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ABSTRACT  

Type 2 diabetes (T2D) is the most common form of diabetes (90 - 95 % of all cases), and 

encompasses individuals who have relative insulin deficiency and peripheral insulin 

resistance. The last decades have witnessed the introduction of many different classes of 

drugs to treat diabetes, with variable  efficacy and side effects. The drug discovery process is 

therefore of extreme importance for the identification of new targets or molecules for the 

development of safer and effective agents for the treatment of this disease. Flavonoids have 

been explored as promising alternatives for both prevention and management of T2D, and 

as scaffolds for the synthesis and development of more potent and efficient antidiabetic 

drugs. As such, the work developed in the present PhD thesis aims to extend and rationalize 

the current knowledge on the alleged antidiabetic properties of flavonoids , either in targets 

already established in clinical practice or in  other promising targets for the T2D therapy.  

The first approach was based on the study of the inhibitory activity of a group of flavonoids 

against the carbohydrate hydrolysing enzyme, Ŭ-glucosidase. Inhibitory kinetic analysis and 

molecular docking calculations were applied for the most active compounds. It can be 

deduced by the most active flavonoid found (a competitive inhibitor), that the hydroxylation 

at 3-position of C ring, at 3ô- and 4ô-positions of B ring, and at 7- and 8-positions of A ring, 

is favourable for the intended effect. 

Following the previous study, the second work was based on the in vitro  evaluation of the 

modulation of Ŭ-amylase by flavonoids, with an inhibitory kinetic analysis and molecular 

docking calculations being performed for the most active molecules. By analysing the 

structure of the most effective flavonoid (a competitive inhibitor), it seems that besides the 

presence of hydroxyl groups at 3ô- and 4ô-positions of B ring and at 5- and 7-positions of A 

ring, the chlorine ion at 3 -position of C ring has an important role for the inhibition of Ŭ-

amylase.  

In the third approach of this thesis, the inhibitory effect of flavonoids on protein tyrosine 

phosphatase 1B (PTP1B) was studied. PTP1B has emerged as a key negative regulator of 

insulin signalling pathway that le ads to insulin resistance, making this enzyme a promising 

therapeutic target for the treatment of T2D. The most potent flavonoid, a mixed inhibitor , 

showed that the presence of methoxy and benzyloxy groups at A or B rings, as well as the 

presence of a hydroxyl group at 3-position of C ring, is beneficial for the inhibitory activity 

of flavonoids against PTP1B. 

In the fourth work, the assessment of the inhibition of dipeptidyl peptidase -4 (DPP-4) by 

flavonoids was performed by in vitro  and ex vivo approaches. Through the fluorometric 

method, and by the analysis of the best inhibitor (a noncompetitive inhibitor) i t was possible 
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to observe that the hydroxylation at 3-position of C ring and at 5- and 7-positions of A ring, 

and especially the methoxylation at 3ô- and 4´ -positions of B ring are beneficial in what 

concerns the inhibitory activity against DPP -4. Subsequently, the most active flavonoids 

were tested in human blood and plasma, and interestingly did not show any inhibitory 

activity against DPP-4. Through the determination of plasma protein binding, it appears 

that the DPP-4 inhibition by flavonoids is hindere d in blood and plasma matrices due to 

protein binding .  

The fifth approach of this thesis concerned the inhibitory activity of flavonoids against 

fructose 1,6-bisphosphatase (FBPase), a well-known regulatory enzyme of the 

gluconeogenesis pathway, which has emerged as a valid therapeutic target to control 

hyperglycaemia. In sequence of the in vitro  study, seven flavonoids were selected and 

evaluated by molecular dynamics simulations. The obtained result showed that the presence 

of hydroxy groups at A ring, in special at 5-, 7- and 8-positions, has an important role for 

the increase of FBPase inhibition. In addition, the hydroxylation at 3 -position of C ring, and 

at 4ô-position of B ring also showed to be favourable for this specific biological activity.  

Finally, the Ŭ-glucosidase inhibition by flavonoids  was studied in Caco-2/TC7 cellular 

model, through the assessment of the inhibition of sucrase-isomaltase. The selected group 

of flavonoids demonstrated promising inhibitory activity against both sucrase and ma ltase. 

The presence of -OH groups at 3-position of C ring, at 3ô- and 4ô-positions of B ring, and at 

7- and 8-positions of A ring, seems to be highly favourable for the inhibition of this 

carbohydrate-hydrolysing enzyme. 

The experimental studies performed in the present thesis allowed to conclude that different 

substituents present in the chemical structure of flavonoids are required to increase the 

inhibition of each target under study. This means that the antidiabetic effect of flavonoids 

should be selected according to the enzyme we intend to inhibit. Some flavonoid scaffolds 

showed a promising antidiabetic effect via a specific enzyme modulation, and their potential 

as alternative drugs to be used in the management of T2D should be explored. In this thesis, 

important conclusions were drawn for a better and deeper knowledge (through the 

establishment of the structure -activity relationship), in what concerns the synthesis and 

development of new molecules with improved antidiabetic activity.  

Keywords:  Type 2 diabetes; flavonoids; enzymatic targets; structure-activity relationship.  
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RESUMO  

A diabetes tipo 2 (DT2) é a forma mais comum de diabetes (90 - 95% de todos os casos), e 

engloba indivíduos com deficiência relativa de insulina e resistência periférica à insulina. 

As últimas décadas testemunharam a introdução de várias classes diferentes de 

medicamentos para tratar a diabetes, com graus de eficácia e efeitos secundários variáveis. 

O processo de descoberta de fármacos baseado é assim de extrema importância na 

identificação de novos alvos ou moléculas para o desenvolvimento de agentes mais seguros 

e eficazes para o tratamento desta doença. Os flavonoides têm sido explorados como 

alternativas promissoras tanto para a prevenção como para o tratamento  da DT2, e como 

modelos para a síntese e desenvolvimento de agentes antidiabéticos mais potentes e 

eficazes. Deste modo, o trabalho desenvolvido na presente tese de doutoramento visa 

alargar e racionalizar os conhecimentos atuais acerca das potenciais propriedades 

antidiabéticas dos flavonoides, quer em alvos já estabelecidos na prática clínica, quer em 

outros alvos promissores para a terapia da DT2.  

A primeira abordagem baseou-se no estudo da capacidade de inibição de uma enzima 

responsável pela hidrólise de hidratos de carbono, a Ŭ-glicosidase, por um grupo de 

flavonoides. Foram aplicadas análises de inibição cinética e cálculos de acoplamento 

molecular para os compostos mais ativos. Pode deduzir-se, através do flavonoide mais ativo 

testado (um inibidor competitivo), que a hidroxilação na posição 3 do anel C, nas posições 

3' e 4ô do anel B, e nas posições 7 e 8 do anel A, é favorável para o efeito pretendido. 

Na sequência do estudo anterior, o segundo trabalho baseou-se na avaliação in vitro  da 

modula«o da Ŭ-amilase por flavonoides, com uma análise de inibição cinética e cálculos de 

acoplamento molecular a serem realizados para as moléculas mais ativas. Analisando a 

estrutura do flavonoide mais eficaz (um inibidor competitivo), parece que para além da 

presença de grupos hidroxilo nas posições 3' e 4' do anel B e nas posições 5 e 7 do anel A, o 

substituinte  cloro na posição 3 do anel C tem um papel importante para a inibi«o da Ŭ-

amilase.  

Na terceira abordagem desta tese, foi estudado o efeito inibitório dos flavonoides na 

proteína tirosina fosfatase 1B (PTF1B). A PTF1B emergiu como um regulador negativo da 

via de sinalização da insulina que conduz à resistência à insulina, tornando esta enzima num 

alvo terapêutico promissor para o tratamento da DT2. O flavonoide mais potente, um 

inibidor misto, demonstrou que a presença de grupos metoxilo e benziloxilo nos anéis A ou 

B, bem como a presença de um grupo hidroxilo na posição 3 do anel C, é benéfica para a 

inibição da PTF1B por flavonoides. 
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No quarto trabalho foi realizada a avaliação da inibição in vivo  e ex vivo da enzima  

dipeptid il peptidase-4 (DPP-4) por flavonoides. Recorrendo a um método fluor imétrico  

com a enzima isolada, e pelo estudo do melhor inibidor (inibidor não competitivo) foi 

possível observar que a hidroxilação na posição 3 do anel C e nas posições 5 e 7 do anel A, e 

especialmente a metoxilação nas posições 3' e 4' do anel B são favoráveis no que diz respeito 

à inibição da DPP-4. Subsequentemente, os flavonoides mais ativos foram testados em 

sangue e plasma humanos, e, curiosamente, não demosntraram ter a capacidade de inibir 

DPP-4. Através da determinação da ligação das proteínas plasmáticas, a inibição da DPP-4 

por flavonoides é possivelmente dificultada no sangue e nas matrizes plasmáticas devido à 

sua ligação às proteínas.  

A quinta abordagem desta tese é focada na atividade inibitória d e flavonoides na frutose 1,6-

bisfosfatase (FBFase), uma conhecida enzima reguladora da via da gluconeogénese, que 

surgiu como um alvo terapêutico válido para controlar a hiperglicemia. Na sequência do 

estudo in vitro , sete flavonoides foram seleccionados e avaliados através de simulações de 

dinâmica molecular. Os resultados obtidos demonstraram que a presença de grupos 

hidrox ilo  no anel A, em especial nas posições 5, 7 e 8, tem um papel importante na inibição 

da FBFase. Adicionalmente,  a hidroxilação na posição 3 do anel C, e na posição 4' do anel B 

também mostrou ser favorável a esta atividade biológica específica. 

Finalmente, a inibição da Ŭ-glucosidase por flavonoides foi estudada usando Caco-2/TC7 

como modelo celular, através da avaliação da inibição da sacarase-isomaltase. O grupo 

seleccionado de flavonoides demonstrou uma actividade inibitória promissora tanto na 

sacarase como na maltase. A presença dos grupos -OH na posição 3 do anel C, nas posições 

3' e 4' do anel B, e nas posições 7 e 8 do anel A, parece ser bastante favorável à inibição desta 

enzima metabolizadora de hidratos de carbono. 

Os estudos experimentais realizados nesta tese permitiram concluir que diferentes 

substituintes presentes na estrutura química dos flavonoides são necessários para aumentar 

a inibição de cada alvo em estudo. Isto significa que o efeito antidiabético dos flavonoides 

deve ser seleccionado de acordo com a enzima que pretendemos inibir. Alguns flavonoides 

demonstraram um efeito antidiabético promissor através de uma modulação enzimática 

específica, e o seu potencial como agentes alternativos a serem utilizados no tratamento da 

DT2 deve ser explorado. Nesta tese, obtiveram-se conclusões importantes para um maior  

conhecimento (através do estabelecimento da relação estrutura-atividade), no que diz 

respeito à síntese e desenvolvimento de novas moléculas com maior  atividade antidiabética.  

Palavras -chave:  diabetes tipo 2; flavonoides; alvos enzimáticos; relação estrutura-

atividade.  
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OUTLINE OF THE THESIS  

The present thesis is organized in three main chapters (I., II., III.) : 

 

Chapter I - General Introduction  

This chapter is divided in  two sections (I.1., I.2.) : 

 

I. 1. Theoretical background  

This section is divided in three subsections. The first subsection (I.1.1.) is an overview of the 

pathophysiology of type 2 diabetes, the mechanisms involved, the current pharmaceutical 

approach, as well as the recent major advances and future perspectives related to this 

disease. The sub-subsection I.1.1.1. contains the references corresponding to the subsection 

I.1.1. The second subsection (I.1.2.) is a review article that  provides a deep overview of the 

scientific literature regarding inhibitory activity of flavonoids against Ŭ-amylase and Ŭ-

glucosidase (covering a totality of 500 compounds) , including , whenever possible, their type 

of inhibition, and the respective conclusions in what concerns the struct ure-activity 

relationship. The third subsection (I.1.3.) is a review article that  provides a deep analysis of 

the published scientific literature about the inhibition of PTP1B and DPP -4 by flavonoids, 

and whenever possible their type of inhibition, covering a totality of 351 compounds, and to 

establish the most important aspects of the respective structure-activity relationship.  

 

I.2. General and specific objectives of the thesis  

This section provides the general and specific objectives of the thesis.  

 

Chapter II - Original Research  

This chapter is divided in six sections corresponding to published (II.1., II.2., II.3., II.4., 

II.5.)  or submitted (II.6) original manuscripts , as the result of experimental studies 

performed with the purpose of answering t he questions raised in the general and specific 

objectives of this thesis. In this chapter, I performed  all the experimental studies, except the 

molecular docking calculations and the molecular dynamics simulations.  
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Chapter III - Integrated Discussion a nd Con clusions  

This chapter is divided in four  sections. The first section (III.1.) c omprises an integrated 

discussion of the performed original research; the second section (III.2.)  contains the 

general conclusions of the thesis, the third section (III.3.) is focused on future perspectives 

on the study of flavonoids as therapeutic agents in T2D, and the fourth  section (III. 4.) 

contains the references.  
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CHAPTER I. GENERAL INTRODUCTION  

 

I.1. The oretical background  

I.1.1.  Diabetes mellitus  

In general, the term ñdiabetesò describes a group of metabolic disorders characterized by 

hyperglycaemia, in the absence of treatment. The heterogeneous etiopathology includes 

defects in insulin secretion or/and  insulin production, and abnormalities in carbohydrate, 

fat and protein metabolism.  The long-term specific effects of diabetes are retinopathy, 

nephropathy, neuropathy, among other complications (1). Since the 1980s the worldwide 

prevalence of diabetes has grown dramatically and is currently reaching epidemic 

proportions (2, 3). Between 2000 and 2019, deaths from diabetes increased 70 % 

worldwide,  with an 80 % rise in deaths among males (4). Due to the easy access to energy-

dense foods and increasingly sedentary lifestyles, obesity and diabetes are major health and 

socio-economic problems in the 21st century (3).  

The main characteristic symptoms of diabetes include thirst, polyuria, blurred vision and 

weight loss, while genital infections are also frequent. The most severe clinical 

manifestations are ketoacidosis, or a non-ketonic hyperosmolar state that can cause 

dehydration, coma, and even death, in case of the absence of effective treatment (1). 

According to American Diabetes Association (ADA), diabetes can be classified into the 

following general categories: type 1 diabetes (T1D), type 2 diabetes (T2D) , gestational 

diabetes (GD) and specific types of diabetes due to other causes (5). T1D is caused by ȁ-cell 

destruction, usually leading to absolute insulin deficiency; T2D is the result of a progressive 

loss of adequate ȁ-cell insulin secretion normally on the background of insulin resistance; 

GD is diabetes diagnosed in the second or third trimester of pregnancy that was not clearly 

overt diabetes before gestation; specific types of diabetes due to other causes can be 

attributed to genetic defects of the ȁ-cells, genetic defects in insulin action, diseases of the 

exocrine pancreas, endocrinopathies, drug- or chemical-induced diabetes, infections, 

among others. T1D and T2D are the most common forms of diabetes, representing 

approximately 5-10 % and 90-95 % of all patients with diabetes, respectively (5, 6). 

T1D is a chronic illness characterized by insulin deficiency as the result of pancreatic ȁ-cell 

loss, leading to hyperglycaemia. Although the age of symptomatic onset is observed during 

childhood or adolescence, in some cases, symptoms can develop much later. The aetiology 

of T1D is not totally understood but the pathogenesis of this disease is thought to involve T 

cell-mediated destruction of ȁ-cells. Islet -targeting autoantibodies that target insulin, which 

are proteins associated with secretory granules in ȁ-cells, also function as biomarkers of 
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T1D-autoimmunity that are found months to years before symptom atic onset (7). The 

pathogenesis of T1D can be divided in different stages related to the detection of 

autoantibodies and progress to ȁ-cell destruction, dysglycaemia, and lastly, symptoms 

associated with hyperglycaemia. Nowadays, the aetiology of ȁ-cell targeted autoimmunity 

remains undefined, but probably includes a combination of environmental and genetic 

factors that trigger or allow the autoimmune response against pancreatic ȁ-cells (8) . The 

cure of T1D is not available, and patients depend on lifelong insulin injections although 

novel approaches to insulin treatment, namely insulin pumps, continuous glucose 

monitoring, and hybrid closed loops are already available or in development. The intensive 

glycaemic control has decreased the development of micro- and macrovascular damage, 

although the majority of T1D patients are still developing these complications (7).  

The focus of this thesis is the search and study of possible new flavonoid-based molecules 

for the treatment of T2D, so this form of diabetes will be more deeply described. 

 

I.1.1.2. Type 2 diabetes  

Hyperglycaemia is preceded by prediabetes, a condition that predisposes individuals to the 

development of T2D. Prediabetes is characterized by one of the following situations: 

impaired fast glucose levels (IFG) (fasting plasma glucose levels higher than normal but do 

not meet the criteria for the diagnosis of diabetes), impaired glucose tolerance (IGT), or 

increased glycated haemoglobin (HbA1c) levels. At the time of diagnosis, many T2D patients 

are asymptomatic, while others manifest severe hyperglycaemia or even diabetic 

ketoacidosis (9) . However, T2D symptoms are usually less severe than TD1 symptoms, 

owing to the slow pace at which the hyperglycaemia is worsening (1). Screening in at-risk 

individuals is extremely important, since according to International Diabetes Federation 

(IDF), 1 in 2 adults with diabetes are undiagnosed, corresponding to 232 million people 

(10). Prevention of T2D requires identification of individuals with prediabetes and 

intervention with lifestyle modifications and administration of antidiabetic agents. As T2D 

is a complex metabolic disorder, strategies to normalize blood glucose levels, lipid profiles 

and blood pressure are the continuous medical care, patient self-management for control of 

blood glucose levels, and multifactorial risk reduction measures. These actions are of high 

importance for minimization of acute and long -term microvascular (namely retinopathy, 

nephropathy, and neuropathy) and macrovascular complications (namely heart attack and 

stroke). It is extremely important that T2D is viewed and treated as a heterogeneous 

disorder with multiple pathophysiological abnormalities, with variations in susceptibility to 

complications and response to therapeutic intervention  (9) . It is important to mention that 

in addition to diabetes, insulin resistance has several manifestations including obesity, 
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hypertension, dyslipidaemia, ovarian hyperandrogenism and premature adrenarche, non -

alcoholic fatty liver disease and systemic inflammation (11). In fact, insulin resi stance is 

mainly attributed to obesity, caused by poor dietary and lifestyle habits (12). The 

determinants  for the development of T2D consist of a matrix of genetic, epigenetic and 

lifestyle factors that interact with each other the larger physical -cultural environment. In 

this way, the main risk factors of T2D are older age, non-white ancestry, family history of 

T2D, low socio-economic status, genetic factors, components of the metabolic syndrome, 

overweight or obesity, unhealthy dietary factors, cigarette smoking, sedentary lifestyle, 

history of GD, and psychosocial stress and depression (13). 

Islets of Langerhans are specialized micro-organs located in the pancreas and have a crucial 

role in the tight regulation of blood glucose levels through the coordinated release of 

hormones (14). In human islets, ȁ-cells constitute around 60 % of cells, while glucagon-

producing Ŭ-cells, somatostatin-producing ŭ-cells, and pancreatic polypeptide-producing 

cells constitute approximately 30 %, 10 % and 1 %, respectively (9, 15). The ȁ-cells rapidly 

sense rising blood glucose concentrations after a meal and release adequate amounts of 

insulin, thereby enabling glucose uptake in liver and other peripheral tissues. Upon 

reduction  of blood glucose levels, ȁ-cells respond by finishing insulin secretion. In turn, Ŭ-

cells release glucagon that stimula tes hepatic gluconeogenesis and glycogenolysis, 

increasing blood glucose levels and avoiding hypoglycaemia. Inhibition of insulin and 

glucagon secretion is mediated through negative feedback by a third islet hormone, 

somatostatin, secreted by ŭ-cells. These synchronized and balanced processes maintain the 

normal glucose concentration in healthy human adults (å 74 - 106 mg/dL) (14). 

Upon entry into the ȁ-cell, glucose undergoes glycolysis and oxidative phosphorylation, 

leading to an increase in adenosine triphosphate (ATP) production. The rise in ATP:  

adenosine diphosphate (ADP) ratio results in a closure of ATP-sensitive K+ channels (KATP), 

followed by depolarization of membrane and Ca2+ influx through voltage -dependent Ca2+ 

channels (VDCCs). Increased intracellular Ca2+ levels lead to an activation of the exocytotic 

machinery to promote the fusion of insulin -containing granules with the cell membrane and 

the consequent release of insulin into blood circulation.  Other pathways also contribute to 

regulation of insulin release: cyclic adenosine monophosphate (cAMP), protein kinase A 

(PKA), protein kinase C (PKC), phospholipase C (PLC), extracellular-signal regulated kinase 

(ERK) and ȁ-arrestin  (16-19) (Figure 1).  
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Figure 1:  Schematic illustration depicting major signaling inputs in pancreatic ȁ-cells. Glucose is the most 
important stimulator of insulin secretion. Glucose is taken up by the glucose transporters (GLUT)1 and 2 of ȁ-
cells and undergoes the glycolysis/Krebs cycle/oxidative phosphorylation pathways. This process results in the 
increase of intracellular adenosine triphosphate (ATP) at the expense of adenosine diphosphate (ADP), leading 
to closure of ATP-sensitive K+ (KATP) channel, triggering membrane depolarization, and initiating ȁ-cell 
electrical activity. This activates voltage-dependent calcium channel (VDCC) allowing influx of Ca2+, which in 
turn drives pulsatile insulin exocytosis. Ca2+ oscillations are facilitated by repolarizing voltage -gated K+ (Kv) 
channels and inwardly rectifying K + (K IR) channels. Other potentiators of insulin secretion exert their effects by 
two main pathways from G protein -coupled receptor (GPCR)-mediated responses. The first involves G protein-
mediated stimulation of adenylyl cyclase and increase of cyclic adenosine monophosphate (cAMP) levels. This 
results in activation of protein kinase A (PKA) and exchange factor directly activated by cAMP (EPAC). Agents 
such as glucagon-like peptide -1 (GLP-1) act by enhancing cAMP. The second mechanism is through activation 
of the phosphoinositide pathway. This involves G protein -mediated activation of phospholipase C (PLC), which 
cleaves phosphatidyl inositol 4,5-bisphosphate [PtdIns(4,5)P 2]  to produce the signaling molecules inositol 
triphosphate (IP 3) and diacylglycerol (DAG). IP3 binds to its receptor in the endoplasmic reticulum (ER) to 
liberate intracellular Ca 2+, while DAG primarily acts via activ ation of protein kinase C (PKC). DAG is hydrolyzed 
by phospholipase A2 (PLA2) into arachidonic acid, which negatively regulates Kv channels, prolonging stimulus -
induced depolarization of the ȁ-cell plasma membrane and thereby amplifying insulin secretion. Agents such 
acetylcholine stimulate insulin secretion by activating the PLC/PKC pathway.   
Ŭi - GiŬ subunit; Ŭq - GqŬ subunit; Ŭs - GsŬ subunit; ȁȂ - G ȁȂ complex; ERK - extracellular -signal-regulated 
kinase; GLP1R - GLP-1 receptor; RAP - Ras-related protein 1. 

 

Insulin resistance is the earliest detectable characteristic in individuals with T2D, although 

T2D only occurs when ȁ-cells are unable to secrete enough insulin to counterbalance insulin 

resistance. Within the islet s, ȁ-cells form sparce subclusters with functional connectivity 

through gap junctions  (9). Gap junctions are extremely important for ȁ-cell-ȁ-cell 

communication since it was previously described that loss of normal gap junctions 

signalling has been shown to disrupt Ca2+ dynamics and insulin secretion (16) Each islet 
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contains about 100 - 500 µU of insulin, which means that the whole exocrine pancreas (å 1 

million islets) has 10 daysô worth of supply for a healthy adult. ȁ-Cells communicate with 

each other and with the other islet endocrine cells by means of connexin proteins and other 

cell-cell adhesion complexes and, in addition, endocrine cells can influence each other 

through hormones released into the blood. Lastly, non-hormonal endocrine cell products, 

including ATP and zinc, and neurotransmitt ers affect ȁ-cell function  (9, 15). Notably, ȁ-cell 

subpopulations display variations in maturity, proliferation, metabolism, Ca 2+ signalling 

and insulin secretion, with their proportions changing with age and T2D status. Previous 

surface antigen analysis identified four different ȁ-cell subpopulations (termed ȁ1-4) on the 

basis of differential expression of the surface antigen marker, Ŭ-N-acetylneuraminide Ŭ-

2,8-sialyltransferase (ST8SIS). Interestingly, the ȁ3 and ȁ4 subpopulations can be 

distinguished from the ȁ1 and ȁ2 subpopulations, which exhibit lower glucose 

responsiveness and are increased in proportion during diabetes (16). 

In individuals with T2D , ȁ-cell mass is reduced between 25 to 60 %, which is believed to 

occur via apoptosis and dysregulated autophagy, while vascular disarray and amyloid 

deposition contribute to impaired cytoarchitecture in T2D islets . Free fatty acids might elicit 

endoplasmic reticulum (ER) stress and thereby impair ȁ-cell function and survival. It was 

also suggested that accelerated ȁ-cell ageing and senescence occurs in T2D (20) . The loss of 

ȁ-cells is not counterbalanced with new ȁ-cells since the human pancreas does not seem to 

be able to renew these cells after 30 years of age (21). The quantitative functional impact of 

these structural modifications is not completely defined. Insulin resistance is the result of 

the increase of ȁ-cells secretion of insulin at any serum level of glucose. The rise of insulin 

secretion is stimulated by its substrates (glucose, free fatty acids, arginine, fructose and 

amino acids), hormones and nerve endings to adjust insulin release in response of modified 

demands such as fasting-feeding cycles, exercise and stress, with the purpose to maintain 

blood glucose levels (9). In that sense, it is possible that the absolute insulin secretion in 

response to an oral glucose challenge is normal or even increased in T2D, with the exception 

of a long-standing and poorly controlled diabetes, in which absolute insulin secretion i s 

decreased. Nevertheless, when the insulin release rates are plotted against the concomitant 

blood glucose levels, T2D patients secrete considerably less insulin than the controls 

without diabetes. The reduction in ȁ-cell glucose sensing occurs progressively from 

normoglycaemia in prediabetes to decompensated diabetes, and constitutes an efficient 

predictor of diabetes (9, 20) . Although less studied, dysregulated secretion of glucagon by 

Ŭ-cells, which demonstrates as increased concentrations of fasting glucagon and failure to 

adequately supress glucagon secretion, also contributes to the development of 

hyperglycaemia. It is known that islet blood flows from ȁ-cells to Ŭ-cells, and then to 
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somatostatin-producing ŭ-cells, so it can explain that high concentrations of insulin bathing 

Ŭ-cells are capable of supress glucagon release during the development of T2D (21). 

As mentioned before, insulin resistance precedes T2D, and is not only present in muscle 

and liver  but also in adipose, kidney, gastrointestinal tract, vasculature and brain tissues, 

and pancreatic ȁ-cells. Obesity is tightly related to insulin resistance, and obese individuals 

have more adipose tissues, being associated to higher secretion of hormones and other 

substances that may increase the fluctuation of insulin sensitivity. Circulating non -

esterified fatty acids in obese people is also related to insulin resistance since an increased 

fatty acid environment with hyperglycaemic conditions can lead t o reduced insulin gene 

expression. Impaired function of cholesterol transporter destroys ȁ-cells by means of sterol 

accumulation and inflammation of islets, while lipoprotein fractions and cholesterol 

metabolism contribute to ȁ-cell failure  (12, 22). The low-density lipoprotein (LDL) that 

undergo oxidation is able to reduce the pre-proinsulin expression in ȁ-cells and very low-

density lipoprotein can induce ȁ-cell apoptosis. In turn, it was described that high -density 

lipoprotein (HDL) has a beneficial role on glucose homeostasis, by increasing ȁ-cells 

function and plasma glucose disposal. In addition, lipids interact with incretin hormones 

by down regulating their receptors and modifying the downstream cAMP signalling, and 

consequently having a negative impact on incretin signalling that promotes ins ulin release 

and survival of ȁ-cells (12, 22). 

Systemic inflammation is a well -known contributor to insulin resistance, with increased 

levels of pro-inflammatory cytokines such as interleukin  (IL) -6 and tumour necrosis factor 

(TNF) and increased number of macrophages and other inflammatory cells being found in 

adipose tissue, liver and sera of insulin-resistant patients (9, 21). It was verified  that lifestyle 

modifications and pharmacological therapy improve markers of inflammation and have 

been associated with improvements in ȁ-cell function in patients with T2D. Direct effects of 

inflammation of ȁ-cells occur from activation of the intraislet immune response. Glucose 

and fatty acids are responsible for the increase of IL-1ȁ production in islets, and the balance 

and regulation of the action of IL -1ȁ in islets and other tissues is performed by naturally 

occurring antagonists, specially IL -1 receptor antagonist. Circulating levels of IL-1ȁ and IL-

1 receptor antagonist are increased in diabetic patients, thus intervention to reduce 

inflammation might lead to maint enance of improved ȁ-cell function. Hypothalamic 

inflammation can also contribute to central leptin resistance and weight gain (21). In 

addition, saturated fatty acids activate Toll -like receptor, which in turn mediates insulin 

resistance-associated inflammation by upregulating the expression of IȇB kinase (Ikk), 

nuclear-factor (NF)-ȇB transcription factors and pro -inflammatory mediators in 
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macrophages from adipose tissue. Altogether, inflammation is clearly involved in the 

pathogenesis of diabetes (12). 

 

I.1.1. 3. Therapeutic approach es 

The increasing prevalence of T2D worldwide has caused the need of developing several 

approaches to treat this disorder and improve hyperglycaemia. The purpose of these 

therapies is to decrease and maintain glucose levels as close to normal for as long as possible 

after the diagnosis and thus avoiding the development of complications. The mode of action 

for most of th e antidiabetic agents has been described. Nevertheless, individual responses 

to these agents can significantly differ, eventually as the result of the heterogeneous nature 

of T2D physiopathology (21). When compared to lifestyle changes alone, each 

pharmacological agent used as monotherapy multiplied by 2 - 3 folds the number of diabetic 

patients who reached HbA1c target levels below 7 %. Furthermore, due to poor diabetes 

control, most patients would require multiple therapies to achieve an improved control of 

blood glucose levels. Several factors should be taken into consideration before the selection 

of an antidiabetic agent, such as cost, potential side effects, potential benefits and glucose 

lowering efficacy (12). Further description of the currently available antidiabetic agents is 

provided below.  

 

I.1.1.3.1. Biguanide s 

The discovery of biguanide and its derivatives started in the middle ages, when the 

herbaceous plant Galega officinalis  was found to contain guanidine, galegine and 

biguanide, which reduced blood glucose levels (23). Metformi n (Figure 2) is a biguanide 

and it  is considered the first line antidi abetic agent, if not contraindicated and tolerated, 

and is the most prescribed drug for the treatment of T2D across all age groups (12, 24, 25).  

 

 

Figure 2:  Chemical structure of metformin.  

 

It is specially used in overweight and obese diabetic patients. Metformin can modify the 

composition of gut microbiota and activate AMP-activated protein kinase (AMPK) that 

preserve the intestinal barrier integrity. These effects, in addition to the activation of AMPK 
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in hepatocytes, seem to be the mechanism that lead to the decrease of lipopolysaccharide 

(LPS) levels in circulation and the liver (24, 26). In liver, metformin promotes hepatic 

uptake of glucose and inhibits gluconeogenesis via complex effects on the mitochondrial 

enzymes. Metformin is effective, safe and inexpensive, and has low risk of hypoglycaemia 

and low chances of weight gain. Additionally, it improves insulin sensitivity through the 

activation of insulin receptor expression. It was also suggested that metformin decreases 

plasma lipid levels through a peroxisome-activated receptor (PPAR)-Ŭ pathway, reducing 

the risk of cardiovascular disease. The possible reducing weight loss of metformin may be 

caused by glucagon-like peptide (GLP-1)-mediated actions, decreasing the food intake (23, 

26). However, gastrointestinal side effects are common in patients treated with metformin 

and it was also found that long-term users of metformin may develop vitamin B 12 deficiency 

(25). Metformin is highly efficient when there is enough production of insulin by ȁ-cells, but 

when T2D reaches the state of ȁ-failure, this antidiabetic agent loses its efficacy (23). 

 

I.1.1.3.2. Sulfonylureas  

Sulfonylureas (Figure 3) are currently prescribed as second-line or add-on options for the 

treatment of T2D. They enhance insulin by acting on the special receptor (SUR1 of 

Kir .6/SUR complex) in pancreatic ȁ-cells thereby inhibiting the ATP -dependent K+ 

channels that  regulate the ȁ-cells potential , leading to the opening of Ca2+ channels and 

promoting the exocytosis of insulin -loaded vesicles (12, 24, 26-28). Furthermore, these 

agents limit gluconeogenesis in liver. Sulfonylureas reduce the breakdown of lipids to fatty 

acids and decrease the clearance of insulin in liver (23, 27). They are divided in two groups: 

the first -generation agents (e.g. chloropropamide, tolazamide and tolbutamide) and 

second-generation agents (e.g. glipizide, glimepiride and glyburide).  
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Figure 3: Chemical substructures of examples of 1st (chloropropamide, tolazam ide and tolbutamide ) and 2nd 
generation (glipizide, glimepiride and glyburide) sulfonylureas. 

 

Comparing with second-generation agents, first-generation agents are found to have longer 

half-lives, higher risk of hypoglycaemia, and slower onset of action, so second-generation 

agents are preferred in clinical practice. Moreover, first -generation sulfonylureas produced 

cardiovascular advert events with many studies concluding the same for second-generation 

molecules but with lesser frequency (27). All sulfonylureas present hypoglycaemia and 

increased body weight as the major side effects, but some minor side effects are also 

common, such as headache, dizziness, nausea, hypersensitivity reactions and weight gain 

(23, 26).  

 

I.1.1.3.3. Meglitinides  

Meglitinides ( Figure 4) were approved for the management of T2D in 1997, and are non-

sulfonylurea insulin secretagogues.  
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Figure 4:  Chemical structures of examples of meglitinide: repaglinide and nateglinide.  

 

They share a similar  mechanism of action of sulfonylureas, but they do not bind to 

SUR1/Kir.6 rather a distinct receptor  (27). Meglitinides are considered short-acting insulin 

secretagogues since the binding of meglitinide to the receptor is weaker than sulfonylurea. 

These agents are rapidly absorbed, showing an insulin release within minutes, being also 

rapidly metabolized in the liver and excreted primarily in bile. This gives to meglitinides 

flexibility in its administration. Although  they are less effective than sulfonylureas because 

higher blood sugar levels are needed before they can stimulate the insulin secretion from ȁ-

cells, in most cases meglitinides are a better option than sulfonylureas and are also 

prescribed in patients whom metformin is contraindicated . Meglitinides, as short-acting 

secretagogues, can be used in the place of sulfonylureas in patients with irregular meal 

schedules or in patients that develop late postprandial hyperglycaemia (PPHG) using 

sulfonylureas. They also show a good combination with other oral antidiabetic agents, such 

as metformin and thiazolidinediones, and even with insulin . In combination wit h the Ŭ-

glucosidase inhibitor, voglibose, meglitinides have shown to be very effective in preventing 

PPHG and related atherosclerosis and cardiovascular problems (23, 27). 

 

I.1.1.3.4. Thiazolidinediones  

Rosiglitazone and pioglitazone (Figure 5) are representative agents of thiazolidinediones 

and are responsible for increasing insulin action.  
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Figure 5:  Chemical structures of examples of thiazolidinediones: rosiglitazone and pioglitazone.  

 

These antidiabetic agents act by modulating the PPAR-Ȃ receptor as their selective agonists. 

Among the tree types of PPARs (PPAR-Ŭ, PPAR-ŭ and PPAR-Ȃ), PPAR-Ȃ is located primarily 

in adipocytes. Thus, when activated by thiazolidinediones, the PPAR-Ȃ forms a dimer with 

retinoid X receptor (RXR), modulating the corresponding gene expression. PPAR-Ȃ has 

demonstrated to be responsible for adipocyte differentiation (12, 26, 27). 

Thiazolidinediones reduce peripheral insulin resistance and improve ȁ-cell exhaustion 

through reduction of free fatty acid (FFA) accumulation, decrease in inflammatory 

cytokines, increase of adiponectin levels, and preservation of ȁ-cell integrity and function. 

They also increase GLUT4 mediated enhanced glucose utilization in muscle tissue and 

decrease hepatic glucose output. Thiazolidinediones were found to remodel adipocytes by 

producing new, small adipocytes which are more sensitive to insulin and promote the 

apoptosis of old adipocytes (23, 26, 27). Despite this, important concerns are attributed to 

the use of thiazolidinediones, being associated with cardiac events and increased heart 

failure . Another serious adverse effect related to the use of thiazolidinediones is fluid 

retention, leading to increased vascular retention and trans-endothelial permeability. For 

this reason, these antidiabetic agents are not selected as first-line therapy or even step-up 

treatment (12, 23, 27, 29). 

 

I.1.1.3.5. Incretin mimetics  

Targeting the incretin system has become a significant  therapeutic approach for T2D 

management. The concept ñincretin effectò was first recognized in 1960s and is defined as 

the difference in insulin secretory response from an oral glucose load comparing to an 

intravenous administration of glucose  (30) . The incretin effect reduces between 50 % and 

70 % the total secretion of insulin after oral glucose intake. In T2D individuals, the incretin 

effect is reduced or even absent. The naturally occurring incretin hormones are glucagon-

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

incretins have short half -lives since they are rapidly hydrolysed by the enzyme dipeptidyl 

peptidase-4 (DPP-4). Incretins have several physiological roles, including glucose-
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dependent stimulati on of insulin and suppression of glucagon release, insulin biosynthesis 

and gene transcription activation, increasing of ȁ-cell growth and apoptosis inhibition, 

gastric emptying reduction, enhancement of glucose uptake and glycogen synthesis in 

muscle, liver and adipose tissues (23, 27, 30). Diabetic patients demonstrate impaired GLP-

1 postprandial secretion, which may explain the defects in insulin response. GIP levels are 

normal or increased in patients with T2D but the insulinotropic effect is impaired, possibly 

due to the downregulation of GIP receptor expression as the result of hyperglycaemia (31). 

The two subclasses of antidiabetic drugs acting on the incretin effect are GLP-1 receptor 

agonists and DPP-4 inhibitors.  

 

GLP-1 receptor agonists 

Efforts have been made to identify new peptides that have similar structure to incretin 

hormones but are not degraded by DPP-4. Specifically, researchers and pharmaceutical 

companies have paid attention to structural features of GLP-1, since GLP-1 and not GIP, has 

relatively preserved insulinotropic activity in patients with T2D. The first GLP -1 receptor 

agonist was exenatide is a exendin-4 mimetic that presents about 53 % of sequence 

homology to native GLP-1, and was approved in 2005 by FDA (26, 30) . This antidiabetic 

agent is currently administrated as a single drug or in combination with 

metformin/sulfonylurea. Exenatide is well tolerated in general but can cause mild to 

moderate gastrointestinal adverse effects. Currently, the available GLP-1 receptor agonists 

available are the peptides exenatide, liraglutide , albiglutide, dulaglutide, lixisenatide, and 

semaglutide. Newer drugs, except lixisenatide have over 90 % of amino acid sequence 

identity to native human GLP -1 which leads to a lower risk of antibody formation to these 

peptide medications. Recent studies have demonstrated that GLP-1 receptor agonists can 

further replace rapid -acting insulin in basal insulin therapy with cost -saving benefits, 

effective glycaemic control, and reduced risk of weight gain and hypoglycaemia in patients 

with T2D uncontrolled using basal insulin therapy. Despite their inconvenient route of 

administration, these drugs are in general well tolerated but can cause mild to moderate  

gastrointestinal adverse effects, or possible slight effects as nausea, diarrhea, and minor 

hypoglycaemia (23, 26, 27, 30). 

 

DPP-4 inhibitors  

DPP-4 (lymphocyte cell surface protein CD26), detected in endothelium and in blood 

circulation, is an endopeptidase found in several tissues, including gut, lymphocyte, liver, 

lungs, and endothelial cells. As mentioned above, this enzyme is responsible for the rapid 
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degradation of its substrates GLP-1 and GIP, thus DPP-4 inhibition increase s the time of 

action of incretins leading to an increase in insulin secretion (12, 24, 26-28). Since the first 

DPP-4 inhibitor, sitagliptin, has been released on the  market in 2006 , several 

pharmaceutical companies have developed new inhibitors, such as saxagliptin, vildagliptin, 

linagliptin and alogliptin  (Figure 6) (26, 30).  

 

 

Figure 6:  Chemical structures of examples of DPP-4 inhibitors: sitagliptin, vildagliptin, saxagliptin, 
linagliptin and alog liptin.  

 

They can be used as monotherapy or in combination with metformin, sulfonylureas and 

thiazolidinediones. DPP-4 inhibitors have a posit ive effect on PPHG, good tolerability and 

favourable safety profiles. The tree most common adverse effects associated with the use of 

DPP-4 inhibitors are nasopharyngitis, upper respiratory tract infection, and headache. 

Acute pancreatitis was observed in a fraction of diabetic patients using sitagliptin . As a 

result of their neutral effect on body weight and a recent clinical outcomes trial report on 

increased risk of hospitalization due to heart failure with the use of saxagliptin, ADA 

recommends preferred consideration of GLP-1 receptor agonists over DPP-4 inhibitors in 

patients with cardiovascular diseases or weight-related problems. However, DPP-4 

inhibitors are still attractive second -line pharmaceutical options since they are orally 

available leading to increased patient compliance in comparison with GLP-1 receptor 

agonists which are administrated by subcutaneous injection (23, 26, 27, 30). 
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I.1.1.3.6. SGLT2 inhibitors  

Glucose is transported across the cell membrane by two major processes, passive and active 

transport. Passive transport is mediated through the GLUT family of glucose transporters, 

while active transport takes place in the presence of sodium-driven electrochemical gradient 

through sodium -glucose cotransporters (SGLTs). SGLTs are mainly found in 

gastrointestinal tract and kidney, being SGLT1 (primarily found in small intestine) and 

SGLT2 (mostly found in kidney) the most studied members (26, 27). SGLT2 is the most 

prevalent subtype at the early proximal tubule s of kidney, accounting for more than 90 % 

of renal glucose reabsorption in normoglycaemic conditions. Neverth eless, high blood 

glucose levels induce the growth of proximal tubules and SGLT2 expression, leading to 

increased and undesirable glucose reabsorption (24, 30, 31). In this sense, induction of 

glycosuria through SGLT2 inhibition has been considered a key mechanism of renal glucose 

homeostasis (12). SGLT2 inhibitors are among the most recent antidiabetic d rugs available 

in clinical practice, and some examples are canagliflozin, dapagliflozin and empagliflozin 

(Figure 7). SGLT2 inhibitors block glucose reabsorption in the proximal renal tubule 

through inhibition of SGLT2, providing insulin -independent glucose reduction. Since these 

drugs present a glucose-independent mechanism of action, they can be effective in advanced 

stages of T2D, when a large number of ȁ-cells are permanently lost. The use of SGLT2 

inhibitors does not promote weight gain or hypoglycaemia, which are common side effects 

in conventi onal antidiabetic drugs . The main side effects that occur with the use of these 

antidiabetic agents are urinary tract and genital infections . Since SGLT2 inhibitors were 

recently marketed, compared with other drugs used for the treatment of T2D, the evaluation 

of efficacy and safety of these agents in several clinical settings has not been yet fully 

established (23, 24, 27, 30). 

 

 

Figure 7:  Chemical structures of examples of SGLT2 inhibitors: canagliflozin, dapagliflozin and 
empagliflozin.  
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I.1.1.3.7. Insulin  

Therapy with insulin must be introduced in newly diagnosed individuals with T2D that 

present severe symptoms, such as ketosis, and/or very elevated blood glucose (Ó 300 - 350 

mg/dL) or HbA1c (Ó 10 -12 %) levels. However, insulin therapy is administrated in most 

patients during the course of the disease. Insulin therapy has advanced significantly in the 

last years, for instance by discontinuation of animal forms and introduction of human 

forms. The alterations of insulin have focused on changing its pharmacokinetics to provide 

either a more rapid action (to better stimulate the postprandial release of insulin) or more 

prolonged, in order to  reduce the need for twice-daily administration and a more flexible 

dosing (21). 

Basal insulin is the initial insulin regimen and is usually added to metformin and possibly 

one additional non -insulin agent , and normally covers the long or intermediate acting 

insulin . If basal insulin promotes acceptable blood glucose levels but HbA1c levels are 

persistently high, rapid -acting insulin analogue should be used and administrated just 

before meals. These analogues are sometimes administrated in addition to basal insulin, 

and are used due to their prompt onset of action. To avoid multiple injections, insulin pump 

(continuous subcutaneous insulin infusion) may be used (23, 27). In fact, according to the 

onset of action by synthetic insulin, these analogues have been classified in rapid-acting 

insulin (e.g. glulisine, lispro and aspart); short -acting insulin (e.g. Humulin R and Novolin 

R); intermediate -acting insulin (e.g. Humu lin N and Novolin N); long -acting insulin (e.g. 

detemir and glargine); and ultra -long acting insulin (e.g. Degludec) (24, 27). Other areas of 

research have been focused on the formulation of insulin for delivery by other routes and to 

reduce the risk of hypoglycaemia. Inhaled insulin (Technosp here insulin -inhalation system, 

Afrezza) is also currently available for prandial use but requires pulmonary function testing 

before and after starting therapy. Although inhaled insulin was expected to be 

revolutionary, some difficulties were found in the development of practical delivery devices 

and a possible higher risk of developing lung carcinoma mostly hindered the pursuit of this 

approach. Patients with asthma or other lung diseases must also avoid inhaled insulin 

therapy (12, 21, 23). The development of oral insulin formulations are equally challenging 

due to the need to avoid destruction of insulin by intestinal secretions and, at the same time, 

deliver a predictable amount of insulin to plasma from the intestinal tract (12, 21). In the 

absence of an adequate treatment, prolonged hyperglycaemia can cause glucose toxicity 

than can progressively cause impaired insulin secretion. Thus, the initiation of insulin 

therapy is crucial to reverse the toxic effects of high glucose levels in pancreas. Once 

continuous glucose control is achieved, insulin therapy can be stopped and replaced with 

oral antidiabetic agents. It is  also known that at some point in the management of T2D, ȁ-

cells reserves are exhausted with phenotypical reversal to a T1D kind of pathological 
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situation and need for continued reliance on insulin therapy is common. Insulin therapy is 

frequently associated with weight gain and with lipohyperthrophy due to failure to change 

the subcutaneous injections, leading to poor insulin absorption and suboptimal glyc aemic 

control (23). 

Currently, ñsmart insulinsò, that are dependent on ambient glucose concentration, are being 

developed due to the emergence of treatment approaches that aggressively reduce blood 

glucose levels. These formulations become active when the levels of glucose are increased, 

so the raised glucose competes with glycosylated insulin for binding to a lectin and 

consequently freeing insulin (this effect is not observed in normal levels of glucose). This 

technology is still under development but could be a promising alternative if successful in 

clinical research (21).  

 

I.1.1.3.8. Ŭ-Glucosidase inhibitors  

This class of antidiabetic agents inhibits the absorption of carbohydrates from the small 

intestine reducing the amount of glucose absorbed in the blood. Examples of this class are 

acarbose, voglibose and miglitol (Figure 8), which competitively and reversibly inhibit the 

Ŭ-glucosidases sucrase-isomaltase (SI) and maltase-glucoamylase (MGAM) present at the 

brush border of the gut which hydroly se the oligosaccharides into smaller components 

which easily enter into the systemic circulation  (32, 33).  

 

 

Figure 8 :  Chemical structures of examples of Ŭ-glucosidase inhibitors.  
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Following the oral administration of Ŭ-glucosidase inhibitors, the postprandial glucose 

absorption is reduced, leading to attenuation of glucose-mediated insulin secretion  (24, 26, 

27, 29). Since there is a reduction of postprandial raise in glucose and insulin levels, the 

triglyceride uptake into adipocytes and hepatic lipogenesis are also decreased, showing a 

protective metabolic effect. Studies in animal models have demonstrated a decrease in 

urinary glucose loss and prevention of GLUT4 receptor loss in skeletal muscles, after the 

use of acarbose. In addition, AGE were also reduced, as well as all glycaemic parameters. Ŭ-

Glucosidase inhibitors can be a good option as first-line therapy since they reduce PPHG in 

most patients and HbA1c levels in about 52 % of patients. An additional advantage 

associated with the use of these antidiabetic agents is the negligible hypoglycaemia and no 

advert effect of weight gain. Miglitol has shown to improve vascular functions in humans, 

with increased IL -6 inhibition which is a marker of cardiovascular disease (27). However, 

the use of Ŭ-glucosidase inhibitors is commonly related with severe gastrointestinal effects 

such as flatulence, diarrhoea and abdominal distention, leading with possible incompliance 

in about 25 % to 45 % of patients to this therapeutic approach (26, 29, 34).  

 

I.1.1.3.9. Amylin analog ue 

Amylin, also known as islets amyloid polypeptide, is a neuroendocrine hormone synthesized 

in pancreatic ȁ-cells and co-secreted along with insulin and shares the same processing 

enzymes with insulin. Amylin is also released in a nutrient responsive manner , similarly to 

insulin. Amylin has two forms, non -glycosylated (the active form) and glycosylated form. 

This hormone acts both in carbohydrate absorption and its disposal and is mainly 

eliminated through renal metabolism  (24, 27, 35). It accelerates the muscle glycogenolysis, 

although inducing glycogen formation in liver. One of the major activities of amylin is 

mediated by delaying the gastric emptying and inhibit ing postprandial glucagon secretion, 

leading to satiety and reduction of food intake, in a more potent way than GLP-1. The only 

amylin analogue currently available in clinical practice is Pramlintide (Symlin by Amylin 

Pharmaceuticals) which is used by subcutaneous administration in combination with 

mealtime insulin in diabetic patients who fail to respond to insulin. The use of amylin 

analogue is also associated with reduction of diurnal glucose fluctuations, decrease of 

insulin dose and improvement of HbA1c levels. The major adverse effect found using amylin 

analogue is nausea (24, 27, 36). 
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I.1.1.4. Future perspectives in therapeutic targets  

Conventional therapies used for the management of T2D have been very beneficial but are 

frequently associated with adverse events leading to market withdrawals (27). The complex 

pathophysiology of T2D provide a variety of therapeutic targets that enable drugs with 

different me chanisms of action to act in combination to improve glycaemic control. In fact, 

the combination of antidiabetic agents can achieve a similar or a better efficacy than the use 

of only one agent, frequently with less adverse effects (37). The growing availability of fixed -

dose oral and fixed-injectable combination therapy makes combination therapy easier by 

reducing the pill/injection burden, and consequen tly increasing therapeutic  adherence. 

Despite the advantages of early, effective, and continued control of blood glucose levels in 

T2D being well-known, a large proportion of patients (about 30 - 60 % of occidental 

societies) fail to achieve or maintain glycaemic control . For this reason, the occurrence of 

complications remains significantly high, which signifies the need of develop new glucose-

lowering agents and strategies to address poor adherence to treatment by patients (37). 

Given the complexity of T2D, nanotechnology-based approaches could be a good 

therapeutic option, as it comes with added advantage of site-specific drug delivery with 

higher bioavailability and reduced dosage regimen. To date, several nanotools have proven 

to be promising drug carriers for treatment of T2D. These advances in nanotechnology 

might offer appealing prospects regarding the development of efficient glucose lowering 

therapy (33). 

Despite the meaningful progress in the management of metabolic diseases, the prevalence 

of TD2 and obesity is still growing. This increase demonstrates the importance of 

accelerating the translation of basic research achievements to safe and effective new drugs, 

following the rationale of combination therapy . For example, the pharmacological 

treatment with long-acting GLP-1 receptor agonists provides a clear weight loss and 

improves T2D management. However, the dose-dependent adverse gastrointestinal effects 

are a limiting factor in the maximal efficacy that can be achieved with these agonists. Thus, 

the combination of GLP-1 with another hormone analogue can provide the delivery of 

amplified metabolic benefits without compromising safety. To achieve  this goal, a natural 

starting point would be the combination of GLP -1 with other endocrine factors that robustl y 

suppress appetite and/or improve glycaemic control, such as cholecystokinin, peptide YY, 

glucagon, gastrin, fibroblast growth factor (FGF)21, among others. It has becoming evident 

that coordinated targeting of multiple  pathways is required for the pharma ceutical 

treatment of metabolic disorders, controlling food intake, energy expenditure and glucose 

metabolism (38) . In fact, with no widely effective treatment, and rates of T2D continuing to 

rise alongside costs, the toll of this disease seems to be unyielding. Several new potential 

therapeutic approaches for insulin sensitization have been under intensive study (39). Apart 



I. General Introduction  

19 

from the combination of therapies to achieve good and continuous glycaemic control, novel 

pipeline candidates include G protein coupled receptor (GPCR)40 agonists, glucokinase 

(GK) activators, glycogen synthase-3 (GSK-3) inhibitors, and GP CR21 inhibitors , with the 

potential to be used in the near future. Another example would be the administration of 

FGF1, which is produced in ependymal cells of the central nervous system, and interacts 

with tanycytes, astrocytes and glucose-sensing neurons of the hypothalamus to influence 

feeding and glycaemic control (39). Other different  therapeutic  targets are being developed, 

including free fatty acid receptor (FFAR)1 and GPCR119 to increase ȁ-cell secretory 

function; liver -derived proteins such as betatrophin, and forkhead box protein O1 (FOXO1) 

to increase ȁ-cell mass; glucagon-receptor antagonists and glucagon antibodies, and 

oxyntomodulin to decrease the effect of glucagon; targeting glucose 6-phosphatase, fructose 

1,6-bisphosphatase (FBPase), glycogen phosphorylase, and carnitine palmitoyltransferase -

1 (CPT-1) to reduce hepatic production of glucose; adenosine monophosphate (AMP) 

kinase, sirtuin 1 (SIRT1), and protein tyrosine phosphatase 1B (PTP1B), to increase insulin 

action; IȇB kinase ȁ (IKKȁ)-NF-ȇB pathway, and IL-1ȁ receptor agonists and IL-1ȁ 

antibodies to decrease cellular inflammation; and 11ȁ-hydroxysteroid dehydrogenase type 

1 (11ȁ-HSD1) to reduce cortisol production  (21). Protein tyrosine phosphatase 1B (PTP1B) 

(subsections I.1.3.a and II.3) and fructose 1,6-bisphosphatase (FBPase) (subsection II.5)  are 

further described in this thesis.  In this sense, the search of novel antidiabetic molecules 

targeting those approaches, such as natural products, is an important topic of research for 

promising and  effective future therapeutics that could lead towards the hope of the better 

management of T2D in our society (27) .  

Another alternative to finding new agents is to evaluate existing drugs for their potential 

utility in the treatment of T2D. Colesvelam and bromocriptine, which were previously 

approved by the FDA for other indications, have been further indicated for T2D 

management. Colesvelam, a bile acid sequestrant traditionally used for the treatment of 

hyperlipidaemia, also delays or alters absorption of glucose from the intestine. The main 

side effects associated with colesvelam are gastrointestinal adverse effects and increased 

triglyceride levels (29, 40) . Bromocriptine, a dopamine -2 receptor agonist, was shown to 

reduce HbA1c levels. The use of this agent has been associated with cardiovascular events, 

and the main side effects include nausea, vomiting, fatigue, dizziness, and hypotension. The 

administration of both drugs is not frequently recommended, not only due to their adverse 

effects, but also because they are not highly effective in reducing blood glucose levels (29, 

41).  

Due to progressive loss of insulin-producing ȁ-cells, some remarkable advances have been 

made in generating ȁ-cells to mitigate the aberrant glucose homeostasis manifested in 
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diabetes. The approaches studied in this field include human stem cell differentiation to 

enable the generation of mature ȁ-cells with dynamic insulin secretion and metabolic 

properties similar to primary ȁ-cells. In addition to ȁ-cells, differentiation of other 

hormone-expressing islet cell types is under study. In addition, transdiff erentiation of 

endogenous non-ȁ-cells to insulin -producing cells is being explored as an alternative 

strategy to enhance the level of functional ȁ-cells (12, 14, 42).  

In spite of the advances in the field of T2D, the interacti on of genes with the environment 

that cause progressive loss of ȁ-cell function is still unclear. Understanding the genetics and 

additional metabolic markers in  T2D is important to better recognize the pathophysiology 

of T2D and the heterogeneity of responses to different glucose-lowering therapies (15, 21). 
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I.1.2.  Flavonoids as potential agents in the management of 

type 2 diabetes through the modulation of Ŭ-amylase and Ŭ-

glucosidase activity: a review  
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