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Abstract 

Reducing postprandial hyperglycaemia by attenuating carbohydrate digestion is an effective 

tool in the prevention and management of T2DM. In the past few decades, a huge deal of 

scientific effort was put into identifying natural plant derived ingredients as anti-diabetic 

agents with fewer side effects. Anthocyanins have been highlighted for their potential to lower 

blood glucose levels by inhibition of carbohydrate digesting enzymes such as α-amylase and 

α-glucosidase, however, it has been recognized that the diversity of anthocyanins from 

different sources may differently contribute to anti-diabetic effects.  

This research investigated the acute effects of anthocyanin-rich Hibiscus sabdariffa (HS) 

intake on glycaemic response in vivo and in vitro. The outcomes were compared with 

blueberry, a more common source of anthocyanins which has demonstrated evidence for its 

hypoglycaemic effects. Therefore, two intervention studies were conducted on healthy 

subjects to determine the dose-response effects of anthocyanins on glycaemic response 

using either blueberry or hibiscus. In vitro inhibition assays were performed to compare the 

inhibitory effects of anthocyanin-rich extracts and pure compounds, against and with 

acarbose as a synthetic inhibitor, on α-amylase and α-glucosidase enzyme activities. 

HS dose-dependently inhibited α-glucosidase activity in vitro and reduced postprandial blood 

glucose levels in healthy volunteers, indicating its hypoglycaemic effects. Blueberry had 

stronger in vivo postprandial effects and in vitro inhibition of α-amylase and α-glucosidase 

compared to HS. The in vivo data indicate that anthocyanin-rich drinks/foods have a reduced 

glycaemic response that differs with anthocyanin dose and source  

In summary, the present data indicate that consumption of anthocyanin-rich foods exerts 

beneficial effects on postprandial glucose response that may be attributed to their enzyme 

inhibitory mechanisms. The present study identified that inhibitory properties of anthocyanins 

influenced by a number of factors including different anthocyanidin structure/glycosylation, 

differential inhibition of amylase and glucosidase and presence of other components. 
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Chapter 1  

Introduction and literature review 

1.1 Introduction  

Diabetes mellitus (DM) is a chronic, metabolic disorder which is a leading cause of mortality 

worldwide. Currently, a total of 463 million adults have been reported as diabetic, and the 

incidence is projected to increase to 700 million in 2045 (Saeedi et al., 2019). Together with 

other non-communicable diseases (NCDs) such as cardiovascular disease, cancer, and 

respiratory disease, diabetes accounts for over 80% of premature deaths (Patterson et al., 

2019). Diabetes complications can lead to blindness, kidney failure, heart attack, stroke, and 

lower limb amputation (Tripathi & Srivastava, 2006).  

The majority of diabetic patients can be classified into one of the two broad categories: type 

1 and Type 2 diabetes. Type 1 or juvenile-onset diabetes, also known as insulin dependent 

diabetes, is an autoimmune genetic disorder, caused by insulin deficiency due to pancreatic 

β-cells destruction. The patients with Type 1 diabetes require external insulin 

(tablet/injection) to maintain their blood glucose levels. Type 2 diabetes mellitus (T2DM) is 

typically adult-onset diabetes or insulin independent form of diabetes, characterised by 

elevated blood glucose levels known as hyperglycaemia. The reason for T2DM is insufficient 

secretion of insulin from the β-cells of the pancreatic islets, coupled with impaired insulin 

action in target tissues such as muscle, liver and fat (a condition termed as insulin 

resistance). T2DM is the most common form of diabetes mellitus, accounting for 90% to 95% 

of all diabetic patients (Tripathi & Srivastava, 2006) and its prevalence is raising worldwide. 

There are several classes of drugs available for treating hyperglycaemia, including 

sulfonylureas such as glipizide which enhances insulin secretion from the pancreas, 

biguanides such as metformin (decrease hepatic gluconeogenesis); peroxisome proliferator-

activated receptor-γ (PPAR receptor-γ) agonists (sensitize insulin); and α-glucosidase 

inhibitors such as acarbose (reduce the glucose absorption in the intestine). These drugs are 
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administered either individually or in combination with other hypoglycaemic agents 

(Chaudhury et al., 2017; Rehani et al., 2019).  

Given that T2DM is more moderate than Type 1 and can be managed by controlling the blood 

glucose levels, many people with T2DM may not necessarily need medication or insulin 

therapy and could control T2DM by making lifestyle changes such as eating a healthy diet, 

exercising regularly, and losing weight. Metformin is the first-line medication for people with 

T2DM who have difficulty in maintaining their blood glucose level (Diabetes Prevention 

Program, 2012). Many patients with T2DM may require insulin at some point when oral 

hypoglycaemic agents might not be effective any more (American Diabetes, 2010). Given 

the side effects associated with these drugs and insufficient glycaemic control in many 

diabetic patients, changes in lifestyle, such as increase in physical exercise and balanced 

diet both with lowest adverse side effects, are presumed to be the most promising 

approaches to prevent or delay the onset of T2DM. 

1.2 Digestion and absorption of carbohydrates  

Carbohydrates are one of the macronutrients in the human diet and important for the 

prevision of energy to support body functions (Jéquier, 1994). Dietary carbohydrates are 

classified as mono, di, oligo and polysaccharides. The most important sources of 

carbohydrates in the human diet are starch and sucrose. These carbohydrates are 

hydrolysed by the combined actions of amylases (salivary and pancreatic) and glucosidases 

(intestinal sucrase and maltase), with glucose as the main monosaccharide (Hanhineva et 

al., 2010). The main transporters for glucose absorption in the small intestine are 

sodium/glucose cotransporter 1 (SGLT1) and Glucose transporter 2 (GLUT2). In healthy 

conditions, glucose is transported across the apical membrane of enterocytes via active 

transport through SGLT1, and its exit into the portal circulation is enabled by facilitated 

diffusion through GLUT2, located at the basolateral membrane (Chen et al., 2016). At high 

luminal glucose concentrations, glucose absorption in the small intestine can be influenced 

by other mechanisms. It has been reported that at high carbohydrate loads, the GLUT2 
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transporters can be quickly incorporated into the brush border membrane of enterocytes and 

participate in facilitated diffusion of glucose across this membrane (Williamson, 2013; 

Gromova et al., 2021)  

The postprandial increase in blood glucose levels is determined by the difference between 

the amount of the glucose entering and leaving the circulation. Under healthy conditions, 

glucose levels are maintained at homeostatic levels (4-6 mmol L-1) by pancreatic hormonal 

control (glucagon, insulin, adrenaline). In response to elevated glucose levels in the blood, 

β-cells of the pancreas secrete the hormone insulin, which stimulates the uptake of glucose 

through increased presence of GLUT4 glucose uptake transporter, into peripheral tissues 

such as muscle and adipose tissue. The anabolic action of insulin also promotes the storage 

of glucose in the liver as glycogen and prevents lipolysis in adipose tissue. In contrast, 

glucagon is secreted by pancreatic α-cells in response to low blood glucose levels which has 

catabolic action and induces glycogenolysis as well as gluconeogenesis ensuring sufficient 

glucose in circulation to provide energy for the body functions (Röder et al., 2016). Both these 

hormones work antagonistically and regulate blood glucose concentrations. In healthy 

individuals, the fasting blood glucose levels range from 3.9–5.4 mmol/L and postprandial 

glucose levels rises up to 7.7 mmol/L which return to baseline after 2–3-hour post meal 

consumption (Leahy et al., 2019; Dimitriadis et al., 2021). The carbohydrate digestion occurs 

quite rapidly in the gastrointestinal tract in the absence of hindrances from other food 

components. However, the post meal increase in blood glucose depends on the source and 

physical state of the starch (Venn et al., 2014). The glycaemic rising capacity of dietary 

carbohydrates can be determined by measuring their glycaemic index (GI).  

1.3 Glycaemic index 

Glycaemic index is a measure of the glycaemic response caused by fixed amounts of 

available carbohydrates from a test food to the same amount of available carbohydrates from 

a standard food (glucose or white bread) consumed by the same subject (Jenkins et al., 

2002). The GI determines the increase in the area under the blood glucose response curve 
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of a 50 g carbohydrate portion of a test food over 2 hours and is expressed as the percentage 

of the response of the test food, to the response of a standard food of the same amount 

consumed by the same person. The glycaemic index of glucose is set at 100 and other foods 

are presented relative to this. 

Generally, there are three categories of foods based on their GI values: The high-GI foods 

(> 70), intermediate-GI foods (>55 – < 70) and low-GI foods (< 55). Foods that are digested 

and absorbed slowly, are low GI foods and those that are digested and absorbed moderately 

are intermediate GI foods. The high GI foods are digested and absorbed rapidly and elevate 

blood glucose levels most (Eleazu, 2016). Investigations have shown that intake of low GI 

foods or having components in the diet that can lower the GI of foods, can lower the risk of 

certain chronic diseases such as cardiovascular disease and diabetes Similarly, regular 

consumption of high glycaemic index foods plays a role in the development of chronic 

diseases like T2DM, obesity and cardiovascular disease (Jenkins et al., 2002). 

1.4 Diabetes and glucose homeostasis 

Diet plays a crucial role in the management of diabetes. Carbohydrates present in the diet 

are the main source of energy for the humans. Digestion of carbohydrates leads to increased 

postprandial blood glucose levels. The consumption of high GI foods, such as potatoes and 

white bread, which contain highly bioavailable starch, can cause rapid increase in blood 

sugar and insulin levels, thus contributing to insulin resistance. Persistent elevated blood 

glucose level (>7.7 mmol/L) leads to hyperglycaemia, a risk factor associated with developing 

T2DM (Hanhineva et al., 2010). Chronically high circulating glucose levels in the blood can 

lead to insulin resistance (IR), which is defined as impaired ability of cells (muscle, liver and 

fat) to absorb and use blood glucose for energy. Hyperglycaemia stimulates the pancreatic 

cells to release more insulin to compensate the excessive blood glucose. The chronic 

glucose stimulus for insulin secretion eventually leads to β-cell failure which characterises 

the T2DM (Kahn et al., 2006). Therefore, strict glycaemic control is the hallmark in the 

prevention and management of T2DM (Williamson, 2013).   
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Regulation of blood glucose level by controlling postprandial hyperglycaemia is a key 

mechanism to control or manage T2DM. Carbohydrate digestion starts with salivary α-

amylase in the mouth, hydrolysing α-1,4-bonds in starch into maltose and dextrin then being 

converted to glucose by intestinal brush border α-glucosidase enzymes and absorbed in the 

human intestinal cells (Williamson, 2013). Inhibition of these enzymes leads to reduced 

carbohydrate degradation and glucose intestinal absorption; thereby, reducing postprandial 

hyperglycaemia after consuming a meal.  

1.5 Polyphenols  

Polyphenols are a large and heterogeneous group of plant secondary metabolites present in 

fruits (such as berries, grapes, cherries, apples), vegetables (particularly, broccoli, onion and 

cabbage), legumes, tea and coffee. Based on the number of phenol rings and structures, 

polyphenols are mainly classified into phenolic acids, flavonoids, stilbenes and lignans 

(Scalbert et al., 2005). Intake of diets rich in fruits and vegetables have been linked with 

reduced rick of major chronic diseases including diabetes, cardiovascular diseases and 

cancer (Vita, 2005; Kim et al., 2016; Briguglio et al., 2020). Anthocyanins belong to the 

flavonoid subgroup of polyphenols, gaining significant attention of scientific research due to 

recent evidence of their beneficial effects on health. Increasing evidence from 

epidemiological studies has demonstrated an inverse association between consumption of 

anthocyanin-rich foods and the risk of diabetes (Turrini et al., 2017; Putta et al., 2018). 

Possible mechanisms by which these polyphenolic compounds impact diabetes have been 

investigated through in vitro and in vivo studies (Les et al., 2021). The following section is 

focused on anthocyanin sources and their consumption and effects of dietary anthocyanins 

on diabetes. 

1.6 Anthocyanin sources and intake  

Anthocyanins are water-soluble natural pigments present in many fruits and vegetables 

(Wallace & Giusti, 2015). They differ with respect to their anthocyanidin (aglycone of 
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anthocyanins) skeleton, type of sugars and potential aliphatic and aromatic acyl moieties, 

and their substitution positions. The basic structure of anthocyanins is shown in Figure 1.1.; 

it consists of an anthocyanidin (aglycone) with one or more sugar moieties linked to the 

hydroxyl groups at the 3 and/or 5 position on the C-ring (Bueno et al., 2012). Anthocyanins 

are accountable for blue, purple or red colors in fruits, vegetables, flowers, leaves, and 

grains. The six more prevalent anthocyanins found in fruits and vegetables are cyanidin 

(50%), delphinidin (12%), malvidin (12%), pelargonidin (12%), peonidin (7%) and petunidin 

(7%) (Khoo et al., 2017).  

As part of a typical diet, humans consume considerable amounts of anthocyanins through 

fruits and fruit-based products (e.g. berries, jam, juice, wine), vegetables and cereals (e.g. 

eggplant, red onion, red cabbage, black rice). Berries such as blueberry, strawberry, cherry, 

blackcurrant and lingonberry are the most common sources of anthocyanins. A single serving 

of berries contains several hundred milligrams of anthocyanins/100 g fresh weight; for 

example, elderberries contain 664−1816, chokeberries 410−1480, bilberries 300−698, 

raspberries 20−687, blackcurrants 130−476, blackberries 82.5−325.9, and blueberries 

61.8−299.6 mg anthocyanins (de Pascual-Teresa & Sanchez-Ballesta, 2007; Krga & 

Milenkovic, 2019). 

 

Figure 1.1 Basic structure of anthocyanins
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Genetic, environmental, and agronomic factors (light, temperature, humidity, fertilization, 

processing, and storage conditions) may influence the anthocyanin concentrations in foods 

considerably (Krga & Milenkovic, 2019). For example, under different processing conditions, 

whilst processing led to a loss of anthocyanins, blueberry anthocyanins were better 

preserved in canned fruits (around 72%) and purees (52%) than in clarified juice (41%) 

(Howard et al., 2012). Similarly, anthocyanin contents in fresh blueberry juice are higher 

compared to those stored for six months at 4 0C (about 10% loss) or 25 0C (about 50% loss) 

(Howard et al., 2016). 

The dietary habits vary greatly within a population and impact on the daily anthocyanin 

consumption. Dietary anthocyanin intake is not well established, mainly because of the 

absence of available information in food-composition databases and variations in results 

depending on the dietary assessment used. In Europe, the estimated average intake range 

from 64.9 mg/day (Italy) to 19.8 mg/day (Netherlands) for men, and from 44.1 mg/day (Italy) 

to 18.4 mg/day (Spain) for women. In the United States, women consume on average 12.6 

mg anthocyanins per day while men consume on average 10.5 mg/day. Around 50% of 

Europe's estimated habitual intake consists of fruits, such as grapes, apples, pears, and 

berries, while around 21% comes from red wine. Anthocyanin intake in the United States is 

primarily derived from berries (20%), wine (16%), and grapes (11%) (Wallace & Giusti, 2015). 

1.7 Beneficial effects of anthocyanins towards diabetes 

Anthocyanins have demonstrated a range of biological properties which have been 

associated with the health-beneficial effects of anthocyanins towards preventing/managing 

T2DM. In vitro and in vivo studies have suggested that anthocyanins may lower blood 

glucose by improving insulin resistance, protecting β-cells, increasing the secretion of insulin, 

reducing oxidative stress and inflammation, upregulating expression of glycolytic enzymes, 

downregulating gluconeogenesis related gene expression and activating AMP-activated 
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protein kinase (AMPK). A summary of mechanisms by which anthocyanins can modulate the 

risk factors associated with T2DM are shown in Error! Reference source not found.. 

1.7.1 Role of anthocyanins in IR 

The decline in the sensitivity of peripheral cells (muscle, adipose, liver) to insulin contributes 

to the progression and development of T2DM. Several mechanisms associated with improper 

enzymatic or hormonal functioning may contribute to IR. The presence of excessive visceral 

fat in the body is associated with IR, which results in dysregulation of carbohydrate 

metabolism, a decrease in insulin sensitivity of tissues, hyperglycaemia, and inflammation, 

and, consequently, a higher risk of T2DM (Sartipy & Loskutoff, 2003). Adipocytes of visceral 

fat are metabolically active and secrete adipocytokines such as adiponectin which decrease 

in concentration under IR, and proinflammatory cytokines such as TNF-α (tumor necrosis 

factor) or IL-6 (interleukin-6). The increased expression levels of these inflammatory 

molecules in T2DM is likely to contribute to the development of IR (Al-Goblan et al., 2014). 

Anthocyanins have shown anti-inflammatory properties and reduced the expression of TNF-

α, MCP-1 and IL-6, contributing to the improvement of T2DM (Sasaki et al., 2007; DeFuria 

et al., 2009; Edirisinghe et al., 2011).  

Figure 1.2 The different mechanisms responsible for protective role of anthocyanins in 
preventing and managing T2DM (Les et al., 2021). 



 

9 
 

Tsuda et al. (2003) has found improved IR in mice (C57BL/6J) fed a high-fat diet enriched 

with anthocyanins. It was observed that diet supplemented with cyanidin-3-glucoside 

reduced the blood glucose and TNF-α expression in mice (Tsuda et al., 2003). In another 

study, KK-Ay mice fed a diet supplemented with cyanidin-3-glucoside showed reduced 

glycaemia and decreased expression of inflammatory markers such as TNF-α and MCP-1 in 

adipose tissue (Sasaki et al., 2007). A high-fat diet supplemented with tart cherry powder led 

to decreased fasting glycaemia and insulinaemia in Zucker rats, as well as a decrease in 

plasma levels of IL-6 and TNF-α which led to improved IR (Seymour et al., 2008). Another 

study showed that rats fed a high-fat diet supplemented with freeze-dried whole blueberry 

powder had reduced levels of fasting glucose and TNF-α expression in adipose tissue, which 

are associated with improved insulin tolerance. In another study, C57BL/6 mice fed a high-

fat diet supplemented with freeze-dried whole blueberry powder showed reduced levels of 

fasting glucose and TNF-α expression in adipose tissue and improved insulin tolerance test 

(ITT) results (DeFuria et al., 2009).The hypoglycaemic properties attribute to anthocyanins 

can be associated with activation of insulin receptors. For example, anthocyanins extracted 

from black soybeans induced insulin receptor autophosphorylation in Sprague-Dawley rats, 

thus increasing their activity (Nizamutdinova et al., 2009).  

Anthocyanins may also exert beneficial antidiabetic effects by modulating the activity of 

genes involved in insulin-glucose signalling pathways. GLUT4 is the insulin-responsive 

transporter, mainly found in muscles and adipose tissues and responsible for postprandial 

glucose clearance. GLUT4 is found in intracellular vesicles in an unstimulated state. After a 

meal, blood glucose stimulates the insulin secretion from pancreas. In response to insulin 

binding to its receptor, GLUT4 transporter is translocated to the plasma membrane, thereby 

allowing glucose uptake, and thus maintaining glucose homeostasis (Bryant et al., 2002). 

Therefore, GLUT4 plays an important role in the pathophysiology of T2DM. The lack of 

GLUT4 expression or translocation to the plasma membrane in T2DM patients prevents 

insulin-dependent glucose uptake into target cells. In animal models, anthocyanins from 
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different plant species resulted in decreased glycaemia and an increase in GLUT4 

expression, which contributes to decreased IR (Sasaki et al., 2007; Nizamutdinova et al., 

2009; Chen et al., 2019). It has been found  that cyanidin-3-glucoside extracted from black 

beans improved the IR in 3T3-L1 adipocytes through up-regulation of GLUT4 gene 

expression (Inaguma et al., 2011). Recently, Chen et al. (2019) has observed enhanced 

glucose uptake in L6 rat skeletal muscle cells after treatment with anthocyanin-rich black 

soybean seed coat extract. Cyanidin-3-glucoside, present abundantly in the soybean seed 

coat, has demonstrated the ability to upregulate Akt/GLUT4 signalling, which can decrease 

risk factors associated with diabetes (Chen et al., 2019).  

Retinol binding protein 4 (RBP4) is, a transporter protein synthesized predominantly in liver,  

responsible for transport of retinol from liver to target tissues. In IR, the elevated level of 

RBP4 expression causes insulin signalling in the skeletal muscles to be impaired, 

consequently causing hepatic gluconeogenesis and elevated blood glucose levels (Graham 

et al., 2006). It was found that administration of dietary cyanidin to diabetic mice is associated 

with increased GLUT4 expression in white adipose tissue and reduced glucose 6-

phosphatase (G6Pase) levels. It also decreased the levels of RBP4 in white adipose tissue 

and in the blood, resulting in improved glucose uptake, plasma insulin levels, and 

suppression of glucose production (Sasaki et al., 2007). 

The AMPK pathway is considered a potential therapeutic target for T2DM because of its role 

in regulating glucose uptake. As AMP-activated protein kinase (AMPK) is activated in 

adipose tissue and skeletal muscle, GLUT4 is expressed, which augments glucose uptake 

and utilization by these tissues through mechanisms independent of insulin. The activation 

of AMPK reduced glucose production in the liver, which increases in T2DM (Viollet et al., 

2009). It was found that addition of bilberry extract to the diet decreased blood glucose levels 

and increased insulin response in diabetic mice through activation of AMPK in adipose, 

muscle, and liver tissue (Takikawa et al., 2010). As a consequence, anthocyanins may 

modulate adipokine expression, increase GLUT4 expression, decrease RBP4 expression, 
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activate AMPK and reduce oxidative stress, thereby enhancing insulin sensitivity and 

affecting glycaemic control. 

1.7.2 Role of anthocyanins in pancreatic β-cell protection 

T2DM diabetes is associated with the impairment of pancreatic β-cell function and insulin 

secretion. The persisting hyperglycaemic conditions result in increased intracellular reactive 

oxygen species (ROS) production which has been shown to lead to pancreatic β-cell 

apoptosis (Fu et al., 2013). Anthocyanins have demonstrated protection towards β-cell 

function through the modulation of antioxidant enzymes such as catalase, superoxide 

dismutase (SOD) and glutathione peroxidase present in pancreatic islets (Roy et al., 2008; 

Nizamutdinova et al., 2009; Zhang et al., 2011; Hong et al., 2013). Low expression levels of 

these antioxidant enzymes have been shown to increase susceptibility of β-cells to oxidative 

stress caused by high glucose conditions (Lenzen, 2008; Drews et al., 2010). The 

administration of different anthocyanin-rich extracts such as cornelian cherries and black 

soya bean in streptozotocin (STZ) or alloxan (ALX)-induced diabetic rodents fed with normal 

diet or high fat diet (HFD) have demonstrated improved insulin secretion and β-cell function 

in these animals (Jayaprakasam et al., 2006; Nizamutdinova et al., 2009). In vitro studies 

also indicated the protective role of anthocyanins such as from purple corn towards improving 

diabetes symptoms, but the exact mechanism is not understood (Hong et al., 2013). Further 

studies are therefore needed in order to determine the exact mechanism through which 

anthocyanins affect β-cell function/dysfunction, insulin secretion, and therefore glucose 

metabolism. 

1.7.3 Inhibition of carbohydrate digesting enzymes 

Since inhibition of the carbohydrate digestive enzymes such as α-amylases and α-

glucosidases reduces the postprandial glycaemia, it is considered an important approach to 

counteract metabolic alterations related to hyperglycaemia and T2DM. Currently, synthetic 

enzymes inhibitors, such as acarbose and miglitol, are widely used as antidiabetic drugs. 

Due to the adverse effects of synthetic inhibitory drugs, interest has increased in finding novel 
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natural agents that can successfully inhibit carbohydrate hydrolysing enzymes. Many studies 

have demonstrated that anthocyanin-rich diet may deliver glucomodulatory effects by 

inhibiting starch digestion enzymes and managing the postprandial hyperglycaemia. For 

example, anthocyanins from black carrot inhibited the α-amylase, α-glucosidase, and DPP-

IV enzymes with IC50 values lower than synthetic inhibitors such as acarbose and vildagliptin. 

The cyanidin 3-xylosyl galactoside found in black carrot is considered the most predominant 

anthocyanin for enzyme inhibition (Karkute et al., 2018). Anthocyanin rich fruits such as 

blackcurrant, blueberry, chokeberry, cranberry, lingonberry, sweet cherry and strawberry 

have shown similar effects (Podsedek et al., 2014). McDougall et al. (2005) has found 

blueberry and blackcurrant as potent inhibitors of rat intestinal α-glucosidase with IC50 of 18 

and 22.5 μg phenol/assay, respectively. Red berries such as raspberry and strawberry 

contain anthocyanins such as cyanidin-3-O-glucoside, delphinidin-3-O-glucoside, and 

peonidin-3-O-glucoside which showed inhibitory potential against carbohydrate digestive 

enzymes (α-amylase and α-glucosidase) (Zhang et al., 2010; Gutierrez-Albanchez et al., 

2019). Cyanidin and cyanidin-3,5-diglucoside have been identified in grape extract and 

demonstrated competitive inhibitory effects against α-glucosidase (You et al., 2011). Only a 

small number of studies have investigated purified anthocyanins against digestive enzymes. 

For instance, cyanidin and its derivatives such as cyanidin-3-O-rutinoside, cyanidin-3-O-

galactoside, cyanidin-3-O-glucoside, and peonidin-3-O-glucoside were identified as effective 

α-amylase and α-glucosidase inhibitors (Adisakwattana et al., 2004; Adisakwattana et al., 

2012; Sui et al., 2016). Different fruit extracts have different inhibitory properties against 

starch digestion enzymes. Blackberry, black currant and Aronia berry are potent α-amylase 

inhibitors compared to other fruits measured by the same method (Podsedek et al., 2014; Ho 

et al., 2017; Tan & Chang, 2017). In the case of α-glucosidase, blueberry and blackcurrant 

were the most effective inhibitors followed by strawberry, raspberry, and red cabbage 

(McDougall et al., 2005). Even for the same fruit, different studies reported different inhibitory 

potential. Different factors, such as type and dose of extract, method of determination, type 

and concentration of enzyme and substrate can contribute to variable results as indicated in 
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a recent systematic review investigating the inhibitory potential of polyphenol-rich fruits (Prpa 

et al., 2021).  

The above-mentioned studies suggested that anthocyanins can inhibit both α-glucosidase 

and α-amylase. However, the results are inconsistent, for example, Ostberg-Potthoff et al. 

(2019) have reported that both anthocyanin-rich and ellagic acid derivative-rich pomegranate 

extracts inhibited α-amylase in the similar manner, with IC50 1141 ± 93 mg/mL and 1163 ± 

42 mg/mL, respectively. In contrast, Bellesia et al. (2015) have found that a pomegranate 

extract rich in anthocyanins has a lower α-amylase inhibitory activity than one rich in 

ellagitannins. McDougall et al. (2005) also showed that anthocyanin-rich raspberry extract 

inhibited α-amylase less efficiently than an ellagitannin-rich raspberry extract (28% and 75% 

inhibition, respectively, at 50 mg phenol/assay). In the same study, it was reported that 

anthocyanin-rich raspberry extract inhibited α-glucosidase (82% at 50 μg/mL) more efficiently 

than the crude extract (32% at 50 μg/mL) (McDougall et al., 2005). Recently, Ho et al. (2017), 

also found that ellagitannin-rich cloudberry extract showed greater inhibition of α-amylase 

than anthocyanin-rich blueberry extract. It was demonstrated that anthocyanin-rich extracts 

were more potent α-glucosidase inhibitors compared to α-amylase (Ho et al., 2017). 

Recently, different fractions of Aronia berry extract investigated for enzyme inhibition 

demonstrated stronger inhibition of α-amylase in the presence of polyphenol-rich fraction 

(IC50 123 ± 8 mg/mL) compared to anthocyanin-rich extract (IC50 677 ± 63 mg/mL) (Ostberg-

Potthoff et al., 2019). In the same study, it was reported that an anthocyanin-rich extract of 

pomegranate was more effective at α-glucosidase inhibition (IC50 57.2 ± 6.4 mg/mL) 

compared to ellagitannin-rich (IC50 169 ± 22 mg/mL) and polymeric polyphenol-rich 

pomegranate fractions (IC50 116 ± 3 mg/mL) (Ostberg-Potthoff et al., 2019). However, 

cloudberry extracts with high ellagitannin content did not inhibit a-amylase as effectively as 

raspberry extracts (Grussu et al., 2011); ellagitannins which are dominant in both cloudberry 

and raspberry fruits are sanguiin H-6 and lambertinian C (McDougall et al., 2008). The 

authors proposed that anthocyanins enhanced a-amylase inhibition by ellagitannins (Grussu 
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et al., 2011). Overall, studies were consistent in demonstrating inhibition of α-amylase 

enzyme by polyphenolic and/or ellagitannin-rich fruit extracts in contrast to α-glucosidase, 

which was found more sensitive to anthocyanin contents of fruit extracts. 

However, (Akkarachiyasit et al., 2010) has been found that Cyanidin-3-rutinoside was 

stronger amylase inhibitor (IC50 24.4±0.1 μM) than maltase (IC50 2323 ± 14.8 μM) and 

sucrase (IC50 250.2 ± 8.1 μM). Recently, anthocyanin-rich fruits strongly inhibited α-

glucosidase compared to α-amylase. However, very low inhibition (%) was determined for 

individual anthocyanins and copigments for both α-amylase and α-glucosidase enzymes 

(Berger et al., 2020). Despite the fact that in vitro studies demonstrated anti-diabetic 

properties of anthocyanins, there are some limitations to comparing these outcomes directly 

against each other, including the method of detection, concentrations of anthocyanins, and 

enzyme/substrate sources 

1.8 Mode of carbohydrate digesting enzyme inhibition  

The most prominent mechanism responsible for antidiabetic effects of anthocyanins in 

controlling the postprandial glycaemia is through inhibition of digestive enzymes which has 

been described as competitive or mixed type. It was proposed that glucosyl groups 

associated with anthocyanins might have structural similarities to normal substrates of α-

glucosidase, which may be able to bind to active sites of enzymes without hydrolysing them 

(McDougall & Stewart, 2005). Another possible mechanism could be that the hydroxyl groups 

on anthocyanins may also interact with polar groups in the enzyme's active site, thereby 

changing its molecular composition and properties, and hence affecting its activity 

(Adisakwattana et al., 2009). The inhibitory potential of anthocyanins is linked to their 

chemical structure and type and/position of sugar moiety attached. Adding a hydroxyl group 

(-OH) in the flavonoid skeleton at 5- and 7-positions of the A-ring, at 3′ and 4′- positions of 

the B-ring and at 3-position of the C-ring, and the C2=C3 double bond in the C-ring, were 

crucial for the inhibition behaviour of flavonoids (Proença et al., 2017; Martinez-Gonzalez et 

al., 2019). It has been found that delphinidin (three hydroxyl groups on the B ring) inhibited 
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the α-glucosidase more efficiently than cyanidin and petunidin which have two hydroxyl 

moieties (Promyos et al., 2020). The hydroxyl moieties at C-3’ and C-4’ of the B ring of 

cyanidin exhibited higher inhibitory activity than hydroxyl moieties at the C-4’ and C-5’ of the 

B ring of petunidin (Promyos et al., 2020).  

The glycosylation of anthocyanins influences the inhibitory potential. It was proposed that 

suitable glucoside substitutions could increase the number of total aromatic hydroxyl groups 

consequently encouraging enzyme inhibitory activities. For instance, the hydroxy groups at 

C-3 position of ring C, C-3’ and C-4’ position of ring B, and the glucoside substitutions at the 

C-3 position of ring C were crucial for the enzyme inhibition activities of flavanols. The 

previous study showed that cyanidin exhibited an IC50 value higher than cyanidin-3-glucoside 

(Akkarachiyasit et al., 2010). Nevertheless, glycosylation and the substituting of different 

sugars could reduce the α glucosidase inhibiting capacity of anthocyanins owing to lack of 

specific A- and B-ring hydroxyl groups in the right stereospecific orientation to interact 

successfully with the catalytic site of the enzyme (Xu et al., 2019). The inhibitory activity was 

decreased to a greater extent with a larger number of glycoside substitutions on flavonoids , 

for example, cyanidin-3-glucoside demonstrated more inhibitory activity compared to 

cyanidin-3,5-diglucoside (Akkarachiyasit et al., 2010). A previous study showed that 

inhibitory potential of flavonoids was decreased to a greater extent with a larger number of 

glycoside substitutions (Kim et al., 2000).  

1.9 Anthocyanins and postprandial glycaemia 

The above-mentioned antidiabetic effects of anthocyanins have demonstrated the potential 

of anthocyanins/anthocyanin-rich foods to prevent and manage T2DM. Animal and human 

studies have demonstrated the beneficial effects of anthocyanin consumption in the 

regulation of postprandial glycaemia. Anthocyanins (1 g of anthocyanins/1 kg high-fat diet), 

extracted from Cornelian cherries improved glucose tolerance in mice fed on a high-fat diet 

(60% energy from fats) supplemented with Cornelian cherries extract. Castro-Acosta et al. 

(2016) investigated the influence of anthocyanin-rich blackcurrants drink on postprandial 



 

16 
 

glucose response in humans. It was found that a blackcurrant drink containing 600 mg 

anthocyanins reduced the postprandial glycaemia and insulinaemia following the 

consumption of a starch- and sucrose-rich meal. Attenuated and/or delayed postprandial 

blood glucose concentrations have been observed in healthy adults following anthocyanin-

rich berries mixture (bilberries, blackcurrants, cranberries, strawberries) consumed with 

sucrose (Torronen et al., 2010). The consumption of green tea mixed with freeze-dried apple 

peel, blackberry, blackcurrant and strawberry powders significantly lowered the postprandial 

glucose and insulin response in healthy volunteers (Nyambe-Silavwe & Williamson, 2016). 

Reduced plasma glucose peak has been observed following maqui berry extract (containing 

≥25% delphinidins and ≥35% total anthocyanins) in glucose intolerant volunteers (Hidalgo et 

al., 2014). In contrast, the positive effects of anthocyanin-containing foods on glycaemic 

response have not been duplicated in other studies of this nature. For example, pancakes 

with raspberries and blueberries do not affect glycaemic response compared to a control in 

healthy subjects (Clegg et al., 2011). A direct comparison is not possible due to differences 

in the methodological approaches used in these studies, for example, anthocyanin content, 

carbohydrate source, and study design. Despite not being consistent, the results suggest 

that anthocyanins/anthocyanin-rich foods may modulate postprandial glycaemic response 

and prevent/manage T2DM.  

1.10 Hibiscus sabdariffa  

Hibiscus sabdariffa (HS), commonly known as "red sorrel" or "roselle", belongs to the 

malvaceae family. HS contains many bioactive molecules, among them the most important 

are anthocyanins. Previous studies have found delphinidin-3-sambubioside and cyanidin- 3-

sambubioside as major anthocyanins found in HS (Sindi et al., 2014; Ifie et al., 2016). 

Recently, the flower or calyces of this plant gained much attention in experimental and clinical 

studies due to its anthocyanin rich profile and cardioprotective properties (Gurrola-Diaz et 

al., 2010; Chang et al., 2014).  
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Several in vitro studies on different cell lines such as rat hepatocytes, mouse macrophages 

(RAW 264.7 and J774A.1) and preadipocytes 3T3-L1 and human leukemia cells HL- 60 have 

demonstrated the antioxidant potential of HS (Table 1.1). Dried flower extracts of HS at a 

dose level of 0.10 and 0.20 mg/mL were effective in preventing the rat cells from t-BHP 

induced cytotoxicity and genotoxicity through free radical scavenging and preventing 

unscheduled DNA synthesis (Tseng et al., 1997). HS anthocyanins inhibited the oxidation of 

low density lipoproteins (LDL) and reduced the CD36 gene expression and thus possess the 

antiatherosclerotic capacity (Kao et al., 2009). Similar results were reported by Chang et al. 

(2006).  

The results from animal studies (Table 1.2) have indicated antioxidant (Ali et al., 2003) 

hypoglycaemic (Sachdewa & Khemani, 2003; Peng et al., 2011) and lipid lowering effects of 

HS (Hirunpanich et al., 2006; Farombi & Ige, 2007; Yang et al., 2010). It was demonstrated 

that the blood glucose-lowering effects of HS at a dose of 200 mg/kg was comparable to the 

therapeutic effect of lovastatin in diabetic rats (Farombi & Ige, 2007). HS polyphenolic 

extracts enhanced activity of hepatic fatty acid, lipoprotein enzymes and receptors, and renal 

function, which improved lipid profile (Lee et al., 2009; Yang et al., 2010). 

The clinical studies conducted in pre- and mildly hypertensive (Mozaffari-Khosravi et al., 

2009; McKay et al., 2010) to stage 1 or 2 hypertensive subjects (Haji Faraji & Haji Tarkhani, 

1999; Herrera-Arellano et al., 2007) have demonstrated the hypotensive and hypolipidemic 

activities of HS (Table 1.3). HS administration reduced the serum cholesterol (9-12 %), 

triglycerides (9.9%) and high density lipoproteins (8.3%) in subjects with poor lipid 

metabolism (Lin et al., 2007; Hajifaraji et al., 2018). Systolic blood pressure (SBP) and 

diastolic blood pressure (DBP) decreased with HS treatment in most of these studies. A 

current systematic review and meta-analysis has also confirmed the blood pressure lowering 

effects of HS in humans (Ellis et al., 2021). The health benefits of the HS consumption might 

be related to its high polyphenolic profile, in particular, anthocyanins. More attention has 

focused recently on increasing the knowledge about the HS plant as a source of functional 
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food. Despite the fact that some animal studies and in vitro studies (Table 1.4 & Table 1.5) 

have suggested the antidiabetic properties of HS, in vivo human studies are still lacking. 

Therefore, HS was used as a source of anthocyanins to investigate the glucose lowering 

effects in vivo and in vitro. 
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Table 1.1 Summary of cell culture studies showing different effects of Hibiscus sabdariffa 

Cell  Type of extract   Treatment  Mode of action Related effects  References  

Mouse macrophages  

cell line RAW264.7 

Anthocyanins  1, 1.2, and 2 mg/mL Antioxidant  

Antiapoptotic capacity 

↓LDL oxidation 

↓macrophage death 

Chang et al. (2006) 

Mouse macrophages  

cell line J774A.1 

Anthocyanins rich extract 0.05 – 2 mg/ mL Antiartherosclerotic 

Inhibition of LDL 

oxidation 

↓LDL oxidation 

↓PPAR-gamma 

↓LDL CD36 

↓oxidized LDL absorption 

by macrophages 

Kao et al. (2009) 

Preadipocytes 3T3-L1   0, 250, 1000, 2000, and 

5000 µg/mL 

5 days  

Inhibition of adipocyte 

differentiation 

↓lipid accumulation 

↓ PPAR-δ 

↓C/EBPα 

Kim et al. (2007) 

Human leukaemia cells 

(HL-60) 

PCA 0.2-2 mM 

24-48h 

Antitumoral 

Antioxidant  

↓phosphorylation 

↓expression of Bcl-2 

protooncogene 

Tseng et al. (2000) 

Rat hepatocytes PCA 0.05 and 0.10 mg/mL 

(1.5 mM t-BHP for 30 min 

to induce cell damage) 

Antioxidant   Tseng et al. (1996) 

Rat hepatocytes PCA 0.1, 0.2, 0.5, and 1mg/mL 

(1.5 mM t-BHP for 30 min 

to induce cell damage) 

Antioxidant  ↑radical scavenging  

↓LDH leakage 

↓MDA formation 

Tseng et al. (1997) 

Abbreviations: LDL (low density lipoproteins); PPAR-gamma (peroxisome proliferator-activated receptor); CD36 (cluster of differentiation 36); PCA (protocatechuic acid); 

C/EBPα (CCAAt-enhancer-binding protein); t-BHP (tert-Butyl hydroperoxide);  MDA (malonaldehyde); ↓ indicates a decrease; ↑ indicates an increase.
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Table 1.2 Summary of animal studies showing different health effects of Hibiscus sabdariffa 

Animal model Study design Treatment 
Duration 

(weeks) 
Mode of action Related effects References 

Rats (36) Case-control  Aqueous extract  

50, 100, and 200 mg/kg anthocyanins 
Hepatoxicity induced by 700 mg/kg 

acetaminophen 

2, 3, or 4  

5 days 

Antioxidant  High dose of anthocyanins improves liver 

function  

Ali et al. (2003) 

Rats  

hypercholesterolemia 

induced trough diet  

Case-control G 1: baseline diet  

G 2, 3, and 4: experimental diet with 5, 10, and 

15 g HS/100 g of diet, respectively 

4 Antiobesity and lipid 

lowering  

↓increased weight in G3 and G4 

↓TC and LDL in all groups 

 

Carvajal-Zarrabal 

et al. (2005) 

Rabbits (30) Case-control G1: control 

G2: HCD 
G3:1% HS 

G4: HCD+0.5% HS 

G5: HCD+1% HS 

10 Lipid lowering and 

antiatherosclerotic  

↓TC, CHOL, and LDL in G4 and G5 

↓foam cell formation in blood vessels 

Chen et al. (2003) 

Rats  
(Diabetic) 

Case-control 250 mg/kg BW 3 Hypoglycaemic  ↓glucose (16-26%), ↑insulin (10-14%) 
↓TG (30%) 

Sachdewaand 
Khemani (2003) 

Male albino mice (30) 
Alloxan-induced diabetes 

Case-control  100 and 200 mg/kg BW of HS versus lovastatin 
(10 mg/kg) 

4 Lipid lowering and 
antioxidant  

↓LDL and CHOL at dose 200 mg/kg Farombiand Ige 
(2007) 

SD Rats (42) 

(Hypercholesterolemic) 

 

Case-control 250, 500, and 1000 mg/ kg BW of HS 

intragastrically   

6 Hypolipidemic  At doses 500 and 1000 mg/kg 

↓serum CHOL (22 and 26%) 

↓LDL (22 and 32%) 

↓TG (33 and 28%) 

Hirunpanich et al. 

(2006) 

Hamsters  Case-control G1: control 

G2: HFD 

G3: HFD+0.5% HS 
G4: HFD+1% HS 

G5: HFD+2% HS 

10 Anti-obesity ↓TG, CHOL, LDL 

↓liver CHOL 

↓ALT and AST 
↓adipocytes differentiation 

↓fatty acid synthesis 

Kao et al. (2016) 

Hamsters  Case-control G1: control 
G2: HFD (10% coconut oil+0.5% cholesterol) 

G3: HFD+25 mg 

G4: HFD+50 mg 
G5: HFD+100 mg 

G6: HFD+ 25 mg anthocyanins 

10 Anti-obesity and 
hepatoprotective 

↓weight gain in G5 
↓fatty liver (dose dependent) 

↑PON-1para activity 

↓AST and ALT 

Huang et al. 
(2015) 

Rats (68) 
(Diabetics) 

 

 

Case-control G1: control 
G2: HPE (normal diet+200 mg/kg HPE) 

G3: HFD 

G4: HFD+HPE (100mg/kg) 
G5: HFD +HPE (200mg/kg) 

G6: HFD+STZ 

G7: HFD+STZ+ HPE (100mg/kg) 
G8: HFD+STZ+ HPE (200mg/kg) 

7 Hypoglycaemic and 
hypoinsulinemic 

↓glucose (60-65%) in G5 
↓ elevation in AGE 

↓CTGF and RAGE 

Peng et al. (2011) 

Hamsters   G1: control 

G2: HFD 

G3: HFD+HS (1-2% w/w) 

10 Hypolipidemic and 

hepatoprotective 

↓LDL (60%) in G4 as compared to G3 (45%) 

↓serum LDL and CHOL 

Activation of AMPK 

Yang et al. (2010) 
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G4: HFD+HPE (0.1-0.2% w/w) ↓SREBP-1 
↓ expression of fatty acid synthase 

Abbreviation: G1, G2, G3 (groups); HS (Hibiscus sabdariffa); TG (total glycerides); TC (total cholesterol); LDL ( low density lipoproteins); CHOL (cholesterol); BW (body 

weight);  HCD (high cholesterol diet); HFD (high fat diet); ALT (alanine aminotransferase); AST (Aspartate transaminase); PON (paraoxonase); STZ (streptozocin); CTGF 

(connective tissue growth factor); AGE (advanced glycation end product); AMPK (adenosine monophosphate-activated protein kinase); SREBP-1 (Sterol regulatory element-

binding protein 1); RAGE (receptor of AGE) 
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Table 1.3 Summary of human intervention studies showing different health effects of Hibiscus sabdariffa 

Design 

 
Population Size 

Duration 

(weeks) 
Dose/day Related effects References 

Randomized controlled 

G1: black tea (BT) 

G2: sour tea (ST) 

Type 2 Diabetic mildly 

hypertensive 

60 

 

4 2 g/240 mL  

2 times 

↓MSBP in G2 (16%), ↑MSBP in G1 (7%) 

No significant change on MDBP in either group 

↓MPP in G2 (33%), ↑MPP in G1 (13%) 

Mozaffari-Khosravi 

et al. (2009) 

Randomized, double blind, 

placebo-controlled 
G1: placebo (ST) 

G2: ST 

Pre-& mildly hypertensive 65 6 1.25 g/240 mL 

3 times 

↓MSBP in G2 (5.5%), ↓MSBP in G1 (2.4%) 

No significant change on MDBP in either group 
↓MAP in G2 (4.6%), ↑MAP in G1 (0.9%) 

McKay et al. (2010) 

Randomized, double blind, 
placebo-controlled 

G1: placebo (blackcurrant) 

G2: GT (240mg catechins) 
G3: HS (250 mg anthocyanins) 

Healthy volunteers 
 

54 6 450 mg powered tablet 
containing 250 mg 

anthocyanins 

1 time with lunch 
 

↓SBP in G3 (8.1%) 
No significant change in DBP 

 ↓TC, LDL, TAC, and ↑HDL in three group 

 

Kafeshani et al. 
(2017) 

Randomized, controlled 

G1: HS infusion 

G2:  2 tablets captopril (25 mg) 

Mild to moderate 

hypertensive 

75 4 10 g HS (9.6 mg 

anthocyanins) 

1 time before breakfast 

HS is more effective against BP as compared to 

captopril 

Herrera-Arellano et 

al. (2004) 

Randomized, controlled 

G1: HS infusion 

G2:  lisinopril (10 mg) 

Hypertensive  193 4 Dose providing 250 mg 

anthocyanins 

HS is less effective against BP as compared to 

drug 

Herrera-Arellano et 

al. (2007) 

Randomized, cross over 

G1: 1 capsule 

G2: 2 capsules 
G3: 3 capsules 

Elevated cholesterol level 

(175 to 327 mg/dL) 

42 4 500 mg capsule (powder) 

3 times 

↓serum CHOL (12%) Lin et al. (2007) 

Factorial, randomized, follow up 

G1: non MeSy 
G2: MeSy 

Persons with Non MeSy 

and MeSy syndrome  

222 4 100 mg capsule  

1 time 

↓glucose, ↓CHOL, ↑HDL in G2 

↓TG in both groups  

Gurrola-Diaz et al. 

(2010) 

Randomized, controlled 
G1: control (BT) 

G2: intervention (ST) 

Persons with polygenic 
dyslipidaemia 

43 12 2 g/240 mL 
2 times 

↓TC 99.46%), ↓HDL-C (8.33%), ↓LDL-C 
(9.80%), ↓ TG (9.90%) 

Hajifaraji et al. 
(2018) 

Randomized, double blind 

G1: control (500 mg starch) 

G2: HS treated (450 mg HS+50 

mg starch) 

Fatty liver 36 12 1 capsule 

3 times 

↓BW, ↓BMI, ↓FS Chang et al. (2014) 

Randomized, open label, two way 

cross over 
G1: HS 

G2: tap water 

Healthy volunteers 8 Acute  10 g/200 mL 

Single dose 

↑AO potential in plasma and urine, ↓MDA Frank et al. (2012) 

Abbreviation: G1, G2, G3 (groups); BT (black tea); ST (sour tea); HS (Hibiscus sabdariffa); MSBP ( mean systolic blood pressure); MDBP ( mean diastolic blood pressure); 

MPP (mean pulse pressure); MAP (mean arterial pressure); MeSy (metabolic syndrome); TG (triglycerides); TC (total cholesterol); TAC (total acylglycerol) LDL (ow density 

lipoproteins); HDL (high density lipoprotein); CHOL (cholesterol); MDA (malonaldehyde); BW (body weight); BMI (body mass index); FS (fatty liver score); A0 (antioxidant)
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Table 1.4 In vitro α-glucosidase inhibition by Hibiscus sabdariffa  

Method of detection Inhibitor Substrate 

(source) 

IC50 glucosidase 

(yeast/rat) 

IC50 rat 

intestinal 

maltase 

IC50 rat 

intestinal 

sucrase 

Buffer (pH) Incubation 

time 

References 

detection of 

chromophore released 

from synthetic 

substrate 

Aqueous extract 

Protocatechuic 

acid 

Gallic acid 

pNPG 433.93 μg/mL 

24.30  μg/mL 

22.29 μg/mL 

- 

- 

- 

- 

- 

- 

0.1 M phosphate (6.9) 

 

5 min 25 0C 

 

Alegbe et al. (2019) 

detection of 

chromophore released 

from synthetic 

substrate 

different cultivars 

of hibiscus 

Acarbose 

pNPG 627 and 723 μg/mL 

1415 μg/mL (2.19 

mM) 

- 

- 

- 

- 

100 mM potassium 

phosphate (7)   

 

30 min at 37 
0C 

30 min at 

370C 

Rasheed et al. (2018) 

detection of 

chromophore released 

from synthetic 

substrate 

ethanol extract 

ethanol extract 

Acarbose 

Acarbose 

pNPG  α-glucosidase 15.81 

µg/mL 

β-glucosidase 41.77 

µg/mL 

α-glucosidase 9.45 

µg/mL  

β-glucosidase 22.57 

µg/mL  

- 

- 

- 

- 

- 

- 

- 

Phosphate (7)   

 

30 min at 37 
0C 

15 min at 37 
0C 

30 min at 37 
0C 

15 min at 37 
0C 

Gondokesumo et al. 

(2017) 

glucose oxidase method dried powder 

aqueous extract 

Maltose 3mM - 4.35 - 5.9 

mg/mL 

- 10 mM phosphate (7)   30 min at 37 
0C 

Ifie et al. (2016) 

detection of 

chromophore released 

from synthetic 

substrate 

Aqueous ethanol 

extract 

Reconstituted in 

DMSO and further 

diluted with buffer 

pNPG  203.3 μg/mL - - 100 mM potassium 

phosphate buffer (6.8) 

10 min 25 0C Hamza et al. (2015) 

detection of 

chromophore released 

from synthetic 

substrate 

Powder extract 

reconstituted in 

DW and further 

diluted with buffer  

Acarbose 

pNPG  25.2 μg/mL (rat) 

3.5 μg/mL (rat) 

- 

- 

- 

- 

0.1M phosphate buffer 

(6.9) 

 

5 min 25 0C 

 

Ademiluyiand Oboh 

(2013) 

glucose oxidase method spray dried powder 

aqueous extract 

86 mM 

Maltose 

400 mM 

Sucrose 

- >5 

mg/mL 

>5 

mg/mL 

0.1 M phosphate (6.9) 30 min 

(maltase) 

60 min 

(sucrose) 

Adisakwattana et al. 

(2012) 

 



 

24 
 

Table 1.5 In vitro α-amylase inhibition by Hibiscus sabdariffa 

Method of detection Inhibitor Substrate 

(source) 

Enzyme  IC50 Buffer (pH) Incubation time References  

DNS method Aqueous extract 

Protocatechuic acid 

Gallic acid 

Starch  1% 

(w/v) 

 

PPA (0.5 mg/mL) 

 

411.73 µg/mL 

27.03 µg/mL 

20.12 µg/mL 

0.02 M sodium phosphate 

buffer (pH 6.9) 

 

10 min 25 0C 

 

(Alegbe et al., 2019) 

Starch iodine method 

Quantification of 

reducing sugar 

(maltose equivalent) 

liberated from starch  

Ethanol extract 

Acarbose 

Starch  α-Amylase from 

Bacillus 

amyloliquefaciens 

 

18.09 µg/mL. 

3.64 µg/mL 

Phosphate (7)   15 min at 370C  (Gondokesumo et al., 2017) 

DNS method Powder extract 

reconstituted in 

DW and further 

diluted with buffer  

Acarbose 

Starch  1% 

(w/v) 

 

PPA 

(0.5 mg/mL) 

 

187.9 µg/mL 

59.8 µg/mL 

0.02M sodium phosphate 

buffer (pH 6.9 with  

10 min at 25 0C 

 

(Ademiluyi & Oboh, 2013) 

DNS method  spray dried powder 

aqueous extract 

Starch  1% 

(w/v)  

PPA 

(3 units/mL) 

3.52 mg/mL 0.1 M phosphate buffer 

saline, pH 6.9 

10 min at 37 0C (Adisakwattana et al., 2012) 

Reaction was stopped 

by adding 0.54 mL 50 

% acetic acid  

Hibiscus acid  

Hibiscus acid 6 

methyl ester  

Corn starch  

 

PPA (2.11 U/mL) 

 

1.1 mM 

3.22 mM 

0.05 M Tris-HCl buffe 

buffer (pH 6.9) 

containing 0.01 M CaCl2 

10 min at 37 0C 

 

(Hansawasdi et al., 2000) 
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1.11 Aims and objectives  

The current chapter has described the current understanding on diabetes, complications and 

risk factors associated with hyperglycaemia, the role of glycaemic control in the management 

of T2DM, dietary sources and intake of anthocyanins, and their potential antidiabetic effects 

and possible mechanisms. Based on in vitro and in vivo findings in the present literature, 

remaining research gaps have been highlighted, some of which have been addressed in the 

present study. 

Indeed, studies have suggested that anthocyanins/anthocyanin-rich foods can modulate the 

postprandial hyperglycaemia and play part in the management of diabetes. Among the fruits, 

berries are the main source of anthocyanins and have been extensively studies for their 

antidiabetic effects. In addition to berries, anthocyanins are also present in some edible 

flowers, such as red hibiscus and roses.  

Therefore, the main aim of the research project was to investigate the in vitro and in vivo 

effects of anthocyanins/anthocyanin-rich samples on hyperglycaemia. The objectives of this 

thesis are as follows:  

- to establish in vivo postprandial response following consumption of fruit concentrate-

based beverages i.e. blueberry and hibiscus  

- to analyse and compare anthocyanin composition in these and other anthocyanin-

rich juices  

- to investigate the in vitro inhibitory effects of anthocyanin-rich samples on the activity 

of carbohydrate digestive enzymes (α-amylase and α-glucosidase)  

- to determine α-amylase inhibitory properties in a range of anthocyanin-rich samples 

using the commonly used DNS assay  

- to compare the performance of an absorbance-based kinetic assay that is utilizing a 

synthetic substrate, against the DNS assay  

- to determine the mode of α- amylase inhibition of anthocyanins/anthocyanin-rich 

samples 
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Chapter 2  

Materials and methods 

In this chapter, the general analytical methods including reagents and buffer preparation, in 

vitro enzyme inhibition assays and in vivo human study design that apply to more than one 

chapter are described.  

2.1 Materials 

2.1.1 Chemicals and reagents  

Delphinidin-3-O-sambubioside (DS), cyanidin-3-O-sambubioside (CS), delphinidin-3-O-

glucoside and cyanidin-3-O-glucoside were obtained from Extrasynthese, Genay, France. 

Folin–Ciocalteu reagent, sodium dihydrogen phosphate, disodium hydrogen phosphate, 

sodium carbonate, 3,5-Dinitrosalicylic acid (DNS), potassium sodium tartrate, sodium 

hydrogen phosphate, and sugar standards (D-glucose, D-fructose and D-sucrose), amylose 

(from potato starch), porcine pancreatic amylase (PPA), α-glucosidase (from 

Saccharomyces cerevisiae), p-nitrophenyl glucopyranoside (pNPG), 2-chloro-4 nitrophenyl 

α-D-maltotrioside (CNPG3), and pure compounds; quercetin, gallic acid, chlorogenic acid, 

protocatechuic acid and cyanidin were all purchased from Sigma-Aldrich. Co., Ltd., Dorset, 

UK. Acetonitrile and formic acid of LCMS grade were purchased from Fisher Scientific 

(Loughborough, UK). Oasis MAX cartridges (30 mg) were purchased from Waters 

Corporation Ltd., Milford, MA, U.S.A. Acarbose was purchased from Acros organics (Fisher 

Scientific Ltd., Loughborough, UK).  

Hibiscus concentrate was kindly provided by IBIS Organics, Carlisle, UK. Blueberry, cherry, 

and pomegranate (100% fruit concentrate) were provided by Active Edge Nutrition Ltd. UK. 

Blackcurrant (purified anthocyanin extract, >95% purity) was provided by Meryem Benohoud, 

Keracol, University of Leeds (Farooque et al., 2018). Crude and purified anthocyanin  

containing samples of mahaleb cherry and black carrot were provided by Federica Blando, 

Italy (Blando et al., 2018).
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2.1.2 Sample preparation 

Concentrated stock solutions of pure anthocyanins and purified/non-purified anthocyanins 

samples were made in acidified methanol (0.1% trifluoracetic acid) solution and stored in 

aliquots at –20 °C. The stock solutions of other polyphenolic compounds (gallic acid, gallic 

acid, chlorogenic acid, protocatechuic acid) were prepared in 10% ethanol in stored in 

aliquots at –20 °C. The working dilutions for enzyme assays were prepared in respective 

buffer solutions. Blueberry, cherry, pomegranate and hibiscus concentrates were diluted 1:10 

with Millipore water and centrifuged (5000 rpm: 4 °C) for 5 min. The supernatants were taken 

and further diluted in buffer solutions to provide a range of concentrations for enzyme assays.   

2.2 Analytical methods  

All the reagents and buffer solutions were prepared in Millipore water. 

2.2.1 Total phenolic content assay  

Folin-Ciocalteu reagent (12.5% v/v) 

Folin-Ciocalteu phenol reagent (2 N) was diluted 8 folds with water in an amber bottle prior 

to analysis of total phenol content.  

Sodium carbonate solution (4% w/v) 

Sodium carbonate anhydrous (99.9%, 40 g) was dissolved in water and diluted to 1 L in a 

volumetric flask. The solution was immediately covered with aluminum foil and stored at 

ambient temperature. 

Procedure  

The Folin’s assay is based on the reduction of Folin–Ciocalteu reagent in the presence of 

phenolics resulting in the production of molybdenum–tungsten blue that is measured 

spectrophotometrically at 760 nm and the intensity increases linearly with the concentration 

of phenolics in the reaction mixture (Singleton et al., 1999). 
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The total polyphenol content of fruit concentrates was evaluated using the Folin-Ciocalteu 

method adapted to 96 well plate format (Fernando et al., 2021) with slight modifications. 

Briefly, 10 µL of appropriate diluted sample was mixed with 40 µL of Folin reagent (12.5%) 

and 150 µL of sodium carbonate (4%) solution in a 96 well plate and the reaction mixture 

was incubated for 30 min at room temperature in the dark. Subsequently, absorbance of 

samples and blank was measured at 765 nm using a Tecan Spark plate reader. A standard 

curve was generated using gallic acid (GA) ranging from (0 – 500 μg/mL) with results 

expressed as mg/mL GA equivalents.  

2.2.2 Total monomeric anthocyanins by pH differential method 

Potassium chloride (KCl) buffer solution (0.025 M; pH 1)  

KCl (1.86 g) was dissolved in 960 mL of water. The pH of the solution was adjusted to pH 1 

with concentrated HCl. The buffer solution was then transferred to a volumetric flask (1 L) 

and water was added to make up to 1 L. The buffer solution was stored at room temperature 

and the pH was checked each time before use.  

Sodium acetate buffer (0.4 M; pH 4.5)  

Sodium acetate (tri-hydrate) CH3CO2Na.3H2O (54.43 g) was mixed with 960 mL of water. 

The pH of the buffer solution was adjusted to pH 4.5 with concentrated HCl. The buffer 

solution was then transferred to a volumetric flask (1 L) and water was added to make up to 

1 L. The buffer was stored at room temperature and the pH was checked each time before 

use. 

Procedure  

The pH differential method is based on the structural change of the monomeric anthocyanins 

as a function of pH. The coloured oxonium chromophore of anthocyanins appears at pH 1.0, 

whereas the colourless hemiketal forms at pH 4.5. Thus, the difference in absorbance at the 

λvis-max (520 nm) of the pigment is proportional to the concentration of pigment (Lee et al., 

2019). 
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Total anthocyanins in fruit concentrates were measured via the pH differential method (Sindi 

et al., 2014; Tonutare et al., 2014). Briefly, appropriately diluted samples were added to 0.025 

M potassium chloride buffer (pH 1) as well as 0.4 M sodium acetate buffer (pH 4.5) and 

incubated for 15 min to reach the equilibrium. Absorbance was recorded at 520 nm and at 

700 nm wavelengths using a UV/VIS scanning spectrophotometer. Absorbance readings at 

pH 4.5 were subtracted from pH 1 readings after wavelength correction using the equation: 

A = (A𝑣𝑖𝑠−𝑚𝑎𝑥 − A700) pH1.0 − (A𝑣𝑖𝑠−𝑚𝑎𝑥 − 𝐴700) pH4.5 … … … … … …(Equation 2.1) 

The concentration of total monomeric anthocyanins in the original samples (mg/L) was 

calculated using the formula: 

Monomeric anthocyanins pigment (mg/L) = (A×MW×DF×1000)/(ε×1)  

where MW = molecular weight of most dominant anthocyanins in concentrate, DF = dilution 

factor and ε = molar extinct coefficient of most dominant anthocyanins in concentrate.  

2.2.3 Determination of anthocyanins by HPLC\LC-MS 

The Liquid Chromatography-Mass Spectrometry (LC-MS) is a powerful analytical technique 

with very high sensitivity and specificity. LC-MS is combination of Liquid Chromatography 

(LC) and Mass Spectrometry (MS). With the Liquid Chromatography (LC) the separation of 

components can be done and then the sample eluents from LC are transferred into Mass 

Spectrometry (MS) where the detection, identification and determination of masses of 

components can be done in presence of other components. The anthocyanins present in HS 

were identified and quantified by HPLC/LC-MS using the method as described by (Ifie et al., 

2016).  

Briefly, a HPLC (LC-2010 HT) coupled with a 2020 quadrupole mass spectrometer 

(Shimadzu) fitted with an electro spray ionisation source (ESI-MS) operated in single ion 

monitoring (SIM) was used in positive mode for anthocyanins and negative mode for other 

polyphenols. The other operating parameters were detector -1.80 kV, DL temperature 250 

°C and nebulizing gas flow and drying gas flow set as 1.50 and 15 L/min respectively. The 

mobile phase A was 0.5 % formic acid in water and mobile phase B was a mixture of 
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acetonitrile/ water/formic acid (50:49.5:0.5). The gradient conditions were as follows: the 

initial condition started with 92 % A and was increased to 18 % solvent B at 5.32 min, 32 % 

B at 27.36 min, 60 % B at 42.56 min, reaching 100 % B at 48.64 min, held at 100 % B for 

6.08 min, and returning to the initial conditions for 5 min for the next analysis. The 

chromatographic separation was performed on a Phenomenex Gemini C18 column (5 µm, 

250 mm x 4.6 mm) at a flow rate of 0.5 mL/min. The temperature of the column was 

maintained at 35 °C and the injection volume was 10 µL. The compounds in the samples 

were identified and quantified based on the available standards, molecular mass and 

structure. 

2.2.4 Determination of sugars using HPLC-evaporative light scattering 

detector (ELSD) 

The principle of is ELSD to nebulize the eluent of the target compounds from the LC into 

droplets that are carried by an inert gas in an evaporator tube. The mobile phase is then 

evaporated from the droplets which are then directed towards a light beam in the detector. 

The particles scatter the light beam and the amount of scattered light is a measure of the 

concentration of the analyte (Dreux & Lafosse, 1995).  

Soluble sugars (glucose, fructose, sucrose) present in fruit concentrates were analysed by 

chromatographic technique as described by Ifie et al. (2016). Briefly, a UFLCXR (Shimadzu) 

system attached to an evaporative light scattering detector (ELSD) was used to identify and 

quantify individual sugars. The analysis was performed under isocratic conditions and the 

column used was Grace Davison Prevail Carbohydrate (5 µm, 250 nm X 4.6mm). The mobile 

phase was 75% acetonitrile (v/v) with a flow rate of 0.5 mL/min and injection volume of 10 

µL. Individual sugars were quantified using external standard curves of glucose, fructose and 

sucrose in the range of 250 - 3000 µg/mL with fucose being added as an internal standard. 
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2.3 Biochemical assays 

2.3.1 Determination of α-glucosidase inhibition  

Sodium phosphate buffer (100 mM; pH 7.0) 

A stock solution of 100 mM sodium phosphate buffer solution was prepared by mixing 57.7 

mL of 1 M Na2HPO4 (di-basic) and 42.3 mL of 1 M NaH2PO4 (mono-basic) and then stock 

solution diluted to obtain 100 mM of sodium phosphate buffer solution of pH 7. The buffer 

solution was stored at 4°C. The pH was checked each time before use. 

Enzyme: α-glucosidase solution (0.5 U/mL) 

The stock solution of α-glucosidase (100 U/mL) from Saccharomyces cerevisiae (Sigma 

G5003) was prepared by dissolving 5.26 mg enzyme powder in 1 mL sodium phosphate 

buffer (100 mM; pH 7.0), then stock solution was diluted by 1:200 to provide 0.5/mL of 

solution in the enzyme assay. 

Substrate: p-nitrophenyl glucopyranoside (2.5 mM) 

The substrate solution was prepared by dissolving 7.55 mg p-nitrophenyl glucopyranoside 

(pNPG; MW 301.25 g/mol) in 10 mL of sodium phosphate buffer (100 mM; pH 7.0) and used 

directly for analysis. 

α-glucosidase inhibition assay  

Activity of α-glucosidase enzyme was measured according to Zhang et al. (2017) with some 

modifications. A range of sample (pure compounds or anthocyanins rich extracts) dilutions 

were prepared in 0.1 M phosphate buffer (pH 7.0). For the assay, in 96 well plate, 100 µL of 

sample or pure compounds were incubated with 50 µL of α-glucosidase solution (0.5 U/mL) 

in 0.1 M phosphate buffer (pH 7.0) for 10 min at 37 °C. This was followed by addition of 50 

µL of substrate p-nitrophenyl glucopyranoside (2.5 mM) solution in 0.1 M phosphate buffer 

(pH 7.0). The change in absorbance of released p-nitrophenol was recorded at 405 nm in 1 

min intervals over a 10 min period (at 37 °C) using Tecan Spark 10 M multimode microplate 

reader (TECAN, Mannedorf Switzerland). A reaction product scan (360-600 nm) was 
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performed at the end of each experiment. The rate of enzyme inhibition in per cent was 

calculated from the change in absorbance in comparison to control, by subtracting the 

absorbance of sample from the non-inhibited control, divided by the control value. Acarbose, 

a synthetic inhibitor of α-glucosidase and α-amylase enzymes, was used as a positive control 

(0-4000 µg/mL).  

2.3.1.1 Preliminary experiments 

Anthocyanins are coloured compounds, responsible for dark red colour of hibiscus 

concentrate, cause background absorbance which may interfere with the product (p-

nitrophenol) formation at 405 nm. Therefore, preliminary experiments were conducted with 

color controls (HS sample and buffer only) of different dilutions of HS under the same 

conditions as the enzymatic reaction (HS sample+substrate+enzyme) (Figure 2.1) and 

wavelength scans were recorded. The results are shown in (Figure 2.2) which indicate the 

absorbance signal generated at 405 nm is the result of product formation which is not affected 

by the absorbance of anthocyanins. Moreover, there was clear difference in the product 

formation at different concentrations of hibiscus indicated by absorbance values at 405 nm.  

 

 

Figure 2.1 α-glucosidase measurement in HS samples with colour control. 
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Figure 2.2 Wavelength scans of product formation and colour control samples of different 

dilutions (A-F high to lower) of HS under same experimental conditions. 
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2.3.2 Determination of α-amylase inhibition  

Phosphate-buffered saline (PBS) (20 mM; pH 6.9) 

The PBS solution was prepared by dissolving 2.4 g of sodium phosphate and 0.3915 g of 

sodium chloride (NaCl) in 800 mL water (1L flask). The pH was adjusted to 6.9 with either 1 

M NaOH or HCl and final volume 1 L was made with water. The pH was checked each time 

before use. 

Sodium potassium tartrate solution (5.3 M) (Reagent A)  

The solution was prepared by dissolving 120 g sodium potassium tartrate in previously 

heated 80 mL of 2 M NaOH at  50-70 °C. It was then heated directly on a heating/stir plate 

with constant stirring to dissolve taking the precaution not to boil the solution. 

3,5- Dinitrosalicylic acid (DNS) solution (96 mM) (Reagent B) 

The solution was prepared by dissolving 438 mg of DNS in a 200 mL of water and heated 

directly on a heating/stir plate with constant stirring to dissolve at 100 °C and taking the 

precaution not to boil the solution.  

Colour reagent Solution  

The colour reagent containing DNS for the final step of the assay was prepared by slowly 

adding reagent A to reagent B with continuous stirring. The solution was stored in an amber 

bottle at room temperature with expiry after 6 months 

Substrate: amylose stock solution (2.5 mg/mL) 

The stock solution of amylose from potato starch (Sigma A0512) was prepared by mixing 50 

mg of amylose, 500 μL ethanol, 5 mL Millipore Q water and 1 mL of 10% sodium hydroxide 

solution. The solution was heated on a hot plate for 15 minutes until amylose dissolved and 

then cooled to room temperature. The pH was then adjusted to 6.9 and the volume added 

up to 20 mL. 



 

35 
 

Porcine pancreatic amylase (100 U/mL) 

The enzyme stock solution 100 U/mL was prepared from stock solution (Sigma A6255) in 

PBS solution (20 mM; pH 6.9) and stored in freezer in aliquots -20 0C. The stock solution 100 

U/mL was diluted by 1:80 to provide 1.25 U/mL of working enzyme solution for the DNS 

assay.  

Substrate: 2-chloro-4 nitrophenyl α-D-maltotrioside (CNPG3) (2 mM) 

The substrate solution was prepared by dissolving 13.2 mg CNPG3 (MW 659.98) in 10 mL 

PBS solution (20 mM; pH 6.9) and used directly for analysis. 

Inhibition of α-amylase  

2.3.2.1 DNS method 

The α-amylase inhibitory effects of fruit concentrates were measured using DNS assay 

according to the procedure prescribed by Nyambe-Silavwe et al. (2015). Briefly, 50 µL of 

sample, mixed with 50 µL phosphate buffer saline (20 mM, pH 6.9) and 200 µL of starch 

(amylose) solution (2.5 mg/mL) in 2 mL Eppendorf tube (safe lock), were incubated at 37 °C 

for 10 min. The reaction was started by the addition of 200 µL porcine pancreatic α-amylase 

(PPA) solution (1.25 U/mL) diluted in PBS and incubated at 37 °C for 10 min. Subsequently, 

the reaction was stopped by placing the samples in a water bath (Grant GLS Aqua 12 plus) 

at 100 °C for 10 min, then tubes were transferred to ice to cool down to room temperature. 

The samples were centrifuged using a microcentrifuge for 5 min. The samples obtained was 

subjected to solid phase reaction (SPE) using Oasis MAX cartridge (30 mg) in order to 

remove the polyphenols which may react with the DNS reagent and interfere with the assay 

result (Nyambe-Silavwe et al., 2015).  

To the SPE purified samples, 1 mL DNS reagent was added, and the mixture was heated at 

100 °C for 10 min. After cooling to room temperature, 250 µL from each sample was placed 

in a 96 well plate and the absorbance was recorded at 540 nm using plate reader. The rate 
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of enzyme inhibition was calculated as a percentage of the control (without inhibitor) using 

the following equation:  

𝐢𝐧𝐡𝐢𝐛𝐢𝐭𝐢𝐨𝐧 (%) = [𝐚𝐛𝐬𝐨𝐫𝐛𝐚𝐧𝐜𝐞
(𝐜𝐨𝐧𝐭𝐫𝐨𝐥−𝐬𝐚𝐦𝐩𝐥𝐞)

𝐜𝐨𝐧𝐭𝐫𝐨𝐥
] × 𝟏𝟎𝟎 … … … … …. (Equation 2.2) 

 

2.3.2.2 Direct chromogenic method 

The inhibition of α-amylase activity was measured according to the method described by 

Kalita et al. (2018) with some modifications. Briefly, in wells of a 96 well plate, 50 µL of 

extract/pure compound/acarbose were incubated with 100 µL of PPA solution (1 U/mL) in 20 

mM phosphate buffer (pH 6.9) for 10 min at 37 °C. This was followed by the addition of 50 

µL of substrate CNPG3 2-chloro-4 nitrophenyl α-D-maltotrioside (2 mM, in phosphate buffer). 

The change in absorbance of released p-nitrophenol was recorded at 405 nm in 1 min 

intervals over a 10 min period (at 37 °C) using Tecan Spark 10 M multimode microplate 

reader (TECAN, Mannedorf, Switzerland). A reaction product scan (360-600 nm) was 

performed at the end of each experiment. The rate of enzyme inhibition in per cent was 

calculated from the change in absorbance in comparison to control, by subtracting the 

absorbance of sample from the non-inhibited control, divided by the control value. Acarbose, 

a commonly used antidiabetic drug and synthetic inhibitor of amylase, was employed as a 

positive control.  

2.3.3 Enzymatic kinetics and mode of inhibition 

In preliminary experiments, the optimum enzyme and substrate concentrations for the direct 

chromogenic assay were determined using different concentrations of α-amylase (0.25, 0.5 

and 1 U) and CNPG3 (0, 0.625, 1.25, 2.5 and 5 mM). The linearity of enzyme reaction was 

monitored over 20 min under optimized enzyme and substrate concentrations, and 

incubation time for enzymatic reaction was defined. In order to determine Km and Vmax, the 

selected enzyme concentration (1 U/mL) was incubated with varying concentrations of 

substrate (0-5 mM). The rate of enzymatic reaction (V) was calculated by dividing the change 
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in absorbance (at 405 nm) over time. The Lineweaver-Burk double reciprocal plot was 

obtained by plotting the 1/V against reciprocal of substrate (1/[S]), and Km and Vmax were 

calculated. 

To detail the inhibitory mechanism, a series of experiments were conducted by maintaining 

PPA at 1 U/mL and varying concentration of inhibitors (acarbose, black currant and cyanidin-

3-O-glactopyranoside) and substrate CNPG3 (0-5 mM). Michaelis-Menten kinetic 

parameters and mode of inhibition of PPA for every inhibitor was determined from a 

Lineweaver-Burk. 

2.4 In vivo human glycaemic study (Hibiscus and blueberry study)  

2.4.1 Materials  

White bread (Warburtons®), household sugar and low nitrate (<0.1 mg/L) still natural 

Buxton® mineral water were all purchased from a local Tesco® store (Leeds, UK). Accu-

Chek® Performa Nano including test strips were purchased from a commercial provider 

(Boots, Leeds, UK). Microvette® 200 tubes were obtained from Sarstedt (Leeds, UK), 

DuoSet Insulin kit and controls were from R&D systems Bio-Techne (Abingdon, UK). Sugars 

(fructose, glucose) were purchased from Holland and Barrett® (Leeds, UK). 

2.4.2 Ethical approval  

Both intervention studies were reviewed and approved by the Research Ethics Committee, 

University of Leeds, UK and covered under the same ethics (Ethical reference number: 

MEEC 16-028). The work has been carried out in accordance with the Declaration of Helsinki 

(The Code of Ethics of the World Medical Association). 

2.4.3 Participant recruitment 

For each study, healthy participants (males/females), meeting the inclusion criteria (not 

pregnant or breast-feeding, not taking any medication or supplements) were recruited using 

advertisements, flyers and personal communications. The interested volunteers were tested 
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for their eligibility (Appendix A) given a participation information form (Appendix C). Written 

informed consent was obtained from each participant (Appendix D). The participants were 

advised to avoid the consumption of polyphenol rich foods (fruits, vegetables, tea, coffee, red 

wine, cocoa) and strenuous exercise prior to each visit. Subjects were asked to fast for at 

least ten hours and no more than twelve hours prior to each visit. Anthropometric 

measurements (height, weight, and waist circumference) were obtained for all subjects 

during their first visit. The height was measured using a stadiometer, which consists of a long 

ruler and headpiece. A digital scale was used to measure the weight of the participants. Using 

an inelastic measuring tape, the waist circumference was measured midway between the 

lowest ribs and the iliac crest. All participants completed a health screening questionnaire 

(Appendix B) prior to the first visit and a 24 h food recall questionnaire at each visit. Physical 

activity level was determined using IPAQ (International Physical Activity Questionnaire). 

2.4.4 Preparation of test drinks 

The detailed composition of test drinks/meals used in studies are explained in individual 

Chapters (3 & 5). Briefly, test drinks were prepared by diluting concentrated juice with low 

nitrate (<0.1 mg/L) still natural Buxton® mineral water. The sugar content of all the drinks 

were adjusted to achieve similar profile and amount of available carbohydrates. The water 

was used as a reference/control drink in each study.  

2.4.5 Blood sampling  

In the present study, blood samples were taken using fingertip capillary sampling to 

determine the glycaemic response. The finger-prick method is to collect blood from peripheral 

capillaries, and the blood glucose concentration approximates the level of arterial blood 

glucose (Liu et al., 1992). There are various methods for blood sampling with different sites 

giving different glucose concentrations. Despite of few differences in fasting glucose in 

capillary blood and venous blood, fingertip capillary sampling is recommended as the 

postprandial blood glucose concentrations in capillaries are higher than in the veins (Yang et 

al., 2012). Moreover, capillary blood glucose has shown to have lower coefficient of variation 
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(CV) and higher iAUC than venous blood (Wolever et al., 2003; Hätönen et al., 2006).  While 

diabetes is diagnosed based on measurements of venous plasma glucose, venous blood 

sampling as well as finger pricks can both be used to assess glycaemic response 

(FAO/WHO, 1998). Blood samples should be taken at standardised times as recommended 

by FAO/WHO1998, at the fasting stage (0) and then 15, 30, 45, 60, 90, 120 and 180 minutes 

after starting the test meal for consistent glycaemic response.  

2.4.6 Study protocol 

In general, each study was a randomized controlled trial in which participants attended the 

human study facilities at the University of Leeds, UK, on three occasions, separated by 2-3 

days between each visit. On each visit, after ensuring the subjects were comfortable and 

warm, baseline blood glucose was measured. An alcohol swab (Universal ALCOTIP PRE-

INJECTION SWABS) was used to wipe the middle or ring finger. After alcohol was dried, 

with the help of disposable lancet (Accu-Chek Safe-T-Pro Plus lancet, Roche diagnostics 

GmbH), the side of the chosen finger was pricked and first drop of blood was wiped. The 

next droplet was placed into test strip (Accu-Chek Aviva test strip, Roche), previously 

inserted into a glucometer (Accu-Check). Blood glucose concentration was measured in 

mmol L-1. The volunteers were asked to consume white bread as well as test drink containing 

either 30 mL or 50 mL amount of concentrated juice (diluted with water to 300 mL volume) 

or a sugar matched control drink (300 mL), within a few minutes (> 5 min). Further, blood 

glucose levels were determined at regular intervals following drink and bread consumption 

(15, 30, 45, 60, 90, 120, 150, 180 min) during each visit. Small volumes of blood (100 µL) 

were collected using microvettes at each time point. Samples were centrifuged at 1300 g, 

4°C for 15 min and plasma aliquots were kept frozen at −80°C until insulin analysis. Insulin 

was determined via immunoassay in duplicates after appropriate dilution.  

In order to minimise the large variations in the glycaemic response, it is recommended that 

the control and test samples should be repeated at least twice (Brouns et al., 2005). However, 

this represents a high burden for the participants. The inclusion of healthy subjects in the 
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present project will improve the GI results and reduce the variation within the subjects 

(Brouns et al., 2005). 

2.4.7 Insulin measurement by ELISA 

Immunological methods determine the concentration of insulin in the serum by its binding to 

insulin antibody. The most commonly used method for insulin analysis is the enzyme-linked-

immuno-sorbent-assay (ELISA) (Federlin, 2012).   

DuoSet ELISA is based on the direct sandwich technique (solid phase two-site enzyme 

immunoassay). It is based on the affinity of an antibody (ABI) bound to a microplate which is 

specific to the antigen or molecule of interest. Plate is blocked and washed. The sample to 

be analysed is added into the well and there is a specific binding reaction between antibody 

and molecule of interest. A washing buffer step then follows and it removes any unbound 

molecule. A second antibody linked to an enzyme (peroxidase) is then added into the 

antibody-antigen complex formed in the first step. A substrate solution, 3,3’,5,5’-

tetramethylbenzidine (TMB), is then added and reacts with the enzyme. The reaction is 

stopped by adding acid and a colour develops, proportional to the amount of molecule of 

interest present in the well. The colour intensity is measured spectrophotometrically using a 

micro-plate reader at 450 nm. The molecule of interest  can be quantified by using the 

standard curve equation obtained using the standard solutions of enclosed in the kit. 

2.5 Statistical analysis 

All data (in vitro and in vivo) were analysed using GraphPad Prism; Version 9. and IBM SPSS 

statistics version 26 and are expressed as mean±SEM. The variables were checked for 

normality using Histograms. A two factors repeated measure ANOVA was applied to 

determine the significance of intervention and intervention × time interaction followed by Post 

hoc comparisons with Tukey’s adjustments to investigate the differences between the test 

drinks at different time points.  
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Glucose concentrations at different time points were plotted against time to obtain the 

glucose curve. The most commonly used method to determine glucose response is that of 

incremental area under the curve (iAUC) which calculates only the area over the baseline 

(fasting blood glucose) and does not take into account the area beneath the curve. It has 

been reported that total AUC is a descriptive factor related to basal blood glucose level 

whereas incremental and positive AUC more accurately describe glycaemic response to 

foods (Le Floch et al., 1990). Therefore, incremental blood glucose values were calculated 

by subtracting baseline values from all subsequent time points and incremental area under 

the curve (iAUC) for each glucose curve was calculated using the trapezoid rule and data 

was analysed using one way ANOVA. In addition, peak plasma glucose values were 

identified. Values of P ≤ 0.05 were considered significant. In vitro experiments were 

conducted at least in thrice in duplicates. The calculated inhibition rates of enzymes at the 

various concentrations of blueberry and acarbose were fitted with GraphPad Prism using 

nonlinear curve fitting. IC50 (half maximal inhibitory concentration) values were then obtained 

from the respective curve.  
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Chapter 3  

Hibiscus sabdariffa inhibits α-glucosidase activity in vitro and 

lowers postprandial blood glucose response in humans 

3.1 Abstract  

Hibiscus sabdariffa (HS) is a rich source of anthocyanins, associated with lowering of blood 

pressure and modulation of blood lipids. There is limited evidence on the effects of HS on 

postprandial glycaemia and/or chronic markers of glycaemic control. The current study aimed 

to establish in vitro and in vivo anti-diabetic properties of HS, and to investigate the 

contribution of individual anthocyanins to inhibit the carbohydrate digesting enzymes α-

amylase and α-glucosidase. 

A randomized controlled cross-over study was conducted to establish HS effects on 

postprandial glucose response. Fifteen healthy participants consumed either a low or high 

dose of HS drink or a sugar matched control drink, alongside a portion of white bread to 

provide in total 50 g available carbohydrates. Blood glucose was monitored at regular 

intervals over 3 h with subsequent analysis of plasma insulin. Enzyme activities were 

determined using absorbance based methods. 

The results demonstrate significant attenuation of postprandial glucose (low and high dose) 

and insulin responses (high dose only) following HS consumption in vivo which was 

supported by in vitro dose-dependent inhibition of α-glucosidase (IC50 120.9 µg 

polyphenols/mL), but not α-amylase activity. Moreover, when applied with acarbose, HS 

showed an increased inhibition of α-glucosidase. The α-glucosidase inhibitory response is 

likely a combined result of the different components of HS as anthocyanins individually were 

unable to demonstrate inhibition at concentrations below 100 µM. In conclusion, consumption 

of HS demonstrates potential to beneficially impact mechanisms contributing to blood 

glucose regulation, and regular consumption should therefore be encouraged. 
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3.2 Introduction  

T2DM is characterized by hyperglycaemia and associated with impaired insulin secretion 

and insulin resistance. Globally, the incidence of T2DM is increasing exponentially. 

Considering the significant burden on patients and public health services, there is increasing 

interest and demand for alternative approaches such as hypoglycaemic drugs and lifestyle 

modifications that may contribute to prevention and/or support controlling T2DM. In 

particular, reduction of postprandial glycaemia has been highlighted as an effective 

mechanism to maintain glucose homeostasis and reduce the risk of T2DM (Kim et al., 2016).  

Polyphenols, a large group of plant secondary metabolites, present in fruits and vegetables, 

tea and coffee, have been associated with many health benefits, amongst them prevention 

of diabetes, cardiovascular disease and cancer (Hanhineva et al., 2010; Coe & Ryan, 2016; 

Kim et al., 2016). Several mechanisms have been proposed by which polyphenols may 

modulate glucose metabolism, such as attenuation of carbohydrate digestion by inhibiting 

salivary and pancreatic α-amylase enzymes, and α-glucosidases in the small intestinal brush 

border, as well as inhibition of glucose absorption, stimulation of insulin secretion and 

protection of pancreatic β-cells against glucotoxicity (Kim et al., 2016). Several flavonoids 

such as naringenin, kaempferol, luteolin, apigenin, (+)-catechin/(–)-epicatechin, daidzein, 

and epigallocatechin gallate have been reported to inhibit starch digestive enzymes (Tadera 

et al., 2006). Further, Zhang et al. (2010) has identified four major active phenolic 

compounds, ellagic acid, cyanidin-diglucoside, pelargonidin-3-rutinoside, and catechin 

present in raspberries as α-glucosidase inhibitors. The influence of polyphenols on glucose 

transporters has been studied in vitro by using intestinal brush border membrane vesicles 

and Caco-2 cells. It has been found that quercetin and tea catechins inhibited the glucose 

transporters Na+-dependent SGLT1 and GLUT2 (Williamson, 2013). Anthocyanins are a 

polyphenol subgroup and are widely distributed in edible fruits and vegetables. Their intake 

has been associated with cardiovascular and metabolic health (Wallace, 2011; Bordoni et 

al., 2019). In vitro studies suggest that anthocyanins such as cyanidin and its glucosides can 
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inhibit the activity of amylase and glucosidase (Akkarachiyasit et al., 2010). Cyanidin-3-

galactoside (IC50 0.05 mM) was found most potent intestinal glucosidase inhibitor whereas 

cyanidin-3-glucoside (IC50 0.30 mM) was more effective against pancreatic amylase. 

Modulation of enzyme activity via anthocyanins may be a relevant mechanisms to suppress 

postprandial glycaemia and thus reduce the risk of T2DM (Sancho & Pastore, 2012). 

Hibiscus sabdariffa (HS), also known as Roselle or red tea, is a member of the Malvaceae 

family, with a unique anthocyanin profile containing delphinidin- and cyanidin-sambubiosides 

as main anthocyanin compounds. Intake of HS has been associated with lowering of blood 

pressure and blood cholesterol (Hopkins et al., 2013); indeed, a recent meta-analysis of our 

group has confirmed the consistent effect of HS on systolic blood pressure reduction (Ellis et 

al., 2021). The potential anti-diabetic effects of HS have received much less attention with 

so far limited research being conducted. Evidence from animal studies suggests that oral 

administration of HS could prevent the development of insulin resistance induced by high-

fructose diets in rats (Andraini & Yolanda, 2014). In prediabetic women, the consumption of 

rosella tea twice a day for 14 days led to a significant decrease in fasting blood glucose (FBG) 

when compared to the control group (Mayasari et al., 2018). However, a recent acute study 

could not demonstrate significant differences of postprandial glucose and insulin (Abubakar 

et al., 2019). Given the limited evidence on the topic; 

3.3 Aims and objectives  

The aim of this study was to investigate the inhibitory effects of HS and its main anthocyanins 

(delphinidin- and cyanidin-sambubiosides) and some of their metabolites on the activity of α-

amylase and α-glucosidase enzymes and to establish acute anti-diabetic effects on post-

prandial glucose in vivo in human volunteers. 
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3.4 Objectives 

1. To measure the blood glucose and insulin response of healthy human subjects after 

consuming a drink with white bread. Three drinks were tested by each participant: low 

and high dose hibiscus drink and a sugar match control drink.  

2. To determine in vitro enzyme inhibition (α-amylase and α-glucosidase) by HS and its 

main anthocyanins and their metabolites. 

3. To investigate the potential synergistic effects of HS with the synthetic drug acarbose. 

4. To monitor the kinetics of the reaction for measuring α-glucosidase activity. 

3.5 Materials and Methods 

3.5.1 Compositional analysis 

HS concentrate used in this study was kindly provided by IBIS Organics, Carlisle, UK. The 

total phenols, total anthocyanins and total sugars (glucose, fructose, sucrose) in HS 

concentrate were analysed using Folin-Ciocalteu assay, pH differential method and HPLC-

ELSD method, respectively. Further details about the chemicals and procedures are available 

in section 2.2 Chapter 2 Materials and methods. 

3.6 Study design  

3.6.1 Control and intervention drinks 

To prepare low and high dose HS drink, 30 mL and 50 mL HS concentrate were diluted to 300 

mL volume with low nitrate (<0.1 mg/L) still natural Buxton® mineral water, respectively. The 

control drink used in this study was water. Each drink contained 25 g household sugar and 

consumed with 55 g White bread (Warburtons®) to provide 50 g available carbohydrates. The 

composition of control and test drinks is presented in Table 3.1 
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Table 3.1 Characteristics/composition of test meals/drinks 

Type 

ofsdrink 

fructose 

(g) 

glucose 

(g) 

sucrose 

(g) 

total 

intrinsic 

sugars 

(g) 

available 

CH from 

bread 

(g) 

added 

sucrose 

(g) 

total 

available 

CH 

(g) 

Total 

PP 

(mg) 

Total 

ACNs 

(mg) 

Control      0      0      0       0       25     25   50    0     0 

Low dose 0.20 0.24 0.08 0.52 25 25 50.52 230 132 

High dose 0.34 0.40 0.13 0.87 25 25 50.87 383 220 

Intrinsic sugars: sugars present in hibiscus concentrate analysed by HPLC-ELSD  

PP: polyphenols 

ACNs: anthocyanins 

CH: carbohydrates 

3.7 Human study: subjects and design 

It was a randomized crossover trial study to assess the postprandial glycemic response to HS 

in healthy adults. The intended sample size of 15 subjects was based on power calculation 

and similar studies to determine changes in postprandial glucose response (Torronen et al., 

2010; Torronen et al., 2013). The study consisted of three visits; and randomisation was 

conducted using an online programme (http://www.randomization.com). Healthy participants 

(6 males; 9 females) aged 20-40 years with body mass index (BMI) 21-27 kgm-2, were 

recruited from the University of Leeds. Subjects were fasted for at least ten to twelve h before 

each visit. All other details are described in section 2.4 in Chapter 2 Materials and methods. 

Briefly, eligible participants attended the human study facilities at the University of Leeds, UK, 

on three occasions, separated by 2-3 days between each visit. On the study day, participants 

arrived at the human study room between 8.00 and 9.00 am. Upon arriving, after a baseline 

blood glucose measurement, volunteers consumed 55 g of bread as well as a drink (one of 

HS drink or control), within a few minutes. After that, postprandial glucose was measured at 

15, 30, 45, 60, 90, 120, 150, and 180 min using glucometer Accu-Chek® Performa. Small 

volumes of blood (100 µL) were collected using microvettes at each time point. Samples were 

centrifuged at 1300 g, 4°C for 15 min and plasma aliquots were kept frozen at −80°C until 

insulin analysis. Insulin was determined via immunoassay in duplicates after appropriate 

dilution.   

http://www.randomization.com/
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Figure 3.1 Human study design 

 

3.8 Statistical analysis  

Sample size was determined to detect differences of at least one standard deviation of 

postprandial glycaemic response between the intervention arms. According to the calculation, 

the study required 13 participants for a significance level of 0.05 and a probability of 90%, with 

participants being controls of themselves. However, previous acute studies have shown that 

twelve participants on average are sufficient to detect a minimum difference of 1 mmol L−1 of 

postprandial glucose peak response (Torronen et al., 2010; Kerimi et al., 2017). 

The significance of the overall drink × time interaction and their main effects was tested using 

a two factors repeated measure ANOVA and comparisons were conducted using Tukey’s test, 

where a significant difference was observed. Postprandial blood glucose and plasma insulin 

incremental area under the curves (iAUCs) were calculated using the trapezoidal rule, omitting 

values below the baseline, over 120 and 180 minutes after consuming intervention and control 

drinks, and the data were analysed using one-way ANOVA. All statistical analyses were 

performed using SPSS (version 26, IBM), with a statistical difference of P < 0.05 considered 

as significant. The data is expressed as mean±SEM of fifteen participants for glucose 

response. As a result of freezer failure during the lockdown period (Covid-19), some plasma 

samples were deteriorated and not analysed, therefore insulin data were expressed as 

mean±SEM of 9 participants.
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3.9 In vitro enzyme inhibition  

All the chemicals, reagents and methods used for measurement of in vitro carbohydrate 

digesting enzymes are described in detail in sections 2.3 in Chapter 2 Materials and Methods.  

Acarbose, a synthetic inhibitor of α-glucosidase and α-amylase enzymes, was used as a 

positive control (0-4000 µg/mL). A range of concentrations of HS sample (covering a range of 

0 – 400 µg polyphenols/mL) or pure compounds were made in 0.1 M phosphate buffer (pH 

7.0) and in PBS (20 mM, pH 6.9) for α-glucosidase and α-amylase enzyme assay, 

respectively. The enzyme activities were measured and the rate of enzyme inhibition in per 

cent were calculated as a percentage of the control (without inhibitor).  

 

 

Figure 3.2 a-amylase inhibition in HS samples 

 

3.10 Results  

3.10.1 Compositional analysis of hibiscus sample  

Hibiscus sabdariffa is a rich source of anthocyanins; HPLC/MS analysis in HS concentrate 

confirmed the presence of delphinidin-3-O-sambubioside and cyanidin-3-O-sambubioside as 

major anthocyanins, whereas delphinidin-3-O-glucoside and cyanidin-3-O-glucoside were 

present as minor anthocyanins (Figure 3.3). Total anthocyanin and polyphenol content are 
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shown in Table 3.2. In addition, sugar content was determined via HPLC-ELSD analysis which 

indicated the presence of low amounts of sucrose, fructose, glucose in HS concentrate (Table 

3.2). However, given that the sugar content was below <1 g drinkable portion, it was not 

considered to have an effect on postprandial glucose response. 
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Figure 3.3 Typical HPLC/MS chromatogram (λ = 520 nm) of anthocyanins distribution in 

Hibiscus sabdariffa. Peaks refer to the following compounds: 1: delphinidin sambubioside, 2: 

delphinidin glucoside, 3: cyanidin glucoside, 4: cyanidin sambubioside. 

 

Table 3.2 Compositional analysis of HS concentrate 

Ingredient mg/mL 

Total polyphenols 7.66 ± 0.15 

Total anthocyanins 4.4 ± 0.03 

Total sugar 17.42 ± 0.74 

Sucrose 2.63 ± 0.14 

Glucose 8.00 ± 0.40 

Fructose 6.78 ± 0.22 

The results are mean±SEM of three independent measurements
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3.10.2 Human study: glycaemic response 

Fifteen volunteers who met the edibility criteria were randomized to test drinks and completed 

the study. Baseline characteristics of study participants are shown in Table 3.3 

Table 3.3 Characteristics of participants 

 mean±SEM 

Ethnicity Mixed 

Gender 6 male/9 female 

Age (years) 28.5±1.40 

Height (cm) 168.5±0.08 

Weight (kg) 69.1±2.49 

BMI (kg/m2) 24.3± 0.61 

Fasting blood glucose (mmol/L) 5.2±0.12 

Activity level 4 low; 10 medium; 1 high  

 

The postprandial changes in blood glucose after consuming control/HS drink with 50 g 

available carbohydrates are shown in Figure 3.4. Low and high dose treatments significantly 

lowered plasma glucose concentrations in the early postprandial period (0-30 min) compared 

with control (P < 0.005). Post hoc analysis with Tukey’s adjustment showed significantly lower 

glucose concentrations following high dose HS drink compared with control at 15, 30, 45 and 

150 min post consumption (Figure 3.4A) The maximal plasma glucose concentration (Cmax) 

was also decreased by low (mean difference 0.93 mmol/L; P = 0.039) and high (mean 

difference 0.89 mmol/L; P = 0.003) HS dose vs control (Figure 3.4B). The total glucose iAUC 

(0-120 min) was dose-dependently decreased by 7 and 18% for low and high HS dose, 

respectively, which was significant (P = 0.010) only for the high dose as compared to control 

(Figure 3.4C). Postprandial plasma insulin data, shown in Figure 3.5, indicate that high HS 

dose significantly lowered plasma insulin concentrations in the early postprandial period (0-45 

min, P < 0.05) whereas the low HS dose had no significant effect on plasma insulin (P > 0.05) 

compared with the control (Figure 3.5A). This was also reflected in plasma peak insulin (Figure 

3.5B) and total insulin iAUC (0-120 min) (Figure 3.5C) which were both significantly lower 
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following high HS intake (P = 0.048, P =0.010) but not after low HS dose (P = 0.591, P = 

0.099). 
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Figure 3.4 Incremental blood glucose response over 180 min following consumption of control 

drink (●) and either low (■) or high dose hibiscus (▲) sugar matched drinks (A); as well as 

peak plasma glucose (B) and total iAUC (C). The data represent means with SEM of 15 

participants. Post hoc analysis of time-point differences in change from baseline in glucose 

with Tukey’s adjustment at P < 0.05 was done for control compared with low and high dose of 

hibiscus. The symbols * and # indicate the significant difference between control and low and 

high dose of hibiscus, respectively.
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Figure 3.5 Incremental plasma insulin response over 180 min following consumption of control 

drink (●) and either low (■) or high dose hibiscus (▲) sugar matched drinks (A). (B) indicates 

plasma peak insulin concentrations and (C) total iAUC. Data are mean with SEM of 9 

participants. Post hoc analysis of time-point differences for change of insulin, with Tukey’s 

adjustment at P < 0.05 was done for control compared with low and high dose of hibiscus. The 

symbols * indicates the significant difference between control and high dose of hibiscus. No 

significant difference (P > 0.05) was observed after intake of low dose of hibiscus as compared 

to control. 
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3.10.3 Inhibition of α-glucosidase and α-amylase in vitro  

Inhibition of α-glucosidase was determined by the rate of release of p-nitrophenol (yellow 

colour compound) from p-nitrophenyl glucopyranoside at 37 0C. As shown in Figure 3.6A 

acarbose, a synthetic inhibitor of α-glucosidase which was used as positive control, dose-

dependently inhibited enzyme activity with IC50 619±1.76 µg/mL. The detection wavelength of 

405 nm that is used in this assay to determine product formation is a potential cause of 

interference when measuring inhibitory activity of natural pigments i.e., anthocyanins, which 

show considerable absorbance signal at this wavelength.  

Therefore, the change in absorbance resulting from p-nitrophenol release, was recorded at 

405 nm over a 10 min reaction period and plotted against time. For acarbose, the results 

showed linearity with r > 0.99 for all samples (Figure 3.6C). In addition, wavelength scans 

(350-600 nm) confirmed the does-dependent reduction in reaction product formation in the 

presence of inhibitor whereas maximum p-nitrophenol was released without acarbose 

(buffer+enzyme+substrate, 100% enzyme activity), shown in Figure 3.6D. As shown in Figure 

3.6B, HS concentrate also inhibited α-glucosidase activity in a dose-dependent manner with 

IC50 120.9±2.7 µg polyphenols/mL. Similarly to acarbose, the absorbance readings 

demonstrate linearity over time (Figure 3.6E; r > 0.99) and clearly document product formation 

inhibition through wavelength scan (Figure 3.6F) in these samples which were corrected for 

their individual background absorbance.  

In order to identify the contribution of individual anthocyanins to α-glucosidase inhibition, the 

potential of delphinidin- and cyanidin sambubiosides and their metabolites protocatechuic 

acid, gallic acid and chlorogenic acid, were investigated. The results indicated that the pure 

anthocyanins did not exert enzyme inhibition up to a concentration of 100 µM); and only a 

weak inhibition (<10%) was observed for the phenolic acids at 100 µM (Appendix F). 

In addition, we aimed to establish whether HS and acarbose might act synergistically on α-

glucosidase. Therefore, the assay was performed in the presence of both, acarbose and 

different concentrations of HS. As results in Figure 3.7A demonstrate, the dose-dependent 

glucosidase inhibitory effect of acarbose was enhanced by increasing amounts of HS in the 
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reaction. As shown in Figure 3.7B & C, the addition of HS (191.5 and 95.7 μg/mL) to the assay 

mixture in combination with acarbose increased enzyme inhibition by 24 and 19%, 

respectively, as compared to acarbose alone.  

Similarly, acarbose dose-dependently inhibited α-amylase enzyme (IC50 37.6 μg/mL), 

however, neither HS concentrate (up to 400 μg polyphenols/mL) nor individual anthocyanins 

or their metabolites (up to 100 μM) had an effect on enzyme activity. 
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Figure 3.6 Dose dependent inhibition of α-glucosidase enzyme by acarbose (A) ranging from 

0-4000 µg/mL and HS extract (B) ranging from 0-400 µg polyphenols /mL. The results are 

expressed as mean with SEM of three independent measurements performed in duplicate. 

Kinetic measurement of α-glucosidase activity inhibition for acarbose (C, D) and HS extract 

(E, F) are presented. Data recording was performed per minute over a total period of 10 min 

(B, E) followed by wavelength scan (C, F) of each sample in the visible range (350-600 nm) 

to confirm reaction product p-nitrophenol. Shown is a representative set of data within one 

experiment.  
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Figure 3.7 Effect of different concentrations of hibiscus polyphenols and acarbose on α-

glucosidase inhibition (A). The % inhibition at selected concentrations; 191.5 μg 

polyphenols/mL HS extract + 1625 μg/mL acarbose (B) and 95.7 μg polyphenols/mL HS 

extract + 812.5 μg/mL acarbose (C) is increased. Data are mean with SEM of three 

experiments performed in duplicate. * indicates significant difference of hibiscus-acarbose 

combination versus acarbose (P < 0.05, t-test)
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3.11 Discussion   

This study aimed to investigate whether the acute consumption of HS drink in combination 

with carbohydrates could inhibit the rise in blood glucose concentrations in a healthy 

population. Two different doses (low and high) of HS providing 230 and 383 mg total 

polyphenols, and 132 and 220 mg anthocyanins, respectively, were administered to fifteen 

health volunteers in different sessions. Baseline and post meal consumption (up to 3 h) plasma 

glucose and insulin were measured. While addressing the mechanism of action of HS on 

hyperglycaemia, in vitro inhibition of α-amylase and α-glucosidase enzyme activity was 

measured. 

The current study demonstrates for the first time, that acute HS consumption can attenuate 

postprandial glycaemic response. In particular, the higher dose of HS significantly (P < 0.05) 

reduced blood glucose (32% decrease in AUC) and plasma insulin concentrations (7% 

decrease in AUC) in the first 45 min of the postprandial period. The lower dose also markedly 

attenuated blood glucose (27% decrease in AUC) in the initial period (0-30 min) but had no 

effect on insulin. As a consequence of the reduced concentrations in the early phase, slightly 

elevated concentrations for glucose and insulin were observed in the later period (60-180 min) 

highlighting a delayed glucose appearance following HS consumption. These findings are 

consistent with previous human studies that demonstrated an extension of postprandial 

glycaemic response following mixed berry (Torronen et al., 2010) and blackcurrant (Castro-

Acosta et al., 2016) interventions. Anthocyanins have been associated with inhibition of the 

intestinal α-amylase and α-glucosidase activity (Adisakwattana et al., 2004; Berger et al., 

2020). Furthermore, anthocyanins and other berry polyphenols have also observed to delay 

the glucose transport from the intestine to the blood though the inhibition of sodium glucose 

co-transporter SGLT1 and the glucose transporter GLUT2 (Hanhineva et al., 2010).  

Therefore, reduced postprandial glycemia observed in the current study may be explained by 

the inhibition of the a-glucosidase by HS polyphenols. When analyzing the profiles of glucose 

and insulin (iAUC) over a 2 h postprandial period, which is a common reference point in most 
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postprandial trials, the consumption of HS drink results in a marked decrease of 18 and 21%, 

respectively, when compared to the control group. 

Polyphenol-rich foods in combination with carbohydrates can reduce peak and early phase 

glucose response (Coe & Ryan, 2016). The degree to which this combination impacts glucose 

and insulin response depends on several factors such as the amount, type and source of 

polyphenols, the carbohydrate source, the mechanisms of action and pH of the intervention. 

For example, in a preliminary trial where HS tea containing 120 mg total polyphenols and 90 

mg anthocyanins per portion were given alongside white bread, no changes in blood glucose 

were observed (Zulfiqar et al., 2019). In contrast, the present trial provided 2 and 3 times the 

amount of polyphenols and demonstrated a significant effect on glycaemic response with the 

high HS dose. These data are in agreement with previous reports where consumption of 

polyphenol rich berry meals or beverages, containing approximately 300 mg anthocyanins, 

markedly reduced the plasma postprandial glucose response, in particular in the early 

postprandial phase in humans (Torronen et al., 2010; Edirisinghe et al., 2011; Torronen et al., 

2013). In a further study, blackcurrant extract providing 300 mg anthocyanins significantly 

reduced and delayed the appearance of glucose in the blood, and inhibited the secretion of 

insulin in humans (Castro-Acosta et al., 2016).  

The glycemic response might depend on anthocyanin composition and presence of other 

polyphenols in intervention foods/beverages. Blackcurrants in comparison to lingonberries, 

have been found more effective to lower postprandial hyperglycaemia (Torronen et al., 2012). 

Cyanidin-3-rutinoside, which is mainly found in blackcurrants (Nielsen et al., 2003), but not in 

lingonberries (Mane et al., 2011), has indeed demonstrated strong in vitro glucosidase 

inhibition and in vivo attenuation of sucrose-induced hyperglycemia in rats (Adisakwattana et 

al., 2011). Thus, specific anthocyanin profiles as well as the presence of other polyphenols 

are contributing differently towards postprandial glucose response.  

The choice of reference food/drink as a carbohydrate source impacts on the glycaemic profile. 

Intake of berries alongside sucrose attenuated plasma glucose and insulin (Torronen et al., 
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2010), but berries had no effect on glucose response when consumed with starch-rich 

pancakes (Clegg et al., 2011). Similarly, Torronen et al. (2013) observed no difference in blood 

glucose response when berries were consumed with white bread as compared to the control, 

although the insulin response was reduced. Recently, it was shown that extracts from 

anthocyanin-rich red fruits such as chokeberry, pomegranate and red grapes were generally 

stronger inhibitors of α-glucosidase than α-amylase (Berger et al., 2020). Cleavage of 

disaccharides such as sucrose are facilitated by intestinal glucosidases. Therefore, the 

inhibition of α-glucosidase (sucrase activity) by berries in the case of sucrose and poor 

inhibition of α-amylase in the case of starch-rich bread could be the possible explanations for 

this effect. Therefore, in the current trial, in line with in vitro experiments, the carbohydrate 

source for the in vivo study included a large proportion of disaccharides (sucrose) to determine 

a correlation between the in vitro and in vivo methods of measuring glucose response. Indeed, 

the in vitro results from the current trial are supporting the in vivo findings.  

Currently used antihyperglycemic drugs such as acarbose, miglitol and voglibose reduce the 

progression of diabetes primarily by interfering with the carbohydrate-digesting enzymes 

thereby leading to reduced glucose appearance in the blood (Raptis & Dimitriadis, 2001; 

Sudhir & Mohan, 2002; Control & Prevention, 2013). Importantly, daily intake of acarbose for 

3 years reduced the risk for developing T2DM diabetes by 6% compared to control (Nijpels et 

al., 2008). However, these commercially available synthetic inhibitors have side effects (such 

as nausea, abdominal pain, flatulence), which has fueled the interest to investigate the 

potential of natural sources as possible alternatives. In recent years, polyphenols have been 

highlighted as potential α-amylase and α-glucosidase inhibitors, as an alternative to acarbose 

(Tadera et al., 2006). In particular, anthocyanin-rich berries such as raspberries, strawberries, 

blueberries and black currant have demonstrated inhibitory properties towards α-amylase and 

α-glucosidase in vitro and in vivo (McDougall et al., 2005; Castro-Acosta et al., 2017). The 

ability of berries to inhibit α-glucosidase was related to their anthocyanin content as described 

by (McDougall et al., 2005). Anthocyanins such as cyanidin-3-rutinoside and cyanidin-3-
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galactoside (IC50 0.05 mM against intestinal sucrase) have been reported as in vitro α-

glucosidase inhibitors (Adisakwattana et al., 2004; Adisakwattana et al., 2009). Cyanidin-3-

rutinoside is one of the major anthocyanins in blackcurrants, and it showed α-glucosidase 

inhibitory activity (IC50 19.7 µM) comparable with voglibose (IC50 23.4 µM) (Adisakwattana et 

al., 2004). 

The present study investigated the effect of HS and its anthocyanins for intestinal α-

glucosidase and pancreatic α-amylase inhibitory activities. Current in vitro data show that HS 

concentrate is a potent α-glucosidase inhibitor (IC50 120.9 µg polyphenols/mL), lower than the 

synthetic inhibitor acarbose (619 µg/mL). The findings are in line with the literature indicating 

the dose dependent inhibition of α-glucosidase by different varieties of HS. The IC50 values of 

the dark and light red varieties were 165 and 133 µg polyphenols/mL, respectively (Ifie et al., 

2016). Enzyme inhibitory properties of cold and hot aqueous preparations of HS, were 

reported with IC50 of 627 μg/mL and 723 μg/mL, respectively (Rasheed et al., 2018). In 

contrast, α-amylase, determined via DNS assay using porcine pancreatic and human salivary 

enzyme, did not show any inhibitory properties through HS or any of the anthocyanins and 

metabolites tested (up to 100 μM). Similarly, negligible inhibition (<10%) of human salivary α-

amylase by HS extract was previously reported (Ifie et al., 2016). The results of the present 

trial indicate that pure anthocyanins and their metabolites exert very weak (<10%) inhibition 

of α-glucosidase up to a concentration of 100 µM.  

This result apparently contradicts earlier published data on anthocyanins; showing α-

glucosidase inhibition by cyanidin sambubioside (IC50 543 µM) and delphinidin sambubioside 

(756 µM), albeit high IC50 values. Different assay conditions such as substrate (maltose vs 

synthetic) as well as enzyme (rat intestinal glucosidase vs yeast derived) applied in previous 

experiments could be possible explanations for this. The combined inhibitory effects of HS 

and acarbose against α-glucosidase demonstrated a significant decrease in enzyme activity 

particularly at higher concentrations of HS. Previously, synergistic effects of berry-derived 

anthocyanins such as cyanidin-3-galactoside with acarbose has been reported 
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(Adisakwattana et al., 2009). Cyanidin-based anthocyanins have been determined for their 

combined effect with acarbose against α-glucosidase and α-amylase (Adisakwattana et al., 

2009; Akkarachiyasit et al., 2010; Akkarachiyasit et al., 2011). 

Besides polyphenols/anthocyanins, other properties of foods/beverages, such as pH, have 

been reported as contributors to lower activity of carbohydrate digesting enzymes. Freitasand 

Le Feunteun (2018) has recently demonstrated that combining starchy food with an acidic 

drink (lemon juice ; pH < 3.5) in vitro  reduced the salivary amylase activity in the stomach due 

to premature acidification of gastric content thereby leading to attenuated starch hydrolysis. In 

line with these findings are the results of an in vivo trial (Freitas et al., 2021) where only lemon 

juice in contrast to water or tea (alongside bread consumption), showed a reduced (and 

delayed) peak blood glucose concentration (Freitas et al., 2021). These findings indicate that 

lowering the pH of a starch-rich meal appears to be an effective way to attenuate the glycaemic 

response. The pH (2.6 – 2.7) of HS drinks could impact the salivary α-amylase activity 

indirectly as there was no direct effect on pancreatic α-amylase activity in vitro. However, in 

vitro α-glucosidase inhibitory properties of HS, as evidenced in the current study, were 

confirmed by others under pH-buffered conditions in the reaction mixture (6.5-7.0). In 

summary, in the current study, it is likely that both the low pH of the HS intervention in 

combination with a pH-independent inhibition of hibiscus, on salivary α-amylase and intestinal 

a-glucosidase, respectively, has contributed to lower the postprandial glucose response in 

vivo. Further studies are needed to better understand the contribution/relevance of pH in 

contrast and/or in combination with bioactive effects in the regulation of glucose metabolism. 

The lower concentrations of individual anthocyanins (<100 μM) tested for in vitro α-

glucosidase inhibition compared to those present in HS drink (>100 μM) used for the in vivo 

study could explain the lack of inhibitory activity of these compounds. In addition, the combined 

effect of different types of polyphenols present in HS against digestive enzymes has not been 

considered in this study which could be another reason for the lack of inhibitory effect of HS 

anthocyanins on digestive enzymes.  
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Our data clearly support proposed anti-diabetic properties of HS when investigated in an acute 

setting. Importantly, long-term effects on glucose metabolism will need to be established. Our 

recent systematic review and meta-analysis of chronic HS intervention trials has found no 

differences in fasting blood glucose among the small number of studies on this topic, however 

the direct comparison was not possible due to variations in study design and in control groups 

(Ellis et al., 2021). Therefore, further studies investigating chronic effects of HS intake on 

markers of glycaemia are urgently needed.  

3.12 Conclusion  

Consumption of Hibiscus sabdariffa, a rich source of anthocyanins and other bioactive 

compounds, has markedly attenuated the post meal elevation of blood glucose and insulin, a 

finding that can at least partially be explained by the inhibition of α-glucosidase enzyme 

activity, although additional factors such as low pH of the HS intervention, are likely 

contributors to this outcome. In addition, the enhanced effect of acarbose and HS combination 

towards α-glucosidase inhibition emphasizes the potential of HS to support conventional 

treatment approaches for the prevention and/or management of diabetes. Further research is 

warranted to better understand the mechanisms by which HS components and its metabolites 

contribute to beneficially modulate glucose metabolism in the short and long term.  
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Chapter 4  

Comparison of a direct chromogenic assay with 3,5-dinitrosalicylic 

acid (DNS) assay to determine α-amylase inhibitory properties in 

pigmented samples 

4.1 Abstract  

Inhibition of carbohydrate digestion is considered as indicator for anti-diabetic properties of 

bioactive compounds which is gaining much interest as a potential strategy to counteract 

T2DM. The most relevant enzyme is α-amylase which initiates starch breakdown. Indeed, α-

amylase inhibition has been demonstrated by different polyphenols, however screening of 

large sample numbers is time-consuming with commonly used assays such as the 3,5-

dinitrosalicylic acid (DNS) assay and might suffer from interferences, in particular with 

coloured samples. The present study therefore aimed to compare the performance of a direct 

chromogenic assay, using 2-chloro-4 nitrophenyl α-D-maltotrioside (CNPG3) as a substrate, 

with the DNS assay. The direct chromogenic assay demonstrated higher sensitivity to 

determine α-amylase inhibition in a range of samples, including acarbose, pure anthocyanins 

and anthocyanin-rich samples. The direct chromogenic assay has shown to be easy to 

perform, fast, and reproducible, and could therefore be recommended, in particular for high-

throughput applications.  

4.2 Introduction  

Anthocyanins, a sub-class of flavonoids, are water soluble naturally occurring bioactive 

compounds responsible for the red to dark blue colour of most flowers, fruits, and vegetables 

(Khoo et al., 2017). Over the last few decades, anthocyanins have been extensively studied 

for their diverse beneficial health effects such as antioxidant, antibacterial, antiviral, anti-

inflammatory, and antidiabetic activity (Konczak & Zhang, 2004). Epidemiological studies have 

suggested that the consumption of foods rich in anthocyanins lowers the risk of T2DM and its 

complications (Putta et al., 2018). In conjunction with insulin resistance, chronic 

hyperglycaemia can result in pancreatic β-cell dysfunction or impaired insulin secretion, which 
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cause T2DM. Intake of diets/foods rich in bioaccessible starches and sugars are positively 

associated with elevated postprandial blood glucose concentrations (Aguiar & Cazarin, 2021). 

The inhibition of carbohydrate digestive enzymes such as α-amylase and α-glucosidase is one 

of the proposed mechanisms to control postprandial hyperglycaemia and the mechanistic 

basis for antidiabetic properties of many plants and their products (Akkarachiyasit et al., 2010). 

The digestion and absorption of carbohydrates involves the hydrolysis of complex 

polysaccharides into absorbable monosaccharides. Dietary starch is hydrolysed by salivary 

and pancreatic α-amylases in the mouth and small intestine, respectively, to its respective 

smaller fragments such as maltose and dextrin. The resultant product of α-amylase action is 

further hydrolysed by intestinal α-glucosidases into absorbable glucose units (Williamson, 

2013). Although different amylolytic enzymes participate in the process of starch breakdown, 

the contribution of α-amylase is the most important for the initiation of this process (Freitas & 

Le Feunteun, 2019). Therefore, inhibition of starch hydrolysis through α-amylase inhibition 

seems to be an effective way to control and prevent the risk factors associated with diabetes 

mellitus. Antidiabetic drugs, such as acarbose, miglitol and voglibose have been approved to 

use for managing diabetes. They are enzyme inhibitors and reduce postprandial 

hyperglycaemia by modulating the activity of digestive enzymes (Ueno et al., 2015; Sagandira 

et al., 2021). However, these synthetic inhibitors demonstrate side effects such as nausea, 

abdominal pain, flatulence, which derives the need to investigate natural sources as possible 

alternatives. In recent years, polyphenols and in particular anthocyanins have been heavily 

investigated as potential α-amylase and α-glucosidase inhibitors for the management and risk 

reduction of T2DM diabetes, as alternatives to pharmaceutical treatments such as acarbose 

(Adisakwattana et al., 2004; Adisakwattana et al., 2009; Da Silva Pinto et al., 2010; Zhang et 

al., 2010).  

There are several methods reported in the literature to determine α-amylase inhibitory 

properties of polyphenolic compounds, such as the 3,5-dinitrosalicylic acid (DNS) assay, the 

Nelson-Somogyi reagent, iodine-starch test, turbidity test, and chromogenic methods 
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(Visvanathan et al., 2020). These assays use different substrates, including starch, amylose, 

amylopectin, and some chemically modified derivatives of polymers and malto-

oligosaccharides of varying chain length linked to chromophores, such as 4-nitrophenyl or 2-

chloro-4-nitrophenyl (Tadera et al., 2006; Nyambe-Silavwe et al., 2015; Khadayat et al., 2020; 

Visvanathan et al., 2020; Visvanathan et al., 2021). The most commonly used assay for 

measuring α-amylase inhibition involves the DNS reagent for detection of reducing sugars. 

The carbonyl end of the reducing sugars participates in a oxidation-reduction reaction with the 

aromatic DNS reagent to yield the deep-orange-coloured 3-amino-5-nitrosalicylic acid (ANS), 

which absorbs light strongly at 540 nm (Miller, 1959). However, the reducing potential of 

dietary polyphenols enables them to take part in the oxidation-reduction reaction, interfering 

with the colour development and thereby potentially impacting on the assay results. Solid-

phase extraction has been recommended to minimize colour interference caused by 

polyphenols (Nyambe-Silavwe et al., 2015). The molecular size of the substrates (starch, 

amylose, amylopectin) is another factor affecting the outcome of the DNS assay which results 

in under- or overestimation of reducing power (Visvanathan et al., 2020). Additionally, the 

structural complexity among many of the natural starches makes them less suitable for 

detailed kinetic and inhibition studies. In order to address these problems, and to facilitate 

detection of enzymatic activity, many smaller, defined substrates have been developed 

(Damager et al., 2004). 

There is a rationale to explore the use of alternative assays using synthetic substrates in order 

to determine inhibition of α-amylase activity by pigmented polyphenols i.e., anthocyanins. 

Recently, Visvanathan et al. (2021) highlighted the importance of a High-Performance Anion-

Exchange chromatography coupled with Pulsed Amperometric Detector (HPAE-PAD) 

technique using a small chain substrate (maltoheptaoside) as a more precise and accurate 

method for accessing the α-amylase inhibitory potential of polyphenols with minimum 

interference. However, preparation of different standards, the use of expensive instruments 

and running the tests are limitations of this method (Visvanathan et al., 2021). Some studies 
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have reported the use of short-chain synthetic substrates such as 2-chloro-4 nitrophenyl α-D-

maltotrioside (CNPG3) to measure α-amylase inhibitory properties of bioactive compounds 

but comparison among some of these methods is lacking (Berger et al., 2020; Khadayat et al., 

2020; Visvanathan et al., 2020).  

4.3 Aims  

The aim of the current study was to test performance of a direct chromogenic assay that 

utilizes CNPG3 substrate, in comparison with the DNS assay to determine the α-amylase 

inhibitory properties of anthocyanin-rich extracts and purified anthocyanins. 

4.4 Objectives  

1. To establish a direct assay for measuring α-amylase activity using 2-chloro-4 

nitrophenyl α-D-maltotrioside (CNPG3) as a substrate and porcine pancreatic 

amylase (PPA)  

2. To determine α-amylase activity by DNS method using amylose as substrate and 

porcine pancreatic amylase (PPA)  

3. To measure and compare the enzyme inhibition by two methods and calculate IC50 

for synthetic inhibitor (Acarbose)  

4. To measure the enzyme inhibition by anthocyanin-rich extracts and pure 

anthocyanins  

5. To determine the mode of inhibition by anthocyanin-rich extracts and pure 

anthocyanins



 

67 
 

4.5 Materials and methods  

All the chemicals and reagents used are described in detail in sections 2.2 and 2.3 in Chapter 

2 Materials and methods.  

 

 

Figure 4.1 DNS assay for measuring α-amylase inhibition 

 

 

 

Figure 4.2 Direct chromogenic assay for measuring α-amylase inhibition
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4.6 Results  

4.6.1 Total polyphenol, total anthocyanin and total sugar contents of 

fruit extracts  

The total polyphenol and anthocyanin contents present in different fruit extracts are shown in 

Table 4.1. There was significant difference (P < 0.05) in the total polyphenols and total 

anthocyanins among different type of extracts apart from hibiscus and cherry which are not 

significantly different. The pomegranate extract has the highest amount of total polyphenols 

whereas as blueberry has the highest amount of total anthocyanins. The sugars (glucose, 

fructose, sucrose) present in fruit extracts are shown in Table 4.2. Blueberry, cherry and 

pomegranate have monosaccharides whereas disaccharide was only detected in hibiscus. 

Overall, the sugar contents of all the extracts are ≥ 500 mg/mL except hibiscus (Table 4.2).  

Table 4.1 Total polyphenols and total anthocyanins in fruit extracts 

Type of extract Polyphenols (mg/mL) Anthocyanins (mg/mL) 

Blueberry 18.96 ± 0.37b 11±0.08a 

Cherry 9.83 ± 0.36c 3.01 ± 0.02b 

Hibiscus 7.66 ± 0.15c 4.4 ± 0.03b 

Pomegranate 23.32 ± 1.55a 1.85 ± 0.01c 

Values are expressed as mean ± SEM. Values in the same column followed by different superscript letters are 

significantly different from each other (P < 0.05). 

 

Table 4.2 Sugar analysis of fruit extracts by HPLC-ELSD 

Type of extract Fructose 

(mg/mL) 

Glucose 

(mg/mL) 

Sucrose 

(mg/mL) 

Total sugars 

(mg/mL) 

 Blueberry  369.91 ± 0.40 206.69 ± 0.82 ND 576.6 ± 1.7 

Cherry  229.33 ± 5.6 272.98 ± 4.5 ND 502.3 ± 0.85 

Hibiscus 6.78 ± 0.13 8.00 ± 0.23 2.63 ± 0.10 17.42 ± 0.74 

Pomegranate  323.17 ± 1.84 313.3 ± 4.4 ND 636.5 ± 8.82 

Values are expressed as mean ± SEM. ND; not detected.
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4.6.2 Comparison of DNS and direct chromogenic assay for α-amylase 

inhibition by acarbose 

Acarbose, a well-known α-amylase and α-glucosidase inhibitor, is a commonly used anti-

diabetic drug (Glucobay, Precose), and being typically used as a positive control for assessing 

enzyme inhibitory properties of plant extracts in vitro (Akkarachiyasit et al., 2011; Kalita et al., 

2018). Indeed, in the present study, acarbose was used as a reference in both assays, 

allowing comparison of α-amylase inhibition using DNS and the direct chromogenic method. 

While acarbose inhibited α-amylase activity in both assays, results from the DNS assay 

(covering a concentration range from 1-100 µM), demonstrated 50% enzyme inhibition (IC50) 

at 37.6 μg/mL (Figure 4.4A). In contrast to DNS data, the results from the direct chromogenic 

assay showed a much lower acarbose IC50 of 3.72 μg/mL (Figure 4.4B) indicating that the 

direct chromogenic assay is superior to demonstrate inhibitory properties. Based on 

preliminary experiments, the direct chromogenic was performed under selected conditions, 

with 1 U/mL enzyme, 2 mM substrate and 10 min reaction time (Figure 4.3)  Using 

Lineweaver–Burk plots (Figure 4.3B), values for Km = 6.68 mM and Vmax = 0.26 mM/min 

were determined.  

The background absorbance of some plant bioactive compounds, i.e. anthocyanins, can 

cause interference at the wavelength that is used in the direct chromogenic assay (405 nm) 

to determine reaction product formation. Therefore, the increase in absorbance from p-

nitrophenol release, was recorded in 1-min intervals over the 10-min reaction period and 

plotted against time. For acarbose (Figure 4.4C), the results showed linearity with r > 0.99 for 

all samples. In addition, wavelength scans (350-600 nm) confirmed the dose-dependent 

reduction in reaction product formation in the presence of inhibitor whereas maximum p-

nitrophenol was released without acarbose (buffer+enzyme+substrate, 100% enzyme 

activity), as shown in Figure 4.4D. 
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Figure 4.3 Reaction progress curves at different concentration of substrate (using 1 U/mL of 

PPA) indication linearity of the reaction (A) and the Lineweaver-Burk double reciprocal plot 

(B). 
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Figure 4.4 Dose-dependent effect of acarbose on inhibition of α-amylase determined by (A) 

DNS assay using amylose as substrate and (B) by direct chromogenic assay using CNPG3 

as a substrate. The kinetic data of the measurement (C) and wavelength scan (D) demonstrate 

the linear relationship of absorbance with substrate cleavage/product formation at 405 nm 

over time, and nitrophenol product formation at different concentrations of acarbose, 

respectively. 
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4.6.3 Enzyme inhibitory effects of anthocyanin containing extracts in 

DNS and chromogenic assay 

The anthocyanins containing samples such as black currant, blueberry, cherry, pomegranate, 

and hibiscus were analyzed under both assay conditions for their enzyme inhibitory properties. 

The blackcurrant sample, which consists of anthocyanins only (>95% purity), inhibited enzyme 

activity in both assays, with IC50 227 µg anthocyanins/mL and IC50 35 µg/mL for the DNS and 

direct chromogenic assay, respectively (Figure 4.5 A & B). Similar to acarbose, the kinetic 

measurement (Figure 4.5C) and wavelength scan (Figure 4.5D) of blackcurrant demonstrated 

a linear response (r >0.99) and identity of nitrophenol release in the presence of different 

concentrations of blackcurrant. The results of other fruits extracts indicated that the DNS assay 

data did not support inhibitory properties for these extracts, even though SPE was employed 

to remove potentially interfering anthocyanins (Nyambe-Silavwe et al., 2015). Furthermore, it 

has been reported that the efficiency of the DNS assay may be compromised by the presence 

of intrinsic sugars (glucose, fructose), e.g. in fruit extracts, which may react with the DNS 

reagent and generate higher background absorbance. Indeed, the sugar content in all 

samples was >500 mg/mL, but very low in hibiscus (Table 4.2). The chromogenic assay, in 

contrast, indicated strong α-amylase inhibition for pomegranate followed by blueberry extract, 

whereas weak and no inhibition was found for cherry and hibiscus, respectively (Table 4.3). 

Cyanidin and its glycosides are natural dietary pigments, which represent one of the major 

groups of naturally occurring anthocyanins. In the present study, cyanidin and a glycoside 

were tested in both assays. Whilst the DNS assay indicated only slight inhibition (7%) at 

concentrations up to 435 μM for cyanidin, an IC50 of 141 μM could be established using 

chromogenic assay. In contrast, cyanidin-3-O-galactopyranoside showed three times higher 

IC50 value with the same assay (414 μM) (Table 4.3). 
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Figure 4.5 Dose-dependent α-amylase inhibition by blackcurrant determined by (A) DNS 

assay (0-1000 μg/mL) and (B) direct chromogenic assay (0-500 μg/mL). Substrate cleavage 

and product formation were monitored through kinetic measurement recording (B) and 

wavelength scan (C).
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Table 4.3 Comparison of α-amylase inhibitory properties in anthocyanin-rich extracts 

and individual anthocyanins using direct chromogenic assay versus DNS assay 

Compounds/extract α-amylase (%inhibition/ IC50) α-glucosidase 

(%inhibition/ IC50) 

Predominant anthocyanins  

DNS assay Chromogenic assay  

Black currant * 227.4±2.3 µg/mL 35.01±1.4 µg/mL 3.13±2.1μg/mL Dp3rut, Cy3rut, Dp3glu,  

Cy3glu (Farooque et al., 2018) 

Blueberry  NO (645 μg/mL) 80.44±2.0 µg/mL 51.82±1.6 μg/mL Dp3glu, Mv3glu, Dp3glc,  

Mv3glc (Bunea et al., 2013) 

Cherry  NO (at 536 μg/mL) 30 % at 268 μg/mL 22±1.9 μg/mL Cy3rut, Cy3glu  

(Serrano et al., 2005) 

Pomegranate  NO (at 31 μg/mL) 11.33±2.3 μg/mL 0.1±2.3 μg/mL Dp3,5 diglu, Cy3,5 diglu, 

Dp3glu (Mousavinejad et al., 2009) 

Hibiscus NO (at 218 μg/mL) NO (at 218 μg/mL) 69.42±1.5 μg/mL Dp3sam, Cy3sam (Ifie et al., 2016) 

Mahaleb cherry (pure)*  ND 5 % (at 34 μg/mL) 7.2 % (at 34 μg/mL) ° Cy3glu (Blando et al., 2018) 

Mahaleb cherry (crude) ND 21 % (at 39 μg/mL) 48.3 % (at 39 μg/mL) ° Cy3glu (Blando et al., 2018) 

Black carrot (pure)* ND NO (at 57.7 μg/mL) 7.3 % (at 57.5 μg/mL) ° Cy3glc (Blando et al., 2018) 

Black carrot (crude) ND NO (at 48 μg/mL) 25.6 % (at 48 μg/mL) ° Cy3glc (Blando et al., 2018) 

Cyanidin  7 % 141±1.6 μg/mL  

(491 μM) 

15.42±1.6 μg/mL 

(4.43 μM) 

 

Cyanidin-3-O- 

Galactospyranoside 

ND 414±2.6 μg/mL  

(845 μM) 

361±1.3 μg/mL  

(745 μM) 

 

Data are expressed as mean with SEM of three replicates. Results of % inhibition are calculated to total 

anthocyanin content. Abbreviations are as follows: Dp3rut, delphinidin-3-O-rutinoside; Cy3rut, cyanidin-3-O-

rutinoside; Dp3glu, delphinidin-3-O-glucoside; Cy3glu, cyanidin-3-O-glucoside; Dp3glc, delphinidin-3-O-

galactoside; Mv3glu, malvidin-3-O-glucoside; Mv3glc, malvidin-3-O-galactoside; Dp3,5 diglu, delphinidin 3,5 

diglucoside; Cy3,5 diglu, cyanidin 3,5 diglucoside; Dp3sam, delphindin-3-O-sambubioside; Cy3sam, cyanidin-

3-O-sambubioside; cyanidin-3-O-galactoside; Cy3glc. Cyanidin-3-O-galactospyranoside; ND, not determined by 

DNS assay; NO, no inhibition was found.  

* purified sample containing >95% anthocyanins
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4.6.4 Application of chromogenic assay to determine α-amylase 

inhibition in crude and pure extracts 

The present study further investigated the contribution of anthocyanins to enzyme inhibition. 

Crude extracts from mahaleb cherry and black carrot and corresponding purified anthocyanin 

fractions were analyzed. These samples have been reported for their antioxidant, anti-

inflammatory and cardiovascular-protective properties (Blando et al., 2018). As Table 4.3 

indicates, there were only weak α-amylase inhibition properties of mahaleb cherry at indicated 

concentrations and no inhibitory effect was evident from black carrot, despite the fact that the 

predominant anthocyanin is cyanidin-3-galactoside (Blando et al., 2018). The current study 

also investigated, apart from cyanidin and cyanidin-3-galactopyranoside, the contribution of 

anthocyanin metabolites to amylase inhibition, i.e. gallic acid, chlorogenic acid, and 

protocatechuic acid. Even at high concentrations of 1000 μg/mL there was no inhibition of α-

amylase for any of these compounds.  

4.6.5 Mode of inhibition of anthocyanins on α-amylase activity  

While IC50 values showed the potency of natural compounds towards enzyme inhibition, 

further valuable information was obtained by determining the kinetics of inhibition by group or 

individual compounds isolated from natural extracts. An inhibitor can interact with an enzyme 

in various ways. Studies on the kinetics of inhibition are major tools that enable to distinguish 

between different inhibitory mechanisms. The initial velocity ‘V’ of the hydrolysis reactions 

catalyzed by pancreatic α-amylase was measured at various substrate concentrations [S] (0–

5 mM) in the presence/absence of inhibitors. The results of Lineweaver-Burk plots, shown in 

Figure 4.6, demonstrate significant changes in Km and Vmax in the presence or absence of 

inhibitors. In the presence of acarbose (1, 2, 4 μg/mL), both Vmax and Km decreased, 

indicating uncompetitive enzyme inhibition (Figure 4.6A). With cyanidin-3-O-

galactopyranoside in the reaction mixture (125, 250, and 500 μg/mL), Vmax values remained 

constant whereas Km values changed to 7.95, 10.79, 23.46 mM, respectively (Figure 4.6B), 

indicating that cyanidin-3-O-galactopyranoside is a competitive inhibitor. In contrast, with 
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blackcurrant anthocyanins, the Km remained unaffected whereas Vmax decreased, showing 

mixed type inhibition of α-amylase (Figure 4.6C). 
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Figure 4.6 Lineweaver–Burk plots demonstrating inhibition type of (A) acarbose, (B) cyanidin-

3-O-galactoglucoside and (C) blackcurrant against pancreatic α-amylase.
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4.6.6 α-glucosidase inhibition by anthocyanin containing extracts and 

pure compounds  

In addition to α-amylase, the present study also determined the inhibitory potential of 

anthocyanin-rich fruits extracts and pure compounds against α-glucosidase. In general, the 

anthocyanins containing samples/pure anthocyanins are stronger inhibitors of α-glucosidase 

than α-amylase (Table 4.3). Moreover, the extracts with highest polyphenolic contents (Table 

4.1) such as pomegranate exhibited more inhibitory activities than all the other tested samples. 

4.7 Discussion  

The intake of anthocyanin-rich extracts or foods such as blackcurrant, cranberry juice, and 

mixed berries has been shown to reduce postprandial glycaemia, and insulinemia (Wilson et 

al., 2008; Torronen et al., 2012; Castro-Acosta et al., 2016). The most likely and quantitatively 

most relevant mechanism by which fruit extracts reduce postprandial hyperglycaemia is the 

attenuation of starch breakdown though α-amylase and α-glucosidase inhibition 

(Akkarachiyasit et al., 2011; Adisakwattana et al., 2012; Barik et al., 2020). There is a huge 

interest in assessing α-amylase inhibitory properties of plant bioactives, however, the 

commonly used DNS assay is laborious and has shown interference with some compounds. 

Therefore, in the present study, a working protocol for the kinetic measurement of α-amylase 

inhibition using a short chain substrate i.e., 2-chloro-4 nitrophenyl α-D-maltotrioside (CNPG3) 

was successfully established using positive control (acarbose) and compared to DNS assay. 

These results of α-amylase inhibitory potential of acarbose are in line with other literature 

reporting using DNS assay ( 

Table 4.4). The outcomes of the direct chromogenic assay are in agreement with previous 

research (Table 4.5) demonstrating acarbose-inhibition of PPA using chromogenic assay 

(Kalita et al., 2018; Freitas & Le Feunteun, 2019; Berger et al., 2020; Khadayat et al., 2020).  

It has been reported that anthocyanins such as cyanidin-3-glucoside, cyanidin-3,5-glucoside, 

cyanidin-3-rutinoside, and peonidin-3-glucoside exert in vitro inhibition towards α-amylase 
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(Sui et al., 2016). For example, cyanidin-3-rutinoside, a major anthocyanin found in many fruits 

such as sweet cherry and blackcurrant, is a strong α-amylase inhibitor (IC50 24.4 μM) 

(Akkarachiyasit et al., 2011). Previously, blackcurrant (puree) inhibited α-amylase activity with 

an IC50 value of 501 μg/mL, using the same substrate (CNPG3), however, given the high 

acarbose IC50 value (441 μg/mL, Table 4.5) stated by this group, these data may not be directly 

comparable (Berger et al., 2020). The blackcurrant anthocyanin extract used in the present 

study contained around 45% delphinidin-3-O-rutinoside, 31% cyanidin-3-O-rutinoside as 

major anthocyanins, and the corresponding glucosides at 16% and 8%, respectively, as minor 

anthocyanins (Farooque et al., 2018). Enzyme inhibitory properties are known for a number 

of polyphenols. In fact, the presence of other polyphenols in extract samples may have 

contributed to inhibitory activities. As Table 4.1 indicates, there are marked differences in total 

polyphenol and anthocyanin concentration of different samples with pomegranate having the 

highest amount of total polyphenols which may therefore likely have contributed to its lower 

IC50 value. The lower IC50 value of cyanidin compared to cyanidin-3-O-galactopyranoside are 

in alignment with the literature demonstrating that increasing numbers of sugar moieties 

attached to the anthocyanin molecule reduce inhibitory activity. For example, cyanidin-3-

glucoside demonstrated higher inhibitory activity compared to cyanidin-3,5-diglucoside 

(Akkarachiyasit et al., 2010). Further, previous reports indicated an IC50 of 380 μM for PPA 

inhibition by cyanidin using DNS assay and starch as substrate (Akkarachiyasit et al., 2010), 

but no inhibitory effects were observed by others when synthetic substrate was applied 

(Berger et al., 2020). The results of present study demonstrated increased detectability (5-10 

fold) of α-amylase inhibitory properties for the positive control acarbose as well as 

anthocyanins and anthocyanins-rich extracts with the direct chromogenic assay in comparison 

to the DNS assay. The reason for the discrepancy is likely related to differing substrate 

properties (Dona et al., 2010). For example, amylose and amylopectin, showed under the 

same assay conditions IC50 values of 3.5 μM and 10 μM (Nyambe-Silavwe et al., 2015), 

respectively, emphasizing the link between increased substrate complexity and enzyme 

activity. Indeed, when using potato starch as a substrate instead of amylose, the IC50 values 
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of acarbose increased from 58.3 to 254 μM in our laboratory. In contrast, CNPG3 consists of 

a tri-glucoside linked to a chromogen, a short chain and linear molecule that may be well 

accessible for α-amylase, but actually may have less affinity to the enzyme compared to a 

longer substrate (Visvanathan et al., 2021)  

Table 4.4 Summary of studies measuring α-amylase inhibition by pure anthocyanins 

and anthocyanin-rich samples via DNS assay 

Inhibitor Substrate Enzyme 

(PPA) 

IC50 

(μg/mL) 

Buffer 

(pH) 

Incubation 

time 

References 

Acarbose 

Cyanidin 

Cya-3-glucoside 

Cya-3-galactoside 

Cya-3,5-diglucoside 

Starch 1% 

(w/v) 

3 U/mL 

 

77.47 

109.15 

145.45 

> 450 

> 600 

Phosphate 

(6.9) 

 

10 min 

 

Akkarachiyasit et al. (2010) 

Acarbose 

Cya-3-rutinoside 

Starch 1% 

(w/v) 

3 U/mL 

 

11.69 

15.53 

Phosphate 

(6.9) 

10 min 

 

Akkarachiyasit et al. (2011) 

Cya-3-glucoside 

Cya-3,5-glucoside 

Cya-3-rutinoside 

Peo-3-glucoside 

Starch 1% 

(w/v) 

Not clear 11.64 

24.46 

18.46 

34.76 

Phosphate 

(6.9) 

15 min Sui et al. (2016) 

Coffee anthocyanins Starch 1% 

(w/v) 

0.5 mg/mL 430 Phosphate 

(6.9) 

10 min Murthy et al. (2012) 

Whortleberry 

Mal-3-glucoside 

Starch 0.5 % 

(w/v) 

0.5 U/mL 1910 

162.34 

Phosphate 

(6.9) 

15 min Amin (2010) 
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Table 4.5 Summary of studies measuring α-amylase inhibition by pure anthocyanins 

and anthocyanin-rich samples via direct chromogenic assay 

Inhibitor Substrate Enzyme  IC50  

(μg/mL) 

Buffer  

(pH) 

Incubation 

time 

References 

Acarbose 

 

CNPG3  1.5 U/mL 

PPA 

6.1 

 

PBS (7) with 

0.9% NaCl 

10 min Khadayat et al. (2020) 

Acarbose 
Berry juices 

Aronia, Bilberry, Sour 

cherry 
Berry concentrates 

Aronia, Lingonberry 

Berry purees 

Blackcurrant, Bilberry, 

Cranberry   

CNPG3 
4mM 

30 U/mL  
PPA 

441 
 

273, 1088, 

1943 
 

381, 361 

 
501, 655 

424 

PBS (6.9) 
40 mM 

10 min Berger et al. (2020) 

Acarbose  
Red potato  

Purple potato 

CNPG3 
2mM 

1 µg/mL  
PPA 

12.86 
25.52 

30.82 

PBS (6.5) 50 mM 
Containing 200 mM 

NaCl, 5 mM CaCl2 

10 min Kalita et al. (2018) 

Cya-3-O-glucoside 

Cya-3-rutinoside  
Mal-3-O-glucoside  

Mal-3,5-O-diglucoside  

CNPG3 

(not clear) 

2 nM 

 HSA 

180 

200 
675 

80 

MES (6) Not clear Homoki et al. (2016) 

Acarbose 

Pel-3-rutinoside 
Peo-3-arabinoside 

Peo-3-galactoside 

Mal-3-arabinoside 

CNPG3 

 2mM 

0.5 U/mL 

HPA 

0.47 

26.54 
52.65 

43.59 

39 

PBS (7) 

0.05 mM 

30 min  Xie et al. (2020) 

Abbreviations: CNPG3, 2-chloro-4-nitrophenol α-D-Maltotrioside; HSA, human salivary amylase; HPA; human 

pancreatic amylase; PPA, porcine pancreatic amylase; PBS, phosphate buffer solution; Cya, cyanidin; Mal, 

malvidin; Pel, pelargonidin; Peo, peonidin. 
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Inhibitory effects towards α-amylase have been related to anthocyanins but may also be due 

to other compounds. Indeed, in the present study, α-amylase-inhibitory properties were found 

to be independent of anthocyanin content, i.e. pomegranate, which has a low anthocyanin 

content (Table 4.1), has demonstrated strongest inhibitory properties among the berry 

samples (Table 4.3). Therefore, the presence of other polyphenolic compounds in fruit 

concentrates might be responsible for the differing inhibitory potential against α-amylase, 

which, in case of pomegranate, might be due to ellagitannins, especially punicalin and 

punicalagin (Bellesia et al., 2015). Similar findings were also reported for strawberry and 

raspberry extracts (McDougall et al., 2005). In contrast, Grussu et al. (2011) has recently 

emphasized that ellagitannins might not be solely responsible for amylase inhibition. Indeed, 

it was observed that both yellow raspberries and red raspberries extracts inhibited α-amylase 

to the same extent, questioning further the contribution of anthocyanins. Results of the present 

study i.e. blackcurrant-derived anthocyanins, however, confirm the potential of anthocyanins 

to inhibit α-amylase enzyme. Previously, it has been reported that anthocyanins are stronger 

inhibitors of α-glucosidase than α-amylase (McDougall et al., 2005; Berger et al., 2020). The 

results (Table 4.3) of the present study are in line with literature showing more inhibition of α-

glucosidase compared to α-amylase by anthocyanin-rich samples as well as by isolated 

compounds. Similar to α-amylase inhibition, the extent of α-glucosidase inhibition also varies 

among different fruit extracts. It can therefore be assumed that differently structured 

anthocyanins (e.g. from different sources) may contribute differently to enzyme inhibition. For 

example, increased inhibitory activities were observed for anthocyanins with more hydroxyl 

groups (Tadera et al., 2006; Berger et al., 2020). Indeed, it has been shown that delphinidin 

(three hydroxyl groups on the B ring) inhibited digestive enzymes more efficiently than cyanidin 

and petunidin which have two hydroxyl moieties (Promyos et al., 2020).  

The present study indicated competitive and mixed type of inhibition by isolated anthocyanins 

and purified anthocyanins containing sample. The results are consistent with a previous study 

suggested that purified anthocyanins competitively inhibited the hydrolysis of synthetic 
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substrate by human salivary amylase (Homoki et al., 2016). Another study demonstrated that 

anthocyanins such as cyanidin-3-glucoside, cyanidin-3,5-glucoside, cyanidin-3-rutinoside, 

and peonidin-3-glucoside inhibited the activity of , porcine pancreatic α-amylase competitively 

measured via DNS method (Sui et al., 2016). In competitive inhibition, the inhibitor and the 

substrate compete with each other for the active site of enzyme suggesting that anthocyanins 

might compete with the CNPG3 in the present study and exert their inhibitory effect via binding 

with active site of α-amylase. Previously, mixed-type inhibition (competitive and non-

competitive) was observed for anthocyanin-rich bilberry extract against PPA measured by 

DNS method, suggesting that inhibitors are not only bound to enzymes, but they are also 

bound with enzyme-substrate complexes to create ternary inhibitor-enzyme-substrate 

complexes resulting in decreased enzyme activity (Ji et al., 2021). 

The Km value (Michaelis constant) indicates the affinity of an enzyme for a substrate. The 

lower the Km value, the higher the affinity of the enzyme for the substrate. Compared to native 

starch, short chain p-nitrophenyl-linked maltose derivatives such as CNPG3 exhibit a lower 

affinity for amylase (Slaughter et al., 2001; Visvanathan et al., 2020; Visvanathan et al., 2021). 

The Km value (4.4 mg/mL) for CNPG3 observed in the present study was higher than for the 

maize starch (0.73 mg/mL) (Ji et al., 2021), indicating less affinity of CNPG3 for α-amylase. 

Similarly, Nyambe-Silavwe et al. (2015) reported lower Km value for amylose  (4.5 mg/mL) 

compared to amylopectin (12 mg/mL) at substrate concentration of 4.5 mg/mL.   

4.8 Conclusion  

One of the disadvantages of the DNS method is that it does not give a direct estimation of the 

reaction product. On the other hand, CNPG3 is effectively cleaved by α-amylase at the 

dye−glycoside bond generating p-nitrophenol, a yellow coloured compound with wavelength 

maximum at 405 nm. The intensity of p-nitrophenol is proportional to CNPG3 hydrolysis, with 

the increased absorbance corresponding directly linked to α-amylase activity. The accuracy 

and reliability of the DNS assay is also impacted by the interference caused by pigmented 

samples and non-equivalence between the amount of sugar reacted and DNS produced 
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(Visvanathan et al., 2021). In comparison, the kinetic measurement of α-amylase activity using 

CNPG3 rather than endpoint measurement and recording of absorbance/wavelength scan at 

the end of reaction time confirm that the direct chromogenic assay is not impacted by intrinsic 

sample colour or background signals of pigmented samples and therefore well suitable for 

measuring α-amylase inhibitory properties of anthocyanins and others. Furthermore, 

reproducibility, accuracy, uniformity and reliability are some advantages of the microplate 

based direct chromogenic assay (Khadayat et al., 2020). A limitation of the direct chromogenic 

assay is due to the short chain substrate not representing the natural starch substrate exactly 

which may therefore not accurately reflect activity of α-amylase (as compared to starch, the 

natural substrate for α-amylase) (Visvanathan et al., 2020). Nevertheless, with the DNS assay, 

there is involvement of several steps such as adding enzyme/substrates/inhibitors into the 

reaction tubes, heating and cooling steps, transferring reaction mixture from reaction tubes to 

microplate and passing mixture through the cartridges make the DNS assay time-consuming 

especially when large numbers of samples need to be analysed. In contrast, in the direct 

chromogenic assay, after incubating enzyme with inhibitor, substrate is added, and 

absorbance is measured immediately up to 10 min. With the chromogenic assay being quick 

and easy to perform, this method facilitates rapid screening of a large number of samples.  

In summary, the performance of the commonly used DNS assay was compared with a direct 

chromogenic assay to compare their performance when measuring pigmented samples. 

Given the lower IC50 with chromogenic assay and the easier controlled conditions, this method 

should be favoured for enzyme inhibition measurements in pigmented samples, in particular 

for screening purposes, if large numbers of samples are to be measured.  
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Chapter 5  

In vitro and in vivo antidiabetic properties of blueberry concentrate- 

a dose dependent effect/response 

5.1 Abstract 

Consumption of carbohydrate-rich foods increases the postprandial glucose concentrations 

leading to hyperglycaemia, a risk factor associated with diabetes mellitus. Previous studies 

have suggested that anthocyanins may beneficially influence digestion/and absorption of 

carbohydrates and thereby suppress the postprandial hyperglycaemia, but the evidence are 

limited in terms of source and dose effects. The present study investigated the dose 

dependent effects of anthocyanin-rich blueberry juice on postprandial glycaemia. Nine healthy 

subjects (7 F/2 M) with normal fasting plasma glucose were enrolled in a randomised, 

controlled trial. Two doses of blueberry providing 327 mg (D1) and 545 mg (D2) total 

anthocyanins, or a control drink, matched with sugar against the highest blueberry dose were 

administrated with white bread to provide in total 50 g available carbohydrates. Plasma 

glucose was measured in regular intervals over 180 min. To determine the contribution of 

blueberry on the activity of carbohydrate digesting enzymes as a potential mechanism for its 

hypoglycaemic effect, in vitro inhibitory effects of blueberry on the activity of α-amylase and 

α-glucosidase were determined. The in vivo results indicated a significant reduction in peak 

postprandial glucose levels at 30 min following D1 (P < 0.002) and D2 (P < 0.001) blueberry 

drinks. Furthermore, total iAUC was also significantly reduced (P < 0.05) after intake of both 

blueberry drinks. The activity of α-glucosidase and α-amylase was reduced dose dependently 

by blueberry with IC50 values of 76.15±2.5 μg and 260±3.2 μg polyphenol/mL, respectively. 

These findings confirmed that the beneficial effects of blueberry ingestion on postprandial 

glycaemia, at least partially due to inhibition of carbohydrate digesting enzymes. Blueberry 

consumption should therefore be encouraged in order to prevent and manage the T2DM. 
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5.2 Introduction  

It is estimated that almost 463 million people are suffering from diabetes worldwide due to 

pancreatic β-cell dysfunction and/ or increased resistance to insulin with impaired glucose 

tolerance.(Alzaid et al., 2013; Saeedi et al., 2019). Diabetes leads to other complications, such 

as heart disease, renal function recession, and blindness (Deshpande et al., 2008). Regular 

intake of high-carbohydrate diets may contribute to postprandial hyperglycaemia, a major risk 

factor in the development of T2DM (Zhang et al., 2011; Zhang et al., 2017). One of the most 

important mechanisms to prevent hyperglycaemia and subsequent diabetes is to control 

postprandial blood glucose concentrations. Hydrolysis of starch is initiated in the mouth by 

salivary amylase which convert complex polysaccharides to smaller units such as maltose. 

The last stage of starch digestion occurs in the small intestine, where pancreatic α-amylase 

and brush border glucosidase enzymes complete amylolysis, and the ultimate product of this 

process, glucose, is finally absorbed into the bloodstream. Suppressing the activity of intestinal 

α-glucosidase and pancreatic α-amylase leads to reduction of starch hydrolysis (Turina et al., 

2006), resulting in potentially reduced glucose available for absorption which is considered an 

effective strategy in the management and treatment of T2DM (Hanhineva et al., 2010). 

Dietary habits and lifestyle are major factors influencing the onset and progression of T2DM. 

Regular intake of fruits and vegetables can prevent the risk of T2DM (Wang et al., 2016). It 

will reduce the need for pharmacological treatment, which is typically associated with side 

effects, in addition to being extremely expensive (Hanhineva et al., 2010). Acarbose, miglitol, 

and voglibose, which are currently used antihyperglycaemic drugs in the treatment of diabetes, 

prevent its progression mainly by inhibiting carbohydrate digestion, thereby reducing blood 

glucose levels (Raptis & Dimitriadis, 2001). However, these synthetic inhibitors can have side 

effects (such as nausea, abdominal pain, flatulence), leading to an interest in exploring natural 

sources as possible alternatives. In recent years, flavonoids have been highlighted as potential 

α-amylase and α-glucosidase inhibitors, as an alternative to acarbose (Tadera et al., 2006). 

In vivo animal study demonstrated that flavonoids, in particular anthocyanins, reduce 



 

85 
 

postprandial glycaemia by suppressing the gastrointestinal glucose transport and α-

glucosidase activity (Hanamura et al., 2006). Additionally, epidemiological data supports an 

association between anthocyanin consumption and a decrease in the incidence of T2DM and 

increased insulin sensitivity (Wedick et al., 2012; Jennings et al., 2014). Anthocyanins are 

naturally occurring pigments found in many fruits and vegetables including berries, cherries, 

grapes, red onion, red radish, and purple potatoes (Andersen & Jordheim, 2010). Cyanidin, 

delphinidin, pelargonidin, peonidin, malvidin, and petunidin are the most predominant 

anthocyanins found in berries and have been reported for their antioxidant, anticancer, anti-

obesity, anti-inflammatory, antidiabetic, and cardio-protective properties (Vendrame et al., 

2016; Ma et al., 2018).  

There is increasing evidence of reduced blood glucose elevations following anthocyanin-rich 

foods, but studies have reported mixed outcomes. For example, reduced postprandial 

glycaemia and insulinemia have been observed after ingestion of anthocyanin-rich 

blackcurrant (Castro-Acosta et al., 2016), cranberry juice (Wilson et al., 2008), mixed berry 

puree (Torronen et al., 2010), and green tea with mixed freeze-dried fruit powders (Nyambe-

Silavwe & Williamson, 2016).  In contrast, some studies have reported no significant changes 

in postprandial blood glucose concentrations following fresh strawberries (Cao et al., 1998), 

cranberry juice (Vinson et al., 2008), and fresh blueberries and raspberries (Clegg et al., 2011) 

compared to control conditions.  

Variations in postprandial outcomes may be explained by several factors, including, study 

design, anthocyanin dosages, administration methods (powder, juice, or in food product), 

presence of other bioactives, and choices of control food/beverage/carbohydrate source. 

Although the human trials have delivered mixed and inconsistent results, there are evidence 

supporting the antidiabetic properties of anthocyanins-rich foods. Among the berries, 

blueberries stand out for their anthocyanin content (400 to 500 mg/100 g) (Vendrame et al., 

2016). Malvidin and delphinidin were the more abundant anthocyanins found in blueberry. 

Other polyphenolic compounds present in blueberry include flavanols (i.e., kaempferol, 
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quercetin, myricetin, phenolic acids (mainly hydroxycinnamic acids) and derivatives of 

stilbenes (Spinardi et al., 2019). Epidemiological evidence supports that blueberry 

consumption improved the insulin resistance in obese and insulin-resistant animals or humans 

(Stull, 2016) . However, to date, human trials investigated the influence of anthocyanin-rich 

blueberry foods/beverages on glycaemic profiles and/or examined possible mechanisms are 

sparce (Stull, 2016; Vendrame et al., 2016).  

5.3 Aims and objectives  

The aim of this study was therefore, to test the hypothesis whether anthocyanin-rich blueberry 

dose dependently reduces postprandial blood glucose concentrations in healthy adults. To 

identify potential underpinning mechanisms of action that exist in vivo for the regulation of 

postprandial glycaemia, the α-amylase and α-glucosidase enzyme inhibitory properties of 

blueberry were determined in vitro.  

5.4 Materials and methods  

5.4.1 Reagents and samples 

Concentrated blueberry juice (BJ) was purchased from Holland and Barrett® (Leeds, UK). 

White bread (Warburtons®), household sugar and low nitrate (<0.1 mg/L) still natural Buxton® 

mineral water were all purchased from a local Tesco® store (Leeds, UK). Individual sugars 

(fructose, glucose, sucrose) were purchased from Holland and Barrett® (Leeds, UK). The 

details about all other chemicals and reagents used in this study are described in sections of 

Chapter 2 Materials and Methods. 

5.4.2 Characterization of blueberry samples (Total phenolic, monomeric 

anthocyanins and sugar content) 

The total polyphenols and total monomeric anthocyanins in BJ were determined using the 

Folin-Ciocalteu method and pH differential method, respectively, as described in section 2.2 

in Chapter 2 Materials and Methods. Gallic acid (GA) was used as a reference standard 

ranging from (0 – 500 μg/mL) to calculate polyphenols and results were expressed as mg/mL 
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GA equivalents. Total anthocyanins in BJ were calculated on the basis of most abundant 

anthocyanins present in blueberry. Soluble sugars (glucose, fructose, sucrose) present in 

blueberry concentrate were analysed by chromatographic technique HPLC-ELSD as 

described. Individual sugars were quantified using external standard curves of glucose, 

fructose and sucrose in the range of 250 - 3000 µg/mL with fucose being added as an internal 

standard. 

5.4.3 In vivo human study  

5.4.3.1 Participant recruitment 

The blueberry study was conducted as a part of an MSc project (Huda Alawi). The PhD student 

has been trained and supported the MSc student in establishing the in vivo postprandial 

glucose response experiments. Nine healthy participants (7 women/2 men), meeting the 

inclusion criteria (aged 20-30 years; average BMI ≥ 24.9 kgm-2, not pregnant or breast-feeding, 

no taking any medication or supplements) were recruited using advertisements, flyers and 

personal communications. The detailed information about study requirements is presented in 

section 3.6 in Chapter 2 Materials and methods.  

Table 5.1 Characteristics of the subjects at baseline 

 mean±SEM 

Ethnicity  Mixed  

Gender   2 male/7 female 

Age (years) 27±0.93  

Height (cm) 161±2.94 

Weight (kg) 62.91±3.73 

Body mass index (kg/m2) 23.4±0.81 

Fasting glucose (mmol/L) 5.26±0.3 

Activity level Moderate  
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5.4.3.2 Preparation of test drinks 

The low and high anthocyanin dose test drinks were prepared by diluting 30 mL and 50 mL of 

concentrated blueberry juice with water to 300 mL volume, respectively. Bottled water (300 

mL) was used as a reference/control drink. To align the sugar content in the test drinks, the 

total sugars were adjusted to higher dose (29.4 g) of blueberry juice to achieve similar profile 

and amount of available carbohydrates for postprandial glucose response experiments as 

shown in  Table 5.2. 

Table 5.2 Characteristics of tested meals/drinks 

Type of 
drink 

Analysed sugars (g) 
Total 

intrinsic 
sugars  

(g) 

Available 
CH from 
bread (g) 

Added sugars (g) 
Total 

available CH 
(g) 

Total 
PP 

 (mg) 

Total 
ACNs 
(mg) 

Fructose Glucose Sucrose Fructose Glucose 

Control 0 0 0 0 20.64 18.74 10.65 50 0 0 

D1 11.25 6.38 ND 17.63 20.64 7.5 4.3 50 568.8 327 

D2 18.74 10.65 ND 29.4 20.64 0 0 50 948 546 

PP; polyphenols, ACNs; anthocyanins, CH; carbohydrates  

5.4.3.3 Study design 

Participants were subjected to intervention drinks randomly using an online programme 

(http://www.randomization.com). They attended the human study facilities at the University of 

Leeds, UK, on three mornings, separated by 2-3 days between each visit. On arrival, baseline 

blood glucose was measured, and subsequently, volunteers were asked to consume the 

blueberry drinks containing either 30 mL (D1) or 50 mL (D2) amount of BJ or a sugar matched 

control drink (300 mL water) alongside 45 g of bread within a few minutes ( <5 min). Each 

drink provided 50 g available carbohydrates. Capillary blood was collected via finger prick in 

regular intervals for 3 h post consumption during each visit. Blood glucose levels were 

determined using glucometer Accu-Chek® Performa. Small volumes of blood (100 µL) were 

collected using microvettes at each time point. Samples were centrifuged at 1300 g, 4°C for 

15 min and plasma aliquots were kept frozen at −80°C until insulin analysis. Samples were 

spoiled due to breakdown of freezer during the lockdown period (Covid 19). Therefore, insulin 

could not be measured in this study. 

http://www.randomization.com/
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5.4.3.4 Statistical analysis  

A minimum of ten subjects is generally considered sufficient to provide reasonable power and 

precision (Brouns et al., 2005). Based on a similar glycaemic study (Torronen et al., 2010), 

initially a total of eleven subjects were screened but only nine participants completed the study. 

The statistical analysis was performed using SPSS (version 26, IBM). The significance of the 

overall drink × time interaction and their main effects on blood glucose response was tested 

using a two factors repeated measure ANOVA and comparisons were conducted using 

Tukey’s test, where a significant difference was observed. In addition, the maximum increase 

from baseline was calculated and the difference between the test drinks was analysed. The 

0–180 min areas under the glucose response curve were calculated using GraphPad Prism; 

Version 9, ignoring the area below the baseline concentration, and the statistical significance 

was assessed with one way ANOVA. Values of P ≤ 0.05 were considered significant. Due to 

loss of plasma samples as mentioned earlier, insulin was not measured in this study. 

5.4.4 In vitro enzyme inhibition  

All the materials and methods used in the preparation of buffer solutions, enzyme and 

substrate solutions and to determine α-amylase and α-glucosidase activity are described in 

section 2.3 in Chapter 2 Materials and methods.  

To make stock solution for enzyme assays, concentrated BJ was diluted (1:10) in Millipore 

water, centrifuged and supernatant was taken. The supernatant was further diluted in 20 mM 

phosphate buffer (pH 6.9) to provide a concentration range of 0 -1896 μg/mL polyphenols for 

α-amylase assay. The α-amylase inhibitory properties of BJ were determined using direct 

chromogenic method using PPA and CNPG3 as a substrate. 

For the α-glucosidase assay, BJ supernatant was diluted in 0.1 M phosphate buffer (pH 7.0) 

to provide a concentration range of (0 - 237 mg polyphenols/mL) and the activity of (from yeast 

S. cerevisiae) was determined via absorbance assay using p-nitrophenyl-α-D-
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glucopyranoside as a substrate. Acarbose, a synthetic inhibitor of α-glucosidase and α-

amylase enzymes, was used as a positive control in both assays.  

5.5 Results  

5.5.1 Compositional data of blueberry juice 

The results of compositional analysis showed that BJ contained 18.96±0.21 GAE mg/mL of 

total polyphenols, and 10.9±1.12 mg/mL of total anthocyanins. In addition, the HPLC-ELSD 

analysis for sugars demonstrated the presence of fructose (0.4 mg/mL) and glucose (0.213 

mg/mL) in BJ, however, sucrose was not detected.  

5.5.2 Effect of blueberry on postprandial plasma glucose response  

The mean incremental postprandial changes in blood glucose and total iAUC after consuming 

control/blueberry juice with a carbohydrate source (white bread) are shown in Figure 5.1. The 

meal × time interaction for glucose response was highly significant (P = 0.001). There was a 

significant difference (P < 0.05) for both the iAUC and peak glucose concentrations between 

the control and blueberry drinks. The changes in individual iAUC after blueberry consumption 

are shown in Figure 5.1B. Post hoc analysis with Tukey’s adjustment showed significantly 

lower glucose concentrations following low and high blueberry drink compared with control at 

15-, 30-, and 45- post drink (Figure 5.1A). The low and high dose blueberry juice resulted in a 

decrease in the total glucose iAUC of -22.6±9.8% and -20.2±6.69 % (P < 0.05; n = 9), 

respectively (Figure 5.1C). There was no significant difference (P = 0.961) in total iAUC 

between the two test drinks. The maximum increase in plasma glucose concentration from the 

baseline was also smaller after the blueberry drinks (D1, 2.3±0.23 mmol/L; P = 0.001 and D2, 

2.2±0.24 mmol/L; P = 0.002) intake than the control drink (3.3±0.20 mmol/L). When analysed 

separately, no significant difference (P = 0.77) was observed between the two blueberry test 

drinks.  
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Figure 5.1 Postprandial blood glucose responses of 9 healthy participants after consumption 

of blueberry juice. Mean (± SEM) incremental changes in glucose concentrations (A) in 

response to equal amounts of carbohydrate from white wheat bread consumed with either 

sugar matched control (C), low dose (D1) or high dose (D2) of blueberry concentrate. Time 

points at which statistically significant differences were observed (two-way ANOVA; multiple 

comparison Tukey’s test) are identified by * symbol. Individual changes in iAUC (B) were also 

presented. The total iAUC was reduced significantly (P < 0.05) by both doses of blueberry 

drink (C). 
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5.5.3 In vitro enzyme inhibition  

The enzyme inhibitory properties of blueberry juice were determined through the hydrolysis of 

synthetic substrates p-nitrophenyl glucopyranoside for α-glucosidase and 2-chloro-4 

nitrophenyl α-D-maltotrioside for α-amylase. These short chain molecules released the yellow 

coloured p-nitrophenol upon enzymatic reaction at 370C. The results of different dilutions of 

concentrated BJ on the activity of α-glucosidase and pancreatic α-amylase demonstrated 

dose-dependent inhibition of both enzymes (Figure 5.2).  

The IC50 values shown in 
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Table 5.3 showed that BJ inhibited the activity of α-glucosidase more efficiently than the 

synthetic inhibitor acarbose, when compared at the same concentration. Unlike a-glucosidase, 

the results of α-amylase assay indicated blueberry as a less potent inhibitor of PPA compared 

to acarbose (
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Table 5.3).The Lineweaver–Burk plots indicated mixed type inhibition of α-glucosidase (Figure 

5.2C) whereas competitive inhibition of α-amylase (Figure 5.2B) by blueberry. The kinetic 

measurement of enzyme activity for acarbose and blueberry demonstrated linearity 

(correlation > 0.99) of reaction over time (10 min) and clearly reduced p-nitrophenol formation 

in the presence of different concentrations of inhibitors through wavelength scans in both 

assays. The results of BJ are presented in Figure 5.3. 
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Figure 5.2 The dose dependent inhibitory effects of BJ polyphenols on α-glucosidase (A) and 

pancreatic α-amylase (B). Lineweaver–Burk plots of α-glucosidase (C) and α-amylase (D). 

The results are expressed as means with SEM of three independent measurements performed 

in duplicate. 
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Table 5.3 The IC50 (μg/mL) values of blueberry against α-glucosidase, and pancreatic α-

amylase 

Samples -glucosidase -amylase 

Acarbose 612.9±0.017 3.7±1.2 

Blueberry 76.25±2.5 260±3.2 

Results are expressed as mean±SEM, n=3 
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Figure 5.3 The kinetic measurement and wavelength scan (350-600 nm) of α-glucosidase (A, 

C) and α-amylase (B, D) activity inhibition for blueberry. Shown is a representative set of data 

within one experiment.
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5.6 Discussion  

The acute blueberry consumption leads to a significantly (P < 0.05) attenuated postprandial 

glycaemia in healthy population. The post-peak glucose increments were reduced by 30±5.1% 

and 31±6.7% after consumption of low and high dose anthocyanins blueberry at 30 min. 

However, no significant difference in postprandial plasma glucose concentrations (P > 0.05) 

and total iAUC (P = 0.90) was observed between two doses over the 3 h experimental period. 

The findings of the present study are consistent with previous research where anthocyanin-

rich mixed berries meals/nectars (Torronen et al., 2010; Torronen et al., 2012; Torronen et al., 

2013) , blackcurrant (Castro-Acosta et al., 2016) , apple and blackcurrant (Castro-Acosta et 

al., 2017) consumed with carbohydrate source reduced postprandial hyperglycaemia. In 

contrast, a previous study (Bell et al., 2017) where two blueberry doses containing 310 and 

724 mg anthocyanins, respectively, were administered in adults did not demonstrate any 

significant difference in peak plasma glucose concentrations after any of the blueberry dose 

ingestion as compared to sugar matched control drink. The reasons for this could be that the 

previous study did not involve any starchy food and test drinks were consumed after 2 h fasting 

period rather than 8-10 h as in the present study. The current study showed statistically 

significant (P < 0.005) attenuation in peak plasma glucose during the first 45 min postprandial 

period (0-45 min) after blueberry consumption in comparison to control (Figure 5.1A). 

Blueberries are rich in polyphenols such as chlorogenic acid, quercetin, kaempferol, myricetin, 

proanthocyanidins, catechin, epicatechin, resveratrol, and vitamin C which contribute to 

antioxidant activity. The total polyphenol content in blueberries ranges from 48 to 304 mg/100 

g of fresh fruit weight. The major anthocyanins in blueberry are delphinidin and malvidin 

(Michalska & Lysiak, 2015). An increasing body of evidence suggests that blueberry reduced 

the risk of diseases such as cardiovascular disease (CVD), diabetes, obesity, and cognitive 

decline (Kalt et al., 2020). A chronic human trial involving 50 g carbohydrates replaced by 50 

g blueberries per day demonstrated positive changes in metabolic factors such as body 

weight, insulin, cholesterol, and uric acid levels, in overweight young adults over 12 weeks 
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(Istek & Gurbuz, 2017). The structural variability may influence the magnitude of beneficial 

effects of anthocyanins in vitro and in vivo. The results (presented in Chapter 4) of in vitro 

inhibitory effects of different anthocyanins/anthocyanin-rich samples on carbohydrate 

digesting enzymes confirm inhibitory potential of anthocyanins towards α-amylase and α-

glucosidase (Table 4.3) which may vary depending on their aglycone (sugar free part of 

anthocyanins) structure or sugar moieties.  

In vivo data indicated that blackcurrant anthocyanins reduced the postprandial glycaemia in 

vivo at a dose of 600 mg (Castro-Acosta et al., 2016). In contrast, administration of higher 

dose blueberry anthocyanins (724 mg) has no significant effects on postprandial blood glucose 

levels (Bell et al., 2017). Regulation of postprandial hyperglycaemia is paramount in the 

management of diabetes and its complications (Sudhir & Mohan, 2002) that can be achieved 

by inhibiting the activity of carbohydrate metabolizing enzymes such as α-amylase and α-

glucosidase, the key enzymes that convert complex carbohydrates into absorbable 

monosaccharides (Turina et al., 2006; Zhang et al., 2017). Polyphenolic compounds have 

shown glucoregulatory properties by delaying starch digestion, in particular, anthocyanin-rich 

berries such as raspberries, strawberries, blueberries and black currant have demonstrated 

inhibitory properties towards α-amylase and α-glucosidase in vitro (Tadera et al., 2006; Zhang 

et al., 2010; Sui et al., 2016) which has been confirmed in present study (Chapter 4). Recently, 

it has been demonstrated that extracts from anthocyanin-rich berry fruits are stronger inhibitors 

of α-glucosidase than α-amylase (Berger et al., 2020). The present in vitro data have also 

shown that blueberry juice is a stronger inhibitor of α-glucosidase than the α-amylase. These 

findings are in line with the literature demonstrating that blueberry extract reduced activity of 

α-glucosidase (IC50 18 μg/mL) more effectively than PPA (IC50 300 μg/mL) (McDougall et al., 

2005). Recently, Podsedek et al. (2014) has also reported α-amylase (IC50 46.40 mg/mL) and 

α-glucosidase (68.18 mg/mL) inhibitory activities of blueberry. Our in vitro data support the 

theory that BJ in the present study may have exerted inhibitory effects on the digestive 

enzymes, α-amylase and α-glucosidase in vivo, resulted in immediate postprandial effects in 
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humans. In the present study, almost 60% of the available carbohydrates were based on 

monosaccharides (glucose and fructose). It is likely that, in addition to inhibition of both 

enzymes, there might have also been inhibition of glucose uptake (Alzaid et al., 2013; Schulze 

et al., 2014), along with perhaps other mechanisms contributing to the strong effect on glucose 

response.  

Different anthocyanin-rich berry extracts such as lingonberry, elderberry, bilberry and 

chokeberry have shown to enhance glucose uptake in HepG2-Cells (human liver cells) at 

concentration of 50 μg/mL (Ho et al., 2017). Cyanidin-3-O-β-glucoside and its metabolite 

protocatechuic acid exert insulin-like effects by activating PPARγ, increasing adiponectin 

secretion and enhancing GLUT4 expression in human omental adipocytes (Scazzocchio et 

al., 2011). Blueberry consumption has been reported to improve insulin sensitivity in non-

diabetic insulin resistance men and women (Stull et al., 2010). Recently, increased insulin 

action was observed in T2DM patients who consumed 80 mg anthocyanins (purified from 

bilberry and blackcurrant) twice a day for 24 weeks (Alnajjar et al., 2020). In the current study, 

it is likely that reduced carbohydrate digestion through the inhibition of digestive enzyme has 

contributed to lower the postprandial glucose response in vivo. However, the contribution of 

other potential mechanisms needs to be investigated further to confirm the antidiabetic 

properties of blueberry.  

A huge diversity in the structural properties of anthocyanins influences their stability 

(Adisakwattana et al., 2009; Akkarachiyasit et al., 2010; Castro-Acosta et al., 2017), solubility, 

and bonding ability with the digestive enzymes (Sui et al., 2016; Berger et al., 2020). 

Depending on their anthocyanins profile, the anthocyanin-rich extracts exert differ in their 

magnitude of inhibitory effects towards α-amylase and α-glucosidase in vitro (Chapter 4). It 

has been found that cyanidin-3-rutinoside (IC50 0.25 mM) inhibited the α-glucosidase activity 

more effectively (Adisakwattana et al., 2011) than cyanidin-3-galactoside (0.5 mM), cyanidin-

3-glucoside (IC50 0.97 mM) and cyanidin-3,5-diglucoside (IC50 >2 mM) (Akkarachiyasit et al., 

2010). Whereas cyanidin-3-glucoside was the most effective inhibitor of α-amylase followed 
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by cyanidin-3-rutinoside, cyanidin 3,5-glucoside, and peonidin-3-glucoside with IC50 values 

of 0.024, 0.031, 0.04 and 0.075 mM, respectively (Sui et al., 2016).  

Strengths of the present study include the consumption of test drinks with a starchy food (white 

bread) and sugar contents of all the drinks were adjusted to provide similar amount of available 

carbohydrate (50 g). Postprandial glucose response was reduced with both doses of blueberry 

compared to control but did not differ significantly between the two doses. The lower dose of 

blueberry juice used is achievable in everyday diets, as intake of 327 mg of blueberry 

anthocyanins is equivalent to approximately 55.5 g of fresh blueberries. Participants followed 

a low polyphenol diet for 24 h and fasted 8-10 h prior to each visit to minimize the influence of 

habitual polyphenol consumption.  

5.7 Limitations of study  

Small sample size, lack of information on individual polyphenols/anthocyanins and their 

bioavailability are some of the limitations of the current study. Furthermore, insulin level (as 

an indicator to detect insulin resistance) was not measured in the current study. It has been 

demonstrated that plasma insulin concentrations follow the glucose response (Castro-Acosta 

et al., 2017). The results of HS glycaemic study (Chapter 3) confirmed these findings. In 

addition, the pH effect of the BJ was not considered in the present study which may contribute 

towards lowering postprandial glycaemic response.  

5.8 Conclusion 

To conclude, this study confirmed that blueberry consumption reduced the postprandial 

glycaemia in humans. The bioactive ingredients of blueberry suppressed the activity of starch 

digesting enzymes which is an obvious mechanism observed for this hypoglycaemic effect. 

The effects of lower doses on postprandial glucose response should be investigated in future 

studies. Intake of blueberry should be encouraged to improve postprandial glycaemia, 

although the efficacy of blueberry from different types of food should be explored in future 
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research. Future studies assessing blueberry's effects on insulin and other mechanisms will 

be valuable for a better understanding of role of blueberries in glucose regulation/metabolism.  
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Chapter 6  

General discussion 

The worldwide burden of diabetes is increasing rapidly, and among the main causes of this 

increase are sedentary lifestyle, unhealthy dietary habits, aging, and being overweight. 

Regulation of postprandial hyperglycaemia and insulinaemia are among the key factors in the 

prevention and management of health conditions such as obesity, T2DM and cardiovascular 

disease (Blaak et al., 2012). Based on evidence from studies involving type 1 (Diabetes 

Control and Complication Trail; DCCT) and T2DM diabetic patients (UK Prospective Diabetes 

Study; UKPDS), it was suggested that controlling blood glucose to nearly target levels 

(normoglycaemic) not only reduced the incidence and progression of microvascular 

complication but also decreased the morbidity and mortality in patients with diabetes (DDTC, 

1993; UKPDS, 1998). Therefore, it is imperative to control carbohydrate digestion and glucose 

absorption after high-carbohydrate meals. 

Diet has long been linked with the progression and development of T2DM. Therefore, dietary 

changes are important to prevent T2DM, control existing diabetes and prevent or/and delay 

the rate of development of diabetic complications. An analysis of acute RCTs (n = 13) 

assessed the effects of polyphenol-rich sources consumed with starchy meals on postprandial 

glycaemia and indicated that polyphenols have potential to modulate the carbohydrate 

digestion and reduce the risk of T2DM (Coe & Ryan, 2016). Anthocyanins have been 

described number of biological activities such as anticancer, antimicrobial, antiobesity, 

antidiabetic and cardioprotective properties as indicated by many in vitro as well as in vivo 

studies (Yousuf et al., 2016; Li et al., 2017). In recent years, there has been an increasing 

interest in understanding the mechanisms related to antidiabetic effects of anthocyanins, in 

light of an inverse association between intake of anthocyanin-rich foods and the risk of T2DM 

suggested by numerus epidemiological studies (Seeram, 2012; Mursu et al., 2014; Joseph et 

al., 2016). This thesis on the antidiabetic of anthocyanins on postprandial hyperglycaemic has 
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covered three key areas in order to investigate the role of anthocyanins in the prevention and 

management of T2DM in vivo and in vitro and confirming their antidiabetic properties.  

In the first instance (Chapter 5), postprandial effects of anthocyanin-rich blueberry drink were 

investigated in vivo to establish glycaemic response study which confirmed the glucose 

lowering properties of anthocyanins. Further, the dose dependent effects of anthocyanins 

containing HS drink on postprandial glucose and insulin (in vivo) were determined and 

compared to blueberry (Chapter 3). The contribution of individual anthocyanins/anthocyanins 

containing samples towards carbohydrate digesting enzymes were measured (in vitro) to 

determine the possible mechanisms by which anthocyanins and may exert beneficial effects 

on glycaemic markers (Chapter 4). In vitro methods to measure α-amylase inhibition by 

pigmented samples such as anthocyanins or anthocyanin-rich extracts were compared in 

Chapter 4.  

6.1 In vivo postprandial effects of Hibiscus sabdariffa   

The overall aim of this research was to test the hypothesis that anthocyanins have the potential 

to affect postprandial glycaemic response in vivo and to inhibit the activity of carbohydrate 

digesting enzymes (α-amylase and α-glucosidase) in vitro. The potential of anthocyanins to 

have a lowering effect on glucose and insulin after consumption of carbohydrate-rich meal 

with anthocyanin-rich drinks were investigated in healthy volunteers. The literature review 

(Chapter 1) shows different antidiabetic effects of anthocyanins in managing and preventing 

the T2DM. Inhibition of carbohydrate digesting enzymes such as α-amylase and α-glucosidase 

has been considered the most promising mechanism by which anthocyanins may reduce the 

postprandial hyperglycaemia, a major risk factor for T2DM. In vivo glycaemic investigations 

involving anthocyanin-rich foods have shown mixed outcomes with some studies have 

reducing effects on postprandial glycaemic response and a few showing an effect as 

discussed in Chapter 3 and 5. Several reasons such as different study designs anthocyanin 

source/dose, food matrix and control sample (whether bread, glucose or sucrose) may affect 

the results of these studies. 
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In this research, human intervention studies were designed to investigate the dose and source 

effects of anthocyanins on postprandial glycaemic response. An in vivo glycaemic study was 

conducted using blueberry, a more common and promising source of anthocyanins (Chapter 

5). The most important objective was to establish whether anthocyanins have an effect on 

glycaemic response in vivo. Two different doses of blubbery were administrated to determine 

whether the inhibition was dose dependent as is usually the case in vitro. In the second 

intervention, Hibiscus sabdariffa was used as an anthocyanin source (Chapter 3).  

Hibiscus sabdariffa is rich in anthocyanins ranging from 172.6 mg/100 g to 4408 mg/100g 

(Wong et al., 2002; Chumsri et al., 2008; Abou-Arab et al., 2011; Borrás-Linares et al., 2015). 

HS has been well known for its blood pressure lowering effects as indicated by several studies 

(Mojiminiyi et al., 2007; Wahabi et al., 2010; Mardiah et al., 2014; Nwachukwu et al., 2015). It 

has been reported that the most abundant anthocyanins in HS, delphinidin-3-O-sambubioside 

and cyanidin-3-O-sambubioside (Sindi et al., 2014; Ifie et al., 2016) inhibited the activity of 

ACE (Angiotensin-converting enzyme) and possess antihypertensive effects (Ojeda et al., 

2010). In addition, HS extracts have been reported beneficial to manage hyperlipidaemia and 

inhibiting atherosclerosis and coronary diseases due to its lipid lowering potential (Chang et 

al., 2006; Hirunpanich et al., 2006; Farombi & Ige, 2007; Yang et al., 2010). Some in vitro 

studies demonstrated the antidiabetic effects of HS (Hansawasdi et al., 2000; Ifie et al., 2016), 

however, the results are conflicting due to difference in detection methods and source of 

enzyme and substrate. Importantly, in vivo human studies investigating the beneficial effects 

of HS on glycaemic response are lacking/limited. Recently, an acute study conducted by 

Abubakar et al. (2019) demonstrated the cardioprotective role of HS consumption, however, 

no significant change in blood glucose and insulin were determined. However, this study was 

not specifically designed to determine glycaemic markers. The current HS glycaemic study 

was conducted to investigate the dose dependent effects of acute consumption of  

anthocyanin containing HS drink on postprandial glucose and insulin (in vivo)  
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The commercially available HS concentrate used in the present research has been analysed 

for its total anthocyanin, total polyphenol and total sugar contents (Chapter 3). Healthy 

subjects were recruited in this research to avoid any risk effects such as recent systematic 

review and meta-analysis has confirmed the hypotensive effects of HS (Ellis et al., 2021). 

Given that the α-amylases hydrolyse starch into disaccharides, oligosaccharides and α-limit 

dextrin after which α-glucosidases hydrolyse the products of α-amylase catalysed hydrolysis 

into glucose, bread combined with sucrose (as a substrate for glucosidase) was used as a 

carbohydrate source to test the inhibition of both α-amylase and α-glucosidase.  

Previously, anthocyanin doses in the range of 300-600 mg have demonstrated reduction of 

postprandial glucose response (Torronen et al., 2010; Castro-Acosta et al., 2016). In the 

current blueberry study (Chapter 5), the two doses of BJ providing 327 (D1) and 545 mg (D2) 

anthocyanins were administered together with a carbohydrate source 

(bread+glucose+fructose). The results indicated significantly reduced glucose iAUC by D1 

(22%) and D2 (20%) compared to the sugar-matched control group, irrespective of the dose 

applied. Dose-response effects on glycaemic response were observed in the acute study 

using HS, with the higher dose (220 mg) resulting in 18% reduction compared to low dose 

(132 mg) and 7% reduction, compared to control group. These data highlight that less than 

300 mg of anthocyanins might be sufficient to reduce glycaemic response, which, in case of 

blueberries, requires further research to determine the minimum dose of anthocyanins that 

might be required for maximum postprandial glucose reduction. Since the anthocyanin 

patterns of both of these sources are different, as well as the presence of other compounds 

which may contribute to hypoglycaemic effects, further research is needed to delineate 

contribution of individual anthocyanins and other components on glycaemic response. In 

addition to bioactive effects, the pH of the product/drink needs to be taken into account that 

may contribute to postprandial effects as detailed in Chapter 3.  

The human study data indicated blood glucose and insulin were significantly reduced in 

healthy subjects of different ethnicity following acute consumption of higher dose of HS 
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anthocyanins. The single serving of 50 mL HS concentrate that reduce the postprandial 

glucose and insulin response in the current study provides the similar benefits as 7 normal 

cups of HS tea. 

6.2 In vitro carbohydrate inhibition  

The aim was to determine the mechanism responsible for the hypoglycaemic effects of HS. 

Several studies have reported that anthocyanins have potential to inhibit the activity of 

carbohydrate digesting enzymes such as α-amylase and α-glucosidase (Adisakwattana et al., 

2009; Adisakwattana et al., 2011; Akkarachiyasit et al., 2011; Barik et al., 2020) and reduce 

the postprandial hyperglycaemia (Torronen et al., 2010; Castro-Acosta et al., 2016). The 

activity of HS and its main anthocyanins and some of their metabolites (chlorogenic acid, gallic 

acid, protocatechuic acid)  against α-amylase and α-glucosidase were determined. 

The in vitro methods used for measuring antidiabetic properties of anthocyanins are lacking 

consistency in terms of reporting % inhibition, mode of inhibition, use of substrate and enzyme 

source and specific group of polyphenolic compounds responsible as inhibitors and their 

synergistic effects (Prpa et al., 2021). The most common method of detection used for a-

amylase and a-glucosidase assays are colorimetric determination at 540 nm (for 3,5- 

dinitrosalicyclic acid (DNS) method) and at 405 nm (for pNPG substrate), respectively.  The 

glucosidase assay can be effected by the absorbance and/or intrinsic colour of anthocyanins 

which cause background signal and compromised the efficiency of this method. In the present 

work, performing the kinetic measurement and recording of product scan (Chapter 3) to 

determine the α-glucosidase inhibitory activity of anthocyanin-rich extracts has provided with 

a better approach to overcome the colour interference/absorbance signal. The DNS method 

used to determine α-amylase inhibition has some limitations including low sample throughput, 

many steps involved, potential interference of polyphenols with DNS reagent (unless SPE is 

used to remove these), which is discussed in detail in Chapter 4. Hence, the performance of 

an alternative method, utilizing a synthetic substrate CNPG3 with monitoring of absorbance 

change (indicating reaction product formation) was tested and compared with the results of 
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the DNS assay to determine the α-amylase inhibitory potential of anthocyanins/anthocyanin-

rich samples (Chapter 4). The present data indicate that enzyme inhibitory properties of pure 

anthocyanins (cyanidin and cyanidin galactopyarnoside) and anthocyanin-rich samples 

(blackcurrant, blueberry, cherry, hibiscus and pomegranate) can be easily measured by using 

CNPG3 substrate without any additional step. The results (Table 4.3) demonstrated that direct 

chromogenic assay is more sensitive to measure enzyme inhibitory properties compared to 

DNS assay. Overall, anthocyanins/anthocyanin-rich extracts showed lower α-amylase 

inhibition in both assays except for black currant and pomegranate. These findings are 

consistent with previous research (McDougall et al., 2005; Berger et al., 2020) indicating poor 

inhibition α-amylase by individual anthocyanins or anthocyanins containing samples. The 

crude polyphenolic fractions (black carrot and mahaleb cheery) showed more inhibition than 

their purified anthocyanins fractions (Chapter 4).  

The difference in enzyme inhibitory extent of different extracts could be explained by the 

polyphenolic/anthocyanin’s composition of tested samples (Chapter 4). From all the fruit 

extracts analysed in this research, pomegranate had the highest polyphenol and lowest 

anthocyanin contents but exhibit strongest inhibition towards α-amylase (IC50 11.33±2.3 

μg/mL) and α-glucosidase (IC50 0.1±2.3 μg/mL). These findings indicate that not only 

anthocyanins, but other polyphenolic compounds present in fruit extracts contribute towards 

carbohydrate inhibition. The results of the present in vitro HS study (Chapter 3) also confirmed 

the synergy of different components towards α-glucosidase inhibition as pure compound were 

failed to demonstrate any inhibition or showed very less inhibition. In vitro enzyme inhibition 

data were in agreement with the results from the literature which show that different 

anthocyanins have different enzyme inhibitory properties (Kalita et al., 2018; Berger et al., 

2020). The lower IC50 values of tested samples in case of direct chromogenic assay compared 

to DNS assay (Chapter 4) indicated the increased sensitivity of this method which was linked 

to short chain substrate. A potential disadvantage of using  CNPG3 as a substrate is that this 
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is not a physiological substrate, however, it allows  screening large number of samples in short 

time and provides basis for in vivo studies.  

The mode of inhibition of α-amylase by pure anthocyanins and purified anthocyanin-rich black 

currant extract was investigated using CNPG3 substrate and enzymatic kinetic parameters 

were determined (in the presence and absence of pure inhibitors). Kinetic parameters Vmax 

and km obtained from Lineweaver-Burk plots indicate competitive and mixed-type inhibition 

by pure anthocyanins and blackcurrant, respectively. The results are in line with literature 

indicating competitive/non-competitive inhibitory effects of anthocyanins/anthocyanin-rich 

extracts against α-amylase (Homoki et al., 2016; Sui et al., 2016; Ji et al., 2021). The present 

work highlighted the limitations of DNS assay as a standard in vitro method used for assessing 

the antidiabetic properties of pigmented samples and suggested the use of the direct  

chromogenic assay which is more affordable and time saving for screening large number of 

samples.  

To determine the potential mechanism contributing towards postprandial effects in vivo, the 

HS and BJ concentrates were analysed for in vitro enzyme inhibitory properties towards α-

amylase and α-glucosidase. The results indicated dose dependent inhibition of α-amylase and 

α-glucosidase by blueberry juice, however, the inhibitory effects are more prominent in case 

of α-glucosidase as also reported by McDougall et al. (2005). The hibiscus data demonstrated 

dose dependent inhibition of α-glucosidase upon incubation with different doses of HS 

concentrate.  

6.3 Impact and implication of this research  

The work from this PhD project investigated the glucoregulatory effects of anthocyanins and 

anthocyanin-rich extracts and possible mechanism through which anthocyanins may modulate 

the digestion of carbohydrates. Furthermore, in vitro methods to measure the antidiabetic 

properties of pigmented samples were compared. The in vivo investigations regarding the 

beneficial effects of Hibiscus sabdariffa in reducing the risk factors associated with diabetes 
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in this study were conducted under healthy conditions. The results demonstrate the potential 

of HS drink to lower blood glucose levels, and therefore, its consumption should be 

encouraged. In addition, HS should also be considered for functional food development, since 

it has demonstrated effective blood pressure lowering properties (Ellis et al., 2021). HS 

inhibited the activity of α-glucosidase activity (in vitro), however, none of the individual 

anthocyanins from HS as well as anthocyanin metabolites tested, demonstrated enzyme 

inhibitory properties, indicating the hypoglycaemic effects might likely be a synergistic effect 

of different polyphenolic compounds present in HS. Given that the enhanced α-glucosidase 

inhibition by HS combined with acarbose, utilization of HS into functional supplements may be 

of great interest as it will not only reduce the side effects associated with synthetic inhibitors 

used to manage diabetes, but also provide natural sources as enzyme inhibitors. This is the 

first study that is demonstrating hypoglycaemic effects of hibiscus in humans and potential 

mechanisms that are involved. 

Globally, HS is known by different names, including karkad'e in Arabic regions, Roselle, or 

red/sour tea in the UK. In Thailand, it is called karchiap daeng, and in Spanish, Jamaica. It is   

famous as l’oiselle in France. The fact that HS is consumed (as a cold/hot drink) in different 

parts of the world, HS is at present mainly added to tea mixtures as a colouring agent. The 

current study demonstrating the beneficial effects of HS on postprandial response is thus 

providing evidence on the importance of HS for the metabolic health and prevention of chronic 

disease. There is huge potential for future research in developing functional/novel product 

based on HS. 

Hyperglycaemia refers to a rise in blood sugar levels, a defining characteristic of T2DM and 

its management/treatment. Antidiabetic medications such as acarbose, voglibose and miglitol 

slow down the carbohydrate digestion via the inhibition of digestive enzymes and reduce the 

postprandial glucose excursion (Derosa & Maffioli, 2012). In recent years, polyphenolic 

compounds, in particular, anthocyanins gained much popularity due to their role in the 

management and prevention of T2DM. The present in vitro data determined more inhibition of 
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α-glucosidase compared to α-amylase by all the samples (pure anthocyanins/anthocyanin-

rich extracts/crude/purified anthocyanins fractions. Due to the presence of other polyphenolic 

compounds, anthocyanins alone cannot account for the bioactivity of drinks rich in 

anthocyanins (Berger et al., 2020). In addition, higher α-amylase and α-glucosidase inhibition 

was determined for the polyphenolic fractions compared to purified anthocyanin fractions 

(Chapter 4). Given that pure HS anthocyanins failed to demonstrate inhibitory effects on α-

amylase and α-glucosidase, further research is needed to determine whether different 

polyphenolic compounds contribute synergistically to enzymatic inhibitory properties of HS. 

There is scientific evidence that different polyphenol levels can influence the magnitude of 

health outcomes (Blumberg et al., 2015; Castro-Acosta et al., 2017). The present research 

has shown that hypoglycaemic effects of anthocyanins were dose dependent. Overall, in vivo 

studies demonstrated that commercially available pure concentrated juice of hibiscus and 

blueberry (with no added sugar) delayed the appearance of glucose in the blood and inhibited 

the activity of digestive enzymes. Although, consumption of hibiscus juice/drink is less 

common, it can be combined with other anthocyanin-rich drinks to get optimal benefits.  

Taken together, the present work will have strong potential to impact the field of anthocyanins 

and health research, in providing insight into mechanisms of action and in vivo evidence of 

the acute effects of anthocyanins-rich foods in preventing and managing T2DM, highlighting 

the importance of examining effect of anthocyanin containing foods on specific subject groups 

as well as establishing in vitro and in vivo methods to evaluate anthocyanins for their potential 

in improving human health.  

6.4 Conclusion and future perspectives 

Overall, this research has shown that anthocyanin-rich drinks (hibiscus and blueberry) 

significantly reduced the postprandial glucose response to carbohydrate-rich foods (white 

bread) in healthy volunteers by inhibiting the activity of carbohydrate digestive enzymes (α-

amylase and α-glucosidase). To best of our knowledge, this is the first human study 
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demonstrated hypoglycaemic effects of Hibiscus sabdariffa. Since anthocyanin-rich 

drinks/foods reduced the postprandial glycaemic response in healthy subjects, future 

interventions studies investigating glucoregulatory effects of HS in diabetic and pre-diabetic 

subjects are warranted. In addition, chronic trials are needed to establish the long-term effects 

of anthocyanin-rich interventions on glycaemic markers, including fasting blood glucose 

(FBG), fasting blood insulin (FBI), formation of advanced glycation end products and 

homeostatic model assessment-insulin resistance (HOMA-IR). Since blueberry demonstrated 

stronger postprandial effects than HS, the present study identified that the magnitude of 

hypoglycaemic effects differed depending on the anthocyanin source. The in vivo data were 

in with in vitro findings indicated different inhibitory potential of different 

anthocyanins/anthocyanin containing samples towards α-amylase and α-glucosidase.  

Given that individual HS compounds have not shown any inhibitory effects towards α-amylase 

and α-glucosidase, anthocyanins alone cannot account for the bioactivity of HS. Therefore, 

further studies are envisaged to determine the contribution of other polyphenols and their 

interactions towards reduced carbohydrate digestion. The lower pH (>3) of the intervention 

could also affect the glycaemic profile by attenuating the salivary amylase activity which, 

although observed for HS in the current work, requires further investigations to better 

understand the contribution of pH towards enzyme inhibition and other possible 

glucoregulatory mechanisms that may contribute to antihyperglycaemic and other metabolic 

disease related effects of anthocyanins.  
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List of appendixes 

Appendix A 

Study: Effect of Hibiscus drink on glycaemic response in healthy volunteers 

Date:    /    /                            participant code……… 

Please provide brief information about yourself by ticking the appropriate answer (s) or provide 

additional information where necessary. 

1. Would you consider yourself to be in good health?   
 
 □ Yes         □ No        
 
If the answer is ‘no’, please explain the reasons for your choice: 
 

……………………………………………………….…………………………………      

2. Have you ever been told by a doctor or other health professional that you have any of 
the following? 
 
□Type I diabetes   □Yes              □No             □ don‘t know      
 
□ Type II diabetes   □Yes              □No             □ don‘t know      
 
□ Gestational diabetes   □Yes              □No             □ don‘t know      
   (Diabetes during pregnancy)   

      □ Prediabetes                                      □Yes              □No             □ don‘t know    
   
      □ Impaired fasting glucose                  □Yes             □No              □ don‘t know      
        
      □ Impaired glucose tolerance              □Yes              □No             □ don’t know     
                      
      □ Borderline diabetes                           □Yes             □No             □ don‘t know 

 

3. Do you suffer from any health problems associated with your digestive system 
(stomach, intestine), your pancreas, your liver or your kidneys? 

 □ Yes             □ No             □ don‘t know 

If the answer is ‘yes’, then please provide details of your condition. 

 

……………………………………………………….………………………………… 

4. Are you taking any type of medication? 
  
□Yes         □ No 
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If the answer is ‘yes’, please list below the name of all the medications that you are 
currently taking: 

 

……………………………………………………….………………………………… 

5. Do you have any history of allergy (food or non-food related)?   
 
□Yes    □No  
 
If yes, which kind of allergy do you have?  
 

……………………………………………………….………………………………… 

6. Are you gluten intolerant?     
 

□Yes          □No   □ don‘t know  

 

7. Are you pregnant?    □Yes          □No   □ don‘t know  
 

8. Are you breastfeeding?     □Yes              □No 
 

 

Thank you for your time, the answers will allow us to determine whether you 

are eligible for the trial. A researcher will contact you soon to explain what 

the next steps are. 
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Appendix B 

Pre-study questionnaire  

Study: Effect of Hibiscus drink on glycaemic response in healthy volunteers 

Date:    /    /                            participant code………….. 

Please provide brief information about yourself by tick at the appropriate answer (s) or provide 
additional information where necessary. These questions are designed to gather information 
about demographic, diet and lifestyle factors that may affect how you respond to food.  

Nationality:  □ United kingdom     □ EU       □ Other………. Weight: 

Age (years): Height:  

Gender:     Male □    Female □ Waist circumference: 

 

1. Ethnic background : 
 

□ White - British  
□ White - Irish  
□ White – Scottish  
□ Irish Traveller  
□ Other White Background 
□ Black or Black British– Caribbean  
□ Black or Black British – African  
□ Other Black Background  
□ Asian or Asian British - Indian  
□ Asian or Asian British - Pakistani  
□ Asian or Asian British – Bangladeshi  
□ Chinese  
□ Asian Other 
□ Mixed – White and Black Caribbean  
□ Mixed – White and Black African  
□ Mixed – White and Asian  
□ Other Mixed Background 
□ Other Ethnic Background  
□ Information Refused 

 
2. Do you consider yourself to be in good health today?  

□Yes          □No                 
 
If the answer is ‘no’, please explain the reasons for your choice: 
 

……………………………………………………….…………………………………      

3. Do you drink alcohol?     
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□Yes    □No 
 
If the answer is ‘yes’, how many units do you consume every week? 
(1 unit is ½ glass of wine, ½ pint of beer, 1 measure of spirits) 
 

……………………………………………………….…………………………………      

4. Are you currently on a special of diet?    
 
□Yes   □No 
 
If the answer is ‘yes’, please specify what kind of diet you are on: 
 

……………………………………………………….…………………………………      

5. Are you vegetarian or vegan?       
 
□Yes     □No            
 

6. Do you smoke cigarettes/cigars/pipe regularly?   
  

 □Yes              □No 

  

 If the answer is ‘yes’, how many do you smoke in our day?  ……… 

 

7. How did you come to the university today? 
 
□ by foot             □ by bicycle                    
 
□ by any other transportation (please specify…………………)     
 

8.  During the last 7 days, on how many days did you do vigorous physical activities 
like heavy lifting, digging, aerobics, or fast bicycling?   

 
 _____ days per week   
    No vigorous physical activities  Skip to question 3  
  

9. How much time did you usually spend doing vigorous physical activities on one of 
those days?  

 _____ hours per day  _____ minutes per day   
  

      〇 Don’t know/Not sure  
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10. During the last 7 days, on how many days did you do moderate physical activities like 
carrying light loads, bicycling at a regular pace, or doubles tennis?  Do not include 
walking.  

 
 _____ days per week  
    No moderate physical activities -  Skip to question 5  
  

11. How much time did you usually spend doing moderate physical activities on one of 
those days?  

 _____ hours per day _____ minutes per day  
  

 〇 Don’t know/Not sure   

  

12. During the last 7 days, on how many days did you walk for at least 10 minutes at a 
time?    

 _____ days per week       
 
No walking  Skip to question 7  
  

13. . How much time did you usually spend walking on one of those days?  

 _____ hours per day _____ minutes per day   
  

  〇 Don’t know/Not sure   

  

14. . During the last 7 days, how much time did you spend sitting on a weekday?  

 _____ hours per day  _____ minutes per day   
  
  Don’t know/Not sure 
 

15. 24-hours food consumption recall 

Food intake Time Description amount 

Break fast    

Snack    

Lunch    

Snack    

Dinner    

Snack    

Thank you for your time  
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Appendix C 

Volunteer Information Sheet 

Study: Effect of Hibiscus drink on glycaemic response in healthy volunteers 

You are invited to take part in a research study at the University of Leeds. Before you decide 

to take part, it is important that you understand the purpose of the study and what the study 

involves. Please take time to read through the following information carefully. If you are unclear 

about anything or would like more information, please feel free to ask us. Take time to decide 

whether or not you wish to participate.  

What is the purpose of the study?  

The aim of this study is to investigate the effect of hibiscus on the glycaemic response profile. 

Glycaemic response is the change in blood glucose levels following ingestion of a 

carbohydrate-rich food such as white bread. In diabetic patients, a carbohydrate-rich diet can 

have detrimental effects on glycaemic control. Controlling postprandial hyperglycaemia is 

thought to an important factor in the prevention and treatment of type-2 diabetes.  

Hibiscus has been associated with health benefits such as lowering of blood pressure. 

However, there is lack of information regarding the anti-diabetic property of Hibiscus. This 

study will investigate if consuming hibiscus concentrate has an effect on blood glucose 

response to a carbohydrate-rich food. A role in blood glucose control has been suggested for 

a number of plant bioactives, such as polyphenols, which can be found in teas.  

Am I suitable to take part?   

We are looking for healthy individuals (female and male) aged 20- 50 years, living in the area 

of Leeds, who are not pregnant of lactating women, not allergic to any food, not diagnosed 

with chronic disease such as diabetes, cardiovascular disease, cancer and not taking any 

medication that may affect digestion or the response to glucose. We will ask about your health 

in a short questionnaire. If you are suitable based on the questionnaire, you will be invited to 



 

134 
 

take part in the study and come to the human study room in the Parkinson building at the 

University of Leeds. 

What will the study involve?  

If you decide to take part, you will be invited to a briefing session where the researcher will 

explain the details of the study and answer any questions that you may have. You will be 

asked to provide your written consent. Participation in the study will encompass altogether 3 

visits with at least 2-3 days in between each visit. On your first visit you will be asked to fill in 

a questionnaire regarding general intake of fruit and vegetables and antioxidant supplements 

and your physical activity. We will measure your height and weight.  

On each visit, you will be asked to consume a carbohydrate portion (e.g. white bread) in 

combination with our test products in a randomized order. On the day before each visit, you 

will be asked to restrict your physical activity, refrain from drinking alcohol and consumption 

of a heavy meal at dinner time. You will be asked to fast from 10pm onwards (except water) 

until you arrive at the research centre. We will measure your blood glucose using finger prick 

glucose testing strip. You will then be asked to consume the test product with the carbohydrate 

portion and we will measure your blood glucose changes over the next 3 hours in regular 

intervals (15, 30, 45, 60, 120, 150 and after 180min). Besides glucose, we will collect blood 

drops into a separate small tube (100uL) in order to measure your insulin levels. After 

completion of the study, a £15 retail voucher will be offered as compensation for your time.  

What are the benefits and risks of taking part in the study?  

Benefits - There are no direct benefits to participants taking part in the study but your 

participation in this research will help to expand our knowledge on the health benefits of herbal 

teas. We will let you know the results of your blood glucose test. If we find abnormal results, 

we will encourage you to discuss them with your GP.  

Risks - You might experience temporarily sore fingers after finger pricks and there is a small 

risk of infection.  
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This research will help expanding our knowledge on the health benefits of herbal teas and 

may open dietary strategies for people who need to manage their blood glucose.  

Can I withdraw from the study at any time?  

Yes, volunteers are free to withdraw from the study at any time without reason. The consent 

form that you sign prior to entry on the study is in no way binding. It simply assures that you 

have read the information sheet, and that you are happy to proceed and willing to provide 

finger prick blood samples. Before you begin, or during the study please feel free to ask the 

investigator any questions you might have on any aspect of the investigation.  

How confidential are the results?  

All data and results are kept strictly confidential and each participant will only be referred to 

using a unique identifier code. Data collected as part of this study will be kept in a repository. 

Anonymous findings may be published in a scientific journal or presented at scientific 

meetings. If you are interested in receiving information about the findings of the study, please 

let us know and we will send you a copy of the research findings.   

To volunteer or for further information please contact:  

Sadia Zulfiqar (fssz@leeds.ac.uk)  

Supervisor: Dr Christine Bosch (c.bosch@leeds.ac.uk) 0113-34-30268 

This study has been reviewed by The Faculty of Mathematics and Physical Sciences and 

Engineering Ethics Committee, University of Leeds. [MEEC 16-028] 

mailto:fssz@leeds.ac.uk
mailto:c.bosch@leeds.ac.uk
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Appendix D 

Consent form 

Effect of Hibiscus drink on glycaemic response in healthy volunteers 

I CONFIRM THAT (please add your initials next to each statement if you agree): 

I have read and understood the “Volunteer Information” sheet for the above study  

I have had the opportunity to ask questions, discuss the study and have received 
satisfactory answers to all my questions 

 

I understand that the information generated will be anonymous and that no individual result 
will be published 

 

I understand that I am free to withdraw from the project at any time without giving a reason 
for withdrawing and without affecting future support 

 

I understand that relevant sections of the data collected during the study, may be looked at 
by auditors from the University of Leeds or from regulatory authorities where it is relevant to 
my taking part in this research. I give permission for these individuals to have access to my 
records 

 

I understand that the data collected from me to be kept in a repository and potentially be 
used in relevant future research in an anonymized form 

 

I understand that I will be asked to provide finger prick blood samples  

I agree to take part in the study and will inform the lead researcher should my contact details 
change 

 

 

 

Name of Volunteer   Date   Signature  

 

Name of person taking consent              Date   Signature* 

*To be signed and dated in the presence of the participant.  

Once this has been signed by all parties the participant should receive a copy of the signed and dated participant 
consent form, the letter/ pre-written script/ information sheet and any other written information provided to 
the participants. A copy of the signed and dated consent form should be kept with the project’s main documents 
which must be kept in a secure location. 
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Appendix E 
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Figure 3.1 A Wavelength scan (350-600) following α-glucosidase enzyme reaction with 

delphinidin sambubioside (A) and cyanidin sambubioside (B) as potential inhibitors.  

350 400 450 500 550 600

0.0

0.5

1.0

1.5

2.0

Wavelength (nm)

A
b

s
o

rb
a
n

ce

100 % enzyme activity

1.5 μM

3.1 μM

6.2 μM

12.5 μM

25 μM

50 μM

100 μM

350 400 450 500 550 600

0.0

0.5

1.0

1.5

2.0

Wavelength (nm)

A
b

s
o

rb
a
n

ce

100 % enzyme activity

1.5 μM

3.1 μM

6.2 μM

12.5 μM

25 μM

50 μM

100 μM

350 400 450 500 550 600

0

1

2

3

Wavelength (nm)

A
b

s
o

rb
a
n

ce

100 % enzyme activity

1.5 μM

3.1 μM

6.2 μM

12.5 μM

25 μM

50 μM

100 μM

A B

C

 

Figure 3.1 B Wavelength scan (350-600) following α-glucosidase enzyme reaction with 

protocatechuic acid (A), gallic acid (B), and chlorogenic acid as potential inhibitors. 
 


