory effect of 18.62 ± 0.03%. However, the digested samples had a significantly higher inhibitory effect on the enzyme compared to the undigested ones. The Lyngbya and Microcoleus extracts had activities of 97.82 ± 0.03 and 73.95 ± 0.01%, respectively while the Synechocystis extract was able to inhibit the enzyme by 92.46 ± 0.03%. The purified pigments showed inhibitory activities ranging from ~83 to 96%. The activity of purified C-PC and lycopene had higher inhibitory activities compared to purified C-PE and myxoxanthophyll respectively.

Table 4. α-glucosidase inhibitory activity of the undigested and digested cyanobacterial extracts and purified pigments.
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DISCUSSION

Characterization of Cyanobacterial Extracts and Purified Pigments

PBPs are accessory light harvesting pigments in cyanobacteria. They are intensely fluorescent molecules which can capture wavelengths of light not harvested by chlorophyll. A sequential energy transfer mechanism transfers the light energy to the photosystems where the process of photosynthesis is carried out. Due to their fluorescent properties, they have found uses as food colorant, fluorescent probes and markers, neuro and hepato-protective agents and anti-oxidant molecules (Vadiraja et al., 1998; Romay et al., 2003; Sekar and Chandramohan, 2007). The UV-visible spectra of the Lyngbya extract had a characteristic peak at 565 nm which is identical to the absorption maximum of purified C-PE. Additionally, the Lyngbya extract also contains a shoulder peak at 621 nm which signifies the presence of C-PC. The purified C-PE sample does not contain any secondary peaks and its purity ratio was found to be 3.67. Similarly, the absorption maximum of the Microcoleus extract had an absorption maximum at 618 nm which is similar to that of purified C-PC (Figure 1). The purity ratio of the purified C-PC sample was 3.49. The fluorescent property of phycobiliproteins is due to their unique chromophores bound to specific amino acid residues. The chromophores are tetrapyrrole moieties with a high degree of conjugation that gives them their characteristic hues (Ghosh et al., 2015). The fluorescence emission spectrum of the Lyngbya extract and the purified C-PE had an emission maximum at 575 nm due to the presence of the chromophore phycoerythrobilin (Mishra et al., 2011). Moreover, the fluorescence intensity showed a marked increase when the extract was purified to yield C-PE (Figure 2). Similarly, the Microcoleus extract and purified C-PC had their fluorescence emission maxima at 653 nm due to the presence of the chromophore phycoyanobilin (Figure 3; Downes and Hall, 1998). Moreover, we also observed a reduction in the absorbance at 280 nm for both C-PC and C-PE which signified the reduction in contaminating proteins after chromatographic purification.

Carotenoids are accessory pigment molecules in cyanobacteria that are responsible for light harvesting as well as photo-protection of the photosystem and regulation of membrane fluidity (Jaswir et al., 2011). They have been the subject of focused studies on taxonomic classification and identifying the presence of certain microalgae and cyanobacteria in aquatic ecosystems (Mackey et al., 1996; Paliwal et al., 2016). Carotenoids like myxoxanthophyll and lycopene are mainly purified using HPLC techniques. We were able to identify and purify individual carotenoids using TSKGel ODS120T column which partitions carotenoids on the basis of their polarity. The identification of individual carotenoids was achieved by running standard carotenoids from DHI, Denmark. The retention times of the standards of myxoxanthophyll and lycopene were calculated and the respective fractions were collected (Paliwal et al., 2016). The lycopene and myxoxanthophyll fractions were 88 and 86.6% pure, respectively. The purity was calculated based on peak areas of the respective standards and samples. Due to their high degree of stability under adverse conditions of temperature and light and conjugated chemical structures, they are also looked upon as promising candidates for natural food colorants, anti-oxidants, nutrient supplements, feed additives, anti-cancer agents, and nutraceuticals (Jaswir et al., 2011).

Total Anti-Oxidant Capacity of Undigested and Digested Cyanobacterial Extracts and Purified Pigments

The total anti-oxidant capacity measures the ability of a compound to reduce Mo6+ ions present in the reagent. The absorbance of the colored compound thus produced is measured at 695 nm wherein the intensity of the color is directly proportional to the anti-oxidant activity of the sample under investigation. PBPs have been reported as excellent anti-oxidant in many studies (Paliwal et al., 2015a; Wu et al., 2015). However, the digested products of the extracts and the purified pigments were found to be better anti-oxidants compared to the undigested samples. The highest TAC value in undigested and digested samples were 48.26 ± 0.04 μg AAE ml−1 (Lyngbya extract) and 154.16 ± 0.96 μg AAE ml−1 (purified lycopene), respectively. In particular, the TAC values of purified C-PC and C-PE were among the highest gainers. The probable reason for this is the generation of peptides with stronger anti-oxidant activity after the digestion process, since there are more accessible amino acid residues after the digestion process (Wu et al., 2015). Similarly, digested purified lycopene and myxoxanthophyll had significantly higher activities (154.16 ± 0.96 and 134.95 ± 0.4 μg AAE ml−1, respectively) as compared to the undigested ones; digested lycopene had the highest activity among all the samples considered. Carotenoids, being hydrophobic in character, are emulsified during digestion to be more accessible for assimilation in a largely aqueous environment of the human digestive system. Thus, the emulsification process can lead to the generation of compounds with higher anti-oxidant activities (Garrett et al., 1999).

ABTS Scavenging Activity of Undigested and Digested Cyanobacterial Extracts and Purified Pigments

ABTS is a common free radical used to assess the scavenging activity of a wide range of compounds. Before use, it is generally reacted with a free radical initiator like potassium persulphate to generate the free radicals. The chief difference between the total anti-oxidant activity and free radical scavenging is that the former tests the power of reduction of substrates while the latter tests for the direct scavenging of free radicals generated through various chemical routes. The scavenging effect of all the cyanobacterial extracts show that their antioxidant activities are directly linked to their pigment content. However, the scavenging activities of both Lyngbya and Microcoleus extracts decrease after in vitro digestion, which suggests that the scavenging agents do not consist of only peptides. To investigate this fact further, we digested the purified C-PE and C-PC proteins wherein we confirmed that the generation of short peptides probably plays a role in free radical scavenging; the activities of the digested samples of purified C-PE and C-PC are greater than their undigested counterparts (~6% for purified C-PE and ~19% for purified C-PC). The exposure of more number of amino acids to the free radical may be responsible for the increased scavenging activity (Wu et al., 2015). Similarly, in vitro digestion of carotenoids is a scarcely researched topic due to the time consuming procedures such as thin layer chromatography; however, rapid techniques like HPLC analysis have since been adapted for the identification and characterization of carotenoids (Nozière et al., 2006). In our observations, we could see that the Synechocystis extract had an increased radical scavenging activity after digestion (~115% increase), while the scavenging activities of purified lycopene and myxoxanthophyll were evident only after the digestion process, possibly due to their micellerization (Garrett et al., 1999). The micellerization process essentially emulsifies the pigments, making them dispersible in an aqueous phase. This process is common to both proteins and carotenoids.

Cyanobacterial Extracts and Purified Pigments As Natural Alternatives for Diabetes Management

Diabetes mellitus is a widespread problem today which necessitates the development of newer molecules for its mitigation or management. Type II diabetes is more common, since it depends on the lifestyle a person leads. Diabetes management is often a combination of different therapies to achieve the best combination. There are three possible ways of combating type II diabetes: increasing the production of insulin in the body, sensitizing the target cells to insulin, or to delay the rate of glucose absorption in blood so that blood glucose levels do not peak abnormally. The last possibility calls for inhibiting various enzymes that are responsible for breakdown of carbohydrates in meals in to simple sugars which are then assimilated by our body. There are a number of published reports that have targeted two different enzymes: pancreatic α-amylase and α-glucosidase, both of which are responsible for digestion of complex carbohydrates through hydrolyzing α-(1,4) glycosidic linkages. Although there are various synthetic drugs available in the market for inhibition of these enzymes, and we have used one of them as our positive control, they are not always free of side effects that mainly result from glucose malabsorption. Alternatives to such molecules usually include herbal supplements and natural plant extracts that have been passed down through generations of experience. Recent reports by various groups indicate that many plants and their fruits have the potential to inhibit both these enzymes in vitro and are potential candidates for in vivo studies. For example, Schizandra chinensis is a type of berry consumed widely in Korea and its fruits and seeds have been used as traditional medicines in different parts of Asia. However, the pulp extract of this berry was found to inhibit α-amylase effectively whereas the seed extract did not show any significant activity (Jo et al., 2011). However, they were able to effectively inhibit the action of α-glucosidase in vitro even at lower concentrations. Low anti α-amylase and higher anti α-glucosidase activities has also been reported in tea fruit peel extracts (Wang et al., 2012) and pulp and skin extracts from eggplants (Kwon et al., 2008). In another study, pomegranate peel extracts were found to be ineffective in inhibiting the activity of α-amylase, although they inhibited α-glucosidase to a great extent (Çam and İçyer, 2013). However, to the best of our knowledge, there are no reports on the effects of cyanobacterial pigments, whether native or digested, on the activity of these enzymes in vitro. Moreover, a balance on the extent of inhibition of α-amylase and α-glucosidase has to be achieved to reduce diarrhea and flatulence linked to undigested starch in the intestines. It also serves as an effective medium for bacterial fermentation processes leading to an increase in production of gases and butyrate (Kwon et al., 2007). Based on these reports and our previous experience of anti-oxidant scavenging studies on digested microalgal pigments, we investigated their ability to inhibit these two enzymes in vitro. Digested samples were able to block enzyme activities much more effectively than native pigments; in some cases, the increase in the inhibitory activity after digestion was as much as 96–97%. Our results also indicated that the tested pigments and digested products had a lower anti α-amylase activity as compared to their corresponding anti α-glucosidase activity. After digestion, purified C-PE was a better inhibitor of α-amylase while purified C-PC was better at inhibiting the activity of α-glucosidase. The carotenoids lycopene and myxoxanthophyll also had significantly higher inhibitory activities against both enzymes after digestion. The probable reason for this increased inhibitory activities may lie in the formation of micelles after digestion of purified pigments (Garrett et al., 1999), which could make them potent active site blockers for the enzymes. Since, the purified products seem to be able to manage hyperglycemia, it might be prudent to consider them as food additives rather than the extracts from Lyngbya, Microcoleus, or Synechocystis sp. The chief reason is the presence of uncharacterized compounds, namely toxins, in these extracts which might have undesired side effects (Ghosh et al., 2015). However, another key feature of such pigments lie not in the extent of inhibition of the enzymes but on their natural origins, which are not expected to have any severe or long term side effects. Promising results and a lack of studies in this area prompts an investigation which could be potentially feasible, both medically and economically. This study could be useful as a primary screen for potentially beneficial metabolites from cyanobacteria for hyperglycemic conditions. Future studies could target the nature and mechanisms of inhibition of the enzymes by the digested products.

CONCLUSION

The undigested and digested cyanobacterial extracts from Lyngbya, Microcoleus, and Synechocystis sp. and purified C-PE, C-PC, lycopene, and myxoxanthophyll were investigated for their ability to inhibit carbohydrate hydrolysis through enzymatic activity thus helping in the successful management of post-prandial hyperglycemia. It was observed that the digested products were able to successfully inhibit the activities of pancreatic α-amylase and α-glucosidase; the extent of inhibition was better than the undigested samples. The purified pigments were effective blockers of enzymatic activity. In particular, purified C-PE was better able to inhibit α-amylase after digestion while digested purified C-PC was an effective inhibitor of α-glucosidase. Moreover, the digested products also had enhanced free radical scavenging activities compared to the undigested samples, except the Lyngbya and Microcoleus extracts. However, the total anti-oxidant activities increased for all samples after digestion. The results obtained in this study indicate that cyanobacterial pigments and extracts could be considered as potential anti-hyperglycemic agents at par with those obtained from traditional plants and herbs as well as synthetic drugs.
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