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Synopsis 

Diabetes mellitus is a heterogeneous metabolic disorder characterized by hyperglycemia 

with disturbances in carbohydrate, protein and lipid metabolism resulting from defects in 

insulin secretion, insulin action or both. Currently there are 387 million people with 

diabetes worldwide and is expected to affect 592 million people by 2035. Insulin 

resistance in peripheral tissues and pancreatic beta cell dysfunction are the major 

challenges in the pathophysiology of diabetes.  Diabetic secondary complications (like 

liver cirrhosis, retinopathy, microvascular and macrovascular complications) arise from 

persistent hyperglycemia and dyslipidemia can be disabling or even life threatening. 

Current medications are effective for control and management of hyperglycemia but 

undesirable effects, inefficiency against secondary complications and high cost are still 

serious issues in the present prognosis of this disorder. Hence the search for more 

effective and safer therapeutic agents of natural origin has been found to be highly 

demanding and attract attention in the present drug discovery research.  The data 

available from Ayurveda on various medicinal plants for treatment of diabetes can 

efficiently yield potential new lead as antidiabetic agents. For wider acceptability and 

popularity of herbal remedies available in Ayurveda scientific validation by the 

elucidation of mechanism of action is very much essential. Modern biological techniques 

are available now to elucidate the biochemical basis of the effectiveness of these 

medicinal plants. Keeping this idea the research programme under this thesis has been 

planned to evaluate the molecular mechanism responsible for the antidiabetic property of 

Symplocos cochinchinensis, the main ingredient of Nishakathakadi Kashayam, a well-

known Ayurvedic antidiabetic preparation. A general introduction of diabetes, its 

pathophysiology, secondary complications and current treatment options, innovative 

solutions based on phytomedicine etc has been described in Chapter 1.  

The effect of Symplocos cochinchinensis (SC), on various in vitro biochemical targets 

relevant to diabetes is depicted in Chapter 2 including the preparation of plant extract. 

Since diabetes is a multifactorial disease, ethanolic extract of the bark of SC (SCE) and its 

fractions (hexane, dichloromethane, ethyl acetate and 90 % ethanol) were evaluated by in 

vitro methods against multiple targets such as control of postprandial hyperglycemia, 

insulin resistance, oxidative stress, pancreatic beta cell proliferation, inhibition of protein 

glycation, protein tyrosine phosphatase-1B (PTP-1B) and dipeptidyl peptidase-IV (DPP-
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IV). Among the extracts, SCE exhibited comparatively better activity like alpha 

glucosidase inhibition, insulin dependent glucose uptake (3 fold increase) in L6 

myotubes, pancreatic beta cell regeneration in RIN-m5F and reduced triglyceride 

accumulation in 3T3-L1 cells, protection from hyperglycemia induced generation of 

reactive oxygen species in HepG2 cells with moderate antiglycation and PTP-1B 

inhibition. Chemical characterization by HPLC revealed the superiority of SCE over other 

extracts due to presence of bioactives (beta-sitosterol, phloretin 2’glucoside, oleanolic 

acid) in addition to minerals like magnesium, calcium, potassium, sodium, zinc and 

manganese. So SCE has been subjected to oral sucrose tolerance test (OGTT) to evaluate 

its antihyperglycemic property in mild diabetic and diabetic animal models. SCE showed 

significant antihyperglycemic activity in in vivo diabetic models.  

Chapter 3 highlights the beneficial effects of hydroethanol extract of Symplocos 

cochinchinensis (SCE) against hyperglycemia associated secondary complications in 

streptozotocin (60 mg/kg body weight) induced diabetic rat model.  Proper sanction had 

been obtained for all the animal experiments from CSIR-CDRI institutional animal ethics 

committee. The experimental groups consist of normal control (NC), N + SCE 500 mg/kg 

bwd, diabetic control (DC), D + metformin 100 mg/kg bwd, D + SCE 250 and D + SCE 

500. SCEs and metformin were administered daily for 21 days and sacrificed on day 22. 

Oral glucose tolerance test, plasma insulin, % HbA1c, urea, creatinine, aspartate 

aminotransferase (AST), alanine aminotransferase (ALT), albumin, total protein etc. were 

analysed. Aldose reductase (AR) activity in the eye lens was also checked. On day 21, 

DC rats showed significantly abnormal glucose response, HOMA-IR, % HbA1c, 

decreased activity of antioxidant enzymes and GSH, elevated AR activity, hepatic and 

renal oxidative stress markers compared to NC. DC rats also exhibited increased level of 

plasma urea and creatinine. Treatment with SCE protected from the deleterious alterations 

of biochemical parameters in a dose dependent manner including histopathological 

alterations in pancreas. SCE 500 exhibited significant glucose lowering effect and 

decreased HOMA-IR, % HbA1c, lens AR activity, and hepatic, renal oxidative stress and 

function markers compared to DC group. Considerable amount of liver and muscle 

glycogen was replenished by SCE treatment in diabetic animals. Although metformin 

showed better effect, the activity of SCE was very much comparable with this drug.  
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The possible molecular mechanism behind the protective property of S. cochinchinensis 

against the insulin resistance in peripheral tissue as well as dyslipidemia in in vivo high 

fructose saturated fat diet model is described in Chapter 4. Initially animal were fed a 

high fructose saturated fat (HFS) diet for a period of 8 weeks to develop insulin resistance 

and dyslipidemia. The normal diet control (ND), ND + SCE 500 mg/kg bwd, high 

fructose saturated fat diet control (HFS), HFS + metformin 100 mg/kg bwd, HFS + SCE 

250 and HFS + SCE 500 were the experimental groups. SCEs and metformin were 

administered daily for the next 3 weeks and sacrificed at the end of 11
th

 week. At the end 

of week 11, HFS rats showed significantly abnormal glucose and insulin tolerance, 

HOMA-IR, % HbA1c, adiponectin, lipid profile, liver glycolytic and gluconeogenic 

enzyme activities, liver and muscle triglyceride accumulation compared to ND. HFS rats 

also exhibited increased level of plasma inflammatory cytokines, upregulated mRNA 

level of gluconeogenic and lipogenic genes in liver. HFS exhibited the increased 

expression of GLUT-2 in liver and decreased expression of GLUT-4 in muscle and 

adipose. SCE treatment also preserved the architecture of pancreas, liver, and kidney 

tissues. Treatment with SCE reversed the alterations of biochemical parameters, improved 

insulin sensitivity by modifying gene expression in liver, muscle and adipose tissues. 

Overall results suggest that SC mediates the antidiabetic activity mainly via alpha 

glucosidase inhibition, improved insulin sensitivity, with antiglycation and antioxidant 

activities. 

The conclusions of all the results described above and suggestions for future work are 

presented in last section of the thesis.   
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Chapter 1 

 

 Introduction

 

 

Prelude 

A dramatic change in the lifestyle and dietary patterns has occurred worldwide during the 

last century across the populations. The marked variations in human environments and the 

accompanied globalization accelerated these changes. The switching of work culture from 

heavy labour to sedentary, increased mechanization, improved transportation facilities are 

some of the changes that have had an impact on human health
1
. Physical inactivity and 

excessive intake of energy-dense and nutrient-poor food options are the two major 

behavioural contributors to the incidence and prevalence of non-communicable diseases 

(NCDs)
2
. NCDs such as diabetes and cardiovascular diseases have now become the main 

public health challenges for the 21
st
 century and affect the productivity of people

1
. In both 

developed and developing nations, diabetes epidemic, particularly type 2 diabetes 

(T2DM) remains as a major threat
3
. Paradoxically, this also relates to the achievements in 

public health care during the 20
th

 century that resulted in the increase of average life 

expectancy owing to the elimination of many of the communicable diseases
4, 5

.  In the 

absence of effective and affordable interventions for both types of diabetes, the frequency 

of diabetes will be further escalating worldwide
6, 7

. Even though, researchers and 

clinicians are involved in the study and development of various pharmacological 

interventions, diabetes and its secondary complications continue to be a global epidemic 

and there is high demand for novel treatment options without much adverse effects. The 

increasing prevalence of diabetes and obesity has already imposed a huge burden on 

health-care systems and this will continue to increase in the future
1, 8

. Although T2DM is 

numerically more prevalent in the general population and type 1 diabetes is restricted to a 

small population of children; the condition may be reversed within one to two decades 

because of the increasing prevalence of T2DM in children and adolescents
9, 10

. 
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1. 1 Diabetes  

“Diabetes is a mysterious illness”, the statement by Greek physician Araetaus around 130 

AD is still relevant
11

. Diabetes mellitus is a major epidemic of this century
12

 which has 

increased in incidence by 50% over the past 15 years
13

. Despite, this mysterious and 

multifactorial illness has become the modern epidemic; the surprising fact is that, diabetes 

is one of the world‟s oldest diseases, described in historical records of civilizations such 

as those found in ancient Egypt, Persia, and India
14-16

. Diabetes mellitus is a 

heterogeneous disorder characterized by chronic hyperglycaemia and the etiological 

heterogeneity is suggested by genetic inheritance and its interplay with environmental 

factors
17

. One theory concerning the etiology of diabetes tells that it is the result of the 

evolution of a thrifty genotype that had survival benefits in the past but is detrimental in 

the current environment; the opposing theory is that diabetes represents an adult 

metabolic response to fetal malnutrition
18

.  

 1. 2 History of diabetes 

The first reference to diabetes mellitus in the history was described about 3500 years ago 

by the ancient Egyptians in „Ebers Papyrus‟ (1550 BC) that  mentions remedies for the 

treatment of excessive urination or polyurea and has detected by German Egyptologist 

Georg Ebers in 1872 from Thebes
19, 20

. Initially, the term „diabetes‟ was introduced by 

Araeteus of Cappodocia (81-133 AD) from the Greek word for siphon
14

. The Greek 

medical writer Galen, a contemporary of Aretaeus mentioned the condition as “diarrhea 

of the urine” and “the thirsty disease.” Indian physicians Charaka and Sushruta noted the 

attraction of flies and ants to the urine of those affected by this ailment, coined the term 

„madhumeha‟ or „honey urine‟ and also detected that patients suffering from madhumeha 

exhibited extreme thirst and foul breath; a thousand years before the first Europeans 

recognized the sweet taste of urine in patients with diabetes
19

. The word „mellitus‟ (honey 

sweet) was added by Thomas Willis from Britain in 1675 after rediscovering the 

sweetness of urine and blood of patients
14

. In 1776, British researcher Matthew Dobson 

gave first experimental evidence for the excretion of sugar in the urine of people suffering 

from diabetes in a paper presented to the medical society of London
19

. In 1857, Claude 

Bernard from France discovered the role of liver in diabetes and it was established 
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through the identification of the fact that glycogen is stored in liver as the precursor of 

glucose
14

.  

1. 2. 1 Discovery of insulin 

The key milestone in the history of diabetes is the discovery of role of the pancreas in 

pathogenesis of diabetes by Austrian researchers Mering and Minkowski in 1889 
21

. 

Minkowski hypothesised that pancreas produces a substance which regulate blood 

glucose level. In 1893, French scientist Gustave-Edouard Laguesse suggested that tiny 

islands of pancreatic tissue described by Paul Langerhans in 1869 might be the source of 

the substance involved in blood glucose control. Distinguished German pathologist, Paul 

Langerhans, a student of Rudolf Virchow described small groupings of pancreatic cells 

that were not drained by pancreatic ducts in his doctoral thesis. Belgian physician Jean de 

Mayer named the presumed substance produced by the islets of Langerhans “insulin” in 

1909 
22

. Moses Barron reported a rare case of a pancreatic stone in 1920 that blocked the 

main pancreatic duct and the blockage caused the degeneration of the acinar glandular 

cells but not the islet cells. This report by Barron as well as the hypothesis put forward by 

Minkowski stimulated research ideas of Frederick Grant Banting, an orthopedic surgeon 

who joined in John J. R Macleod‟s laboratory at University of Toronto, Canada. The idea 

was to surgically ligate the pancreas to stop the flow of nutrients towards acinar glandular 

cells, which may cause the disintegration of these exocrine cells that produces digestive 

pancreatic juice and preservation of the islet cells for the preparation of pancreatic islet 

extracts
23

. In 1921, Banting along with the physiology student Charles Best and 

biochemist James Collip succeeded in purifying an active extract from atrophied 

pancreatic glands of the laboratory dogs and was effectively reversed the diabetic 

symptoms in pancreatectomized diabetic dogs
24

. Banting named the isolated antidiabetic 

substance as „isletin‟ but Macleod suggested the name „insulin‟ without knowing that the 

name „insuline‟ had already been coined by de Mayer in 1909
23

. Till the early 20
th

 century 

the life expectancy of children with type 1 diabetes was only about 2 years. The news of 

the discovery of insulin was accepted internationally with tremendous enthusiasm and 

thus many children suffering from diabetes were reinstated to health. In 1923, Banting 

and Macleod were awarded Nobel Prize for the discovery of insulin.  
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1. 3 Definition and classification of diabetes 

According to World Health Organization (WHO) diabetes is defined as group of 

metabolic disorders characterized by hyperglycemia with disturbances in carbohydrate, 

protein and lipid metabolism resulting from defects in insulin secretion, insulin action or 

both
25

.  Diabetes can be raised from a variety of abnormalities. These ranges from 

mechanisms that cause pancreatic beta-cell degeneration or cessation of insulin 

production and secretion to conditions that cause insulin insensitivity to peripheral 

tissues
26

. The insensitivity or lack of insulin results in deficient insulin action on its target 

organs and results in deranged carbohydrate, protein and lipid metabolism
27

. Based on the 

pathogenesis of hyperglycemia diabetes is classified into 3 etiological types along with 

some minority cases due to various specific metabolic or genetic causes
28

. The various 

forms of diabetes is listed in Table 1. 1. 

Classification of Diabetes 

Mellitus 

 

 

Type 1 diabetes mellitus  
Type 2 diabetes mellitus  

Gestational diabetes  

 

Other forms: 

 

        Pancreatic disease: chronic pancreatitis, pancreatectomy, cystic 

fibrosis, haemochromatosis, pancreatic carcinoma 

        Endocrine: acromegaly, Cushing‟s syndrome, thyrotoxicosis, 

phaeochromocytoma 

        Drug induced: corticosteroids, thiazide diuretics 

        Conditions with  
        specific genetic causes: 

e.g., maturity-onset diabetes of the young (MODY) 

 

 
Table 1. 1. Classification of diabetes mellitus (reproduced from the reference 28 with permission). 

 

1. 3. 1 Type 1 Diabetes 

Type 1 diabetes (T1DM) was previously termed as insulin dependent diabetes mellitus 

(IDDM) or juvenile onset diabetes. T1DM accounts for about 5-10% of diabetes 

prevalence results from a cellular mediated autoimmune destruction of insulin producing 

pancreatic beta cells, leading to absolute insulin deficiency
26

.  Patients with T1DM has 

been found to carry  a number of autoantibodies in their blood targeted to pancreas, the 
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site of production and secretion of insulin such as islet cell antibodies (ICA), insulin 

autoantibodies (IAA), and antibodies against glutamic acid decarboxylase (GAD) and 

insulinoma-associated autoantigen-2 (IA-2), a proteins found in pancreatic beta-cells
29

. 

Development of chronic hyperglycemia and keto-acidosis are the major manifestations of 

IDDM. The rate of pancreatic beta cell degeneration varies from individual to individual 

under this condition which may be rapid in infants and children; this can be reason behind 

the early classifications like juvenile onset diabetes
26

.   

1. 3. 2 Type 2 Diabetes 

Type 2 diabetes is the global epidemic that constitutes about 90-95% of those with 

diabetes and referred to as non-insulin dependent diabetes (NIDDM) or adult onset 

diabetes. The advancement of the etiology of T2DM results from the combination of 

impaired biological response to insulin i. e insulin resistance and  relative insulin 

deficiency and  the subsequent derangement in carbohydrate, protein and lipid 

metabolism
25, 26

.  The progression from normal glucose tolerance to abnormal glycemia 

results from these two fundamental defects in the pathogenesis of T2DM and is caused by 

the combination of genetic and environmental factors (Figure 1. 1). The genetic factors 

may be primary or secondary; primary genetic factors include the genes responsible for 

diabetes or „diabetogenes‟ and the diabetes induced modulations in gene expression 

constitute secondary factors
30

. Environmental factors such as diet, obesity and physical 

activity may act as initiating factors or progression factors for T2DM
30

. 

1. 3. 3 Gestational Diabetes 

Any degree of glucose intolerance developed during the pregnancy period is termed as 

gestational diabetes mellitus (GDM). In the early phase of pregnancy i. e first trimester 

and first half of second trimester, the fasting and postprandial glucose concentrations are 

normally lower than in normal, non-pregnant women. So elevated fasting or postprandial 

plasma glucose levels at this time in pregnancy may well reflect the presence of 

diabetes
27

.One of the undesirable effects of GDM is that there are chances to continue to 

be in hyperglycaemic state by the person with GDM even after the delivery and further 

progression to T2DM
26

. 
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Figure 1. 1. Role of genetics and environment in the pathogenesis of diabetes.  

 

1. 4 Diabetes prevalence - Global burden and ethnicity 

The number of people living with diabetes and mortality due to diabetes across the world 

is shocking
31

. Currently there are 387 million people with diabetes worldwide whereas 

175 million people with diabetes are undiagnosed and is expected to affect 592 million 

people by 2035
13

. Diabetes caused 4.9 million deaths in 2013 and in every 7 seconds a 

person dies from diabetes
13

. The incidence (number of new cases per year per unit of 

population) and prevalence (number of known cases per unit of population) of diabetes 

vary significantly with geographical locations
28

. Europe has the highest prevalence of 

T1DM in children and lowest prevalence in Japan
13

.  T2DM has the highest prevalence in 

Pima Indians, Pacific Islanders, South Asians, Hispanics, and Africans
28

. South Asian 

region which constitute India and China forms one of the epicenters of the global diabetes 

epidemic
31, 32

. Investigations in the South Asian population residing in the UK during the 

early 1980s suggested the possibility of an Asian Indian or South Asian phenotype with a 

characteristic metabolic profile as shown in Figure 1. 2. South Asian phenotype refers to a 

combination of characteristics that predisposes South Asian to the development of insulin 

resistance, T2DM, and cardiovascular disease
32

. T2DM occurs at younger ages and at 
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lower levels of BMI in South Asian compared with Caucasians
33

. In spite of a relatively 

lower rate of obesity as defined by BMI cut points, South Asian tend to have larger waist 

measurements and waist-to-hip ratios, indicating a greater degree of central body 

obesity
34

. In India, 65 million people are diabetic, the nationwide prevalence is around 

9%, but in the relatively prosperous southern cities it is as high as 20% 
31

. Surprisingly, 

Kerala the most literate and socially developed state of India is reported to have 27% of 

diabetes population even with the availability of high class medical facilities
35

. This is a 

very alarming situation and need detailed investigation and intervention to curtail the 

uncontrolled growth of this metabolic disorder. The study by Bakker et al. suggests that 

only a short term high fat, high calorie diet impairs insulin sensitivity in healthy, young 

South Asian men but not in Caucasian men
36

. Thus, Indians carrying the South Asian 

phenotype and having a tendency to follow a sedentary lifestyle along with a high fat, 

high carbohydrate, and high calorie dietary pattern suggest the possible means of 

epidemic of T2DM in this subcontinent. 

 

Figure 1. 2. Metabolic profile of South Asian (Asian Indian) phenotype (reproduced from the reference 32 

with permission).  

1. 5 Diagnosis 

The established glucose criteria for the diagnosis of diabetes include the fasting plasma 

glucose (FPG) and 2 hour postprandial glucose (2 h PG) during an oral glucose tolerance 

test (OGTT). The prescribed diagnostic cut point for FPG is ≥126 mg/dl (7.0 mM) and 
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that of diagnostic 2-h PG value is ≥200 mg/dl (11.1 mM)
26

. According to WHO, OGTT 

should be performed using a glucose load containing the equivalent of 75 g anhydrous 

glucose dissolved in water to find out the 2-h PG value
2
. A random (or casual) plasma 

glucose analysis is also required for patients with severe classic hyperglycemic symptoms 

or hyperglycaemic crisis
26

.  The American Diabetes Association (ADA) diagnostic 

criteria for diabetes are given in Table 1. 2. For the initial assessment of the severity of 

the diabetes an HbA1c test is also recommended by ADA as HbA1c is a widely used 

marker of chronic glycemia, reflecting average blood glucose levels over a 2 to 3 months 

period of time. Diagnostic cut point of HbA1c is 6.5% and this test correlates well with 

microvascular and, to a lesser extent, macrovascular complications and is widely used as 

the standard biomarker for the adequacy of glycemic management
37

. The HbA1c test has 

several advantages over the FPG such as greater convenience, fasting is not required, 

greater pre-analytical stability and less day-to-day perturbations during periods of stress 

and illness
26

.  

Blood glucose 

parameter 

% Glycated Hemoglobin 

(% HbA1c) 

Fasting plasma 

glucose (FPG) 

Postprandial plasma 

glucose (PPG)* 

Normal <6.5 

 

<100 mg/dL 

 

<140 mg/dL 

 

Prediabetes 6.5 - 7 
 

100 -125 mg/dL 
 

140 -199 mg/dL 
 

Diabetes >7 

 

>126 mg/dL 

 

>199 mg/dL 

 
 

Table 1. 2. Criteria for the diagnosis of diabetes (reproduced from ADA guidelines, 2011 with permission) 
141 
*2-h plasma glucose  >199 mg/dl (11.1 mmol/l) during an OGTT. The test should be performed as 

described by the World Health Organization, using a glucose load containing the equivalent of 75 g 

anhydrous glucose dissolved in water.  

OR 

In a patient with classic symptoms of hyperglycemia or hyperglycemic crisis, a random plasma glucose 

>199 mg/dl (11.1 mmol/l). 
 

1. 5. 1 Prediabetes 

Prediabetes is a condition where blood sugar level is higher than normal, but not 

enough to be classified as diabetes. The term impaired glucose tolerance (IGT) or pre-

diabetes was first coined in 1979 by the World Health Organization and the National 

Diabetes Data Group to replace the terms borderline and asymptomatic diabetes mellitus. 
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In 1997, an expert committee of the American Diabetes Association recommended the 

following criteria for IGT: a normal fasting plasma glucose (<126 mg/dL) with a 

postprandial plasma glucose of >140 mg/dL but <200 mg/dL 2 h after a 75 g oral glucose 

challenge
38

. The pre-diabetic stage is an extremely useful marker of patients at risk for the 

eventual development of type 2 diabetes. Patients with IGT may benefit from timely 

patient education and perhaps even more aggressive forms of intervention or 

medication
39

. Prediabetic stage is the warning sign for diabetes; subjects in the 

prediabetic stage may be return to normal stage with careful diet and exercise.  

1. 6 Insulin  

Insulin is a peptide hormone secreted by the beta-cells of the pancreatic islets of 

Langerhans and maintains normal blood glucose levels by facilitating cellular glucose 

uptake, regulating carbohydrate, lipid and protein metabolism and promoting cell division 

and growth through its mitogenic effects
40

. Insulin is the dipeptide containing A chain and 

B chain linked by disulphide bridges, and composed of 51 amino acids with a molecular 

weight of 5802. The A chain comprises 21 amino acids and the B chain 30 amino acids 

(Figure 1.3A). Its iso-electric point is pH 5.5 
41

. In 1958, Frederick Sanger was awarded 

his first Nobel Prize for determining the sequence of the amino acids that make up 

insulin. 

Insulin is coded on the short arm of chromosome 11 and synthesised as its precursor, 

proinsulin
42

. Initially, Pre-proinsulin is formed by sequential synthesis of a signal peptide, 

the B chain, the connecting (C) peptide and then the A chain comprising a single chain of 

100 amino acids in the ribosomes of the rough endoplasmic reticulum (RER) from the 

mRNA. Removal of the signal peptide gives rise to proinsulin, which acquires its 

characteristic 3 dimensional structure in the endoplasmic reticulum. Proinsulin is 

transferred from the RER to the Golgi apparatus through secretory vesicles; aqueous zinc 

and calcium rich environment in the Golgi favours formation of soluble zinc-containing 

proinsulin hexamers
43

.The immature storage vesicles are formed from the Golgi and 

enzymes acting outside the Golgi convert proinsulin to insulin and C peptide
44

.  Insulin 

forms zinc-containing hexamers which are insoluble, precipitating as chemically stable 

crystals at pH 5.5. When mature granules are secreted into the circulation by exocytosis, 
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insulin, and an equimolar ratio of C-peptide are also released. Proinsulin and zinc 

typically comprise no more than 6% of the islet cell secretion
43

. 

1. 6. 1 Insulin secretion and factors involved 

Elevated blood glucose level induces the „first phase‟ of glucose stimulated insulin 

secretion (GSIS) by release of insulin from secretory granules of the beta-cell. Glucose 

entry into the beta cell is sensed by glucokinase, which phosphorylates glucose to 

glucose-6-phosphate (G6P) which increases rate of glycolysis and ATP production
45

. 

High intracellular ATP level cause the closure of K
+
-ATP-dependent channels which 

results in membrane depolarization and activation of voltage dependent calcium channels 

leading to an increase in intracellular calcium concentration; this triggers pulsatile insulin 

secretion
46

. Other mediators of insulin release include activation of phospholipases and 

protein kinase C (for example by acetylcholine) and by stimulation of adenylyl cyclase 

activity and activation of beta cell protein kinase A, which potentiates insulin secretion. 

This adenylyl cyclase mediated mechanism may be activated by hormones, such as 

vasoactive intestinal peptide (VIP), pituitary adenylate cyclase-activating polypeptide, 

glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-1(GLP-1) 

(Figure 1. 3B). These factors appear to play a significant role in the second phase of 

glucose stimulated insulin secretion, after refilling of secretory granules translocated from 

reserve pools
47

.  

It was found that insulin secretion from the islet cells into the portal veins is 

characteristically pulsatile, by the summation of coordinate secretory bursts from millions 

of islet cells
40

. Reports also suggest that insulin is more effective at reducing blood 

glucose levels if it is delivered in pulses rather than continuously
48

. In healthy individuals 

glucose stimulated insulin secretion from pancreas is biphasic: an initial component (first 

phase), which develops rapidly but lasts only a few minutes, followed by a sustained 

component (second phase) 
49, 50

. The first phase starts with a rapid rise in insulin 1-3 

minutes after the plasma glucose elevation and it returns towards baseline 6-10 minutes 

after glucose stimulation; in the second phase the insulin level raises gradually once 

again
51

. Loss or diminished first-phase secretion and reduced second-phase secretion are 

characteristic features of T2DM and it is well known that a decrease in the first phase of 
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GSIS is found in the early stage of T2DM (Figure 1. 4) and also in impaired glucose 

tolerance (IGT) 
49, 52

.The first phase of insulin secretion represents release of insulin 

already synthesised and stored in secretory granules; the second phase represents 

secretion of both stored and newly synthesised insulin.  

 

Figure 1. 3. (A) Formation of insulin from proinsulin.   (B) Schematic representation of factors involved in 

the regulation of insulin secretion (reproduced from the reference 40 with permission).   

 

Synthesis and secretion of insulin is regulated by nutrient and non-nutrient secretagogues, 

in addition to environmental stimuli and the interactions of other hormones
44

. Nutrient 

secretagogues such as glucose appear to trigger insulin secretion from the beta-cell by 

increasing intracellular ATP and closing of K
+
-ATP channels. Other factors involved are 

amino acids, fatty acids, pituitary adenylate cyclase-activating polypeptide, GIP, GLP-1, 
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acetylcholine, adipokines like leptin and adiponectin
47, 53

. Non-nutrient secretagogues 

may act via cholinergic and adrenergic pathways, or through peptide hormones and 

cationic amino acids. When food is seen, smelled or acutely ingested, islet cell 

cholinergic muscarinic receptors activate phospholipase C, with subsequent intracellular 

events activating protein kinase C, phospholipase A2 and mobilizing intracellular calcium 

and promote insulin secretion. Catecholamines, through alpha 2-adrenoceptors, typically 

inhibit insulin release during stress and exercise. Nutrients in the GI tract stimulate the 

secretion of hormones known as incretins which amplify glucose-induced insulin release. 

These account for the greater insulin response to oral, as opposed to intravenous, glucose. 

 

Figure 1. 4. Dynamics of insulin secretion in obesity, IGT, and T2DM (reproduced from the reference 226 

with permission) (A) In obesity, the function of individual beta-cells appears to be normal and both phases 

of GSIS are enhanced primarily due to an increase in beta-cells. (B) In IGT, the first phase is slightly 

impaired because of a decrease in the size of the readily releasable pool (RRP) and/or partial defect in the 

exocytotic process of the granules in this pool, and the second phase is only moderately reduced. (C) In 

T2DM, the first phase is absent because of a complete loss of the RRP and/or a complete defect in the 

exocytotic process. The second phase is also reduced, probably due to the decreased releasable pool (RP) 

and/or disturbance of cortical actin network in T2DM. Black lines indicate dynamics of insulin secretion in 

normal state, red lines indicate insulin secretion under T2DM. 

GIP and GLP-1 are the two most important incretin hormones. GLP-1 enhances insulin 

action by cAMP generation and activation of a cAMP-responsive protein kinase
44, 53

. 

Adiponectin appear to act via glucose phosphorylation, calcium influx and protein kinase 

C
54

. Marked variation in insulin secretion may occur via modulation on beta cell mass and 

differentiation
55

. 
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1. 6. 2 Physiological actions of insulin 

Insulin is a key player in the regulation of intermediary metabolism and it organizes the 

use of fuels for either storage or oxidation. By controlling these processes, insulin has 

profound influences on both carbohydrate and lipid metabolism, and significant effects on 

protein and mineral metabolism. Hence, derangements in insulin signalling either due to 

insulin deficiency or insulin resistance have widespread and devastating effects on many 

organs and tissues. 

1. 6. 3 Effect of insulin in glucose metabolism 

Insulin has multiple actions on different tissues of the body and is the major regulator of 

blood glucose concentrations. As a result of overnight fasting, insulin levels remains low 

and blood glucose concentrations are maintained by the hepatic glucose supply. Under the 

fed state, the intestine digests the food and the glucose produced is absorbed from the gut, 

causing an increase in blood glucose concentration. The rise in blood glucose 

concentration stimulates the release of insulin by pancreatic beta-cells. Insulin reduces 

blood glucose mainly in two ways; by reducing the supply of glucose from the liver as 

well as by increasing the uptake of glucose by organs such as muscle and fat tissue. The 

concentration of insulin required to reduce glucose supply by the liver is probably lower 

than that needed to increase the uptake of glucose by muscle and fat
28

.  

1. 6. 4 Effect of insulin in protein metabolism 

Insulin has an anabolic effect in protein metabolism in which it promotes amino acid 

uptake by cells and conversion of these amino acids into protein
56, 57

. In vivo studies 

report that the main effect of insulin is the reduction of proteolysis and maintenance of 

protein turnover in muscle and liver rather than a stimulation of protein synthesis
58, 59

. 

Negative nitrogen balance related to weight loss is one of the symptoms of diabetes which 

is promoted by the lack of insulin action on protein degradation under insulin deficient 

states.  
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1. 6. 5 Effect of insulin in lipid metabolism 

Major effect of insulin in fat metabolism is the reduction in the plasma free fatty acids 

(FFA) level. It inhibits hormone-sensitive lipase (HSL) which catalyses breakdown of 

triglycerides (lipolysis) in adipose tissue; thus decreasing the release of FFA from 

adipocytes
60

. FFA released from adipose tissue may be used by skeletal muscle and liver 

as a fuel source during fasting or under exercise, thus reserving the supply of glucose as a 

fuel for other tissues such as brain. Increased circulating insulin concentration inhibits 

hepatic VLDL secretion, largely via suppression of FFA availability
61

. Insulin promotes 

de novo lipogenesis by the induction of several key enzymes of lipogenic pathway, 

including fatty acid synthase and acetyl-CoA carboxylase and it also reduces the level of 

circulating ketone bodies
62

. 

1. 6. 6 Molecular mechanism of insulin signalling 

 

Insulin exerts its metabolic and mitogenic effects on target organs such as liver, muscle, 

and fat through its cell surface receptors and by initiating a number of intracellular 

signalling cascades
63, 64

. Insulin receptors (IR) are located on the plasma membrane of the 

insulin-sensitive tissues and the hormone binds reversibly to these cell surface 

transmembrane receptors. When insulin binds to its receptor, it induces a conformational 

change in the insulin receptor molecule; this increases its tyrosine kinase activity, which 

then autophosphorylates multiple tyrosine residues within its intracellular region and 

insulin receptor substrates (IRS)
 64

. The phosphorylated tyrosine residues on the insulin 

receptor create binding sites for a number of soluble intracellular effector proteins that 

attach to the insulin receptor and are phosphorylated by the insulin receptor tyrosine 

kinase
65

. The effector proteins/enzymes activated by phosphorylation causes the 

activation of a number of divergent intracellular signalling cascades involving other 

tyrosine kinases, serine kinases, and lipid kinases. The key enzymes participating in this 

intracellular signalling are lipid kinase PI 3-kinase, protein kinase B or AKT, glycogen 

synthase kinase-3, and certain isoforms of protein kinase C
66

. Schematic representation of 

insulin signalling pathways is given in Figure 1. 5. 
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Figure 1. 5.  Schematic presentation of insulin signalling pathways (reproduced from the reference 227 

with permission).  

The major metabolic effects of insulin are acceleration of glucose uptake into skeletal 

muscle and adipose tissue, and stimulation of glycogen storage in the liver. Insulin 

promotes the translocation of the glucose transporter GLUT-4 from the intracellular 

storage vesicles to the cell membrane surface in insulin-sensitive tissues, allowing 

glucose to enter cells down its concentration gradient
67, 68

. This insulin action on cellular 

glucose uptake depends on the upstream signalling molecules PI 3- kinase and protein 

kinase C
66

. Glucose transporters are the members of major facilitator superfamily and 

they mediate the thermodynamically downhill movement of glucose across the plasma 

membrane of animal cells
69

.  A brief description of major mammalian glucose 

transporters are given in Table 1. 3. The effect of insulin on glycogen synthesis is partly 

due to PI 3-kinase-dependent inhibition of glycogen synthase kinase-3 
66

. 

1. 7 Physiology and biochemistry of glucose homeostasis 

Glucose is the essential nutrient and acts as the starting material for most of the 

biosynthetic pathways in the human body. Glucose is the major fuel for the tissues. 

Glucose is the exclusive energy source for brain and red blood cells under non starvation 

conditions, which depend on the bloodstream for a steady glucose supply. The liver plays 

a central role in the glucose homeostasis by balancing the uptake and storage of glucose 

via glycogenesis and the release of glucose via glycogenolysis and gluconeogenesis
70

. 

Once the liver glycogen store is full, the adipose tissue converts glucose into 

triacylglycerol for longer term storage as fat. Muscles utilises the major share of plasma 

glucose and it also efficiently accumulate glycogen for their own use. The brain is a 
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particular target organ that can use glucose and/or ketone bodies as an energy source. 

However, the fact that glucose represents the sole source of energy for some of its cells 

imposes a tight control over glycemia
71

.  

ISOFORM Tissue 

Distribution 

Affinity for 

Glucose 

 

Km Characteristics  Gene 

location 

 

GLUT 1 Brain micro 

vessels, 

Red blood cells 

Placenta 

Kidney 

All tissues 

 

High 1 mmol/L 

 
Ubiquitous 

Basal transporter 

 

Chr 1 
 

GLUT 2 Liver 

Kidney 

beta cell 

Small intestine 

 

Low  15-20 mmol/L 

High Km  

Insulin-

independent 

transporter 

 

Chr 3 

 

GLUT 3 Brain neurons 

Placenta 

Foetal muscle 

All tissues 
 

High   <1 mmol/L 

Low Km  

Found in glucose 

dependent 

tissues 

 

Chr 12 

 

GLUT 4 Muscle cells 

Adipocytes 

Heart 

Medium 2.5-5 mmol/L 

 

Sequestered 

intracellularly and 

translocates to cell 

surface in response 

to 

insulin 

 

Chr 17 

 

GLUT 5 Small intestine 

Testes  

 

Medium 6 mmol/L High affinity for 

fructose  

 

Chr 1 

 
 

Table 1. 3. A brief description of major mammalian glucose transporters (reproduced from the reference 69 

with permission). 

 

1. 7. 1 Liver - the major metabolic regulatory organ  

Liver is the key regulator of glucose metabolism and the absorbed glucose reach the liver 

before being delivered to muscle and adipose tissue. These are the notable factors that 

make liver as unique organ in carbohydrate homeostasis
72

. The glucose-rich blood from 

the digestive tract directly reaches to liver through the portal vein. The liver cells have a 

large number of GLUT-2 transporters for the intracellular glucose transport whose 

function is independent of insulin action. GLUT-2 has a high Km value or low affinity for 




