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Summary 

 

Traditional medicinal plants are a worthy source of secondary metabolites (alkaloids, 

terpenoids, phenolics, flavones and polyphenols) which play a vital role in the defence 

mechanisms of the host against pests and microbes. However, these secondary 

metabolites have been shown to possess potential antidiabetic, antioxidant, 

immunomodulatory, anti-asthmatic and anti-inflammatory activities. This research 

investigated the in vitro and in vivo effects of five traditionally used antidiabetic plants 

for insulinotropic and hyperglycaemic potential. Extracts (hot water and ethanol) of 

medicinal plants (A. squamosa, C. sinensis, E. citriodora, A. arabica and H. fomes) 

stimulated concentration-dependent insulin release from rat clonal BRIN BD11 cells and 

isolated mouse islets. Non-toxic concentrations of extracts further enhanced the insulin-

releasing actions of glucose, tolbutamide, IBMX and KCl. Insulin secretory effects were 

partially reduced by diazoxide, verapamil and under calcium-free conditions, being 

associated with membrane depolarization and increased intracellular Ca2+. Extracts also 

increased glucose uptake/insulin action in 3T3L1 adipocyte cells and inhibited protein 

glycation, DPP-IV enzyme activity, starch digestion and glucose diffusion. Acute 

administration of plants to high-fat fed (HFF) rats improved glucose tolerance, plasma 

insulin and inhibited plasma DPP-IV enzyme activity. These results encouraged long-

term follow up studies, where plants induced remarkable benefical changes in HFF rats 

of non-fasting blood glucose, glucose tolerance, plasma insulin and DPP-IV, body 

weight, food consumption, fluid intake, pancreatic insulin content and the islet, beta cell 

and alpha cell areas. A. squamosa significantly increased unabsorbed sucrose content and 

reduced both postprandial hyperglycaemia and glucose absorption during in situ gut 

perfusion. The compounds isolated from plants: rutin from A. squamosa and C. sinensis, 

isoquercitrin from C. sinensis and E. citriodora, quercetin from A. arabica and, quercitrin 

from H. fomes and E. citriodora also induced concentration-dependent insulin secretion 

in vitro and enhanced glucose tolerance and plasma insulin in Swiss albino mice. In 

conclusion, this research demonstrates the potential of traditionally used antidiabetic 

plants and their active constituents to modulate multiple signalling pathways that result 

in significant antidiabetic activities. Such plants may provide important dietary adjuncts 

for treatment of diabetes and offer a valuable source of new drugs for the prevention, 

treatment and management of the disease.
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1.1 Diabetes mellitus 

Diabetes mellitus is one of the well-known ancient multifactorial metabolic diseases 

caused by deficiency of insulin or by diminishing effectiveness of endogenous insulin 

(ADA 2009). It is characterised by an elevation of blood glucose levels in the body or and 

deranged or unbalanced metabolism that affects the vasculature and leads to secondary 

complications such as cardiovascular disorders, retinopathy and nephropathy (Prabhakar 

2016). The pancreatic ɓ cells produce insulin which is required for the glucose uptake to 

cells. Diabetes mellitus is mainly categorized into two main forms that include type I and 

type II. Type I diabetes mellitus (T1DM) is catagorized by the failure of pancreatic ɓ-

cells to produce insulin due to destruction by T-cell-mediated autoimmunity (Gharravi et 

al. 2018), while type II diabetes mellitus (T2DM) is due to insulin resistance and defect 

insulin secretion. T2DM has a strong association with obesity (Al -Goblan et al. 2014).  

Diabetes is one of the fastest growing metabolic disorders and it is predicted that it will 

affect 629 million people by the year 2049 (English and Lenters-Westra 2018). Among 

these, approximately 90% are suffer from T2DM (Olokoba et al. 2012). T1DM is often 

common among children, however, it can appear at any age (Gale and Gillespie 2001). 

On the other hand, T2DM is more prevalent in adults or obese individuals although 

childhood obesity is giving rise to much earlier onset in recent years (Sahoo et al. 2015).  

 

1.2 Pancreas 

The pancreas is an organ situated in behind the lower part of the stomach and plays a 

significant role in glucose homeostasis. This organôs main hormones are insulin and 

glucagon that help regulate blood glucose levels.  The pancreas also plays exocrine role 

in addition to endocrine function (Schuit et al. 2001). The pancreactic ɓ-cells produce 

insulin that is distributed within a cluster of cells called the islets of Langerhans, named 

after the anatomist who identified them (Schuit et al. 2001). Insulin helps to regulate 

blood sugar levels by helping to transfer glucose from the blood to adjacent cells (Schuit 

et al. 2001). 

 

1.2.1 Insulin synthesis, secretion and regulation of ɓ-cell function  

Insulin is biosynthesised by a sequential cleavage of its precursors such as preproinsulin 

and proinsulin (Fu et al. 2013). Following synthesis, preproinsulin undergoes rapid 

enzymatic cleavage to produce proinsulin that contains two chains of insulin A and B 

linked by C-peptide (Fu et al. 2013). Proinsulin is packed in the form of granules within 
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the golgi complex, which then transported to the cell surface. At maturation, proinsulin 

is cleaved into two equal amounts of insulin and c-peptide by protease and forms 

microcrystals around zinc ions within the secretory granules, forming hexamers that 

separate quickly following release.   

 

Increase in intracellular glucose in beta cells produces insulin secretion by activation of 

glucokinase followed by the rise in intracellular ATP, resulting in the closure of KATP ï 

channels (Fu et al. 2013). This leads to depolarization of the ɓ-cells membranes and the 

influx of calcium ions, causing fusion of insulin granules with the cell membrane and the 

release of insulin and c-peptide into the circulations by exocytosis (Fig. 1.1) (Fu et al. 

2013).  

 

 

Figure 1.1: The three interconnected intracellular signalling pathways in pancreatic 

ɓ cells (Skelin Klemen et al. 2017). The KATP-dependent triggering pathway is indicated in red, the 

metabolic and neurohormonal amplifying pathways are indicated in grey (Skelin Klemen et al. 2017). ɓ-

cells can sense many nutrients circulating in the blood which include glucose, monosaccharides, amino 

acids, and fatty acids.  Glucose though is the primary stimuli for insulin release. Glucose is also an essential 

source of fuel for neurons (Suckale and Solimena 2008), while other cells including ɓ-cells are able to use 

alternative fuel sources if starved for brief periods. Adaptation to this condition could lead them to 

glucolipotoxicity (Kim and Yoon 2011).  



 

4 
 

Although, ɓ-cells do not have membrane-bound receptors, but they contain glucose 

transporters. GLUT2 is the only glucose transporter that expressed in ɓ-cells and can 

equilibrate glucose via diffusion ( Thorens 2015; Mueckler and Thorens 2013). This 

transporter is also expressed in the liver, renal and intestinal absorptive cells, while 

muscle and fat cells express GLUT4 primarily. GLUT2 mobilization to the plasma 

membrane is an insulin-independent process that ensures the high glucose influx (Fig. 

1.1). After entering into the ɓ-cells, glucose is phosphorylated by glucokinase and at the 

end, the metabolite pyruvate is oxidised through the tricarboxylic acid cycle and produces 

ATP in ɓ-cells (Fridlyand and Philipson 2010).    

 

Albeit, individual amino acids are considered as impoverished insulin secretagogues, 

certain combinations of amino acids can augment glucose-stimulate insulin secretion 

(GSIS) (Sener and Malaisse 1980). For example, glutamine shows no affinity to stimulate 

insulin secretion or enhance GSIS when present alone, but in a combination with leucine, 

it can enhance GSIS from ɓ-cells (Dixon et al. 2003). Free fatty acids (FFAs) also 

stimulate insulin release from the ɓ-cell and potentiate insulin secretion to compensate 

for increased insulin need as a result of insulin resistance in type 2 diabetes (McGarry 

2002; Nolan et al. 2006; Prentki et al. 2002).  

 

1.2.2 Insulin action 

Insulin has direct and indirect effects on all tissues in the body. Insulin's metabolic 

activities on the liver, muscle, and adipose tissue are of growing interest to global research 

as they are responsible for body metabolism, energy storage and perform important 

functions (Gutierrez-Rodelo et al. 2017). Insulin is primarily responsible for the 

absorption, use and processing of nutrients into the cells. This hormone increases the 

uptake of blood sugar, mainly in muscle and adipose tissues. It also facilitates the 

glycogen and triglycerides synthesis from nutrients. In addition, insulin regulates 

gluconeogenesis, glycogenolysis, and ketogenesis in the liver, but primarily encourages 

protein synthesis in muscle tissue (Wilcox 2005). Insulin also regulates cardiomyocyte 

glucose transport, primarily via type 4 (GLUT-4) glucose transporter, glycolysis, 

glycogen synthesis, lipid metabolism, protein synthesis, development, contractility, and 

apoptosis (Bertrand et al. 2008; Muniyappa et al. 2007). 
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1.3 Protein glycation 

Chronic hyperglycaemic condition encountered in diabetes can lead to the proteins 

covalently binding with circulating plasma glucose in a process named glycation (Singh 

et al. 2014). In the pathogenesis of diabetic complications including retinopathy, 

nephropathy, neuropathy, cardiomyopathy and other diseases such as rheumatoid 

arthritis, osteoporosis and aging, both protein glycation and advanced glycation end 

products (AGEs) are important (Singh et al. 2014). Glycation interfers with the normal 

functions of proteins. This alteration may be due to the disruption of the molecular 

conformation of proteins, decrease in the enzymatic activity and interference of the 

receptor binbing of short lived-protein.  Both intracellular and extracellular AGEs 

interconnect with proteins and other essential endogenous molecules that lead to diabetic 

complications. Some findings indicate that AGEs can interact with localized plasma 

membrane receptors for AGEs (RAGE) and are capable of altering intracellular signals 

and gene expression as well as releasing pro-inflammatory molecules and free radicals 

(Singh et al. 2014). 

 

1.4 Categorization of diabetes 

DM is mainly categorized into two major classes, T1DM and T2DM. Due to the relatively 

higher incidence of cardiovascular diseases and acute metabolic disorders in T1DM; 

lower life expectancy is more prevalent in type 1 compared to T2DM (Copenhaver and 

Hoffman 2017). Diagnosis and early treatment of all types of diabetes is important in 

order to avoid or delay the long-term complications (Ahmad 2016; Boulton 2016; Khalil 

2017; Papatheodorou et al. 2016). 

 

1.4.1 Type 1 diabetes mellitus (T1DM) 

T1DM, also known as insulin-dependent diabetes and it is a result of insulin deficiency 

leading to progressive destruction by an autoimmune response of pancreatic ɓ-cells. 

Histological study of the pancreas in a T1DM patient revealed infiltration of multiple 

immune cells including T and B lymphocytes, macrophages, dendritic cells and natural 

killer cells, as well as islet-reactive autoantibodies and islet-reactive T-cells in the 

Langerhans islets (Sharma and Alonso 2014). 
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1.4.1.1 Aetiology of T1DM 

Juvenile DM is typically termed type 1 diabetes and the primary cause is the characterôs 

inherent genetic predisposition. T1DM is believed to be hereditary, but, few of the 

inclined genes, were identified as risk factors for this type of diabetes. This includes a 

number of the human leukocyte antigen (HLA) types (Mosaad 2015). While T1DM can 

be triggered by various environmental factors such as viral infections, low ranges of 

vitamin D and decrease exposure to ultraviolet rays (Yoon and Jun 2005), a few different 

elements relevant to dietary and way of life can contribute to the occurrence of the 

disease.  These include childhood obesity, rapid increase of infant, older maternal age and 

brief duration of breastfeeding (Mayer-Davis et al. 2006). Despite T1DM is specifically 

related to the genetic predisposition of an individual, it also involves a complex 

interrelation of genetic, immune and environmental factors that lead to pancreatic ɓ-

mobile malfunction (Burrack et al. 2017; Soleimanpour and Stoffers 2013). 

 

1.4.2 Type 2 diabetes mellitus (T2DM) 

T2DM is specifically related to insulin resistance associated with obesity due to bad 

nutritional and life habits. This leads to changes of insulin sensitivity with the intake of 

carbohydrate-rich meals, the amount of physical activity and in addition to stress signals. 

Overweight individuals have a greater adipose tissue, that inflicts a higher secretion of 

hormones and different chemicals  which can increase the fluctuation of insulin sensitivity 

(Al -Goblan et al. 2014; Kahn and Flier 2000). 

 

Moreover, the impaired function of LDL cholesterol transporter destroys ɓ-cells through 

sterol accumulation and islet infection (Montane et al. 2014). Lipoprotein fractions and 

LDL cholesterol metabolism contribute to ɓ-cellular failure. The low-density lipoprotein 

(LDL) that goes through oxidization can lower the pre-proinsulin expression in isolated 

ɓ-cells while very-low-density lipoprotein can result in ɓ-cells apoptosis. However, there 

is experimental proof that reveals the protective effects of excessive high-density 

lipoprotein (HDL) on ɓ-cells survival and that impact beneficially on glucose homeostasis 

by using growing pancreatic ɓ-cells feature and plasma glucose disposal (Röder et al. 

2016). Furthermore, fatty acids can potentiate inflammatory toxicity by means of 

activating inflammatory pathways. The adipose tissues are vital in generating 

inflammatory mediators including TNF-Ŭ, MCP-1, IL-6, IL-1ɓ and PAI-1.  For example  

TNF-Ŭ acts as a proinflammatory cytokine that mediates insulin resistance through 
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dispensing insulin receptor substrate (IRS) proteins by enhancing serine phosphorylation 

on IRS-1, causing insulin resistance (Zand et al. 2017).  

 

1.4.2.1 Aetiology of T2DM 

Even though family history plays a predisposing factor for T2DM, eating regimen and 

lifestyle have the foremost influence in the development of type 2 diabetes and insulin 

resistance. Intake of carbohydrate meals with low fibre food regimen, sugary drinks and 

an inactive lifestyle increase an individualôs risk for T2DM (Galaviz et al. 2015).  Obesity 

is frequently related to the increasing occurrence of diabetes. This due to the decrease in 

blood glucose take up by the cells or being utilized through the muscles for energy 

production because of the low level of bodily activity. In addition, women with 

gestational diabetes, have a higher risk  of developing T2DM (Herath et al. 2017). 

 

1.4.2.2 Insulin resistance in T2DM 

Insulin resistance is a central feature of T2DM, a disorder in which cells fail to respond 

adequately to insulin (Boucher et al. 2014). Specific modifications, including mutations 

and/or post-translation changes in the insulin receptor or IRS or in downregulation effect 

of molecules, cause this insulin-deficient signalling (Fig. 1.2). The most common changes 

in insulin resistance include a decrease in the number of insulin receptors and their 

catalytic activity (Boucher et al. 2014). These can include an increase in the state of Ser / 

Thr phosphorylation in the insulin receptor and IRS with an increase in the activity of Tyr 

phosphatase (primarily PTP-1B). Further, the Tyr phosphatase binds to the receptor and 

regulates IRS dephosphorylation, which consequently decreases the activity of PI3K and 

Akt kinases. 

 

Deficiencies in the expression and role of GLUT-4 also lead to insulin resistance 

(Gutierrez-Rodelo et al. 2017). Ultimately, these modifications reduce the the uptake of 

glucose in muscle and adipose tissues and encouraging metabolic alterations.  
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Figure 1.2: Reticulum stress and its association with the development of insulin 

resistance. In response to protein misfolding, activation of three stress-sensor kinases are induced in the 

ER (Gutierrez-Rodelo et al. 2017). 

 

PERK, IRE-1 and ATF-6 detecting protein malfunction and triggering a mechanism 

known as UPR. These kinases also facilitate pathways which lead to the synthesis of 

inflammatory cytokines or kinase activation which control the activation of IRS. PERK 

facilitates the release of NF-kB from its IkB antagonist, inducing its translocation to the 

nucleus and stimulating the synthesis of inflammatory cytokines such as such as TNF-Ŭ, 

IL-1ɓ and IL-6 (Fig. 1.2). 

 

In addition, various Ser kinases such as JNK and PKC-are activated. This results in 

phosphorylation of IRS-1 on Ser, which results in resistance to insulin. The 

phosphorylates and activates IRE-1 kinase JNK, which in turn phosphorylates IRS-1 on 

Ser. It affects the pathway by increasing its ability to interact with other signalling 

proteins, mainly by modulating the direction of kinases PI3K / Akt and MAP kinase 

pathways that causes insulin resistance. The pathway of ATF-6 also activates NF-kB, 

resulting in the same pro-inflammatory response. Grey arrows and lines show negative 

pathways of control (Fig. 1.2) (Gutierrez-Rodelo et al. 2017). In contrast, biochemical 

and genetic evidence shows that Ser / Thr hyperphosphorylation can reduce insulin-
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stimulated phosphorylation in Tyr by up to 50 percent throughout the structure of IRS-1. 

This level of inhibition is sufficient to cause glucose intolerance in T2DM, particularly at 

a stage when pancreatic ɓ-cells fail to produce adequate insulin compensation (Kido et 

al. 2000). 

 

1.4.2.3 ɓ-cell dysfunction in T2DM 

ɓ-cell dysfunction is a major feature of T2DM, with cytokine-induced inflammation, 

obesity and insulin resistance, and overconsumption of saturated fat and free fatty acids 

(FFA). Progressive down-regulation of ɓ-cell activity, and results in its fatigue which 

precedes the death of ɓ-cells (Ferrannini 2010; Talchai et al. 2012). Loss of ɓ-cell mass 

and loss of function is the hallmark of both type 1 and type 2 diabetes growth (Stoffers 

2004). In T2DM, ɓ-cell apoptosis is associated with ER stress (Marchetti et al. 2007). 

Proinflammatory cytokines cause an inflammatory response that is associated with 

obesity and both are associated with resistance to insulin.  ɓ-cell death is also caused by 

proinflammatory cytokines (Cnop et al. 2005; Eizirik and Cnop 2010; Gurgul-Convey et 

al. 2011). It is stated that cytokines secreted by immune cells infiltrating the pancreas are 

essential mediators of ɓ-cell destruction (Lin et al. 2012). Chronic exposure to 

hyperglycaemia leads to increased oxidative stress and inflammation. This 

hyperglycaemia may alter gene expression regulations that converge with impaired 

insulin secretion and increased apoptosis (Gilbert and Liu 2012). Oxidative stress can 

cause damage to  cell organelles, especially  mitochondria and cell proteins, lipids and 

nucleic acids (Simmons 2007).  It can also initiate and lead to both endoplasmic reticulum 

(ER) stress (Hotamisligil 2010; Kaneto et al. 2005) and autophagy (Lee et al. 2012).  

 

 1.5 Current treatments for T2DM  

1.5.1 Diet and life style modification  

The key to triggering T2DM is an inactive lifestyle and over-consumption of food and 

drink. As a result of that, lifestyle changes can prevent the progression of T2DM (Asif 

2014; Galaviz et al. 2015). It is believed that in addition to taking drugs, patients can also 

reduce some serious risk factors by adopting non-pharmacological strategies. Non-drug 

interventions alone can last long in the management of T2DM and prevents the associated 

complications, however, diet and life style changes can enhance control of diabetes with 

drug therapy. To achieve success for non-pharmacological strategies, patients may also 

need routine follow up on lifestyle and counselling. Comprehensive control of these 
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approaches can avoid diabetes development and can reverse the risk factors and their 

related complications (Tan et al. 2019). 

 

1.5.2 Oral anti -hyperglycaemic agents  

Patients who has been diagsoned with 7% or above HbA1c (>126 mg/dl blood sugar), 

need pharmacological therapy along with lifestyle changes. Most patients are barely able 

to control diabetes and would sometimes require multiple therapies to achieve good long-

term glycaemic control (Turner et al. 1999). Hypoglycaemia is the major risk factor in 

pharmacological therapy, which should be monitored closely, if several pharmacological 

agents are used for combination therapy. Upon routine monitoring, changes to the drug 

dose may be needed (Karter 2006). 

 

1.5.2.1 Biguanide (Metformin)  

Metformin is the most frequently prescribed oral antidiabetic drug, particularly in patients 

with obesity and overweight. This is still the best choice for both initial and antidiabetic 

monotherapies. The drug gains control over hyperglycaemia by enhancing insulin 

sensitivity, increasing glucose absorption through phosphorylation of GLUT-enhancer 

factors and suppression of gluconeogenesis in the liver (He and Liu 2006).  

 

Metformin also helps to reduce weight with a reduction of triglyceride and serum LDL 

cholesterol (Lin et al. 2018) and has the potential to lower levels of HbA1c. Metformin, 

however, does not affect ɓ-cells, so HbA1c levels may gradually rise again after the initial 

drop due to lack of muscle insulin sensitivity (Pfeiffer and Klein 2014). 

 

1.5.2.2 Sulfonylurea  

Sulfonylureas are major insulin secretagogues used in DM therapy. This class of drugs 

mainly targets K+-channels of ɓ-cells that are sensitive to ATP (Proks et al. 2002). 

Therefore, they need active pancreatic ɓ-cells to show their potentiality. These have 

disadvantage of glucose-independent insulin release and subsequent hypoglycaemia. 

They are also associated with weight gain, and some in vitro evidence suggests they can 

accelerate ɓ-cell failure (Halban et al. 2014; Linnemann et al. 2014; Thulé 2012). 

Meglitinides or so-called glinides another class of insulin secretagogues, are more costly 

as a medications, however they  have a shorter duration of action than sulfonylureas and  

produce less hypoglycaemia (Thulé 2012). 
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1.5.2.3 Thiazolidinediones (TZDs)  

Thiazolidinediones (TZDs) are peroxisome proliferator active receptor ɔ-activators 

(PPAR ɔ), which function by enhancing insulin sensitivity in adipocytes, cardiac muscles 

and the liver (Eldor et al. 2013). These enable ɓ-cells to maintain insulin secretion, 

making them a very effective anti-insulin resistance therapy in T2DM, showing lasting 

effects for up to 5 years (DeFronzo et al. 2013). However, the body weight gain is a 

common side effect of TZD. Despite the increase in body weight with TZD treatment, 

there is a reduction in HbA1c, as well as the recovery of ɓ-cell functions and insulin 

sensitivity (Gastaldelli et al. 2007). 

 

1.5.2.4 Sodium-glucose co-transporter 2 (SGLT-2) inhibitors  

SGLT2 inhibitors, also known as gliflozins, are suppressors of sodium transport and 

facilitate the removal of glucose through the kidneys by preventing glucose reabsorption 

in proximal renal tubules, thus reducing plasma glucose level (Kalra 2014). Some of these 

series marketing agents are canagliflozin, dapagliflozin, and empagliflozin. These  agents 

are very useful because these work independently of insulin secretion and action at any 

stage of diabetes (Inzucchi et al. 2015). Common side effects include infections of the 

urinary tract, genital mycotic infections especially in women, and symptoms associated 

with depletion of (urine or blood) volume (David et al. 2014). 

 

1.5.2.5 Amylin and Pramlin tide  

Amylin is a hormone that is co-secreted with insulin from pancreatic ɓ-cells. Amylin 

reduces postprandial glucose levels by suppressing glucagon secretion and increasing 

gastric emptying time (Gedulin et al. 1997). Pramlintide is the synthetic analogue of 

amylin that has similar effects to the native hormone and leads to weight loss with side 

effects including nausea, vomiting, bloating and increased risk of hypoglycaemia (Kruger 

and Gloster 2004; Tahrani et al. 2011). 

 

1.5.2.6 DPP-IV inhibitors   

DPP-IV inhibitors or gliptins are a group of anti-diabetic drugs, which inhibit dipeptidyl 

peptidase-IV enzyme. This enzyme is responsible for the inactivation of incretin 

hormones, such as glucagon-like peptide 1 (GLP-1) and glucose-dependent intestinal 

polypeptide (GIP) (Singh 2014a).  GLP-1 and GIP are involved in the physiological 

regulation of glucose homeostasis following ingestion of food (Mathiesen et al. 2019). 



 

12 
 

They stimulate insulin synthesis from pancreatic ɓ-cells (Pathak and Bridgeman 2010) as 

well as reducing glucagon secretion from pancreatic Ŭ-cells (De Marinis et al. 2010; 

Ørgaard and Holst 2017; Ramracheya et al. 2018; Sancho et al. 2017). Therefore, the use 

of DPP-IV enzyme inhibitors delays GLP-1 and GIP inactivation and resulting in the 

increase of the half-life of the peptides and consequently improving hyperglyceamia. Few 

adverse effects with low risk of hypoglycaemia and weight loss have been identified by 

the use of the inbitors (Brunton 2014). 

 

1.5.2.7 Dopamine agonist  

Dopamine actions on obesity, metabolic syndrome, and T2DM have been reported 

(Lamos et al. 2016). A dopamine agonist, Bromocriptine-QR (Quick-Release) is an 

authorized T2DM therapy. In some studies, quick release of dopamine agonist has shown 

a modest improvement of glycaemic parameters, cholesterol, and weight loss. Some 

evidence published on cabergoline, a long-acting dopamine agonist, also suggests 

improvement of glycaemic control (Cincotta et al. 1993; Lamos et al. 2016). 

 

1.5.2.8 Bile acid sequestrant (BAS)  

Non-absorbable bile acid sequestrants are class of medicines used to decrease serum 

cholesterol (Handelsman 2011). It was FDA approved in 2000 as antidiabetic agents. 

Colesevelam was noted for the reduction of blood sugar when used in patients with 

diabetes (Handelsman 2011). In a 26-week randomized trial, colesevelam decreased 

HbA1c by 0.5% relative to patients receiving only sulfonylureas (Fonseca et al. 2010). 

The exact mechanism of action remains undetermined, howeve, they may function in the 

intestine and liver via the farnesoid X receptor (the bile acid receptor) and TGR5 (a G 

protein-coupled receptor) (Fonseca et al. 2010). This eventually can lead to the reduction 

of the endogenous glucose liberation (Goldfine 2008; Staels 2009). Additionally, they 

can affect incretin secretion, particularly glucagon-like peptide-1 (GLP-1) (Marina et al. 

2012; Suzuki et al. 2007). 

 

1.5.3 Inhibitors of carbohydrate digestion and absorption  

Carbohydrates are commonly consumed as starches or other sugary compounds that are 

slowly digested enzymatically before they are absorbed. Pancreatic amylase transforms 

starches into smaller sugars, maltose, maltotriose, and dextrins in the gut lumen and is 

further degraded by enterocyte membrane-bound Ŭ-glucosidases into glucose (Lebovitz 
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1997; Thulé 2012). Ŭ-Glucosidase inhibitors are class of drugs that restrict the activity of 

digestive enzymes responsible for the break-down and absorption of carbohydrates. This 

class of drugs is slightly effective in preventing postprandial elevations of blood glucose 

(Lebovitz 1997). 

 

1.5.3.1 Fibre supplements  

With the advent of preventive medicine and pharmacotherapy, some developments have 

been attempted recently, but diabetes remains an enormous health problem (Jovanovski 

et al. 2019). Diet and lifestyle are the main components in the treatment of type 2 diabetes, 

and the use of fibre in the diet is believed to result in significant glycaemic control (McRae 

2018). Nevertheless, in their report in 2014, the American Diabetes Association (ADA), 

emphasised the disappointing effects of fibre in diets (Jovanovski et al. 2019). The report 

stated that its potential for glucoregulation is minimal and has a modest decrease in 

HbA1c by 0.2ï0.3% in diabetic individuals, which requires > 50g / day consumption 

(ADA 2018a; Evert et al. 2013). Other reports on the use of high fibre content in diet 

demonstrated the control of  hyperglycaemia and reduction of  the progression of 

cardiovascular disease (Anderson et al. 2009; Anderson et al. 2004; Tabatabai and Li 

2000). Other reports from the ADA Medical Care Guidelines for Diabetes recommended 

in 2018 that increased intake of viscous fibre from oats, legumes, and citrus may reduce 

the risk of progression of diabetes (ADA 2018b; Jovanovski et al. 2019). Although the 

mechanisms of action have yet to be elucidated, it is hypothesized that fibre isolates, such 

as guar gum, ɓ-glucan, or psyllium, have the ability to increase viscosity in the human 

intestine and decrease the absorption rate of nutrients.  Studies on viscous fibre isolates 

demonstrasted the greater potential for improving postprandial glyceamic and 

insulinemic responses compared to non-viscous fibre (Jovanovski et al. 2019; McRorie 

2015a; McRorie 2015b; Vuksan et al. 2009). Nevertheless, it is less clear whether and 

how consistently the postprandial effects are expressed in long-term changes, such as 

reduction of HbA1c (Jovanovski et al. 2019). The extent of gain from viscous fibre intake 

in diabetes management therefore remains unclear and requires a thorough and rigorous 

evaluation (Jovanovski et al. 2019).  
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1.5.3.2 Digestive enzymes inhibitors  

The commercially available Ŭ-glucosidase inhibitors (acarbose, voglibose, and miglitol) 

are equally effective in reducing blood sugars, but they have some potential differences. 

The acarbose inhibits pancreatic amylase and displays a lower affinity over voglibose for 

sucrase. On the other hand, miglitol is the only substantially absorbed compound and 

inhibits the transport of glucose across the threshold of the enterocyte membrane 

(Lebovitz 1997).  

 

1.6 Injectable drugs 

1.6.1 Insulin Therapy 

Insulin injection is the main line of therapy for T1DM in which oral hypoglycaemic 

agents fail to normalize elevated levels of blood glucose and HbA1c. Insulin may be 

administered as monotherapy or in conjunction with oral hypoglycaemic agents if the 

scenario occurs in T2DM. The only limiting factor of the use of insulin that it must be 

delivered by injections and patients who suffer from needle phobia, may not stick to 

regular injections which can lead to inadequatet glycaemic control. Insulin pumps and 

patches can be known as replacements with continuous subcutaneous insulin infusions 

that are readily available in the market to encounter such injectable phobia (Condren et 

al. 2019; Easa et al. 2019; Herman et al. 2018). These pumps have already been listed as 

moderate to high-risk products by the US Food and Drug Administration (FDA) and 

clinical trials are  continuing for the safety and efficacy to this mode of delivery 

(Heinemann et al. 2015).   

 

1.6.2 GLP-1 mimetics 

Glucagon-like peptide 1 (GLP-1) mimetics are emerging as useful alternative or 

complementary treatment option over insulin for diabetes. The lack of hypoglycaemia as 

a side effect when using GLP-1 receptor agonists, together with the ability of these 

therapeutic agents to minimise or even reduce weight gain, makes them useful targets in 

the development of therapy. However, these medications have short half-lives and require 

repeated treatment in order to sustain therapeutic levels. Current pharmaceutical 

development has led to the production of various long-acting GLP-1 mimetics which are 

readily available in the market including Liraglutide, Exenatide LAR, Dulaglutide, 

Semaglutide and Albiglutide (Holst 2019). Moreover, recent research based on non-
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fusion peptide production with improved half-lives may be more appropriate for oral 

administration (McBrayer and Tal-Gan 2017). 

 

1.7 Natural antidiabetic resources 

Many diabetic patients are drawn to complementary and alternative treatments. There 

have been studies of many herbs lowering blood glucose levels (Moradabadi et al. 2013; 

Naimi et al. 2017; Perera and Li 2012). Herbal medicines could therefore be a better 

treatment choice for glycaemia management and/or lower insulin dependence especially 

in countries with limited access to pharmaceutical products. Nevertheless, proper 

selection of herbal medicine is necessary to obtain expected efficacy for the management 

of diabetes. It depends on several factors including the stage of diabetes, forms of 

comorbidity, accessibility, affordability and, most significantly, the herbal safety profile. 

Based on several recent clinical attempts in humans, it is reported that medicinal plants 

such as Scoparia dulcis (Senadheera et al. 2015), Cinnamomum cassia (Anderson et al. 

2016), Ficus racemosa bark (Gul et al. 2013) and Portulaca oleracea L. (Choudhury et 

al. 2017) seeds have antidiabetic potential. Many of them have already reached 

commercial production for diabetic patients namely, Diabecon®, Glyoherb® and Diabeta 

Plus® (Choudhury et al. 2017). Thus, herbal supplements could be an adjuvant or a 

reasonable alternative to treat diabetes. 

 

1.7.1 Anti-diabetic agents from plants 

Many isolated medicinal plant derivatives have shown efficacy at different stages of 

diabetes. Plant derivatives, such as curcumin, have been found to be important in pre-

diabetes therapy and to prevent T2DM progression (Chuengsamarn et al. 2012). Among 

diabetic patients who are also diagnosed with hypertension, cinnamon may be a better 

option (Howard and White 2013). Contrary, the Aloe vera leaf extract demonstrated an 

increase in insulin release from pancreatic ɓ-cells (Pothuraju et al. 2016). Therefore, for 

the next generation of new treatment production in T2DM, it is important to know the 

patient history and therapeutic benefits of medicinal plants. Table 1.1 summarizes the list 

of plants that are having insulin-like action or enhance insulin secretory responses 

whereas Table 1.2 lists phytochemicals potentially responsive. 
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 Table 1.1: List of selected plants having insulin mimetic or insulin secretory activity 

 

Plant name Common name Mechanism of action References 

Acacia arabica Babool Release of insulin from pancreas (Wadood et al. 1989) 

Aloe barbadensis Gheequar Stimulating synthesis and release of insulin (Noor et al. 2017) 

Annona squamosa Sharifa Increase plasma insulin level (Kaleem et al. 2006) 

Boerhaavia diffusa Punamava Increase plasma insulin concentration (Pari and Satheesh 2004) 

Capsicum frutescens Mirch Increase insulin secretion and reduction of insulin binding 

on the insulin receptor 

(Chaiyasit et al. 2009) 

Eucalyptus globulus Eucalyptus Increase insulin secretion from clonal pancreatic beta line 

(BRIN-BD 11) 

(Gray and Flatt 1998) 

Olea europia Olive Increase insulin release and peripheral uptake of glucose (El-Abhar and Schaalan 2014) 

Zingiber officinale Adrak Increase insulin and decrease fasting glucose level (Mahluji et al. 2013) 

Ocimum sanctum Tulsi Decrease serum glucose, increase liver glycogen and 

enhanced circulating insulin 

(Hannan et al. 2015) 

Asparagus racemosus Shatavari Increase pancreatic and plasma insulin, liver glycogen and 

total oxidant status 

(Hannan et al. 2011; Hannan et al. 

2007) 

Trigonella foenum-

graecum 

Methi Glucose transport in 3T3-L1 adipocytes and increase in 

insulin action  

(Hannan et al. 2007) 

Swertia chirayita Chirayta Bark extracts involves in the stimulation of insulin 

secretion and enhancement of insulin action 

(Thomson et al. 2014) 
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Table 1.2: List of selected plants phytoconstituents having insulin secretagogues or insulin mimetic activity 

 

Plant name Constituents References 

Aloe vera Pseudoprototinosaponin AIII and prototinosaponins AIII (Bnouham et al. 2006a) 

Bauhinia variegate Roseoside (Frankish et al. 2010) 

Camellia sinensis Epigallocatechin gallate (Singh et al. 2010) 

Eriobotrya japonica Cinchonain ib (Qaôdan et al. 2009) 

Momordica charantia Momordicin, charantin, and galactose-binding lectin (Saxena and Vikram 2004) 

Pterocarpus marsupium Epicatechin (Modak et al. 2007; Saxena and Vikram 2004) 

Semen coicis Apigenin (Chauhan et al. 2010) 

Morus alba Chrysin, isoquercitrin (Roman-Ramos et al. 1995) 

Urtica dioica Quercetin, quercetrin, apigenin, rutin, apigenin-7-O-

glucoside 

(Hussain et al. 2004) 

Bauhinia varigtla Quercetin, quercetrin, apigenin, rutin, apigenin-7-O-

glucoside 

(Hussain et al. 2004) 

Agaricus campestris Ŭ-Terpineol, hexanol (Gray and Flatt 1998b) 

Biophytum sensitivum Shamimin (Puri 2001) 
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Curcuma longa Curcumin, turmerone, germacrone, zingiberene (Zhang et al. 2013) 

Myrtus communis 3-O-ɓ-D-glucopyranoside (Alipour et al. 2014) 

Trigonella foenum graecum Diosgenin (Khosla et al. 1995) 

Andrographis paniculata Andrographolide (Yu et al. 2003) 

Silybum marianum Silymarin, silybin, silychristin, silidianin (Huseini et al. 2006) 
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In this study we included five plant extracts based on previous studies and the 

ethnopharmacological survey. 

 

1.7.1.1 Annona squamosa (leaves)  

Annona squamosa (Fig. 1.3), a member of the Annonaceae family, commonly known as 

Custard apple. The species is widely cultivated as a commercial fruit tree both within its 

native range and in tropical regions around the world. It is now cultivated in countries 

such as Indonesia, Thailand, and Bangladesh. The Annona species are shrubs or small 

trees with an average height of 5ï11 m depending on various factors, like species, climate, 

type of soil, and crop managing (Quílez et al. 2018). The leaves contain phytochemicals, 

such as, 4-(2-nitroethyl)-1-((6-O-ß-D-xylopyranosyl-ɓ-Dglucopyranosyl)-oxy) benzene, 

anonaine, benzyltetrahydro-isoquinoline, borneol, camphene, camphor, car-3-ene, 

carvone, ɓ-caryphyllene, eugenol, farnesol, geraniol, 16-hentriacontanone, hexacontanol, 

higenamine, isocorydine, limonine, linalool, linalool acetate, menthone, 

methylanthranilate, methylsalicylate, methylheptenone, p-(hydroxybenzyl)-6,7-(2-

hydroxy,4-hydro) isoquinoline, n-octacosanol, á-pinene, ɓ-pinene, rutin, stigmasterol, ɓ-

sitosterol, thymol and n-triacontanol (Patel and Kumar 2008). In addition, it has been 

reported that A. squamosa has various pharmacological activities such as antimicrobial, 

analgesic, anti-inflammatory, and anti-oxidant. Table (1.3) summarises the distribution, 

traditional uses and pharmacological activities of A. squamosa.
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Table 1.3: Distribution, traditional uses and pharmacological activities of Annona squamosa 

Local name Distributed Traditional use 
     Pharmacological 

activity 
References 

V Sweetsop 

V custard or 

sugar apple 

V chirimoya 

V saramuyo 

V pinha 

V fruta do 

onde 

V attier 

V fan li zhi 

V sitapha 

V Tropical 

America 

V Africa 

V Asia 

V Australia 

o Analgesic 

o Antihelmintic 

o Anti-

inflammatory 

o Antimicrobial 

o Antirheumatic 

o Cancer 

o Carminative 

o Digestive 

o Headache 

Ā Acaricidal, insecticidal and larvicidal 
(Kamaraj et al., 2011; Madhumitha et 

al. 2012) 

Ā Analgesic and antiinflammatory (Chavan et al. 2010; Yeh et al. 2005) 

Ā Antibacterial 
(Dholvitayakhun et al. 2012; 

Dholvitayakhun et al. 2013) 

Ā Antidiabetic 
(Agarwal et al. 2014; Kaur et al. 2013; 

Tripathi 2014) 

Ā Antilipidemic (Gupta et al. 2008b) 

Ā Antioxidant 
(Mariod et al. 2012; Nandhakumar and 

Indumathi 2013) 

Ā Anti-hyperglycaemic & 

Hepatoprotective 

(Davis et al. 2012) 

 

Ā Immune-stimulant (Soni et al. 2012) 
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1.7.1.2 Camellia sinensis (leaves)  

Camellia sinensis (L.) (Fig. 1.4) (Tea) is an important commercial crop that is grown 

mostly in the tropical and subtropical countries of Asia, Africa and to some extent Latin 

America (Sharma et al. 2009). Tea is the second most-consumed drink in the world after 

water. This drink was born in China and has a long history spanning thousands of years 

into different countries (Graham 1992). From the ancient era until today, it is believed 

that tea is a traditional Chinese medicine that is able to ameliorate or prevent all sorts of 

disorders (Graham 1992). 

 

Teas are classified into unfermented green tea, semifermented oolong tea, and fermented 

black tea based on their respective manufacturing processes. In green tea, the polyphenol 

compounds are the main constituents accounting for 24ī36% in dry weight, followed by 

its protein content (15%), lignin (7%), amino acids (3ī4%), caffeine (2ī4%), organic 

acid (2%), and chlorophyll (0.5%) (Wierzejska 2014). Catechins represent most of the 

polyphenols present in green tea: (ī)-epicatechin (EC), (ī)-epigallocatechin (EGC), (ī)-

epicatechin-3-gallate (ECG) and (ī)-epigallocatechin-3-gallate (EGCG) are the 4 most 

abundant catechins. It has also been reported that C. sinensis has multiple 

pharmacological functions, including antimicrobial, hypolipidemic, anti-tumor, anti-

oxidant and anti-diabetic activities.  Table 1.4 summarises the different pharmacological 

activities reported on C. sinensis. 
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Table 1.4: Different pharmacological effects reported on C. sinensis

Activity  Active compound Observed effect References 

Antimicrobial effect 

EGCG 

¶ Destroys exopolysaccharides and membrane of 

bacterial pathogen 

¶ Increases endogenous oxidative stress 

¶ Reduce adherence of F. nucleatum to oral 

epithelial cells and matrix proteins 

(Hara-Kudo et al. 2005; Noormandi and 

Dabaghzadeh 2015; Xiong et al. 2017; Yoda et 

al. 2004) 

Catechins 
¶ Catechins binding with bacterial lipid bilayer 

causes damage to the membrane 
(Sirk et al. 2009) 

Flavonoids ¶ Inhibition of activity of bacterial ATP synthase (Chinnam et al. 2010) 

Hypocholesterolaemic 

and hypolipidemic 

effects 

EGCG 

¶ Decrease cholesterol synthesis and upregulates 

hepatic LDL receptors 

¶ Inhibition of 3-hydroxy-3-methylglutaryl CoA 

reductase 

¶ Increase MDA content and decrease SOD in liver 

(Bursill et al. 2007; Jang et al. 2013) 

Linalol 
¶ Inhibit key adipogenic transcription factor 

(peroxisome proliferator-activated receptor 

īPPARɔ) 

(Jang et al. 2013) 

Antitumor effect Catechin ¶ Unhindered apoptosis (Lee and Jia 2015) 

Antioxidant effect Catechin ¶ Reduction in ROS 
(Kavanagh et al. 2001; Leong et al. 2009; 

Sadava et al. 2007) 

Anti-diabetic effect EGCG 

¶ Prevention of islets of Langerhans from destruction 

¶ Reduces gene expression of the gluconeogenic 

enzyme phosphoenol pyruvate carboxykinase 

¶ Inhibit Ŭ-glucosidase and Ŭ-amylase 

(Chacko et al. 2010; Fu et al. 2017; Nunes et al. 

2014) 
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1.7.1.3 Eucalyptus citriodora 

Eucalyptus citriodora (Fig. 1.5) is a tall tree and originate in tropical north-eastern 

Australia. It is also known as lemon-scented gum, blue spotted gum, lemon eucalyptus, 

and Corymbia citriodora. This plant is cultivated in tropical zone widely and being 

naturalized in Bangladesh. 

 

E. citriodora contains essential oils  such as Cineole, Citronellal and Citronellic Acid 

(Low et al. 1974). In the essential oil of E. citriodora, a total of 22 compounds were found 

including Ŭ-pinene, ɓ-pinene, 1,8 cineole, cis-rose oxide, trans-rose oxide, isopulegol, 

Citronellal, NeoIsoisopulegoI, Ŭ-Terpineol, Citronellol, Geranial, Isopulegyl acetate, p-

Menthane-3,8-diol, Citronellyl acetate, Jasmone, ɓ-Caryophyllene, Ŭ-Humulene, 

BicycIogermacrene, Spathulenol, Caryophyllene oxide and 2,6-Dimethyl-5-heptenal 

(Tolba et al. 2015). 

 

Pharmacological Activities  

The dried leaves of E. citriodora (Hook) hot water extracts are traditionally used as 

analgesic, anti-inflammatory, and antipyretic remedies for symptoms of respiratory 

infections such as cold, fluid, and sinus congestion (Gomes-Carneiro et al. 1998). The 

synthesis of TNF-Ŭ, interleukin-1ɓ, leukotriene B4 and thromboxane B2 in inflammatory 

cells has been reported to be inhibited by eucalyptol from E. citriodora essential oil 

(Gbenou et al. 2013; Juergens et al. 1998a; Juergens et al. 1998b; Silva et al. 2003). 

E. citriodora essential oil is known to possess a wide spectrum of biological activities 

such as toxicity against a wide range of microbes, bacteria, fungi, yeasts (Lee et al. 2008; 

Luqman et al. 2008; Su et al. 2006; Tolba et al. 2015) and antioxidant properties (Singh 

et al. 2012; Hung et al., 2018). E. citriodora Hook leaf extract has been reported to reduce 

hyperglycaemia in alloxan-induced diabetic rats (Patra et al. 2009a).  Betulinic acid and 

corosolic acid from the leaves have also been reported to increase the translocation of 

GLUT-4 (Wang et al. 2014).  

 

1.7.1.4 Acacia arabica 

Acacia arabica or Vachellia nilotica or Acacia nilotica (L.), (Fig. 1.6) commonly known 

as gum Arabic tree, babul, thorn mimosa, Egyptian acacia or thorny acacia, is a tree that 

belongs to the family Fabaceae. This plant is native to Africa, the Middle East, and the 

Indian subcontinent. Acacia species have a long history of ethnomedicinal use for the 
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treatment of skin, sexual, stomach and tooth problems. It is widely distributed throughout 

the arid and semi-arid zones of the world.  

 

The leaves contain 32% tannin and the flower part contains stearic acid, kaempferol-3- 

glucoside, isoquercetin, leucocyanidin (Farzana et al. 2014). Among the polyphenolic 

compounds, several have been identified, such as (+) dicatechin, quercetin, gallic acid 

(Gulco 2001; Said 1997) and Ð - amyrin, ɓ-sitosterol (Farzana et al. 2014). The gum 

contains 1.8% moisture, galactose, L-arabinose. L-rhamnose, and arabinose, 3-O-ɓ-L-

arabinopyranosyl, L-arabinose (Chatterjee A. and S.C. 2000; Gulco 2001).  

 

Pharmacological activities  

A. arabica seeds demonstrated inhibition of the blood glucose levels via improving 

insulin release (Wadood et al. 1989). A previous study also reported that A. arabica 

decreases serum glucose levels and increases HDL-C and Co-Q10 in diabetic animals 

(Hegazy et al. 2013). The methanolic extract of the bark decreased the UV-induced 

mutagenicity by reverting the formation of pyrimidine dimers (Jain et al. 1987). In 

addition, in vitro antibacterial activity against several gram-positive and negative bacteria 

was documented by the alcoholic extract of gum, leaf, and fruit (Negi and Dave 2010). A 

previous study reported that  A. arabica has potential antioxidant activity (Hegazy et al. 

2013) and was also found to be effective in the treatment for malaria, sore throat (aerial 

part) and toothache (bark) (Jain et al. 1987).  

 

1.7.1.5 Heritetia fomes 

Heritiera fomes Buch. Ham. (Syn.: Heritiera minor or Amygdalus minor) is an evergreen 

moderate-size tree growing abundantly in Sundarbans, Bangladesh (Fig. 1.7). H. fomes is 

an important mangrove species having ethnomedicinal uses in traditional remedies. The 

people living beside the Sundarbans use this plant extensively for treating various 

ailments including diarrhoea, dysentery, constipation, indigestion, and stomach ache. It 

is a good insect repellent (Mollik  et al. 2010) and has wound healing properties (Patra 

and Thatoi 2011). 

 

H. fomes contains 0.25% chlorophyll a, 0.09% chlorophyll b, 0.11% carotenoids, 39.45% 

polyphenols, 21.12% tannins (Basak et al. 1996). The presence of reducing sugars, 

saponins, alkaloids, glycosides, tannins, steroids, flavonoids, and gums has been 
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demonstrated by phytochemical exploration of the leaf extract (Hossain et al. 2013). The 

leaf contains 29.22% protein (Basak et al. 1996), and bark contains 7ï36% tannin 

(Mahmud et al. 2014) and a high content of proanthocyanidins (Wangensteen et al. 2009). 

 

Pharmacological activities 

H. Fomes have significant antioxidants (Wangensteen et al. 2009), antinociceptive, 

antihyperglyceamic (Ali  et al. 2011b), antimicrobial (Wangensteen et al. 2009), anti-

cancer (Patra and Thatoi 2013), and cardiovascular disease (Mollik  et al. 2009). 

 

1.8 Hypothesis, Aims, and objectives 

1.8.1 Hypothesis  

This study hypothesizes that crude extracts of these five different plants (Annona 

squamosa, Camellia sinensis and Eucalyptus citriodora leaves, and Acacia arabica and 

Heritiera fomes bark) may possess insulinotropic and antidiabetic properties. 

The objectives of this study are to investigate the therapeutic antidiabetic effects of 

Annona squamosa, Camellia sinensis and Eucalyptus citriodora leaves, and Acacia 

arabica and Heritiera fomes bark both in vitro and in vivo. Furthermore, this research 

involves isolation and characterization of plant phytochemicals, thereby defining the 

active chemicals.  

 

1.8.2 General objectives 

ü Different in vitro and in vivo methods were used in this project to study the 

mechanism of action of different plant extracts pre-claimed for antidiabetic 

activity. 

ü High-fat diet model in obese rats was used to examine the impact of extracts on 

glucose homeostasis. 

ü Plant constituents were isolated in the search for novel antidiabetic compounds 

useful in the treatment of DM. 

 

1.8.3 Specific objectives 

The pathway studies were conducted using the selected plant extracts. 
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1.8.3.1 In vitro  studies 

Ā Use reversed-phase HPLC, LC-MS and NMR to purify and identify lead 

fractions/compounds from plant materials. 

Ā Assessment of the insulinotropic effects of plant extracts using BRIN-BD 11 cells. 

Ā Evaluation of the cytotoxicity of plant extracts usage lactate dehydrogenase (LDH) 

assay. 

Ā Elucidation of the insulinotropic mechanism of action using insulin release 

modulators tolbutamide, IBMX, verapamil, and diazoxide. 

Ā Evaluation of plants extract effects on beta cell, membrane potential and 

intracellular calcium. 

Ā Assessment of effects of extracts on glucose uptake, acute insulin release, DPP-IV 

activity, protein glycation, glucose diffusion and starch digestion. 

 

1.8.3.2 In vivo studies 

Ā Investigation of glucose homeostasis including (body weight, food intake, fluid 

intake, blood glucose, plasma insulin, glucose tolerance (18mmol/kg, orally) and 

plasma DPP-IV activity on high-fat-fed diet-induced obesity rats. 

Ā Evaluation of both an acute and chronic study of glucose tolerance, DPP-IV 

enzyme activity, body weight, and different metabolic parameters in high-fat-fed 

diet-induced obesity rats. 

Ā Immunohistochemistry analysis of islet to distinguish changes brought by the 

plant extracts treatment.    
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Figure 1.3 Leaves of Annona squamosa (Accession Number 43754) 
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Figure 1.4 Leaves of Camellia sinensis (Accession Number 43207) 
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Figure 1.5 Leaves of Eucalyptus citriodora (Accession Number 43755) 
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Figure 1.6 Bark of Acacia arabica (Accession Number 43756) 

 

 

 

  



 

31 
 

Figure 1.7 Bark of Heriteria fomes (Accession Number 43206) 
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2.1 Reagents 

Analytical quality reagents and deionized water supplied by PURELAB Ultrapure water 

purification system was used for all experiments (ELGA Purelab, UK). The reagents 

including sodium chloride (NaCl), potassium chloride (KCl), sodium hydroxide (NaOH), 

hydrochloric acid (HCl), D-glucose, sodium dihydrogen orthophosphate (NaH2PO4), 

sodium bicarbonate (NaHCO3), potassium dihydrogen phosphate (KH2PO4), 

dimethylsulphoxide (DMSO), calcium chloride dihydrate (CaCl2.2H2O), magnesium 

sulphate (MgSO4.7H2O), acetic acid (glacial), dichloromethane (CH2Cl2) and 

magnesium chloride (MgCl2.6H2O) were acquired from BDH Chemicals Ltd. (Poole, 

Dorset, UK).   

Other reagents, bovine insulin, bovine serum albumin (BSA), L-alanine, forskolin, 

1,3,4,6-tetrachloro-3,6 diphenylycoluril (Iodogen), 4-(dipropylsulfamoyl) benzoic acid 

(Probenecid), 3-isobutyl-1-methylxanthine (IBMX), ethanol (C2H5OH), acetonitrile, 

triethanolamine (TEA), trifluoroacetic acid (TFA), ethylenediamine tetraacetic acid 

(EDTA), N-2-hydroxyethyl peprazine-Nô-2-ethane-sulphonic acid (HEPES), dextran T-

70, charcoal (activated/untreated), collagenase XI, diazoxide, verapamil, ethylene glycol-

bis-N,N,Nô,Nô-tetraacetic acid (EGTA), thimerosol, tolbutamide, phorbol 12-myristate 

13-acetate (PMA), probenecid, phenol red, tryphan blue solution (0.4%), rutin, 

isoquercitrin, quercetin and quercitrin  were obtained from Sigma-Aldrich (Poole, UK). 

DPP-IV enzyme and Gly-Pro-7-Amino-4-Methyl Coumarin were bought from Sigma-

Aldrich (Poole, UK) whilst membrane potential and intracellular calcium assay kits were 

obtained from Molecular Devices Corporation (California, USA). Rat insulin standard 

was supplied from Novo Industrial (Copenhagen, Denmark) and Lactate dehydrogenase 

assay (LDH) kits were ordered from Promega (Southampton, UK).  Foetal bovine serum 

(FBS), HBSS (Hanksô balanced salt solution), RPMI-1640 (Roswell Park Memorial 

Institute-1640) with 0.3 mg/ml L-glutamine, Antibiotics (penicillin (100000 U/l and 

streptomycin (0.1mg/ml)), trypsin (1:250) were bought from Gibco Life Technologies 

Ltd. (Paisley, Strathclyde, UK). Glucagon like peptide-1 (GLP-1) was purchased from 

EZBiolab (USA) whereas ELISA (Enzyme-linked immunosorbent assay) kits were 

supplied from Millipore (Millipore, Watford, UK). Furthermore, Radiolabeled sodium 

iodide (Na125I, 74MBq/20ɛl stock) were obtained from Perkin Elmer (Cambridge, UK). 
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2-NBD-Glucose (Fluorescent glucose uptake probe), Ŭ-amylase assay kit and 

Dexamethasone were purchased from Abcam (Cambridge, UK).  

 

2.2 Plant materials and extract preparation 

Five plant materials: Leaves of Annona squamosa (Family: Annonaceae, Custard apples), 

Camellia sinensis (Family: Theaceae, Black tea), Eucalyptus citriodora (Family: 

Myrtaceae, Lemon-scented gum), and bark of Heritiera fomes (Family: Malvaceae, 

Sundri) and Acacia arabica (Family: Fabaceae, Babul) were obtained from University 

Ayurvedic Research Centre (UARC), Jahangirnagar University, Dhaka, Bangladesh. 

Botanical taxonomist of the Bangladesh National Herbarium, Dhaka completed the 

classification of plant materials and an accession number of each plant material was given 

individually.  

 

2.2.1 Preparation of hot water extracts  

Initially, the plants were collected, and the leaves were separated from the stems and the 

petiole. The leaves were washed with distilled water and dried in an oven at 40 oC. A 

cyclotec grinding machine was used to grind the leaves (2 kg leaves / plant) in powder 

form (200mesh) and held the powder in a plastic container that was well-stoppered. 

Twenty-five grams of the dried powder of bark or leaves were added into 1L of water and 

boiled until achieving the boiling point of that solvent. When it got the boiling point, the 

blend was allowed to stand around 15 min and was separated utilizing filter paper 

(Whatman no. 1). The oily-separated solution was then dried under a vacuum (Savant 

Speed vac; New York, USA) to leave a final sticky residue of the plant extract collected 

and stored at 4ºC until the bioassay was performed. Figure 2.1 provides a schematic 

diagram of the preparation of hot water extract. 

 

2.2.2 Preparation of ethanol extracts 

The plant's leaf and bark powder (200g) was put into a Conical flask and then extracted 

with 1L ethanol (80%). The mixture was put on a shaker at 900rpm for 3-4 days at 4-8 oC 

to dissolve the plant components completely. The mixture was filtered with Whatman no. 

1 filter paper and a rotary evaporator machine (Fig. 2.5 A) was used to evaporate the 

filtrate solution to dryness. A membrane pump was used to clear the extract in order to 

eradicate the remaining solvent. At last, the end product was freeze-dried using freeze 

dryer (Varian 801 LY-3-TT, Varian, Lexington, MA, USA); and it was stored at 4 0C 
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until the further experiments. The schematic diagram of the preparation of ethanol extract 

has been shown in Figure 2.2. 

Crude plant extracts were also purified by the Soxhlet extraction machine (Fig. 2.5 B) 

using soxhlet thimble at the initial stage, before running the samples in the HPLC. 

Samples dried and stored as illustrated in the above paragraph. 

 

2.2.3 Preparation of partition fractionations 

The ethanol extract (100g) was apportioned between hexane (0.5L×3) and water (0.5L). 

The hexane portion was isolated and hexane soluble material (20g) was obtained after 

evaporation to dryness. The watery layer was additionally apportioned by chloroform 

(0.5L×3), ethyl acetate ((0.5L×3), and 1-butanol (0.5L×3) and soluble materials of 

chloroform (17g), ethyl acetate (5.5g) and 1-butanol (8g) were obtained after evaporation 

to dryness. The leftover watery portion was condensed by rotary evaporator machine and 

at last freeze-dried (45g) and then stored at 4 0C until use. The schematic diagram of the 

preparation of partition fractionations has been shown in Figure 2.3 and Table 2.1. 
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Table 2.1: List of medicinal plants, botanical taxonomy, solvents and extracts used for the experiments 

 

 
Botanical Name Common name Family Parts used Solvents used Extracts used 

Annona squamosa Custard Apple Annonaceae Leaf 

Water Hot water extract 

Ethanol Ethanol extract 

Hexane Hexane extract 

Ethylacetae Ethylacetate extract 

Chloroform Chloroform extract 

Camellia sinensis Black tea Theaceae Leaf 
Water Hot water extract 

Ethanol Ethanol extract 

Eucalyptus citriodora Lemon-scented gum Myrtaceae Leaf 
Water Hot water extract 

Ethanol Ethanol extract 

Acacia arabica Babul Fabaceae Bark 
Water Hot water extract 

Ethanol Ethanol extract 

Herieteria fomes Sundari Malvaceae Bark 
Water Hot water extract 

Ethanol Ethanol extract 
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2.2.4 Reversed-phase high-performance liquid chromatography (RP-HPLC)  

 

2.2.4.1 Purification of crude extracts 

Crude extracts were re-dissolved in solvent A (0.12% (v/v) TFA/Water) and purified by 

reversed-phase high-performance liquid chromatography ((HPLC), Fig. 2.8). The 

prepared crude extract solution was injected in to a (22 x 250 mm) Vydac 218TP1022 

preparative stainless steel 10ɛm C-18 column (Grace, Deerfield, IL, USA) equilibrated 

with 0.12% (v/v) TFA/water at a flow rate of 5.0ml/min. The concentration of acetonitrile 

within the eluting solvent was expanded using linear gradients to 20% over 10min and to 

70% over a period of 40-60min. The wavelength of 254nm and 360nm were used to 

measure the absorbance and fractions were collected according to the appearance of peaks 

in individual time points. Fractions were dried using freeze-dryer and 100µl (in 5 ml of 

buffer) of peak samples (fraction solution) was used in the screening for insulinotropic 

properties. Peak samples (fractions) containing insulinotropic properties had been 

collected to measure the molecular mass by LC-MS. Further, insulinotropic fractions 

were purified using Vydac 208TP510 (10 x 250 mm) semi-preparative stainless steel 5ɛm 

C-18 column (Phenomenex, UK). Acetonitrile concentration in the eluting solvent was 

raised to 20% over 10 min and to 70% over 40-60 min at a flow rate of 1ml/min. Peak 

samples were collected at a wavelength of 254nm and 360nm respectively. Peak having 

the expected molecular weight of compounds were collected in the consequent runs. 

Isolation and characterization of phytochemicals from crude plant extracts can be seen in 

Figure 2.4. 

 

2.2.5 Structural characterization of purified extracts 

Molecular weight of fractions (peak samples) was determined using Liquid 

Chromatography-Mass Spectrometry (LC-MS) via Electrospray ionization mass 

spectrometry (ESI-MS). Fractions (peak samples) were separated on a Spectra System 

LC (Thermo Separation Products) using a Kinetex 5µm F5 LC column ((150 x 4.6 mm) 

(Phenomenex)).  A 10µL injection of the fractions was chromatographed at ambient 

temperature using gradient elution. The column was allowed to equilibrate for 4 min at 

90% water: 10% acetonitrile, then increasing to 70% acetonitrile over 16 min and 

returning to the initial conditions for 5 min to allow re-equilibration before the next 

injection.  A flow rate of 0.8 ml/min was maintained over the 25.10 min run time with 

UV detection at 220nm and 360 nm. The LC effluent was routed to an LCQ electrospray 
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ion trap mass spectrometer (Thermo Finnigan, San Jose, CA, USA) for mass 

characterization.  The system was controlled using Xcalibur software (Thermo Finnigan) 

and operated in negative ion mode, scanning over the mass range m/z 150.0 ï 1200.0 Da.  

Nitrogen gas for the sheath and auxiliary gas were set 65 and 8 arbitrary units 

respectively. The spray voltage was set to 4.5kV and the heated capillary temperature 

maintained at 250°C. The precision level of the instrument was ±0.02%. 

 

MALDI -TOF MS (matrix-assisted laser desorption ionisation time of flight mass 

spectrometry) also used to determine molecular mass of the peak samples. The matrix 

used was Ŭ-Cyano-4-hydroxycinnamic acid. In 1ml of matrix solution (50:50 

acetonitrile/ethanol) 10 mg of Ŭ-cyano-4-hydroxycinnamic acid was dissolved. The 

sample plate was prepared by adding a sample of 1.5 ɛl and a matrix of 1.5 ɛl, and dried 

at room temperature. At an accelerating voltage of 20 kV in the ion source, a voyager DE-

PRO instrument (Applied Biosystems, Forster City, USA) operated in reflection mode 

with delayed extraction was used. The instrument's accuracy level was ±0.02%. The 

molecular mass of peak samples was determined as a mass-to-charge (m/z) ratio.  

 

2.2.6 Confirmation of extracts purity and identity 

The confirmation of extracts purity and identity was determined by HPLC (Section 

2.2.4.1), LC-MS (Section 2.2.5) and NMR.  NMR spectra had been recorded on a 600 

MHz Bruker AVIII HD spectrometer outfitted with a 5 mm BBO H&F cryogenic test. 

Standard one-dimensional composite pulse sequencing (zgcppr) was used to obtain 1H 

NMR spectra with the accompanying instrumental settings: number of scans = 16; 

temperature = 298 K; relaxation delay = 16 s; pulse width = 11.5 µs; acquisition time = 

1.7039 s; receiver gain = 28; spectral width = 9615.4 Hz; offset = 4125 Hz. 13C NMR 

spectra were obtained with the aid of the utilization of the reverse gated-decoupling pulse 

sequence (zgig) and the purchase parameters were set as follows: number of scans = 32; 

temperature = 298 K; unwinding delay = 10 s; pulse width = 6.8250 µs; procurement time 

= 3.9716 s; spectra width = 36,057.7 Hz; offset = 4125 Hz. All spectra were physically 

staged and routinely baseline corrected. Spin-lattice rest time (T1) estimations of protons 

in glycerol and maleic acid were estimated using a classical inversion recovery pulse 

sequence with 10 relaxation delays (Ű) extending from 0.01 to 20 s. The system of RP-

HPLC, Mass spectroscopy and NMR were applied to illustrate the structure of the 

bioactive molecule.   
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2.3 In vitro  culture of cell lines 

2.3.1 Culture and maintenance of BRIN-BD11 Cells 

Clonal pancreatic ɓ-cells (BRIN-BD11 cells) are an insulin-releasing cell line generated 

via electrofusion of RINm5f cells with New England Deaconess Hospital rat pancreatic 

islet cells (McClenaghan, et al. 1996). Cryogenic vials of 2ml (Greiner bio-one, UK) 

(1x106 cells/vial) were used to store the cells in freezing medium composed of 10% (v/v) 

RPMI-1640 tissue culture medium (11.1 mM D-glucose), 80% (v/v) foetal bovine serum 

(FBS) and 10% (v/v) dimethylsulphoxide (DMSO). Cells were gradually frozen from -

20 °C for 4 hr and then moved to -70 °C overnight before transferring them to 

cryopreservation store.  Cells were taken out from liquid nitrogen and defrosted in an ice 

bath around 20 min. RPMI-1640 medium was prepared with supplementation of 10% 

foetal bovine serum and 1% penicillin-streptomycin antibiotics (penicillin (100 U/ml), 

streptomycin (0.1 mg/l)) and then pre-warmed at 37 0C around 10 min. The volume of 10 

ml pre-warmed media was added gradually to stay away from osmotic stun to the cells in 

the 15ml tube. The cell suspension was centrifuged at 900 rpm for 5 min (Universal 320, 

Hettich Zentrifugen, Germany). The supernatant was disposed of and the cell pellet was 

resuspended in 15 ml pre-warmed RPMI-1640 medium and moved into a (75 cm2) sterile 

tissue culture flask (Nalge Nunc Universal, NY, USA). The cells were incubated at 37 0C 

in an environment of 5% CO2 and 95% air (LEEC secure CO2 incubator, LEEC, 

Nottingham).  

 

To subculture cells, Hankôs balanced salt solution (HBSS) of 10ml was used to wash the 

monolayer of cells which was attached to the surface of the flask. The volume of 3ml of 

pre-warmed trypsin (0.25% (w/v) containing 1 mM EDTA) was added to the flask and 

incubated at 37 0C for 3-5 min to detached the cells and the detached cells were 

resuspended in to 10ml of RPMI-1640 medium and the cell suspension turned into 

centrifuged at 900 rpm for 5 min in pre-warmed RPMI-1640 medium of 20ml volume. 

100 µl of cell suspension and 100 µl trypan blue was added in the Eppendorf to mix 

together and the Neubauer haemocytometer was used for counting the cells before 

seeding into the well plates for experiments. To maintain the cell culture, 1 ml of cell 

suspension was resuspended into tissue culture flask and finished up with 25 ml of pre-

warmed RPMI-1640 medium containing 11.1 mM glucose and kept at 37 °C until the 

flask became around 80% confluent. Cells used in the test were between passages sixteen 

and forty. BRIN BD11 cells can be seen in Figure 2.6 A. 
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2.3.2 Culture and maintenance of 3T3-L1 cells and adipocyte differentiation 

3T3L1 cells were purchased from the American Type Culture Collection ((ATCC), 

Virginia, USA). Dulbecco's modified eagle medium (DMEM) was prepared with 

supplementation of penicillin (50 U/ml), streptomycin (50 µl/ml) and foetal bovine serum 

(10% v/v). A vial of 3T3-L1 pre-adipocyte cells was obtained from Ulster University, 

Coleraine cryostorage and defrosted in a water bath at 37o C. After defrosting the cells 

were transferred to a 15ml tube filled with 5ml of DMEM media and centrifuged at 1000 

rpm for 5 min. The resulting supernatant was discarded and 5 ml of fresh DMEM media 

was added dropwise and pipetted up and down to break up the cells. The cells were then 

transferred and seeded in a T75 tissue culture flask with an extra addition of 10 ml DMEM 

media and maintained by incubating at 37 oC at the atmosphere of 5% CO2 and 95% air 

(LEEC secure CO2 incubator, LEEC, Nottingham).   Once the T75 flask reached 60-80% 

confluence it was then split it into 3 further T75 tissue culture flasks by washing with 10 

ml HBSS, then 2 ml of 0.25% trypsin / 2.21mM EDTA solution was added to detach the 

cells from the flask.  The flask was incubated for 3 min at 37 oC. After 3 min, the trypsin 

was neutralized using 8 ml of DMEM. The DMEM media was changed every two days.   

Moreover, Once the T75tissue culture flasks reached 60-80% confluence they were 

seeded at a density of 10,000 cells per well in 24-well plates for differentiation. The media 

(DMEM containing 10% foetal bovine serum) was changed every two days until the cells 

reached 100% confluence in the wells. Growth arrest was initiated via incubation with 

DMEM + 25 mM glucose along with 10% foetal bovine serum, 1 µg/ml insulin, 1 µM 

dexamethasone, and 0.5 mM isobutyl-1-methylxanthine.  The cells were cultured for 4 

days.  After 4 days, the media was changed to DMEM + 25 mM glucose along with 10% 

foetal bovine serum and 1 mg/ml insulin.  The cells were cultured for a further 4 days.  

After the further 4 days, the media was changed to DMEM + 25 mM glucose along with 

10% foetal bovine serum. The media was changed every 2 days until it reached 100% 

differentiation. Following these cells had been kept to the original medium till the 

experiment (1-2 days). Cells of passage 5-12 were used. 3T3L1 cells before and after 

differentiation has been shown in Figures 2.7 A and B. 

 

2.4 In vitro  insulin-release studies 

2.4.1 Insulin-releasing studies with BRIN-BD11 cells 

Acute in vitro insulin release studies were investigated as previously described (Abdel-

Wahab et al. 2008; Conlon et al. 2008). In brief, Trypsin/EDTA (0.25% (w/v)) were used 
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to detached BRIN BD11 cells from the tissue culture flask and seeded in to sterile 24-

well tissue culture plates at a density of 150,000 cells/well and incubated for 24 hr at 37 

°C. After incubation the culture media was poured off and the cells were pre-incubated 

with 1 ml of Krebs Ringer Bicarbonate (KRB) buffer (115 mM NaCl, 4.7 mM KCl, 1.28 

mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 20 mM HEPES, 25 mM NaHCO3, 0.1% 

bovine serum albumin (BSA), pH 7.4) containing 1.1 mM glucose for 40 min at 37 °C. 

After pre-incubation, the assay buffer was replaced with 1 ml of treatments appropriate 

to each experiment. All the treatment groups were made in KRB buffer containing 5.6 

mM glucose, unless otherwise mentioned. Treatment groups containing secretagogues, 

crude or purified plant extracts were added to their respective wells and incubated for 20 

min at 37 °C. Aliquots (950 µl) were collected from each well and stored at -20 °C until 

the insulin radioimmunoassay was performed as described in Section 2.4.4. 

 

Insulin release modulators such as IBMX, tolbutamide, KCl, verapamil and diazoxide 

were used to study the mechanism of insulinotropic actions of plant extracts. BRIN-BD11 

cells were incubated with KRB buffer containing 5.6 mM glucose and one of the 

modulators (verapamil (50 µM), diazoxide (300 µM), IBMX (200 µM) or tolbutamide 

(200 µM)) in the presence or absence (control) of bioactive compounds.  This includes 

crude and purified extracts from medicinal plants. Another set of experiments was carried 

out by incubating BRIN-BD11 cells with KRB buffer containing 16.7 mM glucose and 

KCl (30 mM) in the presence or absence (control) of bioactive compounds.  

 

Insulin release studies without the presence of extracellular calcium were performed by 

incubating BRIN-BD11 cells with calcium-free KRB buffer containing 115 mM NaCl, 

4.7 mM KCl, 1.28 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 20 mM HEPES, 25 

mM NaHCO3, 0.1 mM EGTA and 0.1% BSA (pH 7.4). The culture media was removed, 

and cells were incubated with 1 ml of calcium-free KRB buffer containing 1.1 mM 

glucose for 40 min at 37 °C. After pre-incubation, the cells were incubated with test 

treatments containing bioactive compounds in calcium-free KRB buffer containing 5.6 

mM glucose for 20 min at 37 °C.  
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2.4.2 Insulin-releasing studies using isolated mouse islets 

2.4.2.1 Isolation of islets by collagenase digestion 

Adult lean mice (Fig. 2.15 B) were sacrificed following ethically approved and 

established protocols.  Pancreatic islets were isolated as described by Lacy and 

Kostianovsky (Lacy and Kostianovsky 1967) using collagenase digestion. Hankôs 

Balanced Salt Solution ((HBSS), (8 g/l NaCl, 0.4 g/l KCl, 0.14 g/l CaCl2, 0.1 g/l 

MgCl2.7H2O, 0.1 g/l MgCl2.6H2O, 0.06 g/l Na2HPO4.H2O, 0.06 g/l KH2PO4, 1 g/l 

glucose, 0.02 g/l phenol red, 0.35 g/l NaHCO3, 10 mM HEPES and 5% BSA)) was used 

as wash buffer throughout the experiment. Collagenase-P solution (1.4 mg/ml), prepared 

in BSA-free HBSS, was injected into the pancreas.  This caused the pancreas to inflate. 

The pancreas was then excised and kept in ice-cold wash buffer. The pancreas collagenase 

mix was placed in a shaking water bath at 37 0C for 8-10 min. The tube was shaken 

vigorously 10-20 seconds to dissociate the tissue by mechanical digestion and placed in 

water bath for further digestion if mechanical digestion had not been achieved. And the 

tube was immediately filled with ice cold wash buffer and centrifuged for 2 min at 1200 

rpm. Supernatant was discarded and the wash step was repeated twice in succession. The 

solution was filtered through a strainer to remove undigested tissue and particles. The 

tube was then filled with wash buffer and centrifuged for 2 min at 1200 rpm. The 

supernatant was discarded, and the pellet was resuspended in 10 ml Histopaque (Sigma, 

Poole, UK) for density gradient separation. The tube was further centrifuged for 20 min 

at 1200 rpm and the supernatant containing the islets was collected into a tube with 25 ml 

of wash buffer. The tube was centrifuged at 1500 rpm for 4 min and the pellet was 

resuspended in wash buffer. The tube was further centrifuged at 1200 rpm for 3 min and 

the pellet was resuspended in RPMI media containing 10% BSA and 1% antibiotics and 

transferred to Petri dishes. Islets were cultured at 37 ęC and 5% CO2 and were used within 

72 hours after isolation. Isolated islet cells can see in Figure 2.6 B. 

 

2.4.2.2 Acute insulin-release using isolated mouse islets 

Islets isolated as defined in Section 2.4.2.1 were used for acute insulin release studies. 

After 48 hr culture in RPMI media, ten islets were collected via observation under a 

microscope and added in 1.5 ml Eppendorf tubes. After centrifuging for 5 min at 1200 

rpm to remove media, islets were pre-incubated with 500 ɛl of KRB buffer (115 mM 

NaCl, 4.7 mM KCl, 1.28 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 20 mM HEPES, 

25 mM NaHCO3, 0.1% bovine serum albumin (BSA), pH 7.4) containing 1.4 mM 
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glucose for 1 hr at 37 °C. After pre-incubation, test incubations with extracts from plant 

and insulin secretagogues had been carried out using KRB buffer containing 16.7 mM 

glucose for 1 hr at 37 ęC. Aliquots of the produced supernatant were removed and stored 

at -20 ęC for insulin radioimmunoassay as represented in Section 2.4.4. Insulin content of 

the islets was determined as illustrated in Section 2.4.2.3. 

 

2.4.2.3 Measurement of islet insulin content 

Overall insulin content of the islets was measured as defined by Otani (Otani, et al. 2004) 

using acid-ethanol extraction method. The islets used for insulin release studies were 

treated with 500 ɛl of acid-ethanol solution (1.5% HCl, 75% ethanol and 23.5% H2O). 

The islets were disrupted using pipette tips and incubated at 4 ęC overnight. Tubes 

containing the islets were centrifuged at 1200 rpm for 2 min and the supernatant was kept 

at -20 ęC for insulin measurement using the insulin radioimmunoassay methodology as 

depicted in Section 2.4.4.  

 

2.4.3 Iodination of insulin 

Iodination of bovine insulin was obtained by modifying a method as described by Fraker 

and Speck Jr (Fraker and Speck 1978). Eppendorf tubes were coated with 100 ɛl of 

iodogen (1,3,4,6 tetrachloro-3a,6a-diphenylglycoluril) solution prepared by dissolving 1 

mg of iodogen in 10 ml of dichloromethane. The solvent was allowed to evaporate, 

resulting in a uniform coating of iodogen at the bottom of the tube. Bovine insulin solution 

(125 ɛg/ml) was prepared by adding 1 mg of insulin to 1 ml of 10 mM HCl and the final 

volume diluted to 8 ml with 500 mM sodium phosphate buffer (pH 7.4). For the iodination 

reaction, 20 ɛl of bovine insulin solution (125 ɛg/ml) and 5 ɛl of sodium iodide (Na125I, 

100 mCi/ml stock, Perkin Elmer, Cambridge, UK) were added to the iodogen-coated 

tubes. The reaction tube was put in ice at all times and was shaken gently each minute for 

15 min. The reaction was stopped by the removal of the reaction mixture into a fresh 

Eppendorf tube. The iodogen-coated tube was washed with 500 ɛl of 50 mM sodium 

phosphate buffer and added to the reaction mixture in the fresh tube.  A Vydac C-8 (4.6 

x 250 mm) analytical reverse phase HPLC column was used to separate iodinated insulin. 

The flow rate was set at 1.0 ml/min and the fractions were collected at 1 min intervals. 

The concentration of acetonitrile in the eluting solvent was increased in linear gradients, 

from 0 to 56% over a period of 50 min and to 70% over a further period of 10 min (Fig. 

2.3). The radioactivity of collected fractions was measured using a WizardÊ 1470 
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automatic gamma counter (Perkin Elmer, USA).  The fractions were then subjected to a 

binding test using different antibody dilutions (1:25,000 ï 1: 45,000). Fractions with 

desired binding activity were diluted in 1 ml of 40 mM sodium phosphate buffer (pH 7.4) 

containing 1% (w/v) BSA and thimerosal (0.02 g/100ml) and stored at 4 ęC.  HPLC 

separation of iodinated bovine insulin can be seen in Figure 2.9. 

 

2.4.4 Insulin radioimmunoassay 

Insulin measurements were carried out using a dextran-coated charcoal 

radioimmunoassay (RIA) developed by Flatt and Bailey (Flatt and Bailey 1981). Assay 

buffer contained 40 mM disodium hydrogen orthophosphate, 0.2 g/l thimerosol and 0.3% 

(w/v) sodium chloride.  The pH of the solution was adjusted to 7.4 using 40 mM sodium 

dihydrogen orthophosphate solution. Working RIA buffer was prepared by adding 0.5% 

(w/v) BSA to the stock buffer. Insulin standards were prepared using rat insulin, by 

diluting a stock preparation (40 ng/ml) in KRBB containing 0.1% BSA to obtain 20 ng/ml 

standards. Serial dilutions were performed to obtain concentrations from 20 ng/ml to 

0.039 ng/ml. Each reaction mixture contained 200 ɛl of the appropriate sample, in 

duplicate for unknowns and triplicate for the insulin standards, 100 ɛl guinea pig anti-

porcine antibody (1: 25,000 ï 1: 45,000) made up in assay buffer and 100 ɛl of I125-insulin 

(~10,000 counts per minute (CPM) in 100 ɛl) made up in assay buffer. The tubes were 

incubated at 4 ęC for 48 hr. Stock dextran-coated charcoal (DCC) was prepared by 

dissolving 5 g of dextran T 70 in 40 mM sodium phosphate buffer (1 L).  Charcoal (50 g) 

was added to the dextran with continuous mixing. Working DCC was prepared by diluting 

stock DCC with assay buffer without BSA (1:5 dilution). 1 ml of working DCC was added 

to all the sample tubes (excluding the totals of the standards) and incubated for 20 min at 

4 ęC. The tubes were then centrifuged at 2500 rpm for 20 min (Model J-6B centrifuge, 

Beckman instruments Inc., UK) and the supernatant was discarded. The radioactivity in 

the pellet was measured using a gamma counter and the insulin concentration was 

determined using the spline-curve fitting algorithm. An example of the insulin standard 

curve and the general principle of radioimmunoassay are shown in Figures 2.10 and 2.11. 

 

2.5 Cytotoxicity studies 

Determination of the amount of lactate dehydrogenase (LDH) enzyme released from the 

cells provides a sensitive and precise method for assessing in vitro beta cell cytotoxicity 

(Korzeniewski and Callewaert 1983). LDH concentrations were measured using a 
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CytoTox 96® nonradioactive cytotoxicity kit (Promega, UK) following the 

manufacturerôs protocol. Cells were seeded at a density of 150,000 cells/well in 24-well 

tissue culture plates and the plates were incubated overnight at 37 °C. After 24 hr 

incubation, the culture medium was poured off and the cells were incubated with 1 ml of 

Krebs Ringer Bicarbonate (KRB) buffer containing 1.1 mM glucose for 40 min at 37 °C. 

After preincubation, the assay buffer was replaced with 1 ml of KRB buffer containing 

5.6 mM glucose in the presence of plant extract (concentration range: 1.6- 5000ɛg/ml) 

and incubated for 20 min at 37 °C. LDH concentration in the sample supernatant was 

measured by adding 50 ɛl of supernatant to 50 ɛl of LDH substrate mixed in a 96 well 

microplate protected from light and incubating at room temperature for 30 min in the dark 

place. Colour change was observed as a result of the conversion of a tetrazolium salt into 

a red formazan product in the presence of LDH. The intensity of the colour was directly 

proportional to the amount of LDH released. The reaction was ceased by adding 50 ɛl 

stop solution and absorbance was read at 490 nm using a microplate reader (Molecular 

Devices, USA).   

 

2.6 Changes in membrane potential 

Changes in membrane potential within BRIN-BD11 cells after treatment with crude and 

purified extracts were analysed using a FLIPR membrane potential kit and a FlexStation 

3 scanning fluorimeter (Molecular Devices, USA) as described by Mathews et al., 

(Mathews et al. 2006). This assay detects the changes in ion channels by changing the 

fluorescent signal based on the membrane potential. The intensity of the signal increases 

during membrane depolarization as the dye is transported into the cells along with 

positively charged ions and vice-versa. BRIN-BD11 cells were seeded in 96 well 

microplates and allowed to attach overnight at 37 oC for 18hr. The media was discarded, 

and the cells were incubated for 10 min at 37 oC with 100 ɛl of KRBB containing 5.6 mM 

glucose. In the end, the cells were then incubated with 100 ɛl of FLIPR membrane 

potential dye (reconstituted using assay buffer) at 37 oC for 60 min.  

  

Fluorescent signals were read using a FlexStation microplate reader. Excitation, emission, 

and cut-off wavelengths were set to 530 nm, 565 nm, and 550 nm respectively. The 

interval between each reading was set at 1.52 seconds. Treatment groups containing plant 

extracts (50 ɛl, 5X concentration) were added to the wells 20 secs after the start of data 

acquisition at a rate of ~62 ɛl/sec. KCl (30mM), an established membrane depolarizing 



 

46 
 

agent, was used as a positive control. Concentrations of the plant extracts used for the 

treatment are provided in corresponding Chapters.  

 

2.7 Changes in intracellular calcium ([Ca2+]i) concentration 

Changes in intracellular calcium concentration after treatment with plant extracts were 

measured using a FLIPR calcium assay kit and a FlexStation 3 scanning fluorimeter 

(Molecular Devices, USA) as described by Mathews et al., (Mathews et al. 2006). The 

assay employs a calcium-sensitive dye that is transported into the cells during incubation 

and binds to the intracellular calcium reserves within the cells. This leads to emission of 

fluorescence.  An increase in intracellular calcium levels can be detected by increasing 

signal intensity. BRIN-BD11 cells were seeded in 96 well microplates and allowed to 

attach overnight at 37 ęC for 18hr. The cells were incubated for 10 min at 37 ęC with 100 

ɛl of KRBB containing 10 mM NaHCO3, 5.6 mM glucose and 500 ɛM probenecid. 

Finally, the cells were incubated with 100 ɛl of FLIPR calcium dye (reconstituted using 

assay buffer) at 37 ęC for 60 min. 

 

FlexStation microplate reader was used to measure fluorescent signals with excitation, 

emission, and cut-off wavelengths of 485 nm, 525 nm, and 515 nm respectively. Alanine 

(10 mM) was used as a positive control. The detailed procedure is described in Section 

2.6. 

 

2.8 Glucose uptake studies 

2. 8.1 Cell culture and adipocyte differentiation 

3T3-L1 cells were acquired from the American Type Culture Collection ((ATCC), 

Virginia, USA). Dulbecco's modified eagle medium (DMEM) was prepared via 

supplementation of DMEM with penicillin (50 U/ml), streptomycin (50 µl/ml) and foetal 

bovine serum (10% v/v). 3T3-L1 fibroblasts cells were cultured, and adipocyte 

differentiation initiated for experimentation as described in Section 2.3.2.  

 

2.8.2 Glucose uptake assay 

3T3-L1 cell monolayers were incubated with serum-free DMEM media for 2hr at 37 oC, 

atmospheric at 5% CO2 in the incubator.  After the incubation, the DMEM media was 

discarded using a 1ml micropipette using cut 1 ml tips.  200ɛl of Krebs-Ringer 

Bicarbonate buffer (KRBB) ((116 mM NaCl, 4.7 mM KCl, 1.28 mM KH2PO4, 1.2 mM 
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MgSO4, 24 mM NaHCO3, 10 mM HEPES, (pH 7.4)) was added into each well and 

incubated for 30 min at 37 oC incubator in an atmosphere of 5% CO2 and 95% air.  To 

each treatment group wells, 50µl of 200µg/ml concentration of treatment with or without 

100nM insulin was added and incubated for 30min at 37 oC. 2-NBDG, 2-(N-(7-

Nitrobenz-2-oxa-1,3-diazol-4-yl) Amino)-2-Deoxyglucose (50nM) was added in each 

well incubated for 5 min.  The wells were washed with ice-cold PBS (0.5-1ml) and a 

sufficient amount of normal PBS or warm (37 oC) PBS was added cover the coverslip.  

Three to four coverslips were mounted in each slide and blocked with nail polish.  Four 

images were taken of the four corners of the coverslips using a 10X magnification on the 

microscope.  The fluorescence intensity was measured or alternatively, the number of 

cells in the Z-Image were counted.  The raw was analysed Graph pad prism-5. Images of 

cells before and after differentiation has been shown in Figures 7 A and B. 

 

2.9 Glycated insulin studies 

2.9.1 Preparation of reagents 

Disodium orthophosphate anhydrous and sodium dihydrogen orthophosphate were used 

to prepare sodium phosphate buffer (10mM, pH 7.4). D-glucose (247mM) solution was 

prepared in this buffer solution. Ice-cold 10mM NaOH was used to dissolve sodium 

cyanoborohydride ((NaBH3CN), (85.3mg/ml)) immediately before use. The human 

insulin peptide (1mg/ml) was dissolved in 10mM HCl. 

 

2.9.2 Glycation of insulin 

An in vitro model was used to evaluate the effects of plant extracts on the development 

of glycated insulin as demonstrated by OôHarte et al., (O'Harte et al. 1996). 887.5ɛl of D-

glucose (246.7mM) prepared in the sodium phosphate buffer (10mM) was added into an 

Eppendorf tube (Sarstedt, Germany) with or without (control) plant extracts (50, 100, 

200ɛg/ml). In these conditions, 100 and 12.5ɛl of human insulin and NaBH3CN were 

added respectively. The solution was incubated at 37oC for 24hr (made up to a volume 

1.0ml, pH 7.4). The reaction was stopped with the addition of 30ɛl of 0.5 M acetic acid 

to each tube.  

 

2.9.3 Separation of glycated and non-glycated insulin  

Glycated and non-glycated insulin had been isolated by RP-HPLC (Reverse Phase-High 

Performance Liquid Chromatography) (O'Harte et al. 2000). The HPLC system used for 
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the isolation consisted of a Thermo Separation Products (Hertfordshire, UK) HPLC 

workstation using a model P2000 pump, an AS3000 auto-sampler, and a UV2000 

turntable absorbance detector. 200ɛl of test samples were loaded into a (250 Ĭ 4.6mm) 

Vydac (C-18) analytical column (The Separations Group, California, USA) at a flow rate 

of 1ml/min. The mobile phase was composed of solvent A (0.12% (v/v) TFA/H2O) and 

solvent B (0.1% (v/v) TFA in 70% acetonitrile + 29.9% H2O). A linear gradient of 0-

35% (v/v) acetonitrile over 10 min, followed by 35-56% (v/v) acetonitrile over 20 min, 

ending with 56-70% acetonitrile over 5min was established to separate the glycated and 

non-glycated insulin. Elution profiles were observed at 214 and 208nm. Glycated insulin 

peak areas had been expressed as a percentage of glycated and non-glycated. Experiments 

were completed in triplicate.  

 

2.10 DPP-IV enzyme inhibitory assay in vitro 

An in vitro fluorometric method was implemented to determine the DPP-IV inhibitory 

activity of the plant extracts. A Tris-HCl (100mM) buffer was prepared (0.2 M Tris-HCl 

and 0.1 M NaCl) and the pH was adjusted to 8.0 by using a 100mM Tris-base. 

Accordingly, the reference standard was prepared within the range of 0 ï 8 ɛmol/l of 

AMC. Afterward, 30 ɛl of 100mM Tris-HCl was added to each well plate including the 

following 10 ɛl of a sample and 50 ɛl of 200 ɛM of substrate (Gly-Pro-AMC) and 

incubated for 5-7 min at 37 oC. Finally, 10 ɛl of DPP-IV was added to initiate the reaction 

process after a 30 min incubation at 37 oC.  Any changes in fluorescence were observed 

using a FlexStation 3 (Molecular Devices, CA, and the USA) with excitation and emission 

at 370 nm and 440 nm with a 2.5 nm slit-width. The observing parameter for this 

experiment was the rate of fluorescence emission by each sample tested. The inhibitory 

activity of dipeptidyl peptidase-IV was calculated by using the percent of inhibition by 

each plant extract at the various concentrations as previously described (Villhauer, et al. 

2003). A typical standard curve for the DPP-IV assay can see in Figure 2.12. 

 

2.11 Starch digestion 

Starch digestion was assessed in vitro by modification of the method employed by 

Granfeldt et al. 1992. Soluble starch (100 mg) from Sigma, Poole, UK, was added into 

3ml deionized water with and without plant/acarbose. A volume of 40µl of 0.01% heat-

stable Ŭ-amylase ((from Bacillus Leicheniformis) (Sigma-Aldrich, St. Louis, USA)) was 

added and the mixture was vortexed, then incubated at 80 0C for 20 min. This solution 
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was then diluted to 10ml with deionized water. 2ml of 0.1M sodium acetate buffer of pH 

4.75 was added into 1ml of diluted mixture. Furthermore, 30µl of 0.1% amyloglucosidase 

(from Rhizopus mold), (Sigma, Poole, UK) was introduced into the volume of 3ml of the 

mixture and then incubated at 60 0C for 30 min. Samples were stored in ice immediately 

to stop the thermophilic enzyme reaction. Plant extracts were tested at 5mg/ml and 

compared to a control (without plant extract). The dose-dependent effects (62.5, 125,250, 

500 and 1000 µg/ml) of previously tested extracts were studied and the control study was 

performed in the absence of plant extract. Incubations were additionally implemented 

with acarbose ranging from 62.5 to 1000 µg/ml (Glucobay, Bayer, AG, Germany) as 

positive control. Further non-starch controls were assessed for the plant extracts, in order 

to establish if the plant extracts contained any starch for any possible assay interference. 

The samples were analysed for glucose liberation on the Hitachi 912 Automatic Analyser 

along with the aid of liquid GOD/PAP (glucose oxidase/four-aminophenazone-phenol) 

method (Randox GL 2623). The analyser was aligned for calibration with a Calibrator for 

Automated Systems (Roche Diagnostic 759350). The samples had been measured at 

500nm against a blank reagent at 37 0C. The standard curve for glucose analysis by GOD-

PAP reagent can see in Figures 2.13 A and B. 

 

2.12 Glucose diffusion 

An in vitro glucose diffusion model was employed using cellulose ester (CE) dialysis 

tubes (20cm × 7.5mm, Spectra/Por®CE layer, MWCO: 2000, Spectrum, Netherland). A 

2ml of 0.9% NaCl (BDH Chemicals Ltd, Poole UK) containing 220mM glucose either in 

the presence or absence of plant extract/gaur gum or pectin was added into the tube. The 

tube was sealed tightly at both ends of the tube and inserted into a 50ml centrifuge tube 

(Orange Scientific, Ca, USA) containing 45ml of 0.9% NaCl.  The tubes had been kept 

on an orbital shaker with the temperature maintained at 37 0C during the period that 

applied for the orbital shaker.  The change in diffusion of glucose into the exterior solution 

was estimated by aliquoting 0.5ml of dialysate mixture after 24hr. Gaur gum and pectin 

(Sigma-Aldrich, St Louis, USA) at a concentration of 5mg/ml had been used as the 

positive controls. Plant extracts were first tested at 5mg/ml compared with a control 

incubation in the absence of plant extracts. Effective plants on inhibition of glucose 

diffusion, were tested further in a dose-dependent manner at a range between (62.5-

1000ɛg/ml). 
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Samples were investigated for glucose liberation using the Hitachi 912 Automatic 

Analyser with the guide of the liquid GOD/PAP (glucose oxidase/four-aminophenazone-

phenol) technique (Randox GL 2623) as previously described in Section 2.11. 

 

2.13 In vivo studies 

2.13.1 Animal models 

2.13.1.1 Normal male Sprague-Dawley rats 

All in vivo experiments were executed in accordance with the UK Animals (Scientific 

Procedure) Act 1986 and EU directive 2010/63EU for animal experiments.  Actions were 

taken to minimize any potential animal suffering. Sprague-Dawley rats were acquired 

from Harlan UK Ltd., Blackthorn, UK. Animals were housed in groups within an air-

conditioned room maintained at 22 ± 2 oC with a 12hr light and 12-hour dark cycle at the 

Ulster University, Behavioural and Biomedical Research Unit by fully trained and 

qualified personnel. Age-matched animals with similar body weight and blood glucose 

levels were housed separately and fed ad libitum with standard rodent diet (10% fat, 30% 

protein and 60% carbohydrate; percentage of total energy = 12.99 KJ/g; Trouw Nutrition, 

Cheshire, UK) (Fig. 2.11A). These animals, when required for experiments, were used as 

and when needed. An image of normal Sprague Dawley Rat can be seen in Figure 2.15 A 

(a). 

 

2.13.1.2 High-fat diet-induced obesity rats 

Age-matched male Sprague-Dawley rats (6-8 weeks old, Harlan Ltd, Blackthorn, UK) 

were given high-fat diet containing 45% fat, 20% protein and 35% carbohydrate 

(percentage of total energy = 26.15 KJ/g; Special Diets Services, Essex, UK) to consume 

for 3 months before the start of experimental proceedings. Body weight, blood glucose, 

and insulin levels were monitored at regular intervals, providing an indication of 

wellbeing and animal model progression. Prior to in vivo studies, animals with a 

significant increase in body weight elevated blood glucose levels, and insulin resistance 

were selected for use within the experiment. Age-matched animals that were on a normal 

diet were used as controls for these experiments. Figure 2.15A (b) shows the image of the 

high-fat-fed rat.  
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2.13.2 Oral glucose tolerance test 

Oral glucose tolerance tests were conducted to assess the effects of plant extracts on 

glycaemic control.  The male Sprague-Dawley rats were fasted overnight and 

administered with glucose (18 mmol/kg body weight) alone (control) or glucose (18 

mmol/kg body weight) in combination with plant extract (extract doses are provided in 

corresponding Chapters).  Tail vein bleeding was carried out on the rats and their blood 

glucose levels were measured at 0 min (prior to oral administration) and at 30, 60, 120, 

180, 240, 360, and 480 mins post-administration using an Ascencia Contour Blood 

Glucose Meter (Bayer, Newbury, UK). Blood samples were collected in heparinized 

microvessel blood collection tubes (Sarstedt, Numbrecht, Germany). Plasma was 

separated from the blood via centrifugation of the microvessel tubes at 12000 rpm for 5 

min at 4 0C and was stored at -70 ºC for plasma insulin analysis by radioimmunoassay as 

described in Section 2.4.4.  

 

2.13.3 Food, energy and fluid intake and body weight studies 

A twice-daily oral gavage dose of either saline vehicle (0.9% (w/v)) or plant extract 

(250mg/5ml/kg body weight) was given to high-fat induced obesity in rats (n = 8) for 9 

consecutive days. The dose was selected from the results of a pilot study with an 

investigational dose of 250 and 500mg/kg body weight. During the study, rats were 

provided with food pellets and water of a known weight and cumulative food intake, 

energy intake, fluid intake, and body weight were measured within an interval of 72hr. 

 

2.13.4 Measurement of blood glucose 

Blood glucose concentrations (fasting and non-fasting animals) were determined in the 

interval of 72hr using an Ascencia Contour Blood Glucose Meter (Bayer, Newbury, UK) 

during the study period.  

 

2.13.5 Measurement of plasma insulin concentration  

Plasma insulin concentrations were analysed using the dextran-coated charcoal insulin 

radioimmunoassay as described earlier in Section 2.4.4. Plasma samples for this assay 

were prepared by diluting 20 µl of plasma with 180 µl of 40 mM sodium phosphate buffer 

supplemented with 0.5% (w/v) BSA. 
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2.13.6 In vivo DPP-IV enzyme inhibitory activity  

High-fat-fed rats (350-400gm body wt.) were used to study the DPP-IV inhibitory activity 

of medicinal plants in vivo. Animals were fasted for approximately 6 hr prior to study, 

blood samples were collected from the cut tip of the tail from conscious rats before and 

after oral administration of the plant extract (250mg/5ml/kg) and in conjunction with 

DPP-IV inhibitor (10µmol/5ml/kg) at the time points (0, 30, 60, 120, 180, 240, 360 and 

480 mins). The rats were fasted to reduce the secretion of GLP-1 and GIP, which is 

significantly higher in the postprandial state rather than in the fasting state (Srivastava et 

al. 2017). After this, samples were stored within chilled þuoride/heparin-coated 

microcentrifuge tubes and centrifuged at 12000 rpm for 5 min. The supernatant (blood 

serum) was pipetted out carefully and kept in an Eppendorf tube, labelled sequentially 

and stored at -20°C for measurement of DPP-IV activity. The activity of DPP-IV was 

determined in plasma by a fluorometric assay based on the liberation of AMC (7-Amino-

4-Methyl-Coumarin) from the DPP-IV substrate, Gly-Pro-AMC with modification of 

previously described method (Duffy et al. 2007; McKillop et al. 2009). 

 

In brief, the plasma sample (10ɛl) was incubated at 370C for 30 min with 40ɛl of Tris-

HCl (100mM) buffer (pH 7.4) and 50ɛl of Gly-Pro-AMC (200ɛM) substrate in each well 

plate. The fluorescence products such as 7-Amino-4-Methyl Coumarin group (AMC), 

was released while the blood serum containing DPP-IV enzyme hydrolysed the 

fluorogenic substrate bonds (H-Gly-Pro) conjugated to the AMC group (H-Gly-Pro-

AMC). After incubation, fluorescence changes were monitored using FlexStation 3 

(Molecular Devices, CA, and the USA) on ɚex = 370 nm and ɚem = 440 nm with 2.5nm 

slit-width at 37 oC and AMC was measured via comparison with a standard curve (0.061ï

50 µmol/l). The whole experiment took place on a microwell plate 96 and the inhibitory 

activity of each sample was determined through observing the amount of fluorescence 

product emitted on each sample test that resembles the inhibitory activity of extracts. A 

typical standard curve for the DPP-IV assay can be seen in Figure 2.12.    

 

2.13.7 Tissue excision 

Upon completion of the treatment period, all rats used were sacrificed via cervical 

dislocation. pancreatic and intestinal tissue was extracted, covered with aluminium foil 

and immediately frozen in liquid nitrogen. Blood samples were collected from the heart 

by a 5ml syringe. All tissues and blood samples were stored at -700C until required. 
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2.13.8 Estimation of pancreatic insulin content  

Pancreatic insulin content was evaluated from the pancreata of normal and high-fat-fed 

rats used within the experimental procedures.  Pancreata were homogenized in extraction 

buffer (20 mM Tris HCl, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA and 0.5% Triton X 

100, pH 7.5) using a VWR VDI 12 handheld homogenizer (VWR, UK) and their insulin 

content measured using insulin radioimmunoassay as described in Section 2.4.4. Total 

protein content in the pancreata were measured using a Bradford assay. Tissue 

homogenate (5 ɛl) was aliquoted into 96 well plates and incubated with 250 ɛl of Bradford 

reagent at room temperature for 15 min. Absorbance was read at 595 nm. Pancreatic 

protein homogenate was calculated using a reference standard curve (BSA concentration: 

12.5 mg/ml ï 0.024 mg/ml. 

 

2.14 Immunohistochemistry 

Isolated tissues from long-term in vivo studies in animals, were set within 4% 

paraformaldehyde and processed using an automated tissue processor (Leica TP1020, 

Leica Microsystems, Germany) and sections 8 ɛm thick. Embedded tissues in 

paraformaldehyde were cut using a microtome (Shandon Finesse 325, Thermo Scientific, 

UK) and placed on Polysine slides (Thermo Scientific, UK). 

 

2.14.1 Study of islet morphology using insulin and glucagon double staining 

Tissue sample sections containing the islets were dewaxed by applying histoclear for 10 

min and then rehydrated using ethanol solutions (100% for 5 min, 95% for 5 min and 

80% for 5 min) and deionized water.  The antigens within these sections were retrieved 

by incubating the slides within citrate buffer for 20 min at 90 ęC. After blocking with 2% 

BSA for 30 min, the slides were further incubated with primary antibody (mouse anti-

insulin antibody (1:500) and guinea pig anti-glucagon antibody (1:400)) overnight at 4ęC. 

The slides were rinsed with PBS twice and the secondary antibody mixture (Alexa Fluor 

594 goat anti-mouse antibody and Alexa Fluor 488 goat anti guinea pig antibody) was 

added.  The slides were incubated for 45 min at 37 ęC. The slides were rinsed twice again 

with PBS and incubated with 4',6-diamidino-2-phenylindole (DAPI) stain for 10-15 min 

for nuclear staining. The slides received a final rinse with PBS and mounted using the 

anti-fade mounting medium. The slides were then analysed using tetramethylrhodamine 

isothiocyanate filter (TRITC,594 nm) or fluorescein isothiocyanate filter (FITC, 488 nm) 
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using a fluorescent microscope (Olympus System Microscope BX51, Olympus 

instruments, UK) and images were captured using a DP70 camera adapter system as 

described by Vasu et al., (Vasu et al. 2013). Cell^F imaging software (Olympus System 

Microscope BX51, Olympus instruments, UK) was employed to determine overall islet 

distribution, islet area, beta-cell and alpha cell area. A representative image of the 

fluorescent microscope can be seen in Figure 2.16. 

 

2.15 Residual gut sucrose content 

Sucrose solution (2.5 g/kg body weight) with or without extract (0.5 g/kg) was fed to the 

twenty-four hours fasted rats. Blood samples were obtained from the tail tip before and 

30, 60, 120 and 240 min after sucrose administration for the determination of glucose and 

some of the rats were sacrificed at 30, 60, 120 and 240 min. The gastrointestinal tract was 

excised and divided into 6 segments: the stomach, the upper 20 cm, middle, and lower 20 

cm of the small intestine, the cecum, and the large intestine. Each segment was washed 

out with ice-cold saline, acidified with H2SO4 and centrifuged at 3000 rpm (1000 g) for 

10 min. The supernatant thus obtained was boiled for 2 hours to hydrolyze the sucrose 

and then neutralized with NaOH. The blood glucose level and the amount of glucose 

liberated from residual sucrose in the gastrointestinal tract were measured. Then the 

gastrointestinal sucrose content was calculated from the amount of liberated glucose 

(Goto et al. 1995). Glucose was measured by glucose-oxidase (GOD-PAP) method using 

commercial kit (Boeringer Mannheim GmbH kit) as described in Section 2.11. 

                             

2.16 Intestinal glucose absorption in situ  

An intestinal perfusion technique (Swintosky & Pogonowskawala 1982) was used to 

study the effect of the plant materials on intestinal absorption of glucose in rats fasted for 

36 hours and anesthetized with sodium pentobarbital (50 g/kg). The plant materials 

suspended in Kreb solution (g/l, 1.02 CaCl2, 7.37 NaCl, 0.20 KCl, 0.065 NaH2PO4.6H2O, 

0.6 NaHCO3, pH 7.5) supplemented with glucose (54.0 g/l) was passed through upper 

part of duodenum (just after stomach) and the perfusate was collected from a catheter set 

at the end of ileum.   The plant extracts were added to Kreb solution to a final 

concentration of 25 mg/ml, so that the amount of extract in the perfused intestine is 

equivalent to the dose of 1.25 g/kg. The control group was perfused only Kreb 

supplemented with glucose. The system was set at a constant temperature of 37 oC and 

the perfusion rate was 0.5 ml/min. The perfusion time was 30 min. The results were 
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expressed as percentage of absorbed glucose, calculated from the amount of glucose in 

solution before and after the perfusion. 

 

2.17 Statistical analysis 

A statistical analysis software for Windows, Graph Pad prism 5, used for all types of 

analysis and interpretation of data. All data recorded in the experiments were analysed by 

unpaired Studentôs t-test (nonparametric, with two-tailed P values) and one-way ANOVA 

with Bonferroni post hoc tests wherever applicable. To plot area under the curve (AUC) 

with baseline correction, trapezoidal rules were followed. Values were presented as mean 

± SEM; the significant limit was determined as P<0.05. 
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Figure 2.1: Schematic diagram of preparation of hot water extract of plants   

 

Weigh 25 gm/l of dried powder of plants (leaves or barks) 

 

Added water (1 L) 

 

Boiled in water 

 

Once boiling, the suspension was removed from the heat and allowed to infuse over 

15min 

 

The suspension was ýltered (Whatman no. 1 ýlter paper) 

 

Evaporated to dryness using a rotary evaporator 

 

The dried sample will have stored at 4 oC until use 

 

 

Figure 2.2: Schematic diagram of preparation of ethanol extract of plants  

 

Weigh 200 gm/l of dried powder of plants (barks or leaves) 

 

Added 80% Ethanol (1 L) 

 

Put in to shaker for 2-4 days at room temperature 

 

The suspension was ýltered (Whatman no. 1 ýlter paper) 

 

Ethanol extract will be further evaporated and dried using a rotary evaporator 

 

The dried sample will have stored at 4 oC until use 

 

 

Note: 

2 kg of dried powder required 10 L of 80% ethanol 

200 gm of dried powder required 1 L of 80% ethanol  

Higher concentration = 5000 µg/ml and  

Lower concentration = 1.6 µg/ml  
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Figure 2.3: Schematic diagram of partition fractionation of plant extracts  

 

 

 

Note: 

Organic solvent: aqueous solvent = 3:1 = 3 L: 1 L 

For example 

For 20 gm ethanol extract, we need 300ml organic solvent + 100 ml aqueous solvent 

For 100 gm ethanol extract, we need 1500 ml organic solvent + 500 ml aqueous solvent 

Note: When the organic solvent   will separate from aqueous solvent then we have to 

collect organic layer from separating funnel and evaporate the organic solvent by using 

rotary evaporator. 

 

 

  

Ethanol (80%) extract of Annona squamosa (100 g) 

Hexane soluble part  H2O part 

Hexane + H2O 

CHCl3 soluble part  H2O part 

Ethyl acetate (EtOAc)   

EtOAc soluble part  

Chloroform (CHCl3) 

H2O part 

1-BuOH soluble part  H2O part  

1-Butanol (1-BuOH) 
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Figure 2.4: Flow-chart representation of steps involved in isolation and 

characterization of phytochemicals from crude plant extracts 

 

Powder form of plants (leaves or barks) 

 

             Partial purification of crude powder using Soxhlet Extraction Method 

 

Purification of partially purified crude extracts using reverse phase HPLC and collection 

of fractions 

 

Insulin-release studies to identify insulinotropic fractions using 100ɛl of fractions 

collected from RP-HPLC 

 

Further purification of insulinotropic fractions to homogeneity to obtain purified 

compounds 

 

Structural characterization using Mass Spectrometry (LCMS) and Nuclear Magnetic 

Resonance (NMR) 

 

Insulin-release studies in vitro and in vivo 
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Figure 2.5: Image of Rotary evaporator machine (A) and Soxhlet extraction machine 

(B)  

 

(A) Rotary evaporator machine 

 

 

 

 

 

 

 

 

 

 

        

 

(B) Soxhlet extraction machine 
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Figures 2.6: BRIN -BD11 Cells (A) and isolated mouse islet cells (B) growing in 

culture 

 

(A) BRIN-BD11 Cells 

 

 

 

(B) Isolated mouse islet cells   
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Figures 2.7: 3T3L1 adipocyte fibroblast cells growing in culture before (A) and 

after differentiation (B)  

 

(A) 3T3L1 fibroblast cells before differentiation 

 

 

 

(B) 3T3L1 fibroblast cells after differentiation to adipocytes 
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Figure 2.8: Image of reversed-phase HPLC 
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Figure 2.9: HPLC Separation of iodinated bovine insulin 
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Iodinated 125I - bovine insulin was purified from the reaction mixture by reversed-phase 

HPLC, operated at a flow rate of 1 ml/min. All fractions were collected using an 

automated fraction collector. Radioactivity of each fraction was determined by running 5 

Õl sample from each on WizardÊ 1470 automatic gamma counter (Perkin Elmer, USA), 

gamma counter. Fractions collected between 5-7 min (Peak A) contain unbound Sodium 

iodide (Na125I), and hence it was disposed off. Whereas the fraction between 21-26 min 

(Peak B) contained iodinated insulin which was selected to perform antibody binding test.  
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Figure 2.10: General principle of radioimmunoassay 
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Figure 2.11: A standard curved used for insulin radioimmunoassay 

 

Rat Insulin (20ng/ml) standards were serially diluted to obtain a range of concentrations 

from 20ng/ml to 0.039ng/ml. These were incubated with guinea pig anti-insulin antibody 

and radiolabelled insulin for 48hr at 4 oC. Dextran coated charcoal (1ml) was added to 

each tube and centrifuged for 20 min at 2500 rpm. Radioactivity in the pellet was 

determined by gamma counter. Counts in unbound radiolabelled insulin are inversely 

proportional to the concentration of insulin in the sample. Values are mean ±SEM (n=3). 
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Figure 2.12: A typical standard curve for the DPP-IV assay 
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A DPP-IV standard curve with standard concentrations of AMC ranging from 0.24 ï 15.6 

ɛM (R2 = 0.999). Unknown values are interpolated for the determination of AMC 

concentration and DPP-IV activity calculated as ɛM/ml/min. Values are mean ±SEM (n 

=3). 
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Figure 2.13: Standard curve for glucose analysis by GOD-PAP reagent 
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Standard curve of glucose was prepared over a concentration range of 0-60 mmol/lit. O.D. 

was measured at 505 nm. Values are mean ±SEM (n =4). 
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Glucose standards ranged from 1, 2, 4, 8, 12 and 16 mM. Linear regression was used for 

determination of unknown sample glucose concentrations. Values are mean ±SEM (n =4). 
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Figure 2.14: Bradford assay standard curve for the absorbance of BSA 

concentrations 
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BSA standards ranged from 0.000, 0.130, 0.170, 0.230, 0.300, 0.400, 0.550, 0.750, 0.980, 

1.310, 1.750 and 2.000mg/ml. Linear regression was used for determination of unknown 

sample BSA concentration. Values are mean ±SEM (n =3). 
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Figure 2.15: Representative images of Sprague Dawley rats (A) and lean mice (B) 

 

(A) Sprague Dawley Rats 

 

         

 

 

(B) Lean mice 
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Figure 2.16: Image of fluorescent microscope (Olympus System Microscope BX51, 

Olympus instruments, UK). 
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Chapter 3 

  

Evaluation of the antidiabetic and insulin 

releasing effects of A. squamosa, 

including isolation and characterization 

of active phytochemicals
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3.1 Summary 

Antidiabetic actions of Annona squamosa have been well documented but the underlying 

mechanisms are not well understood. In the present study, hot water and ethanol extracts 

and partition fractions of A. squamosa leaf were investigated in vitro and in vivo, to 

elucidate the mechanism underlying anti-diabetic actions together with the isolation and 

characterisation of active compounds. Hot water and ethanol extracts and partition 

fractions (hexane and ethylacetate) of A. squamosa leaf significantly (P<0.05ï0·001) 

stimulated insulin release 2.2-5.5-fold at 5.6mM or 16.7mM glucose at concentrations 

between 8-5000µg/ml from BRIN-BD11 cells. Chloroform fraction at a higher dose 

(5000µg/ml) also increased insulin release (P<0·001) at 5.6mM or 16.7mM glucose. 

Similar insulin secretory responses to 25-200µg/ml A. squamosa extracts were observed 

using isolated islets with stimulatory effects equivalent in magnitude to 1µM GLP-1. 

Insulinotropic effects of A. squamosa (200µg/ml, non-toxic concentration) on BRIN-

BD11 cells were significantly inhibited by verapamil (38% in hot water extract and 30% 

in ethanol extract), diazoxide (37% in hot water extract and 38% ethanol extract) and 

calcium free conditions (64% in hot water extract and 62% in ethanol extract) showing 

importance of ion channels and Ca2+ in mechanism of action. Secretion was further 

potentiated by activation of multiple pathways using IBMX (200µM, 1.4-fold, P<0.001), 

tolbutamide (200µM, 1.2-1.5-fold, P<0.05) and KCl (30mM, 1.2-fold, P<0.001). At 

200µg/ml, A. squamosa extracts induced membrane depolarization and increased 

intracellular Ca2+ by 4.5-7 and 7.2-7.5-fold respectively. Both hot water and ethanol 

extracts significantly inhibited starch digestion, protein glycation, DPP-IV enzyme 

activity and glucose diffusion in vitro by 10-39%, 8-50%, 8.5-33.5% and 10-32% 

(P<0.05-0.001) respectively. In addition, extracts increased transport of glucose and 

insulin action in 3T3-L1 adipocytes. Following the ingestion of sucrose, the extract 

substantially reduced postprandial hyperglycaemia and, increased unabsorbed sucrose 

content throughout the intestine. A. squamosa reduced glucose absorption during in situ 

gut perfusion with glucose. Treatment of high-fat diet-induced obese-diabetic rats with 

hot water extracts of A. squamosa (250mg/5ml/kg) over 9 days, improved blood glucose, 

fluid intake, pancreatic insulin content, islet, and, beta cell mass and body weight in 

comparison to high-fat fed controls. This was associated with increased in plasma insulin 

(P<0.05) from 6 days. Impaired oral glucose tolerance of high-fat fed rats was markedly 

improved by 6 days administration of plant extract. High-fat diet fed rats exhibited 
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significantly increased plasma DPP-IV activity which was strongly inhibited by A. 

squamosa (P<0.05-0.01). Compounds isolated from plant extracts showing molecular 

weights in range 594.3-610.3 Da stimulated concentration-dependent insulin release with 

a 610.3 Da (C27H30O16 (rutin)) being the most potent. The isolated compound rutin 

induced membrane depolarization and enhanced the intracellular Ca2+ in BRIN BD11 

cells. It also improved the glucose tolerance (P<0.01-0.001) and increased the plasma 

insulin (P<0.05-0.01) in Swiss albino mice. These results suggest that Annona squamosa 

leaf improves the beta cell function and is capable of improving glucose homeostasis in 

T2DM by a variety of actions. A small molecular weight component rutin, with strong 

insulin-releasing activity is an important contributor to the antidiabetic effects.     

 

3.2 Introduction 

Diabetes mellitus is a chronic and complex group of metabolic disorders that is growing 

rapidly around the globe. Around 2.8% of the world's population has diabetes and it is 

anticipated to increase to 5.4% by the year 2025 (Patel et al. 2012). Type 2 diabetes 

mellitus is the most prevalent among these two types. T2DM has manifested within 90 - 

95% of total DM patients (ADA 2009). In T2DM, pancreatic ɓ-cell function is impaired 

and together with insulin resistance in hepatic and peripheral tissues, causes over 

production in hepatic glucose and reduction in peripheral glucose uptake (Natali and 

Ferrannini 2006). 

 

Additionally, progressive abnormalities in the insulin secretory responses from the beta 

cells also become prevalent in T2DM (DeFronzo 2009). Oral hypoglyceamic agents 

(OHAs) can reduce insulin resistance and are able to facilitate insulin secretion during 

the early stage of disease progression (DeFronzo 2009; Wallia and Molitch 2014). 

However, they increase the risk of developing hypoglycaemia, gastrointestinal 

disturbances, weight gain, diarrhoea, renal failure and hypersensitivity (Inzucchi et al. 

2015).  One such avenue to combat adverse effects is to use natural sources such as 

medicinal plants and animal products (Kato 2019; Sarmiento et al. 2019). 

 

Herbal medicines have been valuable source of pharmacological therapeutics for the 

treatment of DM. They have become a growing part of modern medicine (Ekor 2014). 

Different plants have been studied in recent times to evaluate their hypoglycaemic 

properties (insulinomimetic or insulin secretagogues activities) and improvement of 
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glusose tolerance (Kato 2019). The active phytoconstituents with insulin-mimetic activity 

of these plants have been also investigated (Kooti et al. 2016). Antihyperglyceamic 

activity of the plants are  mainly due to their ability to restore the function of endocrine 

pancreatic tissue by increasing the insulin output, inhibiting the intestinal glucose 

absorption and/or facilitating the insulin production (Patel et al. 2012).  To date, more 

than 400 plant species have been identified having hypoglyceamic activity, and yet new 

compounds are being searched for greater efficacy (Patel et al. 2012).  

 

Annona squamosa, locally known as ' Custard apple or Ata, ' belongs to the Annonaceae 

family and is a small tree native to Bangladesh. The plant is well known locally for 

different therapeutic values such as antioxidant, antidiabetic and hepatoprotective activity 

(Li  et al. 2004).  Several phytochemicals were isolated from different fractions of A. 

squamosa including alkaloids, terpinoids, phenolics, wax and fats,  kamepherol, 

farmarixetin, tannins, flavonoids and steroids (Sharma and Goray 2009; Varadharaj et al. 

2012).  

 

Several studies on different animal models using A. squamosa has shown reduction of 

total cholesterol, LDL and triglyceride, but increased HDL (Gupta et al. 2005; Shirwaikar 

et al. 2004). A. squamosa also has the ability to reduce blood glucose and increase plasma 

insulin levels (Kaleem et al. 2006) and to protect from pancreatic ɓ-cell destruction from 

oxidative stress (Gupta et al. 2008; Panda et al. 2013; Sangala et al. 2011; Sharma et al. 

2013). In addition, this plant has been reported to have hepatoprotective properties 

(Sobiya Raj et al. 2009). Similarly, another study reported A. squamosa extract treatment 

reduced the liver toxicity induced by the isoniazid + rifampicin (Sheikuduman et al. 

2008). Additionally, other pharmacological properties include anti-depressant, analgesic, 

anti-inflammatory (Sharma et al. 2010) and anti-bacterial effects (Sharma et al. 2010). 

 

 Despite these studies, the full mechanism of action of A. squamosa is not yet known and, 

the present study investigated the actions of A. squamosa as an anti-diabetic agent. The 

effects of hot water, ethanol extracts and three partition fractions of A. squamosa leaves 

were evaluated for insulin secretion using BRIN BD11 cells and isolated mouse islets. 

Furthermore, the acute and long-term effects of A. squamosa in vivo were evaluated in 

normal and high-fat-fed diabetic rats. Rats were treated with A. squamosa orally 

(250mg/5ml/kg body weight) for 9 days.  Oral glucose tolerance, intestinal glucose 
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absorption, DPP-IV activity, islet morphology and body weight were investigated to 

determine the effects of A. squamosa. Finally, the active compounds from A. squamosa 

extracts were isolated using RP-HPLC and their mass to charge ratio and identity were 

defined by NMR. 

 

3.3 Materials and Methods 

3.3.1 Reagents 

All the chemicals and reagents used in this study were mentioned previously in Section 

2.1 of Chapter 2. 

 

3.3.2 Collection and preparation of plant extracts 

Annona squamosa leaves were purchased from the University Ayurvedic Research Centre 

(UARC), Jahangirnagar University, Dhaka, Bangladesh and were identified and 

documented by the botanical taxonomist Bangladesh National Herbarium, Mirpur, 

Dhaka, and given accession number 43754.  Plant leaves were obtained, washed and air-

dried, before proceeding with both water and ethanol extraction and partition fractions as 

described in Sections 2.2.1, 2.2.2 and 2.2.3. 

3.3.3 In vitro insulin-releasing studies using BRIN-BD11 cells 

The insulin-releasing effects of plant extracts and partition fractions were tested using 

BRIN-BD11 cell lines as described previously (Thomson et al., 2014). The BRIN-BD11 

cell culture process is described in Section 2.3.1.  

 

3.3.4 Cytotoxicity assays 

Effects of plant extracts on the release of LDH (lactate dehydrogenase) from the BRIN-

BD11 cell line were measured from supernatants of insulin-releasing experiments. A 

cytotoxicity assay kit, CytoTox 96 (Promega, Southampton, UK) was used to determine 

the LDH concentrations as decribed in details in Section 2.5 (Ojo et al. 2013).  

 

3.3.5 Insulin-releasing studies using isolated mouse islets  

Islets were isolated from the pancreas of albino Swiss mice (40-50gm) (Goto et al. 1995; 

Lacy and Kostianovsky 1967) by digesting with collagenase P from Clostridium 

histolyticum (Sigma-Aldrich, Dorset, UK). Islets were cultured for 48 hrs, and then 

subjected to an insulin-release study as described in Sections 2.4.2.1 and 2.4.2.2.  The 
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supernatant samples were extracted and stored at -20ºC for insulin radioimmunoassay, 

and the islets were retrieved to measure islet insulin content following acid-ethanol 

extraction (Hannan et al. 2006a; Ojo et al. 2015).  

 

3.3.6 Membrane potential and intracellular calcium ([Ca2+] i) concentration 

Changes in membrane potential and intracellular [Ca2+]i concentrations of BRIN-BD11 

cells in response to incubation with hot water and ethanol extracts of A. squamosa were 

determined using a FLIPR Membrane Potential Assay Kit and a FLIPR Calcium Assay 

Kit (Molecular Devices, Sunnyvale, CA, USA) as described previously in Sections 2.6 

and 2.7  ( Ojo et al. 2011; Abdel-Wahab et al. 2007; Miguel et al. 2004).  

 

3.3.7 Glucose uptake assay 

Dulbeccos modified eagle medium (DMEM) was prepared containing penicillin (50 

U/ml), streptomycin (50 µl/ml) and foetal bovine serum (10% v/v).  The 3T3 L1 fibroblast 

cells were regularly cultured and differentiated to adipocytes for testing various plant 

extracts as described in Sections 2.8.1 and 2.8.2. 

 

3.3.8 Glycation of insulin  

An in vitro technique (Kasabri et al. 2010) was performed to assess the effects of various 

plant extracts on protein glycation as previously described in Sections 2.9.2 and 2.9.3.  

 

3.3.9 DPP-IV enzyme activity in vitro 

A fluorometric method was used to evaluate the DPP-IV inhibitory activity of plant 

extracts as described in Section 2.10. 

 

3.3.10 Starch digestion 

The starch digestion studies were performed as previously described in Section 2.11 

(Thomson et al. 2014). 

 

3.3.11 Glucose diffusion in vitro 

The in vitro glucose diffusion model was based on a cellulose ester (CE) dialysis tubes 

(20cm × 7.5mm, Spectra/Por®CE layer, MWCO: 2000, Spectrum, Netherland). Briefly, 

a 2ml volume of 0.9% NaCl (BDH Chemicals Ltd, Poole UK) supplemented with 220mM 

glucose was incubated into dialysis tubings either in the presence or absence of plant 
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extract / gaur gum or pectin.  Both ends of each tube was sealed tightly and placed in a 

50ml centrifuge tube (Orange Scientific, Ca, USA) containing 0.9% NaCl (45ml).  The 

tubes were put on an orbital shaker and maintained at 37 oC during shaking for 24hr as 

illustrated in Section 2.12.  

 

3.3.12 Animals 

Sprague-Dawley male rats (Envigo UK, approximately 350-400g) were fed a high-fat diet 

(20% protein, 45% fat and 35% carbohydrate; 26.15 KJ/g total energy percent (Special 

Diet Service, Essex, UK)) 5 - 6 weeks before the start of experimentations. Age-matched 

rats were maintained on standard rodent maintenance diet (10% fat, 30% protein and 60% 

carbohydrate making 12.99 KJ/g total energy, Trouw Nutrition, Cheshire, UK) as controls 

(described in Sections 2.13.1.1. and 2.13.1.2). All animal experiments were done in 

accordance with the Principles of Laboratory Animals Care and the UK animals Scientific 

Procedures Act 1986. 

 

3.3.13 Residual gut sucrose content  

The effects of A. squamosa leaves on sucrose absorption from the gastrointestinal tract 

were evaluated as previously described (Hannan et al. 2012). Briefly, fasted non-diabetic 

rats (24hr) were given a 50% sucrose solution orally (2.5 g/kg body weight) in the 

presence or absence of A. squamosa leaves (250 mg/kg). After a sucrose load, the quantity 

of unabsorbed sucrose content was determined. Before and after the sucrose load, blood 

samples were obtained at 30, 60, 120 and 240 mins from the tail for measurement of blood 

glucose levels. GIT sucrose content was measured as the amount of the glucose release. 

Details of the experimental procedure are mentioned in Section 2.15. 

 

3.3.14 Intestinal glucose absorption in situ 

The effects of ethanol extract of A. squamosa leaves (5 mg/ml equal to 0.25 g/kg) on the 

absorption of intestinal glucose were evaluated using the technique of in situ intestinal 

perfusion as previously described in Section 2.16 (Hannan et al. 2012).  

 

3.3.15 Oral glucose tolerance  

To evaluate the effects of hot water extract of A. squamosa leaves and isolated compound 

(rutin) on glyceamic control, oral glucose tolerance tests were conducted as described in 

Chapter 2, Section 2.13.2.  Plasma serum was separated from the whole blood by 
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centrifugation for 5 min at 4 oC at 12000 rpm and stored at -20 oC to be tested for insulin 

by radioimmunoassay as previously described in Chapter 2, Section 2.4.4.  

 

3.3.16 DPP-IV enzyme activity in vivo 

High-fat-fed rats (380-400gm body wt.) were used to study DPP-IV inhibitory activity of 

A. squamosa extract in vivo as described in Chapter 2, Section 2.13.6. The activity of 

DPP-IV was determined in plasma by a fluorometric assay based on the liberation of 

AMC (7-Amino-4-Methyl-Coumarin) from DPP-IV substrate, Gly-Pro-AMC with the 

modification as previously described in Section 2.13.6 (Duffy et al. 2007; McKillop et al. 

2009).   

 

3.3.17 Glucose homeostasis after 9-day treatment with hot water extract of A. 

squamosa leaves in high-fat fed rats 

For 6 weeks before the experiment, adult, male Sprague - Dawley rats were fed on a high 

- fat diet. A twice daily oral administration of saline (control) or hot water extract 

(250mg/5m/kg) was given for 9 days to weight - matched animals. The entire process is 

as described in Section 2.13.1.1 and 2.13.1.2.  Blood samples collected were used to 

measure blood glucose (Chapter 2, Section 2.13.4), plasma insulin (Chapter 2, Section 

2.13.5) and plasma DPP - IV (Chapter 2, Section 2.13.6). Blood was obtained 3 days 

before and after 0, 3, 6 and 9 following the oral administration of plant extracts. During 

this period, body weight, food and fluid intake were also monitored. Glucose tolerance 

was evaluated after 6 days of treatment as described in Chapter 2, Section 2.13.2. 

Furthermore, for immunohistochemistry studies, tissues (pancreas and intestine) had been 

obtained from sacrificed male Sprague - Dawley rats (both high-fat fed and normal rats). 

The content of pancreatic insulin was measured as shown in Chapter 2, Section 2.13.8.   

 

3.3.18 Islet morphology after 9-days treatment with hot water extract of A. squamosa 

leaves in high fat fed rats  

At the end of the study, pancreata extracted from both high-fat fed (treated or untreated) 

and normal rats (control) were placed within 4% paraformaldehyde at 4 oC for 48 hr and 

an automated tissue processor was used to process the tissues. Tissue staining and their 

analysis were processed as mentioned in Chapter 2, Section 2.14.1. 
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3.3.19 Purification of crude extracts 

The crude extracts obtained from plant were purified using RP-HPLC as described in 

Chapter 2, Section 2.2.4.1. 

 

3.3.20 Structural characterisation of purified extracts  

In order to characterise the structures of the purified extracts, LC-MS (Liquid 

Chromatography Mass Spectrometry) was performed to measure the molecular mass of 

collected HPLC fractions through Electrospray ionization mass spectrometry (ESI-MS) 

as described in Chapter 2, Section 2.2.5. 

 

3.3.21 Confirmation of extract purity and identity 

Confirmation of each extracts purity and identity was acheived by HPLC, LC-MS and 

NMR respectively. Nuclear magnetic resonance (NMR) was fundamentally related to 

magnetic properties of certain nuclear core; eminently the core of the hydrogen molecule, 

the proton, the carbon, and an isotope of carbon as described in Chapter 2, Section 2.2.6. 

 

3.3.22 Statistical analysis 

A statistical analysis software for windows, Graph Pad prism 5, used for all types of 

analysis and interpretation of data. All data recorded in this experiment was analysed by 

unpaired Studentôs t test (nonparametric, with two-tailed P values) and one-way ANOVA 

with Bonferroni post hoc tests wherever applicable. To plot area under the curve (AUC) 

with baseline correction, trapezoidal rules were followed. Values were presented as mean 

± SEM; the significant limit was determined as P<0.05. 

 

3.4 Results 

3.4.1 Acute effects of extracts and fractions of A. squamosa leaves on insulin release 

from BRIN -BD11 cells 

Insulin secretion from BRIN-BD11 cells was increased in a concentration dependent 

manner (1.6-5000ɛg/ml) by hot water, ethanol extracts and the three partition fractions of 

A. squamosa as illustrated in the Figures 3.1-3.5 (A & B). Alanine (positive control, 10 

mM) and KCl (30mM) were used. Hot water and ethanol extracts, dose dependently 

induced increase in insulin secretion by 2 - 6 and 2 - 6.5 fold in comparison to 5.6mM 

and 16.7mM glucose alone (P<0·05ïP<0·001). The extract concentrations up to 

200ɛg/ml did not affect cell viability but increased release of LDH levels by 16 to 60% 
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was observed with higher doses (>200ɛg/ml); (Fig. 3.1-3.2 (C & D)). Insulin secretion 

from 200 to 5000ɛg/ml was enhanced by hexane and ethylacetate fractions of A. 

squamosa (P<0·05ïP<0·00, Fig. 3.3-3.4 (A & B)).  At a higher concentration (1000-

5000ɛg/ml), the LDH release was increased by 33-70% (Fig. 3.3-3.4 (C & D)), compared 

to control (P<0·05-P<0.001).  At higher doses (1000 and 5000 ɛg/ml), chloroform 

fraction enhanced insulin release ((P<0·001, Fig. 3.5 (A)) at 5.6mM glucose. 

Furthermore, chloroform fraction also enhanced insulin release (P<0.001, Fig. 3.5 (B)) at 

higher concentrations (200-5000ɛg/ml) at 16.7 mM glucose but this was associated with 

rise in LDH release ((30%ï60%, P<0.05-P<0.001, Fig. 3.5 (C & D)).  

 

3.4.2 Effects of extracts of A. squamosa leaves on insulin release from isolated mouse 

islets 

Hot water and ethanol extracts of A. squamosa induced insulin release from isolated 

mouse islets in the presence of 16.7 mM glucose. Both extracts showed concentrations 

dependent (50-200 ɛg/ml) increase in glucose-induced insulin secretion by 1.4-2.8-fold 

as compared to control (16.7mM glucose alone) (P<0.01- 0.001, Fig. 3.6 A & B). GLP-1 

(10-6 & 10-8M) and alanine (10 mM) used as positive control showed a significant 

(P<0.001) increase in insulin release.  GLP-1-induced insulin-release from mouse islets 

was more potent than alanine (P<0.001; Fig. 3.6). The insulin-releasing effect was 

measured as a percentage of total insulin content as shown in Figures 3.6 A & B.  

 

3.4.3 Insulinotropic effects of extracts of A. squamosa leaves in the presence of 

known modulators of insulin release and, inhibitors or absence of extracellular 

calcium 

These studies were performed to understand the mechanism/s underlying the insulin 

secretory actions of non-toxic concentration (200µg/ml) of A. squamosa extract. As 

shown in Figures 3.7 (A & B) and 3.8 (A & B), hot water and ethanol extracts of A. 

squamosa leaves induced insulin release (P<0·001) and was enhanced by various 

modulators including, 16.7 mM glucose (P<0.05), isobutylmethylxanthine (IBMX; 

P<0.001) and tolbutamide (P<0.001) respectively. On the other hand, the presence of 

diazoxide and verapamil partially reduced insulin release but was not completely 

abolished (P<0.01-0.001). Moreover, extracts maintained their ability to increase insulin 

secretion from the cells depolarized with 30mM KCl (P<0.001; Fig. 3.7A & 3.8A) at 
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16.7mM glucose. Absence of Ca2+ ions from the incubation buffer reduced insulin-

releasing activity of the plant extracts but did not completely abolish it (P<0.05-0.01; Fig. 

3.7B & 3.8B).  

 

3.4.4 Effects of extracts of A. squamosa leaves on membrane depolarization and 

intracellular calcium in BRIN -BD11 cells  

The effects of hot water and ethanol extracts of A. squamosa on membrane potential and 

intracellular calcium ([ Ca2+]i) in BRIN BD11 cells are shown in Figures 3.9 and 3.10. 

Hot water (Fig. 3.9A & 3.9C) and ethanol (Fig. 3.9B & 3.9D) extracts induced membrane 

deplorization (P<0.001) and caused a significant increase in intracellular calcium ion 

concentration at 5.6mM glucose (P<0.001) (Fig. 3.10A & 3.10C; 3.10B & 3.10D). Both, 

KCl (30mM) and alanine (10mM) were used as positive control resulting in an increase 

in membrane potential (Fig. 3.9, P<0.001) and intracellular calcium levels (Fig. 3.10, 

P<0.001) compared to the control (5.6mM glucose alone). 

 

3.4.5 Effects of extracts on glucose uptake and insulin action 

The effects of A. squamosa on glucose uptake and insulin action were determined by 2-

NBDG (2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl) Amino)-2-Deoxyglucose) fluorescent 

hexose, a glucose analogue using the 3T3L1 adipocyte cells. Figure 3.11 shows the 

microscopic fluorescence intensity images of 2-NBDG uptake. A. squamosa (200ɛg/ml) 

treated cells with or without insulin (100nM), showed a significant increase in 

fluorescence intensity compared to control (Fig. 3.11 and 3.12).  Ethanol extract of A. 

squamosa improved the glucose uptake by 2-fold in 3T3L1 differentiated adipocyte cells 

whereas a 1.2-fold increase was reported with hot water extract compared with the control 

groups ((P<0.05-0.01, Fig. 3.12 (A & B) ). In the presence of insulin, ethanol extract of A. 

squamosa leaves showed the highest cellular intensity of 2-NDBG fluorescence (Fig. 

3.12B). Both extracts (hot water and ethanol) increased glucose uptake in 3T3L1 

adipocyte cells by 20-30% in the presence of insulin (100nM) and by15-27% in the 

absence of insulin (P< 0.01, Fig. 3.12 (A & B) ). Insulin alone stimulated glucose uptake 

up by 1.5-fold compared to the basal control incubations (Fig. 3.12). 

 

3.4.6 Effects of extracts of A. squamosa leaves on glycation of insulin  

The effects of hot water and ethanol extracts of A. squamosa on insulin glycation are 

illustrated in Figures 3.13A and B respectively. Aminoguanidine (44mM) used as a 
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positive control inhibited insulin glycation by 82.7% ((P<0.001; Fig. 3.13). The 

percentage of insulin glycation was decreassed by 12-50% by hot water extract in a 

concentration dependent manner (50-200 µg/ml) (P<0.05-0.001; Fig. 3.13A). Similarly, 

the ethanol extract reduced insulin glycation by 8-46% (P<0.05-0.001; Fig. 3.13B) 

compared to control (200mM glucose + 1mg/ml insulin).   

 

3.4.7 Effects of extract of A. squamosa leaves on DPP-IV enzyme activity in vitro  

The in vitro DPP-IV enzyme inhibitory effects of sitagliptin, A. squamosa extracts (hot 

water and ethanol) and their fractions have been evaluated as shown in the Figures 3.14 

(A-F) and 3.15 (A-F) respectively. Sitagliptin an established inhibitor of DPP-IV enzyme, 

reduced enzyme activity in a dose-dependent manner (1-10µM) and inhibited DPP-IV by 

15-98% (P<0.01-0.001; Fig. 3.14 A & D).  Hot water and ethanol extracts exerted 

significant inhibitory effects on DPP-IV enzyme at a concentrations range between 200 

and 5000µg/ml (P<0.05-0.001; Fig. 3.14 (B & E), 3.14 (C & F)). Both extracts (200-5000 

µg/ml) produced 8-22% (P<0.05-0.001; Fig. 3.14 B & E) and 9-33% (P<0.05-0.001; Fig. 

3.14 C & F) decrease in AMC liberation from Gly-Pro-AMC in the presence of the DPP-

IV enzyme. The Hexane fraction of A. squamosa also reduced AMC liberation from Gly-

Pro-AMC in the presence of the DPP-IV enzyme in a dose dependent manner (200-5000 

µg/ml; P<0.05-0.001; Fig. 3.15 A & D). Similarly, the ethylacetate fraction (1000-

5000µg/ml) inhibited the enzyme activity when compared with the control group (Gly-

Pro-AMC (200 µM) + DPP4 (8 mU/mL-1)) alone ((P<0.05-0.001; Fig. 3.15 (B & E)). 

However, chloroform reduced the DPP-IV activity at only a higher concentration of 

5000µg/ml ((P<0.05; Fig. 3.15 (C & F)).  

 

3.4.8 Effects of extracts of A. squamosa leaves on starch digestion 

The effects of A. squamosa on starch digestion are presented in Figures 3.16 B and 3.16 

C respectively. Acarbose (62.5-1000µg/ml) used as standard inhibitory drug produced 

17-72 % decrease in starch digestion in vitro in a dose dependent manner (P<0.05-0.001, 

Fig. 3.16 A). At the higher concentrations (500-1000µg/ml), the hot water extract of A. 

squamosa (Fig. 3.16 B; P<0.05-0.01) reduced enzymatic (namely Ŭ-amylase and Ŭ-

glucosidase) digestion of starch by 18-28%. Ethanol extract was more potent in inhibiting 

starch digestion than hot water and reduced enzymatic activities by 10-39% compared to 

controls (125- 1000 µg/ml, P<0.05-0.001; Fig. 3.16 C).  
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3.4.9 Effects of extracts of A. squamosa leaves on glucose diffusion in vitro 

Hot water and ethanol extracts of A. squamosa resulted in a significant inhibition of 

glucose diffusion after a 24-hr incubation as compared to the control.  As shown in Figure 

3.17, the extracts decreased the total diffusion of glucose by 10-30% ((P<0.05-0.001, Fig. 

3.17 (A & B)). The extract was most effective at a concentration of 25mg/ml, (30%, 

P<0.01-0.001, Fig. 3.17 (A & B)).  

 

3.4.10 Acute in vivo studies  

3.4.10.1 Acute effects of hot water extract of A. squamosa leaves on oral glucose 

tolerance   

Oral administration of glucose (18mmol/kg body weight) with hot water extract of A. 

squamosa (250mg/5ml/kg) significantly (P<0.05-0.01) improved oral glucose tolerance 

in high-fat fed rats compared to control rats (glucose alone), (Fig. 3.18 (A & B)). This 

was associated with an increase in the plasma insulin within 30 min for rats that received 

hot water extract (250mg/5ml/kg) together with oral glucose (P<0.05; Fig. 3.18 (C & D)). 

Both high-fat fed rat groups had a significantly higher level of blood glucose (P<0.01-

0.001) and plasma insulin (P<0.05-0.01) compared to the normal lean rats (Fig. 3.18 (A 

& B), (C & D)). 

 

3.4.10.2 Acute effects of hot water extract of A. squamosa leaves on DPP-IV enzyme 

activity  in vivo  

The DPP-IV activities of A. squamosa are illustrated in Figures 3.19 A and B respectively. 

High-fat fed rats received glucose (18mmol/kg) in the presence of extract 

(250mg/5ml/kg) showed a reduction in DPP-IV enzyme activity significantly (P<0.01) 

from 30 min onwards with 20-24% decrease compared to the high-fat fed control rats 

(glucose alone). Sitagliptin and vidagliptin (10µmol/kg), established inhibitors of DPP-

IV enzyme, resulted in significant reductions of the enzyme activity (P<0.001) (Fig. 3.19 

(A & B)). Both sitagliptin and vidagliptin reduced the DPP-IV enzyme activity by 69-

71% from 30 min onwards (P<0.001; Fig. 3.19 (A & B)).  

 

3.4.10.3 Effect of ethanol extract of A. squamosa leaves on serum glucose after 

sucrose load 

The ethanol extracts of A. squamosa showed significant 19-25% (P<0.01) reduction in 

serum glucose at 30 and 60 mins time points (250 and 500mg/5ml/kg, P<0.05-0.01; Fig. 
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3.20) in normal rats as compared to control (sucrose alone). At the higher concentrations 

of 500mg/5ml/kg, the extracts significantly decreased serum glucose at 120 min (P<0.05. 

Fig. 3.20). However, there was no decrease in glucose levels in rats receiving oral sucrose 

alone (Fig. 3.20). This may indicate the positive effects of plant extracts on the 

secretion/action of insulin however, direct measurement of sucrose in the intestine may 

provide better evidence of delayed absorption. 

 

3.4.10.4 Effects of ethanol extract of A. squamosa leaves on residual gut sucrose 

content 

The effects of the oral administration of sucrose (2.5g/kg body weight) with plant extract 

or without (control) on residual gut sucrose content in normal rats are shown in Figures 

3.21 A-F respectively. Unabsorbed sucrose content after sucrose ingestion with plant 

extract was observed in the stomach, upper, middle and lower small intestine at 30 and 

60 mins respectively. Sucrose absorption was slower in the presence of the plant extract 

at a dose of 250 and 500mg/5ml/kg (P<0.05-0.001; Fig. 3.21 (A-D)). Some amounts of 

sucrose remain unabsorbed at 2 hr in the middle and lower intestine, caecum and large 

intestine in the treated groups (P<0.05-0.001; Fig. 3.21 (C-F)). The sucrose content was 

almost nil after 4 hr in the control group (sucrose alone), whereas a small amount of 

sucrose was detected in the caecum of treated groups with plant extract of a dose of 

500mg/5ml/kg (P<0.05; Fig. 3.21 E). 

 

3.4.10.5 Effects of ethanol extract of A. squamosa leaves on intestinal glucose 

absorption in situ 

Combination of the extract (500mg/5ml/kg) with glucose caused a significant decrease in 

intestinal glucose absorption (P<0.05-0.001; Fig. 3.22 (A & B)) throughout most of the 

perfusion time.  Similarly, at 250mg/5ml/kg dose, glucose absorption was suppressed in 

the gut within 10, 15 and 30 mins as compared to the control (glucose alone), (P<0.05-

0.001; Fig. 3.22 (A & B)). 
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3.4.11 Long term in vivo studies  

3.4.11.1 Effects of twice daily oral administration of hot water extract of A. squamosa 

leaves on body weight, food intake, energy intake, fluid intake, non-fasting blood 

glucose and plasma insulin concentration in Sprague-Dawley rats fed on a high-fat 

diet. 

Leaf extract (250mg/5ml/kg) was administered orally twice daily for 9 consecutive days 

and this reduced the body weight of the rats significantly (P<0.05; Fig. 3.23 A). The 

change in body weight (presented as a %) was reduced by 26% (P<0.01; Fig. 3.23 B) 

compared to high-fat fed diet rat control (Fig. 3.23 B). Furthermore, this coincided with 

reduced food, energy, fluid intake and blood glucose by 16%, 17%, 10% and 7% 

respectively (P<0.05-0.001), from day 6 onwards (Fig. 3.24 (A-C), 3.25 (A & B) and 3.29 

A). The extract also enhanced the plasma insulin levels from 6-days onwards compared 

to high-fat fed diet control rats alone (P<0.05; Fig. 3.25 (C & D) and 3.29 B).  

 

3.4.11.2 Effects of treatment with hot water extract of A. squamosa leaves on glucose 

tolerance  

An oral administration of A. squamosa (250mg/5ml/kg) for 6 days remarkably (P<0.01) 

improved oral glucose tolerance (18mmol/kg body weight) from 30 min onwards, as 

compared to high-fat fed diet controls (P<0.05-0.01; Fig. 3.27 (A & B)).  Similarly, in the 

group treated with A. squamosa (250mg/5ml/kg) showed a sharp increase in insulin 

secretion within 30 min of oral glucose administration (Fig. 3.27 (C & D)), with a 1.4-

fold increase in insulin responses (P<0.01) as compared to the high-fat fed diet control 

rats (P<0.05; Fig. 3.27 (C & D)).   

 

3.4.11.3 Effects of treatment with hot water extract of A. squamosa leaves on DPP-

IV enzyme activity   

The effects of the hot water extract of A. squamosa on DPP-IV enzyme activity in high-

fat fed rats are illustrated in Figures 3.26 and 3.29 respectively. A twice daily oral gavage 

of A. squamosa (250mg/5ml/kg) reduced the DPP-IV enzyme activity by 16% for 9 days 

treatment (P<0.05; Fig. 3.26 (A-B) and 3.29 C) compared to high-fat fed diet control 

alone. 
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Oral administration of A. squamosa (250mg/5ml/kg) also remarkably (P<0.01) reduced 

DPP-IV enzyme activity by 13-17% on 6-day treatment from 60 min onwards during oral 

glucose tolerance test (P<0.05-0.01; Fig. 3.28 (A & B)) . 

 

3.4.11.4 Effects of twice daily administration of hot water extract of A. squamosa 

leaves on pancreatic insulin content  

Rats (lean control, high-fat fed diet control, and treated with hot water extract of A. 

squamosa) did not show any significant differences in pancreatic weight (Fig. 3.30 A). 

There was an increase in the pancreatic insulin content (by 43%) in high-fat fed treated 

rats with extract compared to lean controls (P<0.001, Fig. 3.30 B). A. squamosa 

significantly reduced this by 21% compared to high fat fed controls (P<0.001, Fig. 3.30 

B).  

 

3.4.11.5 Effects of treatment with hot water extract of A. squamosa leaves on islet 

distribution and area, beta cell and alpha cell area 

Pancreatic islet morphology was evaluated in all groups (lean-control, high-fat fed diet 

control and high-fat fed diet rats treated with hot water extract of A. squamosa) at the end 

of the 9 day treatment period as illustrated in Figures 3.31 A, B and C respectively. In the 

islets, insulin is shown in red (D), glucagon in green (E) and DAPI in blue (F). In high-

fat fed groups, the number of islets per mm2 in pancreas was higher than in the lean control 

group (P<0.05, Fig 3.32 G). In high-fat fed rats, significant (2-fold, P<0.001, Fig. 3.32 

A) increase in the islet area as compared to lean control group. Similarly, in high-fat fed 

rat islets, beta and alpha cell areas were increased significantly as compared to lean 

controls (P<0.001, Fig. 3.32 (B and C)).  The hot water extract of A. squamosa produced 

a significant reduction of the islet area of high-fat fed rats (by 15%, P<0.05, Fig. 3.32 A) 

compared to a high-fat fed control alone. The number of large and medium size islets 

reduced significantly (P<0.05 and P<0.01) and the number of small size islets (P<0.05 

and P<0.01) increased significantly in the A. squamosa treated groups (Fig. 3.32 D). It 

was shown that beta and alpha cell area decreased markedly (P<0.05) in the treated group. 

In addition, the proportion of beta cells was higher in high-fat fed groups compared to the 

normal rats (P<0.05-0.001, Fig. 3.32 D and E) and the % of alpha cells were decreased. 

Furthermore, the proportion of beta cells were increased in the treated group compared to 

lean control (P<0.05, Fig. 3.32 (F)).   
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3.4.12 Purification and structural characterization of purified extract 

Reverse HPLC phase was used to purify the crude extract (Fig. 3.33). The molecular 

masses of peak fractions of hot extract of A. squamosa were determined using LC-MS 

(Table 3.1, Fig. 3.34) and MALDI-TOF (Fig. 3.35).  

 

3.4.13 Acute effects of peak samples of A. squamosa leaves on insulin release from 

BRIN-BD11 cells  

The effects of a range of concentrations of peak samples of A. squamosa leaf on insulin 

secretion from BRIN-BD11 cells are illustrated in Figure 3.36. In these studies, alanine 

(10 mM) was used as a positive control. There was a concentration-dependent release of 

insulin observed by the peak-2 fraction ((610.3 Da), (8 to 1×103ɛM)) compared to control 

(5.6 mM glucose) (Fig. 3.36 A). Peak-3 and Peak-4 stimulated insulin release at higher 

concentrations (2×102 ï1×103 µM) compared to control (5.6 mM glucose) (Fig. 3.36 B & 

C). The cell viability (Fig. 3.36 D, E & F) was not affected by various concentrations of 

the peaks between 8 to 1×103 ɛM.     

 

3.4.14 Confirmation of extract purity and identity 

HPLC, LC-MS and NMR confirmed the identification of the compounds. Figure 3.37 

shows the identical retention time for Peak-2 (A), Rutin (B) and Peak-2 + Rutin (C). 

Figure 3.38 and 3.39 indicates the 1H and 13C NMR for commericially avavilable Rutin. 

The characteristics of the isolated compound using 1H (Fig. 3.40) and 13C (Fig. 3.41) 

NMR are as presented below.   

 

Rutin (C27 H30 O16): EI-MS m/z 610.3 Da [M]; (600MHz, CD3OD, 1H-NMR (ŭ in ppm): 

7.57 (dd, 1H, J=2.4Hz, J=8.4Hz), 6.78 (d, 1H, J=8.4Hz), 6.30 (s, 1H), 6.11 (s, 1H), 5.01 

(s, 1H), 4.74 (d, 1H, J=7.8Hz), 4.2 (d, 1H, J=1.8Hz), 3.37-3.21 (m, 7H), 3.20 (d, 2H, 

J=17.4), 1.18 (d, 3H, J= 6.6Hz). 13C NMR (600MHz, CD3OD, ŭ in ppm); 178.2 (CO-9), 

164.6 (C-13), 161.8 (C-11), 157.9 (C-15), 157.0 (C-7), 148.8 (C-3), 144.4 (C-4), 134.4 

(C-8), 122.1 (C-6), 121.7 (CH-1), 116.5 (CH-2), 114.7 (CH-5), 104.5 (C-10), 98.5 (CH-

12), 93.4 (CH-14), 101.0 (C1-G), 74.3 (C2-G), 75.8 (C3-G), 72.5 (C4-G), 76.8 (C5-G), 

68.3 (C6-G), 103.3 (C1-R), 73.7 (C2-R), 72.4 (C3-R), 72.5 (C4-R), 73.9 (C5-R), 16.5 

(C6-R) [The letters R and G respectively, symbolise the signals of glucose and rhamnose 

molecules].  
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For the primary flavonoid, rutin, the HPLC conditions outlined in the experimental 

Section 2.2.4. HPLC was used to separate and quatify rutin within the samples as the 

results obtained for rutin were in strong agreement with previous studies. The amount of 

rutin in 1mg/ml of A. squamosa leaves after the purification process was 15-20%. Figure 

3.42 indicates the molecular structure of compound isolated from the A. squamosa leaf 

and their deravatives isoquercitrin and quercetin. 

 

3.4.15 Acute effects of isolated compound rutin on insulin release from BRIN-BD11 

cells  

The effects of a range of concentrations of rutin, isolated compound of A. squamosa, on 

insulin secretion from BRIN-BD11 cells are illustrated in Figure 3.43. In these studies, 

alanine (10 mM) was used as a positive control. Rutin, stimulated insulin secretion at 

concentration range 8-1000µg/ml (P<0.05-0.001, Fig. 3.43 A) from BRIN-BD11 cells. 

LDH release was increased at a higher concentration of 1000µg/ml (Fig. 3.43 B).   

 

3.4.16 Effects of isolated compound rutin on membrane depolarization and 

intracellular calcium concentration in BRIN-BD11 cells 

Rutin (50ɛg/ml) induced membrane depolarization in the BRIN-BD11 cells at 5.6mM 

glucose (Fig. 3.44 (A & B)). The effective magnitude was lower than that generated by 

30mM KCl but was considerably greater (P<0.05-0.001) than that produced by glucose 

alone. Similarly, rutin (50ɛg/ml) and alanine (10mM) produced an increase in 

intracellular Ca2+ (P<0.05-0.001) over glucose alone (Fig. 3.44 (C & D)).  

 

3.4.17 Acute effects of isolated compound rutin on oral glucose tolerance 

Oral glucose administration (18mmol/kg body weight) with rutin (100mg/kg) 

significantly (P<0.05-0.001) lower blood glucose during oral glucose tolerance test at 30 

and 60 mins in mice by 18-20% compared to the control (Glucose alone) (Fig. 3.45 (A & 

B)). Rutin also increased plasma insulin at 30 and 60 mins by 30-33% following the oral 

glucose load (P<0.05; Fig. 3.45 (C & D)). 

 

3.5 Discussion 

A. squamosa, also known as ñataò in Bengali, has been claimed as a potential anti-diabetic 

plant in scientific studies (Gupta et al. 2008a; Gupta et al. 2008b; Panda AK 2013; Sharma 

et al. 2013; Shirwaikar et al. 2004). However, its mechanism of action(s) is still poorly 
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understood. In this study, we investigated the insulinotropic and antidiabetic effects of A. 

squamosa (hot water and ethanol) extracts in both in vitro and in vivo models including; 

acute studies on clonal pancreatic ɓ-cell line (BRIN BD11), isolated mouse islets and 

other in vitro parameters (Starch digestion, protein glycation, glucose diffusion, glucose 

uptake and DPP-IV activity). Moreover, the effects of the extracts were evaluated in vivo 

on glucose homeostasis, pancreatic insulin content and islet morphology in high-fat fed 

rats were also investigated.  Both hot water and ethanol extract along with three partition 

(ethylacetate, hexane and chloroform) fractions showed concentration dependent 

elevation in insulin release. Similarly, A. squamosa (hot water and ethanol) extracts 

increased glucose stimulated insulin release from isolated mouse islets. Additionally, all 

extracts and fractions showed increase in insulin secretion in a dose dependent manner. 

Chloroform fraction was effective only at higher concentration and was associated with 

beta cell toxicity.  

 

Mechanistic studies were performed with modulators of insulin release to analyse the 

specific pathway of insulin secretion. Membrane potential and intracellular calcium were 

assessed to link the ion channel involvement in insulin secretion. Effects of the extracts 

were also screened in the presence of tolbutamide, a membrane depolarizing 

concentration of KCl (30mM) and 16.7mM glucose. It is known that the sulfonylurea 

drug, tolbutamide works by blocking KATP channels, inducing plasma membrane 

depolarization and Ca2+ output stimulation by activating voltage-dependent calcium 

channels (Hannan et al. 2007).  Similar mechanism/s of actions of both hot water and 

ethanol extracts in stimulating insulin release was observed, suggesting that plant extracts 

exert at least part of its actions via KATP and Ca2+-dependent pathway. Furthemore, the 

insulin secretory action of the plant extract was also sustained during depolarizing 

situations, indicating the involvement of intracellular messenger pathways such as 

adenylate cyclase/cAMP stimulation or the pathway of phosphatidylinositol or specific 

impacts on exocytosis (Hannan et al. 2007).  A. squamosa significantly enhanced insulin 

secretion in the presence cAMP phosphodiesterase modulator IBMX. This in agreement 

with previous studies of Trigonella foenum-graecum, which indicates the role of cAMP 

phosphodiesterase modulator IBMX in insulin secretion (Hannan et al. 2007). Similarly,  

traditional use of A. squamosa in asthma treatment has been reported (Attiq et al. 2017), 

which involves elevation of cAMP in bronchial smooth muscles, relaxing the airway 

passage and downregulating cellular replication in smooth muscles (Tomlinson et al. 
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1995). A. squamosa has resulted in a partial inhibition of insulin release from the ɓ-cells 

in the presence of diazoxide; a KATP-channel opener (Flatt et al. 1991).  This implies that 

A. squamosaôs general mechanism of action involves the closing of KATP channels. This 

finding is also supported by experiments with verapamil, a voltage-dependent Ca2+ 

channel blocker (Weinhaus et al. 1995) which partially suppressed the extract's insulin-

releasing activities. Interestingly, the experiment on extracellular Ca2+ in BRIN-BD11 

cells shows that Ca2+ free buffer could not abolish the insulin secretory effects of both 

extracts completely. This evidence suggests that the extract can mobilize intracellular 

Ca2+ via second messenger pathways.  

 

A. squamosa was further investigated to see its effects on glucose uptake via 3T3L1 

adipocyte cells. The insulin release activity shown by the extract in earlier experiments 

was associated with its ability to stimulate glucose uptake in 3T3L1 adipocyte cells. This 

study suggests that A. squamosa significantly promotes insulin action. In target cells, 

insulin initiates a signal transduction, which increases glucose uptake and storage (Chang 

et al. 2004). The activation of insulin receptors leads to internal cellular mechanisms that 

directly affect glucose uptake. These mechanisms regulate the functions of glucose 

transport protein in the cell membrane and thus glucose enters extra pancreatic cells such 

as adipocytes glucose transporter, GLUT4. A previous study showed that the activation 

of Akt and p70 S6 kinase can increase glycogen, lipid, and protein synthesis and in turn 

promote glucose uptake (Saltiel and Kahn 2001). In our studies, A. squamosa treatments 

showed that the plant extracts are capable of enhancing insulin action by increasing 

glucose uptake in vitro in 3T3L1 differentiated adipocytes waranting further studies are 

required to elucidate such mechanism/s of action.  

 

Glycation is as common post translational modification of proteins encountered in 

diabetes and can lead to long-term complications (Chen et al. 2018). Insulin glycation is 

an example of glycation of short-lived protein that can be glycated in vivo in diabetes and 

can lead to  insulin resistance (Flatt et al. 1997) because of its reduced biological activity 

(Abdel-Wahab et al. 2007; Hansen et al. 1992).  In our study, A. squamosa inhibited the 

insulin glycation in vitro and it can be utilised as a useful tool for the prevention of the 

progression of diabetic complications and the decrease of insulin resistance. Furthermore, 

recent studies of  A. squamosa has been reported to have a significant anti-oxidant 
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properties (Kalidindi et al. 2015; Mariod et al. 2012; Raj et al. 2009) that might also 

protect against beta cell damage and apopotosis. 

 

The effects of A. squamosa extracts on carbohydrate digestion was also explored in vitro. 

Acarbose was used as a reference standard (Ŭ-glucosidase inhibitor) and reported to 

completely reduce glucose liberation by inhibiting carbohydrate digestion (McCarty and 

DiNicolantonio 2015) at a 1 mg/ml dose.  The extracts were also found to be effective in 

inhibiting carbohydrate digestion and potentiality reducing glucose absorption. The 

identification and characterization of the extract components revealed the presence of 

different alkaloids and phenolics from A. squamosa (Ma et al. 2017).  Previous studies on 

the plant alkaloids and flavonoids revealed that it exhibits Ŭ-glucosidase inhibitory action 

(Kasabri et al. 2010; Kawabata et al. 2003). Additionally, this plant has also been reported 

with anti-oxidant activity (Florence et al. 2014; Kalidindi et al. 2015; Mariod et al. 2012; 

Raj et al. 2009). Similary, our studies revealed that plant extracts have the ability to inhibit 

carbohydrate digestions confirming it may be mediated by the presence of flavonoids 

derivatives which have the Ŭ-glucosidase inhibitory action. 

 

In this study, an in vitro method was employed to investigate the effects of the plant 

extract on glucose diffusion. It has been reported that A. squamosa showed antidiabetic 

activity in in vivo due to the ability of its soluble components to increase the 

uptake/metabolism of glucose in muscle or by stimulating insulin secretion. Furthermore, 

studies have revealed that the A. squamosa extract decreased gastrointestinal glucose 

absorption and diffusion, which might suggest the antihyperglyceamic action (Edwards, 

et al. 1987). The model we used for glucose diffusion is partially mimicking 

gastrointestinal model in vivo but not completely similar and has its limitions on the 

physiological mechanism of glucose absorption observed in the gut. However, guar, a 

known inhibitor of glucose absorotion, substantially reduced glucose diffusion in in vitro 

model (Gallagher et al. 2003).   

 

The ethanol extract of A. squamosa significantly reduced glucose absorption during gut 

perfusion which was assessed by the remaining amount of unabsorbed sucrose content in 

different segments of the gut. Our study found a significantly higher amount of sucrose 

left in the stomach, upper, middle, and lower intestine compared to non-treated rats. In an 

earlier studies by Hannan et al., (Hannan et al. 2007b), it has been demonstrated that the 
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lowering effects of the circulating blood glucose in diabetes  by Trigonella foenum-

graecum (fenugreek), may be partly due to the reduction of intestinal glucose absorption. 

The last three segments of the GI tract are the most important for the absorption of 

nutrients including glucose (Mathijs et al. 2014) and the extract inhibited glucose 

absorption in those segments. Since, disaccharide is not naturally absorbed due to the lack 

of carriers in the GI tract, but monosaccharide carriers are present in the GI tract (Reynell 

and Spray 1956), therefore, the disaccharides need to be converted into monosaccharides 

prior to absorption within the GI tract. Thus, an elevated sucrose content in the GI tract 

observed by A. squamosa treatment may be due to reduction in sucrose catabolism and 

digestion across the GI tract. 

 

Obesity is one of the main predisposing factor of T2DM. Previously, it has been reported 

that high-fat diet in normal rats induces obesity and metabolic abnormalities, such as 

insulin resistance which can lead to T2DM (Bielohuby et al. 2013; Ellenbroek et al. 2014; 

Winzell and Ahrén 2004). Similarly, increase in dietary fat is also associated with greater 

weight again (Lamont et al. 2016; Mirhashemi et al. 2011). In acute in vivo studies, A. 

squamosa treated high-fat fed rats improved glucose tolerance and plasma insulin. These 

results encouraged to continue further to long- term studies in high-fat fed rats that 

showed significant improvements in non-fasting blood glucose, glucose tolerance, plasma 

insulin, food, fluid and energy intake. The observed effect might be due to the reduction 

in glycaemic content (Delghingaro-Augusto et al. 2009) that affected the glucose 

homeostasis and lowered body weight (Aryaeian et al. 2017).  

 

The DPP-IV inhibitors are class of oral anti-hyperglyceamic agents that reduce blood 

glucose level and has become prevalent as potential target in the treatment of type 2 

diabetes while searching for new anti-diabetic molecules (Barnett 2006). Several 

pharmacological approaches have been made to treat type 2 diabetes and obesity by 

targeting the GLP-1 system (Chatterjee et al. 2016; Sadry and Drucker 2013) Since GLP-

1 is an incretin hormone produced in L-cell of the intestine that improves glyceamic 

control, increases insulin secretion, reduces food intake and enhances insulin sensitivity. 

However, DPP-IV enzyme causes rapid degradation of GLP-1 under normal 

physiological conditions (Mizokami et al. 2013; Zander et al. 2002). Therefore, DPP-IV 

enzyme inhibition and the creation of GLP-1R agonists, resistant to enzymatic 

degradation, are important strategies for pharmaceutical treatment of T2DM (Zhang et al. 
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2018a). In our studies, A. squamosa showed significant inhibition of DPP-IV enzyme 

activity in concentration dependent manner in vitro. Similarly, in acute in vivo studies in 

high-fat fed rats treated with A. squamosa showed significant inhibition of plasma DPP-

IV enzyme activity. In our long-term studies in high-fat fed rats with plant extract, there 

was a significant inhibition in plasma DPP-IV enzyme activity. These results are in 

agreement with previous studies conducted on other various medicinal plants that showed 

inhibitory effects (Srivastava et al. 2017b).    

 

Our studies have revealed that A. squamosa extract reversed the increase in pancreatic 

insulin content, islet size, beta cell area and alpha cell area in high-fat fed rats. The number 

of small size islets increased significantly. However, the number of large and medium 

size islets decreased. There was also a significant reduction in the number of islets per 

mm2. Pancreatic insulin decreased and so does the area of the islet and beta cells with a 

propensity to decrease the number of beta cells. Previous studies reported that increased 

consumption of dietary fat affects islets amyloid polypeptide synthesis and causes ɓ-cell 

dysfunction (Ojo et al. 2015). It  is  also reported that the plant extract may have effects 

on beta cell proliferation (Golson, et al. 2010).  It was presumed that this effect may be 

due to direct action on beta cell or indirect effects on entero endocrine secretion of GLP-

1.  However, the molecular mechanism of this effect yet to be delineated.   

 

Phytochemical isolation and characterization of A. squamosa was performed to identify 

various comopound/s responsible for the antidiabetic properties. RP-HPLC fraction 

isolated as peak-2 sample in our study revealed a molecular mass of 610Da showed the 

same retention time in the chromatograph as commercially available rutin. The isolated 

compound (peak-2) spectrum of 1H NMR displayed a characteristic proton signal at 7.57, 

6.78, 6.30, 5.11 and 5.01PPM respectively. In contrast, five aromatic protons were 

observed in the spectrum of 1H NMR; ortho-coupling protons were detected at 7.57 (dd, 

1H, J=2.4Hz, J=8.4Hz) and 6.78 (d, 1H, J=8.4Hz) and meta-coupling protons at 6.11 (s, 

1H) and 5.01 (s, 1H). The 1H NMR spectrum also endorsed glucose and rhamnose 

moieties at 4.74 ppm with the glucose anomeri proton signal and 4.42 ppm with the 

rhamnose signal. At 1.18ppm (d, 3H, J=6.6Hz), a doublet of rhamnose methyl group was 

observed at a high field. The remaining protons resonated between 3.37 and 3.21 ppm in 

the sugar moiety. A doublet of methyl group of rhamnose was also observed at high field 

at 1.18 (d, 3H, J= 6.6Hz). The rest of protons in the sugar moiety resonated between 3.37 
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and 3.21 ppm. Previous studies with rutin showed similar results to our isolated 

compound from A. squamosa with a chemical structure of C27H30O16 (He and Liu 2006; 

Rajendran et al. 2016). Recent studies also reported the presence of both rutin and 

isoquercitrin in A. squamosa (Desai et al. 2011).    

 

The isolated compound (Peak 2) from our plant extract of  A. squamosa confirmed as 

rutin, increased insulin release from BRIN-BD11 cells, improved glucose tolerance and 

plasma insulin levels in the mice which is in agreement with previous studies (Calzada et 

al. 2017). Earlier studies also demonstrated that rutin and isoquercitrin, another isolated 

phytochemical from antidiabetic plants, competitively inhibit DPP-IV enzyme activity by 

directly blocking the DPP-IV active binding site (Fan et al. 2013a; Zhang et al. 2018a) 

and thus enhancing insulin secretion.  

 

Intrestingly, flavonoids such as rutin showed antihyperglyceamic action in STZ-induced 

diabetic rats (Hunyadi et al. 2012). This activity was associated with inhibition of Ŭ-

glucosidase activity (Ma et al. 2015; Munhoz and Frode 2018; Pham et al. 2014; Tan et 

al. 2013) and  increased insulin secretion from rat pancreatic islets (Esmaeili et al. 2009). 

Similarly, rutin can be biotransformed into quercetin and isoquercitrin by different 

microbial species (Yadav et al. 2017; Zhang et al. 2015). Rutin is a glycoside derivative 

of quercetin and widely distributed in edible plants (Manach et al. 1997). Glycosides are 

know to be poorly absorbed that has to be subjected to deglycosylation by mammalian ɓ-

glucosidases in the small intestine before being absorbed as aglycones (Walle et al. 2004). 

Rutin has also been reported to be absorbed at a slower rate in mammals than quercetin, 

due to hydrolysis of the cecal microflora, while quercetin is readily absorbed in mammals 

through small intestine (Manach et al. 1997), this would be more effective as a therapeutic 

being a hydrolysed product of rutin, i.e. quercetin and iso-quercetin (Wang et al. 2011). 

Furthermore, quercetin and iso-quercetin have been reported to have a higher plasma 

concentration and bioavailability than rutin (Manach et al. 1997). In addition, both of 

these flavonoid derivatives are well known for their antioxidant and anti-diabetic 

properties (Munhoz and Frode 2018). 

 

In summary, this research has demonstrated that A. squamosa plant possess various 

antidiabetics properties. These include; enhancing insulin secretion both in vitro in 

isolated mouse islets and in vivo in animal models of diabetes; inhibiting protein glycation 
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and starch digestion, delaying glucose absorption in the gut and suppressing DPP-IV 

enzyme activites, thus improving the actions of circulating GIP and GLP-1 (Zhang et al. 

2018a).  Furthermore, the present study demonstrated that A. squamosa improved glucose 

homeostasis and ɓ-cell function via multiple pathways in T2DM representing a novel 

source for future discovery of antidiabetic agents. However, this warrants further 

investigation to fully understand the role of A. squamosa and its constituents in improving 

glucose homeostasis.
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Figure 3.1: Dose-dependent effects of various concentrations of hot water (A & C) 

and ethanol (B & D) extract of Annona squamosa leaves at 5.6 mM glucose on insulin 

release (A & B) and LDH release (C & D) from BRIN-BD11 cells 
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Values are Mean±SEM with n= 8 for insulin and n= 4 for LDH. **P<0.01 and ***P<0.001 

compared to 5.6 mM glucose alone. 
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Figure 3.2: Dose-dependent effects of various concentrations of hot water (A & C) 

and ethanol (B & D) extract of Annona squamosa leaves at 16.7 mM glucose on 

insulin release (A & B) and LDH release (C & D) from BRIN-BD11 cells  
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Values are Mean±SEM with n= 8 for insulin and n= 4 for LDH. *P<0.05 **P< 0.01 and 

***P<0.001 compared to 16.7 mM glucose alone. 
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Figure 3.3: Dose-dependent effects of various concentrations of hexane fraction of 

Annona squamosa leaves at 5.6mM glucose (A & C) & 16.7mM glucose (B & D) on 

insulin release (A & B) and LDH release (C & D) from BRIN-BD11 cells 
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Values are Mean±SEM with n= 8 for insulin and n= 4 for LDH. *P<0.05 **P<0.01 and 

***P<0.001 compared to 5.6mM and 16.7 mM glucose alone. 
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Figure 3.4: Dose-dependent effects of various concentrations of ethylacetate fraction 

of Annona squamosa leaves at 5.6mM glucose (A & C) & 16.7mM glucose (B & D) 

on insulin release (A & B) and LDH release (C & D) from BRIN-BD11 cells 
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Values are Mean±SEM with n= 8 for insulin and n= 4 for LDH. *P<0.05, **P<0.01 and 

***P<0.001 compared to 5.6mM and 16.7mM glucose alone. 
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Figure 3.5: Dose-dependent effects of various concentrations of chloroform fraction 

of Annona squamosa leaves at 5.6mM glucose (A & C) & 16.7mM glucose (B & D) 

on insulin release (A & B) and LDH release (C & D) from BRIN -BD11 cells 
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Values are Mean±SEM with n= 8 for insulin and n= 4 for LDH. *P<0.05 **P<0.01 and 

***P<0.001 compared to 5.6mM and 16.7 mM glucose alone. 
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Figure 3.6: Dose dependent effects of hot water (A) and ethanol (B) extract of A. 

squamosa leaves on insulin release from isolated lean mouse islets 
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Insulin release was measured after 60-min incubation with a range of 

concentrations (25 to 200µg/ml) of hot water and ethanol extract of A. squamosa 

leaves in 16.7mM glucose where as GLP-1 (10-6M & 10-8M) and Alanine (10mM) 

were used as a reference control respectively. Values are Mean ± SEM with n=4. 

*P<0.05, **P<0.01 and ***P<0.001 compared to 16.7mM glucose. 

(A) 

(B) 
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Figure 3.7: Effects of hot water extracts of Annona squamosa leaves on insulin 

release from BRIN-BD11 cells in the presence of known modulators (A) and in the 

presence or absence of extracellular calcium (B) 
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Values are Mean±SEM (n=8). *P<0.05, **P<0.01 and ***P<0.001 compare to 5.6mM 

glucose alone. ◖◖P<0.01 and ◖◖◖P<0.001 compared to 5.6mM glucose in the presence of 

the plant extract.  ȹȹȹP<0.001 compared to respective incubation in the absence of the 

plant extract. 
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