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Phenolics- enriched plant food sources are excellent dietary and therapeutic targets to combat the increasing prevalence of diet and lifestyle-influenced non-communicable chronic diseases (NCDs), such as type 2 diabetes (T2D). Among plant sources, edible flowers rich in health protective phenolic compounds provide novel opportunities as ingredient and nutraceutical sources. Roselle (Hibiscus sabdariffa Linn.) is a popular edible flower and consumed as part of traditional cuisines and processed foods in several countries of Asia and Africa. Red calyces of Roselle are rich in phenolic compounds, which potentially have high antioxidant and anti-hyperglycemic properties. Therefore, there is merit in screening of dried Roselle calyces as sources for functional food ingredients or nutraceuticals to counter chronic oxidative stress and chronic hyperglycemia using in vitro assays. This has led to this study to investigate and compare phenolic compounds associated antioxidant and anti-hyperglycemic functions of different organic solvent-extracted fractions of dried Roselle calyces using rapid in vitro assays-based screening strategy. Total soluble phenolic content, profile of phenolic compounds, free radical scavenging assay-based total antioxidant activity, and anti-hyperglycemic function linked α-amylase and α-glucosidase inhibitory activities of four different organic solvents (chloroform, hexane, ethyl acetate, and initial crude extraction in 100% methanol) extracted fractions of calyces of Roselle were determined using in vitro assays. Studies indicated high phenolic-linked antioxidant and anti-hyperglycemic relevant properties in red Roselle calyces, specifically in ethyl acetate and methanol solvent-based extracted fractions. Major phenolic compounds in extracted fractions of Roselle calyces were chlorogenic acid, caffeic acid, gallic acid, catechin, rutin, benzoic acid, and cinnamic acid. Additionally, moderate α-amylase (30–92%) and very high α-glucosidase (81–98%) inhibitory activities were confirmed in undiluted samples of organic solvent-extracted fractions of Roselle calyces in the in vitro assays. Taken together these in vitro screening results indicated that calyces of Roselle are excellent sources of health protective phenolic compounds with high antioxidant and anti-hyperglycemic functions and organic solvent (ethyl acetate and methanol) extracted fractions of this edible flower can be strategically utilized to design functional food ingredients and nutraceuticals.
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INTRODUCTION

Improving the access and availability of nutritious, human health relevant, safe, and inexpensive plant-based food sources is essential to counter the rapid rise in the prevalence of poor diet (higher daily intake of hyper-processed and calorie dense food) and lifestyle-influenced non-communicable chronic diseases (NCDs) worldwide. To find solutions to these NCD-linked challenges, it is essential to diversify contemporary dietary sources by targeting and integrating underutilized plant-based edible sources for wider human health protective functional benefits. Edible flowers offer opportunities with balanced nutrition and rich health protective bioactive profile which are safe dietary sources with therapeutic potential that can be targeted as functional food ingredients or nutraceuticals to prevent and mitigate NCD-related health risks. Among major NCDs, type 2 diabetes (T2D) is a chronic and complex syndrome of interlinked metabolic conditions caused by a systemic breakdown of glucose homeostasis (Ademiluyi and Oboh, 2013a; Gondokesumo et al., 2017). Low- and middle-income countries are disproportionately (3 in 4 adults) affected by this metabolic breakdown-linked disease as they account for 79% of the adults with T2D, with evidence linking between nutrition patterns and epidemiological transition (International Diabetes Federation, 2019). Therefore, there is an urgent need to improve nutritional needs with higher daily intake of more diverse and bioactive compounds enriched plant-based foods to address the emerging T2D epidemic-related public health challenges.

The pathophysiology of T2D involves insulin resistance in specific tissues leading to chronic hyperglycemia, which subsequently leads to excessive production of reactive oxygen species (ROS) and an alteration in endogenous antioxidant system (Negre-Salvayre et al., 2009; Ademiluyi and Oboh, 2013a; Gondokesumo et al., 2017). Therefore, countering chronic hyperglycemia and the associated chronic oxidative stress is critical to prevent and delay the progression of T2D. Plant-based foods as part of diets provide rich source of phenolic compounds and other antioxidants, which potentially offer protection against T2D-associated chronic oxidative stress and chronic hyperglycemia (Sarkar and Shetty, 2014). Phenolic antioxidants are secondary metabolites of plants with one or more hydroxyl units on the aromatic rings. These stress-inducible and oxidative stress protective compounds range extensively from simple to complex and polymerized phenolic compounds. Due to their unique chemical structure the most common bioactive function of phenolics that are widely considered having potent antioxidant activity which can be targeted in dietary and therapeutic strategies to counter chronic oxidative stress-induced diseases like T2D (Manach et al., 2004; Bandyopadhyay et al., 2012; Karaaslan, 2019). Additionally, phenolics can interact with other nutritional components like proteins via hydrophobic or hydrophilic interactions, which leads to the formation of soluble or insoluble complexes. The development of such complexes may influence overall bioavailability, bioaccessibility, and health relevant functional properties of phenolics and can alter the health protective functional qualities of plant foods and food ingredients (Bandyopadhyay et al., 2012).

However, this human health relevant bioactive profile and associated functional benefits of food and other botanicals vary widely between different tissues, plant parts, different species and cultivars, and based on the growing condition and environment (Mollica et al., 2018; Stefanucci et al., 2018; Bibi Sadeer et al., 2019). Previously, Sadeer et al. (2019) reported high bioactive linked antioxidant and anti-hyperglycemic relevant functional benefits in leaves and stem extracts of select African medicinal plants. Like leaves, stems, and fruits, flowers are also rich sources of human health protective bioactive compounds with wider health benefits. Specifically, flowers are the reproductive organs of plants and part of their natural adaptive responses making them rich source of abiotic and biotic stress associated protective bioactives such as phenolics (Stefanucci et al., 2018). The effect of different geographical locations and growing environment on varying phenolic bioactive-linked functional qualities were previously observed in extracts of Caper (Capparis spinosa L.) buds (Stefanucci et al., 2018). Similarly, variations in different extraction procedures also resulted in varying bioactive linked anti-diabetic and anti-cholesterol functional qualities in two different broccoli species (Mollica et al., 2018). This provides opportunities to screen and target optimized extracts of edible flowers rich phenolic compound profile as dietary and therapeutic sources supporting T2D-linked health benefits.

Hibiscus sabdariffa (L.) is an edible flower widely distributed in different continents with resilience to extreme climate and is popular in diverse cuisines. It has been traditionally used in herbal medicine and is a good target as dietary and therapeutic source to complement T2D solutions (Zhang et al., 2015; Gondokesumo et al., 2017; Peredo Pozos et al., 2020). This edible flower is commonly known as Roselle/Red sorrel (English), Bissap in Senegal, Sobolo in Ghana, Folera in Cameroon, Zobo in Nigeria (Yoruba), Jamaica in Spanish, Karkadeh in Arabic and Zoborodo in Northern Nigeria, Gongura/Lal-ambari/Patwa in Hindi, Pulachakiri in Kannada, and Polechi in Malayalam (Anokwuru et al., 2011; Shruthi et al., 2016; Izquierdo-Vega et al., 2020) and belongs to the family Malvaceae. This annual/perennial shrub is thought to be of tropical Asia (Indian to Malaysia) or African origin (Anokwuru et al., 2011). The plant is widely grown in tropics and is found throughout the Caribbean, Central America, India, Africa, Brazil, Australia, Southern United States, Hawaii, and Philippines. In botanical terms, it is a thick red plant with fleshly cup-shaped calyces (Anokwuru et al., 2011; Izquierdo-Vega et al., 2020; Peredo Pozos et al., 2020). The species is widely and commercially grown for its fibers and calyces, of which there are three types: green, red, and dark red. However, the red calyces are most common and widely used in traditional cuisines, especially in different parts of Asia and Africa.

The red calyces of Roselle are rich sources of diverse phenolic compounds such as simple phenolics, flavonoids, and anthocyanins (Riaz and Chopra, 2018; Peredo Pozos et al., 2020). Additionally, they are also rich in vitamin C, riboflavin, carotene, niacin, calcium, and iron (Anokwuru et al., 2011). The fleshy red calyces are commonly used in making wine, juice, jam, syrup, pudding, pickle, cakes, ice cream, or herbal tea. Beyond its use in traditional foods and as natural food color and additives by food industries, red calyces of Roselle have also been used in traditional herbal and folk medicines. One previous study found that Roselle is effective against reduced glutathione and protects against Low Density Lipoprotein (LDL)-oxidation and has hypolipidemic effects in vivo (Hirunpanich et al., 2006). Additionally, Roselle flowers and calyces have been reported to possess antiseptic, diuretic, antioxidant and antimutagenic properties (Mahadevan and Pradeep, 2009; Carvajal-Zarrabal et al., 2012). Furthermore, potential antioxidant, hypercholesteremic, antihypertensive, anti-diabetic, antimicrobial, and anti-inflammatory activities were observed in Roselle (Riaz and Chopra, 2018; Izquierdo-Vega et al., 2020). Anti-hyperglycemic property relevant, α-glucosidase, and α-amylase inhibitory activities were also reported previously (Ademiluyi and Oboh, 2013a; Zulfiqar et al., 2019). All these above studies indicated that red calyces of Roselle are rich sources of diverse human health protective phenolic compounds with significant antioxidant and anti-hyperglycemic potentials.

However, the potential relationship between phenolic compounds-linked to antioxidant and anti-hyperglycemic functionalities of calyces of Roselle is not well-understood. Additionally, prior to integrating them into functional food ingredient and nutraceutical design supporting T2D benefits, it is also important to optimize different organic solvent extracted fractions based on their phenolic content and associated antioxidant and anti-hyperglycemic functionalities using rapid in vitro assays-based screening strategy. Such rapid in vitro assays-based screening strategy would provide foundation to select organic fraction of Roselle with optimum phenolic compounds-linked functional qualities, which can be targeted for future in vivo and animal model-based studies for high value ingredients and nutraceuticals design. Therefore, the objective of this study was to investigate and compare phenolic bioactive linked antioxidant and anti-hyperglycemic properties of red Roselle calyces of four different organic solvents including methanol, which was further partitioned into chloroform, hexane, and ethyl acetate fractions. Following extraction, soluble phenolic content, phenolic profile, antioxidant, and anti-hyperglycemic functional activities of fractions of red Roselle calyces were determined using in vitro assays to investigate wider T2D health benefits.



MATERIALS AND METHODS


Collection of Samples

Red calyces of Roselle (Hibiscus sabdariffa) (Figure 1) were purchased from a local retail market in Oyo State, South-West Nigeria. The dried calyces were sorted to remove debris and stones and stored for sample extractions and biochemical analysis.
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FIGURE 1. Dried calyces of Roselle (Hibiscus sabdariffa).




Preparation of Samples


Crude Methanolic Extract Preparation

The modified method of Hossain et al. (2014) was used in the crude extraction of calyces of Hibiscus sabdariffa. The dried samples of Hibiscus sabdariffa calyces were finely ground into powder (~2.0 mm) by a grinder. During the first step of the extraction, dried and ground samples (500 g) were extracted with pure methanol (1,000 mL) and using continuous stirring for 72 h. Following extraction, the filtrate was obtained using a muslin cloth and filtered through Whatman filter paper No. 1. The filtrate (methanol solvent) was then evaporated using rotary evaporator (Heidolph, Laborata 4000 efficient, Schwabach, Germany) set at 40°C and the evaporated samples were further concentrated using a vacuum oven (Thermo Fisher Scientific, United Kingdom) set at 40°C with a pressure of 700 mm Hg to obtain the crude methanolic extract.



Liquid—Liquid Extraction

The crude extract of methanol was employed in the second stage of the fractionation procedure. The fractionation was done using the liquid-to-liquid extraction method. Three organic solvents, namely hexane, chloroform and ethyl acetate, respectively, were selected for the partitioning of the crude extract into individual fractions. The concentrated crude methanolic extract (13 g) was reconstituted in methanol (50 mL) and distilled water (50 mL). Then the mixture was carefully added and dynamically extracted by hexane (100 mL) in a 500 mL separating funnel. The solution was left as it is to phase separate following extraction. After the first round of extraction, the organic phase was withdrawn, and another 100 mL of the hexane was added for a second round of extraction until a clear phase was obtained for the hexane fraction. The same procedure as followed in hexane fractionation was applied to obtain chloroform and ethyl acetate fractions leaving behind the methanol fraction. The organic fractions of hexane, chloroform, ethyl acetate and methanol were mixed separately, evaporated using rotary evaporator (Heidolph, Laborata 4000 efficient, Schwabach, Germany) set at 40°C and further concentrated using a vacuum oven (Thermo Fisher Scientific, United Kingdom) set at 40°C with a pressure of 700 mmHg (Zahradníková et al., 2008; Hossain et al., 2014).



Preparation of the Sample Extracts

All four fractionated samples were then prepared by mixing 9 mg of the chloroform and hexane, and 1 g of ethyl acetate and methanol fractions, respectively, with 10 mL of absolute ethanol for miscibility. The solution was thoroughly mixed using a vortex. The mixture was transferred two times into polypropylene tubes and centrifuged at 4,038 g for 20 and 15 min, respectively. The supernatant obtained from the second centrifugation were transferred into a new polypropylene tube and used for the in vitro biochemical assays.




Total Soluble Phenolic Assay

The modified method of Shetty et al. (1995) was used for the determination of total soluble phenolics content using Folin-Ciocalteau assay. In this assay, one milliliter of supernatant of the extracts from the fractions of Roselle were transferred into a test tube and mixed with 5 mL of distilled water. A volume of 0.5 mL of 50% (v/v) Folin-Ciocalteau reagent was added to each sample and mixed. After 5 min, 1 mL of 5% Na2CO3 was added to the reaction mixture and left to stand for 60 min. The absorbance was read using a UV-Vis spectrophotometer (Genesys UV–vis, Rochester, NY, USA) at 725 nm. The absorbance values were converted to TSP and expressed as milligram equivalent of gallic acid per gram of dry weight (D.W). Standard curves were established using various concentrations of gallic acid (10–300 μg/mL) in 95% ethanol.



2,2-diphenyl-1-picrylhydrazyl (DPPH•) Free Radical Scavenging Assay

The antioxidant activity of the extracts of the different fractions of Roselle were determined with DPPH• based free radical scavenging assay as described by Kwon et al. (2006). Due to the dark color of the sample and to avoid potential interference with DPPH• stock solution, 100 μL of the sample extract was diluted in 900 μL of distilled water, where an aliquot of 4.16 μL/mL of the sample was added into a test-tube and mixed with 2 mL of 0.1 mM DPPH• dissolved in 95% ethanol. The mixture was vortexed and left to stand in the dark at room temperature for 5 min. The absorbance of the resulting solution was measured using a UV-vis spectrophotometer (Genesys UV–vis, Rochester, NY) at 517 nm. The scavenging percentage of DPPH• was calculated using the following equation:
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2,2′-Azino-Bis(3-Ethylbenzothiazoline-6-Sulfonic Acid (ABTS•+) Based Free Radical Scavenging Assay

The antioxidant activity of the extracts from the different organic solvent fractions of Roselle were measured using ABTS•+ (2,2 – azinobis (3 – ethylbenzothiazoline – 6 – sulfonic acid) based free radical scavenging assay (Re et al., 1999). One mL of ABTS•+ was mixed with 50 μL of the extracts of the different fractions, the mixture was thoroughly mixed with a vortex, incubated at room temperature for 3 min and the absorbance was read at 734 nm using a UV-vis spectrophotometer (Genesys, Rochester, NY). The activities of the extracts were expressed in percentage inhibition of ABTS•+ free radical formation and calculated using the formula:
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α-Amylase Inhibitory Activity Assay

The α-amylase inhibitory activity relevant to know the anti-hyperglycemic activity potential of different fractions of red calyces of Roselle was carried out according to the method described by Fujita et al. (2017). The buffer used in this assay was 0.1 M sodium phosphate (pH 6.9). A volume of 500 μL of the extracts from the different fractions of Roselle were added to test tubes while the control tubes having 500 μL of buffer only. Then 500 μL of porcine pancreatic amylase (0.5 mg/mL buffer) was added to all the tubes except the sample blank and blank tubes and then incubated at 25°C for 10 min. After incubation, 500 μL of 1% starch (1 g/100 mL buffer) was added to all the tubes and incubated for 10 min. The reaction was then stopped by the addition of 1 mL of 3, 5 dinitro salicylic acid, and the tubes were placed in a boiling water bath (> 90°C) for 10 min. After cooling to room temperature, the reference point reading of the control was optimized to 1.0 ± 0.2 (with only enzyme and substrate) by diluting with distilled water and absorbance was measured at 540 nm using a UV-VIS Genesys spectrophotometer. The percentage of inhibition of a-amylase activity was calculated based on the following formula:
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α-Glucosidase Inhibitory Activity Assay

The α–glucosidase inhibitory activity of the extracts from the different fractions of Roselle were carried out according to the method described by McCue and Shetty (2005). An aliquot of 50 μL of the extracts were added into a 96—well-microplates, 100 μL of α- glucosidase enzyme (1 U/mL), which was made in 0.1 M phosphate buffer (pH 6.9) was then added and incubated at room temperature (25 °C) for 10 min. After incubation, 50 μL of 5 mM p—nitrophenyl—α–D—glucopyranoside solution made in 0.1 M phosphate buffer (pH 6.9) was added into the wells at a timed—interval. The mixture was incubated at 25°C for 5 min. The absorbance was read and recorded at 405 nm at 0 min and after 5 min using a microplate reader (Spectra Max 190, Molecular Device Co., Sunnyvale, CA, USA). The results were compared to control with 50 μL of buffer solution in place of the sample extracts. The results were determined as percentage of α- glucosidase inhibition and calculated using the formula:
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Determination of Major Phenolic Compounds Using High Performance Liquid Chromatography (HPLC)

The extracts from the different fractions of Roselle were centrifuged using a micro-centrifuged at 8,000 g for 10 min while an aliquot of 5 μL volume of the sample was used for the chromatographic analysis using a reverse phase high performance liquid chromatography (HPLC) (Agilent 1260 Infinity series equipped with DAD 1100 diode array detector, Palo Alto, CA, USA). The gradient method of elution involving 10 mM phosphoric acid (pH 2.5; Solvent A) and 100% methanol (Solvent B) were used. The extracts of the fractions of calyces of Roselle were eluted using a C-−18 analytical columns (Agilent Supelco SB—C18250 × 4.6 mm internal diameter) with a packing material particle with size 5 μm, at 0.7 mL/min flow rate at ambient temperature with 25 min as the total run time. The absorbance was recorded at 230, 234, 250, and 258 nm for each run and both retention time and UV spectrum analysis of phenolic acid standards (from the library) were used to identify and match the peaks. The pure standards of ellagic acid, gallic acid, catechin, chlorogenic acid, caffeic acid, quercetin, rutin, benzoic acid, cinnamic acid, and o, p—coumaric acid in 100% methanol were used to calibrate the retention times on the standard curve. The chromatograms were analyzed using Agilent Chemstation integration software (Fujita et al., 2017).



Statistical Analysis

Each biochemical parameter was analyzed in triplicates, and all the in vitro assays were repeated two times (n = 6). The data obtained were evaluated with analysis of variance using Statistical Analytical Software (SAS, version 9.4; SAS Institute, Cary, NC, USA). The mean and standard error was determined using Xcel software. The statistically significant differences among the samples were determined using Tukey's least mean square test at 95% confidence level (P < 0.05).




RESULTS


Percentage Yield

Understanding overall yield in different organic solvent fractions is critical for their effective utilization and integration in further dietary and therapeutic strategies or to utilize optimized fractions in future in vivo and animal model-based studies for designing red Roselle calyces-based functional food ingredients and nutraceuticals. The yield of the respective fractions was obtained after further concentration using the vacuum oven. The ethyl acetate fraction had the highest yield of 8.163 g (67.39%) followed by methanol (32%), hexane (0.28%), and chloroform (0.12%) (Table 1).


Table 1. Yield of the respective organic solvent extracted fractions of Roselle (Hibiscus sabdariffa).
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Total Soluble Phenolic Content and Profile of Phenolic Compounds

In this study, very high total soluble phenolic content (7.25 mg GAE/g DW) was observed in methanol extracted fraction of Roselle calyces (Figure 2). Significant statistical differences (P < 0.05) in total soluble phenolic content were also observed between different organic solvent fractions of Roselle calyces. Following methanol fraction, high total soluble phenolic content was observed in ethyl acetate fraction (5.57 mg GAE/g DW), while hexane (0.73 mg GAE/g DW) and chloroform (1.12 mg GAE/g DW) fractions had significantly low (P < 0.05) total soluble phenolic content (Figure 2).


[image: Figure 2]
FIGURE 2. Total soluble phenolic content (mg GAE/g DW) of four organic solvent extracted fractions of red dried calyces of Roselle. Different lower-case letters represent statistically significant differences in total soluble phenolic content between different organic solvent extracted fractions at 95% confidence level (Tukey's test).


In addition to the total soluble phenolic content, individual phenolic compounds present in four different fractions of Roselle calyces were also identified and quantified using high performance liquid chromatography (HPLC) analysis. Overall, major phenolic compounds observed in all four fractions of Roselle calyces were chlorogenic acid, caffeic acid, catechin, benzoic acid, and cinnamic acid (Figure 3). Additionally, gallic acid and rutin were also found in chloroform, hexane, and ethyl acetate fractions, but was not present in methanol fraction (Table 2). Among all detected phenolic compounds, significantly (P < 0.05) high chlorogenic, caffeic, and cinnamic acid were observed in methanol extracted fraction of calyces of Roselle and it was positively correlated with high total soluble phenolic content of the same fraction. Interestingly, methanol fraction had significantly low catechin and benzoic acid content when compared with other three fractions. High gallic acid and catechin content were observed in hexane fraction, and the values were statistically (P < 0.05) different from other three fractions. No statistically significant differences in rutin content were observed between hexane, chloroform, and ethyl acetate fractions. The phenolic profile results of this study indicated that different phenolic compounds of Roselle calyces have organic solvent specific affinity and solubility based on their polarity and binding property in tissues of Roselle calyces. Variations in concentrations and composition of phenolic compounds might have impacted in varying antioxidant and anti-hyperglycemic functional activities of different organic solvent based fractions of Roselle calyces. Such differences in structure-function relationship of phenolic compounds of Roselle calyces are potentially relevant for rationally targeting them in functional food ingredient and nutraceutical design as it influences their health protective functions such as antioxidant and anti-hyperglycemic properties.


[image: Figure 3]
FIGURE 3. Chromatogram (high performance liquid chromatography) of detected phenolic compounds of chloroform fraction of Roselle calyces.



Table 2. Major phenolic compounds (μg/g DW) in four different organic solvent extracted fractions of calyces of Hibiscus sabdariffa (Roselle).
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Total Antioxidant Activity

The total antioxidant activity of four organic solvent-based fractions of Roselle calyces were determined using two different free radicals (DPPH• and ABTS•+) scavenging assays. In this study, very high antioxidant activity (89% inhibition in DPPH• and 98% inhibition in ABTS•+-based assays) was observed in ethyl acetate fraction of Roselle calyces (Figures 4A,B). Overall, higher mean antioxidant activity (30–98% inhibition) was observed in ABTS•+ free radical scavenging assay, when compared with the DPPH•-free radical scavenging assay-based results (9–89% inhibition) of same fractions. Differences in baseline antioxidant activity between ABTS•+ and DPPH•-based free radical scavenging assays might be due to their different affinity toward hydrophilic and hydrophobic antioxidants that were present in organic fractions. Significant statistical differences in total antioxidant activity among four different fractions of Roselle calyces (P < 0.05) were also found in both ABTS•+ and DPPH•-based assays. The antioxidant activity of methanol extracted fraction (97% inhibition) of Roselle calyces based on ABTS•+ free radical scavenging assay was statistically at par with ethyl acetate fraction, while it was significantly higher when compared with hexane and chloroform fractions. Overall, low antioxidant activity was observed in hexane and chloroform fractions in both ABTS•+ and DPPH•-based assays, and the result of antioxidant activity positively correlated with soluble phenolic content of Roselle fractions.


[image: Figure 4]
FIGURE 4. Total antioxidant activity (% inhibition) of four organic solvent extracted fractions of red dried calyces of Roselle based on DPPH (A) and ABTS (B) free radical scavenging assays. Different lower-case letters represent statistically significant differences in total antioxidant activity between different organic solvent extracted fractions at 95% confidence level (Tukey's test) separately for two antioxidant assays.




α–Amylase Inhibitory Activity

To determine the potential anti-hyperglycemic relevant functional qualities of different fractions of red and dried Roselle calyces, α-amylase inhibitory activity was determined using in vitro assay method. Like the result of the antioxidant activity, very high α-amylase inhibitory activity (93% inhibition) was observed in undiluted samples of ethyl acetate fraction, which also had high phenolic content, rich phenolic profile and high antioxidant activity (Figure 5). The differences in α-amylase inhibitory activity among four different fractions of Roselle calyces were statistically significant (P < 0.05), with only exception between methanol and chloroform fractions (statistically at par). In this in vitro assay model-based study, undiluted samples of methanol and chloroform fractions also showed moderate α-amylase inhibitory activity (65 & 62% inhibition, respectively), while hexane fraction had significantly low (30%) inhibitory activity against α-amylase.
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FIGURE 5. α-Amylase enzyme inhibitory activity (% inhibition) of undiluted samples of four organic solvent extracted fractions of red dried calyces of Roselle. Different lower-case letters represent statistically significant differences in α-amylase enzyme inhibitory activity between different organic solvent extracted fractions at 95% confidence level (Tukey's test).




α-Glucosidase Inhibitory Activity

In vitro inhibitory activity of Roselle calyces' fractions against another key enzyme, α-glucosidase, which is involved in glucose metabolism and relevant for managing post-prandial glucose homeostasis was also determined. Extracts of all four fractions were diluted (half and one-fifth) to determine the dose dependent response against α-glucosidase (Figure 6). Overall, very high α-glucosidase inhibitory activity (81–98% inhibition) was observed in all four fractions of calyces of Roselle that were targeted in this study. Additionally, significant dose dependent (undiluted, half-diluted, and one-fifth diluted) responses in α-glucosidase inhibitory activity was also found. Like the results of antioxidant activity and α-amylase inhibitory activity, significantly high α-glucosidase inhibitory activity was observed in undiluted (98% inhibition) and diluted (87% in inhibition in half-diluted and 66% inhibition in one-fifth diluted) samples of ethyl acetate fraction, which was statistically significant (P < 0.05). Following the result of ethyl acetate fraction, chloroform (62–91% inhibition), and methanol (60–90% inhibition) fractions of calyces of Roselle also had high α-glucosidase inhibitory activity. In this study, hexane fraction had comparatively lower α-glucosidase inhibitory activity (44–81% inhibition). The results of this in vitro assay model-based study indicated that organic solvent fractions, specifically ethyl acetate and methanol fractions of Roselle calyces are good dietary and therapeutic sources that can be targeted for improving antioxidant and anti-hyperglycemic protective functions of food, functional food ingredients, beverages, and nutraceuticals with T2D benefits.
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FIGURE 6. α-Glucosidase enzyme inhibitory activity (% inhibition) of undiluted, half-diluted, and one-fifth diluted samples of four organic solvent extracted fractions of red dried calyces of Roselle. Different lower-case letters represent statistically significant differences in α-glucosidase enzyme inhibitory activity between different organic solvent extracted fractions at 95% confidence level (Tukey's test).





DISCUSSION

Edible flowers enriched in human health protective phenolic compounds and other functional components are potentially safe dietary and therapeutic targets to counter chronic oxidative stress and chronic hyperglycemia commonly associated with T2D. However, the availability and bioactivity of health protective phenolic compounds of edible flowers and their overall yield in extracted fractions are largely dependent on the composition of phenolics (free vs. bound fractions), location of the phenolic compounds within the cell wall and other cellular compartments, and their specific solubility and polarity toward the organic and inorganic solvents and based on extraction protocols (Peredo Pozos et al., 2020). Similarly, different growing environment, storage conditions, and different extraction methods also significantly influence phenolic compounds-linked functional qualities of plant foods and plant-based ingredients (Mollica et al., 2018; Stefanucci et al., 2018; Bibi Sadeer et al., 2019). Therefore, it is important to optimize different solvent-based extracted fractions based on their phenolic bioactive-linked antioxidant and anti-hyperglycemic properties using comparatively inexpensive and rapid in vitro assays. Therefore, in this in vitro assays-based screening study, dried edible calyces of Roselle were initially extracted (crude) in 100% methanol and further extracted and partitioned using three different organic solvents (chloroform, hexane, and ethyl acetate). All four extracted fractions were investigated for their phenolic compounds-linked antioxidant and anti-hyperglycemic functional activities using rapid in vitro assays.

In this study, the final yield (%) of the fractions of Roselle calyces varied significantly between four different organic solvent-based extracts, which also influenced their antioxidant and anti-hyperglycemic relevant functional properties. The varied yield obtained for the fractions of the different organic solvents-based Roselle extracts might be due to the differences in solubility and polarity of major phenolic compounds present in red calyces and based on the composition of phenolic compounds in tissues of calyces. This indicates why ethyl acetate and methanol fractions had higher yields than the hexane and chloroform fractions, as ethyl acetate and methanol are more polar solvents (Abdille et al., 2005; Peredo Pozos et al., 2020). Additionally, the phenolic compounds of plant tissues including calyces of Roselle are often bound to and interact with proteins, carbohydrate, terpenes, chlorophyll, and inorganic compounds, which potentially aids in the dissolution of endogenous compounds with phenolics (Koffi et al., 2010; Anokwuru et al., 2011; Peredo Pozos et al., 2020). In this study, percent yield and total soluble phenolic content decreased significantly in the chloroform and hexane fractions. Solvents employed in extraction of biomolecules from plants are mostly selected based on their polarity. Therefore, the use of multiple solvents can be exploited to limit the quantity of analogous compounds in the expected yield (Altemimi et al., 2017). This may have led to the reduced yield of total soluble phenolic content observed in the hexane and chloroform fractions of the Roselle calyces. Previously, Jung et al. (2013) reported similar concentration of total phenolic content in aqueous and ethanol extracts of Roselle. Higher phenolic content was also reported in complete calyces and decoction residues of Roselle (Mercado-Mercado et al., 2015). The high soluble phenolic content of the different organic solvent extracted fractions (ethyl acetate and methanol) of Roselle found in this in vitro assays-based screening study are relevant for their specific health-targeted application in the targeting of edible flowers as sources of functional food ingredients and nutraceuticals to support solutions against chronic oxidative stress and chronic hyperglycemia, which are common health risks of T2D and can be further validated through future in vivo model or animal model-based studies.

In addition to the variability and value of total soluble phenolic content, the concentration of individual phenolic compounds also varied significantly between different organic solvent extracted fractions of Roselle calyces. Like the results of the total phenolic content, high chlorogenic acid, caffeic acid, and cinnamic acid content were observed in methanol extracted fractions. The variations in phenolic profile found in different organic solvent extracts of Roselle calyces were based on their solubility and affinity toward specific organic solvent and polarity-associated effectiveness of the organic solvent to pull free and bound phenolic fractions from dry Roselle calyces. Previously, Mercado-Mercado et al. (2015) reported higher concentration of chlorogenic acid, gallic acid, syringic acid, and catechin in calyces of Roselle. In another study, higher concentration of chlorogenic acid was found in extracts of Mexican Roselle (Borrás-Linares et al., 2015). Additionally, Karaaslan (2019) found the presence of gallic, caffeic and chlorogenic acids, catechin, and rutin in extracts of H. sabdariffa, which were obtained from acidified water, methanol, ethanol, acetone, and acetonitrile. Some of the phenolics identified in the different fractions of the extracts have shown antioxidant and anti-hyperglycemic activities (Yang et al., 2013). Caffeic acid, which was significantly higher in methanol fractions, potentially stimulates glycolysis and inhibits gluconeogenesis in insulin resistant hepatocytes. Furthermore, caffeic acid and caffeic acid enriched plant foods can protect kidney from diabetic induced cellular injuries, by assisting in the reduction of blood glucose and urine nitrogen and enhances the removal of creatinine. Gallic and chlorogenic acids are also potent dietary antioxidants and have exhibited specific anti-diabetic functions like the reduction of elevated glucose induced epithelial to mesenchymal transition of the renal tubular cells, stimulation of the secretion of insulin, which increases plasma insulin and glucose tolerance (Latha and Daisy, 2011; Punithavathi et al., 2011; Yang et al., 2013). Previous studies with phenolic compounds revealed that phenolic enriched plant foods can be beneficial in the prevention of chronic oxidative stress induced vascular and renal damages (Yang et al., 2013). Beyond these phenolic compounds found in this present study, red Roselle calyces are also rich sources of anthocyanin and several flavonoids with diverse human health relevant functional benefits. More systematic mass-spectroscopy (LC-MS) based analytical techniques can be targeted in the future for detailed and specific characterization of phenolic compounds of red Roselle calyces targeting improved understanding and wider health-focused ingredient and nutraceutical applications.

In the current study, gallic acid, catechin, benzoic acid, rutin, and cinnamic acids were also found in ethyl acetate, chloroform, and hexane extracted fractions of red Roselle calyces. All these phenolic compounds found in extracted fractions of Roselle calyces are potent antioxidants and can be used as dietary antioxidant sources to target solutions against chronic oxidative stress-associated metabolic breakdowns, a common health risk factor of T2D.The in vitro antioxidant activities of plant-based foods and botanical medicine extracts are generally analyzed using free radical scavenging assays, specifically to determine their dietary and therapeutic potentials to counter chronic oxidative stress (Tsai et al., 2002; Tang and Tsao, 2017; Peredo Pozos et al., 2020). Therefore, the antioxidant capacities of the hexane, chloroform, ethyl acetate and methanol extracted fractions of Roselle calyces were investigated using DPPH• and ABTS•+ free radical scavenging assays. The variation in antioxidant activity between ABTS•+ and DPPH• assays found in this study might be due to their differences in affinity toward hydrophilic and hydrophobic antioxidants that varied widely in different organic fractions of Roselle calyces (Re et al., 1999). Additionally, higher baseline antioxidant activity in ABTS•+ free radical scavenging assay when compared to the result of DPPH•-based assay, might be attributable to DPPH• radicals being more stable than ABTS•+ cation and a resultant delay is attained in achieving a steady state due to the slow quenching of DPPH• by the hydrophilic antioxidants (Shalaby and Shanab, 2013; Ramakrishna et al., 2017). Furthermore, the differences in phenolic composition and their relative concentrations potentially contributed to different antioxidant activity found among select organic solvent-based fractions of Roselle calyces (Xiong et al., 2014; Karaaslan, 2019).

The results of this in vitro screening study indicated a significantly higher antioxidant activity in the ethyl acetate and methanol fractions, when compared to the hexane and chloroform fractions. The use of polar organic solvents had been reported to result in higher antioxidant activities in comparison to the non-polar counterparts (Orhan et al., 2007; Anokwuru et al., 2011; Altemimi et al., 2017). These findings agree with the studies of Orhan et al. (2007) who observed that the antioxidants activities of the Arnebia densiflora fruit was higher in polar than the non-polar solvent-based extracts. This is also in accordance with the results of the study by Abdille et al. (2005), who reported that the highest antioxidant activity of Dillenia indica fruit was observed in the ethanol extracts followed by ethyl acetate and water extracts. Previous studies have shown that phenolic compounds found in Roselle possess significant free radical scavenging abilities to quench DPPH• and ABTS•+ (Anokwuru et al., 2011; Peredo Pozos et al., 2020). The presence of diverse phenolic compounds, including simple phenolics, flavonoids, and anthocyanin of Roselle calyces influence the antioxidant activities against free radicals (Da-Costa-Rocha et al., 2014; Riaz and Chopra, 2018; Izquierdo-Vega et al., 2020; Peredo Pozos et al., 2020). High chlorogenic acid, caffeic acid and cinnamic acid content in methanolic fraction might have resulted in its higher antioxidant activity, while high antioxidant function in ethyl acetate fraction might be due to the wider distribution of different phenolic compounds including gallic acid and catechin and their additive or synergistic effects to quench free radicals. High antioxidant capacity of these individual phenolic compounds from plant food sources was widely studied and reported previously (Amić et al., 2018; Szewczyk et al., 2018; Tajner-Czopek et al., 2020). The high antioxidant activity found in ethyl acetate and methanol extracted fractions of the Roselle calyces have significant dietary and therapeutic relevance to counter chronic oxidative stress and related pathophysiology of chronic diseases such as T2D. However, for the effective integration of Roselle calyces in T2D benefit supporting strategies, it is also important to define their glycemic control relevant anti-hyperglycemic functions.

Therefore, in this study, inhibitory activity of different organic solvent extracted fractions of Roselle calyces against key enzymes of carbohydrate metabolism, which are potentially relevant for maintaining glucose homeostasis at post-prandial stages were also investigated using in vitro assays. Inhibition of two specific enzymes targeted for understanding anti-hyperglycemic functions of extracted fractions of Roselle calyces were α-amylase and α-glucosidase. In vitro screening strategy targeting 2 key starch-hydrolyzing enzymes α-amylase and α-glucosidase is an inexpensive and effective approach to find functional ingredients with optimum anti-hyperglycemic benefits from large number of samples or for comparing different extraction methods, which will be difficult and expensive to investigate using in vivo or animal model-based strategies. These rapid in vitro assays-based enzyme inhibitory activities provide potential anti-hyperglycemic benefits of novel plant extracts, especially the further targeting the ability of the best extracts to reduce post-prandial blood glucose spike and countering chronic hyperglycemia (Mollica et al., 2018; Stefanucci et al., 2018; Bibi Sadeer et al., 2019) in subsequent in vivo models. The results of this rapid in vitro assay model-based study showed that undiluted sample of ethyl acetate fraction had the highest α-amylase inhibitory activity, while hexane fraction exhibited low inhibitory activity against α-amylase. The same organic fraction also had high phenolic content and high antioxidant activity. Methanol and chloroform fractions of Roselle calyces also showed moderate to high α-amylase inhibitory activity. Previously, Ademiluyi and Oboh (2013b), observed similar α-amylase inhibitory activity in aqueous extract of Hibiscus sabdariffa. Furthermore, the extracts of the different fractions of Roselle also displayed inhibitory activity against α–amylase as observed in Hibiscus sabdariffa and other plant extracts (Adisakwattana et al., 2012; Da-Costa-Rocha et al., 2014; Alegbe et al., 2019). Therefore, corroborated results of the current and previous in vitro assay model-based studies suggested that ethyl acetate, methanol, and chloroform extracted fractions of Roselle calyces are good dietary and therapeutic sources to slow down the breakdown of complex carbohydrates during post-meal period and with additional in vivo studies could be potentially targeted for managing blood glucose homeostasis, which is essential for countering T2D-associated chronic hyperglycemia. The phenolic composition and their relative interaction with protein molecules might also have contributed to difference of α-amylase and α-glucosidase inhibitory activities among different organic solvent-based fractions of Roselle calyces (Domínguez Avila et al., 2017; Foegeding et al., 2017).

In addition to the α-amylase inhibitory activity, very high α-glucosidase inhibitory activity was also observed in all four extracted fractions of Roselle calyces in the targeted in vitro assay models. Significant dose dependent responses in α-glucosidase inhibitory activity were also observed in all four extracted organic fractions. The results indicated that red Roselle calyces enriched in phenolic compounds is relevant for anti-hyperglycemic protection and can be targeted for anti-diabetic benefits. The results of the current study confirmed that like other phenolic enriched plant-based food extracts, Roselle calyces also have high α-glucosidase and moderate α-amylase inhibitory activities, which is essential to avoid distention of the abdomen, gassiness, meteorism, and diarrhea commonly associated with synthetic enzyme inhibitors (Tsai et al., 2002; Ademiluyi and Oboh, 2013a; Uchida-Maruki et al., 2015; Alegbe et al., 2019). The in vitro inhibitory activity against α-amylase and α-glucosidase enzymes found in this study may indicate the probable mechanism by which extracts of Roselle calyces modulate hypoglycemic activity (Ademiluyi and Oboh, 2013a). Such metabolically-linked function potentially influences the anti–glycemic properties of Roselle calyces and are relevant toward integrating this edible flower in dietary support strategies targeting T2D benefits like with other Hibiscus and plant extracts (Gondokesumo et al., 2017; Alegbe et al., 2019; Vinh et al., 2019).

Results of the in vitro assays-based current study indicated that the ethyl acetate fraction of H. sabdariffa was more effective at inhibiting the carbohydrate-hydrolyzing enzymes (α-amylase and α-glucosidase) due to the extraction of diverse phenolic compounds like catechin, gallic acid, chlorogenic acid, caffeic acid, benzoic acid, rutin and cinnamic acid, which was also coupled with their high antioxidant properties. Significant α-amylase and α-glucosidase inhibitory activities were previously observed with individual and combination of different phenolic compounds (Rasouli et al., 2017). The antioxidant and anti-hyperglycemic results of Roselle extracts also corroborated with the previous report of the antioxidant potentials of ethyl acetate extract of six Algerian propolis extracts and the potency of ethyl acetate fraction from H. sabdariffa in attenuating diabetes associated cognitive impairment in mice (Boufadi et al., 2014; Seung et al., 2018). Previously, Zheoat et al. (2017) reported that crude extracts of Roselle and the hibiscus acids obtained from the extracts had vasorelaxant effect on the aorta of Sprague-Dawley rats. They concluded that the hibiscus acid was more effective in the vasorelaxant action by inhibition of Ca2+ influx through the dependent on voltage Ca2+ channels (Zheoat et al., 2017; Izquierdo-Vega et al., 2020). The results of previous and this current in vitro assays-based study indicated that inhibition of starch-hydrolyzing enzymes along with other health protective functions of Roselle phenolic compounds may contribute to the overall glycemic control by improving glucose metabolism and by providing protection against chronic oxidative stress-induced breakdowns (Wang et al., 2000; Alegbe et al., 2019; Vinh et al., 2019; Izquierdo-Vega et al., 2020). Therefore, edible calyces of Roselle are promising and inexpensive source that can be targeted as functional food ingredients and nutraceuticals to counter chronic hyperglycemia and chronic oxidative stress, which are major risk factors of T2D. However, though the present study is primary screening study determining promising extract targets, further studies based on in vivo models and animal studies are required to advance the findings of this study, specifically for effective integration of Roselle calyces in dietary and therapeutic interventions supporting wider T2D benefits based on clinical relevance.
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