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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 thisdisease.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 hesis 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 onthe study of the inhibitory activity of a group of flavonoids

against the car bohydr @lucesidasg.thhimtdrpkisaticagalyssrazdy me

molecular docking calculations were applied for the most active compounds. It can be
deducedby the most active flavonoid found (a competitive inhibitor), that the hydroxylation
at3-posi ti on o fandAbpositiorng of B @ny, arldd@&t 7- and 8-positions of A ring,
is favourable for the intended effect.

Following the previous study, the second work was based on thein vitro evaluation of the
modulation of U-amylase by flavonoids, with an inhibitory kinetic analysis and molecular
docking calculations being performed for the most active molecules. By analysng the
structure of the most effective flavonoid (a competitive inhibitor), it seems that besides the
presence of hy d-ramnxdypbdsitops obBiripgandaat 5- @8 7-positions of A
ring, the chlorine ion at 3 -position of C ring has an important r ol e for the

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 hydioxyl 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 twas possible

4



to observe that the hydroxylation at 3-position of C ring and at 5- and 7-positions of A ring,
and especially t heandmé-positiorsyol Baring avenbenaficial i8 &hat
concerns the inhibitory activity against DPP -4. Subsequantly, 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 welknown regulatory enzyme of the
gluconeogenesis pathway which has emerged as a valid therapeutic target to control
hyperglycaemia. In sequence of thein 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

a t -pasifion of B ring also showed to be favourable for this specific biological activity.

Finall y, 4glbcesidaSe inhibition by flavonoids was studied in Cace2/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 Itase.
The presence of-OH groups at3-posi t i on o fa rcd-pos$itions of B dng, ardd @t
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 seleced 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 ofT2D 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.



RESUMO

A diabetes tipo 2 (DT2) é a forma mais comum de diabetes (90- 95% de todos os casos), e
engloba individuos com deficiéncia relativa de insulina e resisténcia periférica a insulina.
As Ultimas décadas testemunharam a introducdo de varias classes diferentes de
medicamentos paratratar a diabetes, com graus deeficacia e efeitos secundariosvariaveis.
O processo de descoberta de farmacos baseado éssim de extrema importancia na
identificacdo de novos alvos ou moléculas para o desenvolvimento de agentes mais seguros
e eficazes paa o tratamento desta doenca. Os flavomwides tém sido explorados como
alternativas promissoras tanto para a prevencdo como parao tratamento da DT2, e como
modelos para a sintese e desenvolvimento deagentes 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 ja estabelecidos na pratica clinica, quer em
outros alvos promissores para a terapiada DT2.

A primeira abordagem baseouse no estudo dacapacidade de inibicdo de uma enzima
responsavel pela hidrolise de hidratos de carbono, a U-glicosidase por um grupo de
flavonoides. Foram aplicadas analises de inibicdo cinética e célculos de acoplamento
molecular para os compostos mais ativos. Pode deduzirse, através doflavonoide mais ativo
testado (um inibidor competitivo), que a hidroxilagdo na posi¢édo 3  anel C,nas posigcbes

3' e 46do anel B, enas posi¢des? e 8do anel A, é favoravel para o efeito pretendido.

Na sequéncia do estudo anterior, o segundo trabalho baseotse na avaliacdoin vitro da
mo d ul a - <amilask por flavonoides, com uma anélisede inibig&o cinética e calculos 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
presenca de grupos hidroxilo nas posi¢cdes3' e 4'do anel B enas posi¢dess e 7do anel A, 0
substituinte cloro na posicdo3 doa n e | C tem um papel i mp o-r

amilase.

Na terceira abordagem desta tese, foi estudado o efeito inibitério dos flavoroides na
proteina tirosina fosfatase 1B (PTF1B). A PTF1B emergiu como um regulador negativo da
via de sinalizacdo da insulina que conduz a resisténcia a insulina, tornando esta enzima num
alvo terapéutico promissor para o tratamento da DT2. O flavonoide mais potente, um
inibidor misto, demonstrou que a presenca de grupos metoxb e benziloxilo nos anéis A ou
B, bem como a presenca de um grupo hidroxib na posi¢do 3 do anel C¢ benéfica para a

inibicdo da PTF1B por flavonoides.
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No quarto trabalho foi realizada a avaliacdo da inibicdo in vivo e ex vivo da enzima
dipeptid il peptidase-4 (DPP-4) por flavonoides. Recorrendo a um método fluorimétrico
com a enzima isolada e peb estudo do melhor inibidor (inibidor ndo competitivo) foi
possivel observar que a hidroxilagdona posicdo3 do anel C enas posicdes5 e 7do anel A, e
especialmente a metoxilagdonas posicdes3' e 4' do anel B sadavoraveis no que diz respeito
a inibicdo da DPP-4. Subsequentemente, os flavomides mais ativos foram testados em
sangue e plasma humanos, e, curiosamente, ndaemosntraram ter a capacidade de inibir
DPP-4. Através da determinacao da ligacédo das proteinas plasmaéticas, a inibicao aDPP-4
por flavonoides é possivelmente dificultada no sangue e nas matrizes plasmaticas devido a

sualigagéo asproteinas.

A quinta abordagem desta teseé focada naatividade inibitoria d e flavonoides na frutose 1,6
bisfosfatase (FBFase), uma conhecida enzima reguladora da via da gluconeogénese, que
surgiu como um alvo terapéutico valido para controlar a hiperglicemia. Na sequéncia do
estudo in vitro , sete flavonoides foram seleccionados eavaliados através de simulag¢des de
dindmica molecular. Os resultados obtidos demonstraram que a presenca de grupos
hidroxilo no anel A, em especialnas posi¢des5, 7 e 8, tem um papel importante na inibicao
da FBFase.Adicionalmente, a hidroxilagéo na posi¢cédo3 do anel C, ena posi¢do4' do anel B

também mostrou ser favoravel a esta atividade biolégica especifica.

Finalmente, a inibicdo da U-glucosidase por flavonoides foi estudada usando Caco-2/TC7
como modelo celular, através da avaliacdo da inibicdo da acarase-isomaltase. O grupo
seleccionado de flavoroides demonstrou uma actividade inibitéria promissora tanto na
sacarasecomo na maltase. A presenca dos gruposOH na posi¢cdo3 do anel C,nas posi¢des
3' e 4'do anel B, enas posi¢des7 e 8 do anel A, parece sembastante favoravel a inibicdo desta

enzima metabolizadora de hidratos de carbono.

Os estudos experimentais realizados msta tese permitiram concluir que diferentes
substituintes presentes na estrutura quimica dos flavonoides séo necessariogpara aumentar
a inibicdo de cada alvo em estudo. Isto significa que o efeito antidiabético dos flavomides
deve ser seleccionado de acordo com a enzima que pretendemos inibir. Algos flavonoides
demonstraram um efeito antidiabético promissor através de uma modulagdo enzimética
especifica, e 0 seu potencial com@gentesalternativos a serem utilizados no tratamento da
DT2 deve ser explorado. Nesta tesepbtiveram-se conclusesimportantes para um maior
conhecimento (através do estabelecimento da relacdo estruturaatividade), no que diz

respeito a sintese e desenvolvimento de novas moléculas comnaior atividade antidiabética.

Palavras -chave: diabetes tipo 2; flavonoides; alvos enzimaticos; relacdo estrutura
atividade.
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biflavonoids, flavanones, isoflavones, isoflavanones, flavans, isoflavans and
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Figure 2. Negative regulation of protein tyrosine phosphatase 1B (PTP1B) in insulin

signalling pathway, through inhibition of insulin receptor (IR) and insulin receptor
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Figure 3. Predicted binding mode for acarbose ¢ ¢ é é € é é é e e éééécéeééééeéeé. 272

Figure 4. (A) Predicted binding mode of flavonoid A5, occupying the -2 and -1 substes
with the more hydrophobic A -ring on the -2 subsite interacting with Leu162 and Val163. (B)
the predicted binding mode for B4 shows the Gring carbonyl and A-ring hydroxyl hydrogen
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Figure 5. (A) The binding mode predicted for C5 shows the Gring carbonyl and i OH
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OUTLINE OF THE THESIS

The present thesis is organized in three main chapters(l., I1., IIl.) :

Chapter | - General Introduction

This chapter is divided in two sections (I.1., 1.2.):

I. 1. Theoretical background

This section is divided in three subsections. The first subsection(l.1.1.)is an overview ofthe
pathophysiology of type 2 diabetes, the mechanisms involved, the current pharmaceutical
approach, as well as therecent 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(l.1.2.) is a review article that provides a deep overview of the
scientific |literature regarding #tamtyil lmistee rayn da c
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 (1.1.3.) 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 Il - Original Research

This chapter is divided in six sections corresponding to published (11.1., 1.2., 11.3., Il.4.,

[1.5.) or submitted (11.6) original manuscripts, as the result of experimental studies
performed with the purpose of answering the questions raised in the general and specific
objectives of this thesis. In this chapter, | performed all the experimental studies, except the

molecular docking calculations and the molecular dynamics simulations.
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Chapter Ill - Integrated Discussiona  nd Con clusions

This chapter is divided in four sections. The first section (Ill.1.) comprises an integrated
discussion of the performed original research; the second section (111.2.) contains the
general conclusions of the thesis,the third section (111.3.) is focused on future perspectives
on the study of flavonoids as therapeutic agents in T2D, and the fourth section (lll. 4.)

contains the references.
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I. General Introduction

CHAPTER |I. GENERAL INTRODUCTION

I.1. The oretical background

[.1.1. Diabetes mellitus

In general, theterm idi abet es o describes a group of met
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 ard 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 nonketonic hyperosmolar state that can cause
dehydration, coma, and even death, in case of the absence of effective treatmeni(l).
According to American Diabetes Association (ADA), diabetes can be classifiedinto the
following general categories: type 1 diabetes(T1D), type 2 diabetes (T2D), gestational
diabetes (GD) and specific types of diabetes due to other cause$s). TIDisc au s e dcellby a
destruction, usually leading to absolute insulin deficiency; T2D is the result of a progressive

| oss of adl@sulinasdcretiomnormally 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 t o ge rald, geoeticddefécts m tnsulin adtion,tdiseasesof 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-cddly i ns
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-mediatedd e s t r u c {callolslet-@rgetirdy autoantibodies that target insulin, which

are proteins associ at ed -cells, tldo fusceoo asedioroarkgrs o r a n u |
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I. General Introduction

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 a-cell destruction, dysglycaemia, and lastly, symptoms
associated with hyper gl yc ae mdelatargetsidoautaindnauryitg , t he
remains undefined, but probably includes a combination of environmental and genetic

factors that trigger orallow t he aut oi mmune r espo+dls8).ageai nst
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 micre 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 flavonoidbased molecules
for the treatment of T2D, so this form of diabetes will be more deeply described.

[.1.1.2. Type 2 diabetes

Hyperglycaemia is preceded by prediabetes, a condition that predisposes individuals tothe
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 selfmanagement for control of
blood glucose levels, and multifactorial risk reduction measures. These actions areof 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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I. General Introduction

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, nonwhite 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 psychosocialstress and depression(13).

Islets of Langerhans are specialized microorgans located in the pancreas and have a crucial
role in the tight regulation of blood glucose levels through the coordinated release of
hormones (14). I n h u ma-pellsicenstiite arounda60 % of cells, while glucagon
p r od u c-éellsgsomatostatin-p r o d u c-gelis,gandlpancreatic polypeptide-producing
cells constitute approximately 30 %, 10 % and 1 %, respectivel{9, 15). T kcells rapidly
sense rising blood glucose concentrations afer a meal and release adequate amounts of
insulin, thereby enabling glucose uptake in liver and other peripheral tissues. Upon
reductonof bl ood gl «eddes Iresglond dy finishi-ng in
cells release glucagon that stimulates 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,
somat ost at i n;cells Eese syriclerahized gnd alanced processes maintain the

nor mal glucose concentrati onlO6my/dlh €4.0 t hy human

Upon ent r y-cdlmgluamse undergoed 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 (Kare),
followed by depolarization of membrane and Ca?* influx through voltage -dependent C&*
channels (VDCCs). Increased intracellular C&* 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), extracellularsignal regulated kinase
( ERK) -arnedtin (86-19) (Figure 1).
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important stimulator of insulin secretion. Glucose istakenupbythe gl ucose transporte+rs (GLL
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), leding
to closure of ATP-sensitive K* (Katp) channel , triggering membraneelldepol a
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 * (Kir) 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 glucagonlike 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 phospfatidylinositol 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 depol arcellplasma membrané and theeebyaamplifying insulin secretion. Agents such
acetylcholine stimulate insulin secretion by activating the PLC/PKC pathway.

UirGi U subuBgb; shusU; sUbubdi B8A aA mp! extracellulerRsignal-regulated
kinase; GLP1R- GLP-1 receptor; RAP- Rasrelated protein 1.

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

T2D onl y o c-cellsare unable & secrateenoughinsulin to counterbalance insulin
resistance. Within the islet s, -calls form sparce subclusters with functional connectivity

through gap junctions (9). Gap junctions ar e e xctlraecatie | y [
communication since it was previously described that loss of normal gap junctions

signalling has been shown to disrupt C&* dynamics and insulin secretion (16) Each islet
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contains about 100 - 500 pU of insulin , whi ch means that the whol e
million islets) has 10 days6 -@elisrcomMmunicate vituppl vy
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 e r s a {cdil Rirction @, 15). Notably, -call
subpopulations display variations in maturity, proliferation, metabolism, Ca 2* signalling

and insulin secretion, with their proportions changing with age and T2D status. Previous
surfaceantigen anal ysi s ident-ckiédstbobpopdi b-#)emalest ( & e
basisofdi f ferenti al expression oN-atctlké ybnefiaaami an
28-si alyltransferase (ST8SI1 S) . I nterestingly,
distingui shed from the al and a2 subpopul ati o

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

In individuals with T2D , a-cell mass isreduced 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 reticul um ( ER)cell$unctioa and suarivad It wab er e by
alsosugges t ed t hat <all ageihgamdaanasabnca occursin T2[20). The loss of
a-cel |l s is not c oun tcelis sined tlee humardpanereasdbes noeseemao
be able to renew these cells after 30 years of ag€1). The quantitative functional impact of
these structural modifications is not completely defined. Insulin resistance is the result of
t he i nc roels seeretienfof indulin 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 fastingfeeding 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. Neverthelesswhen the insulin release rates are plotted against the concomitant
blood glucose levels, T2D patients secrete considerably less insulin than the controls
without di abet es . -cdllhghicose sahsing todcuran prograssiel from
normoglycaemia in prediabetes to decompensated diabetes, and constitutes an efficient
predictor of diabetes (9, 20). Although less studied, dysregulated secretion of glucagon by
U-cells, which demonstrates as increased concentrations of fasting glucagon and failure to
adequately supress glucagon secretion, also contributes to the development of

hyperglycaemi a. It i s knownc etl H astellsi@nd then tob | oo d
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somatostatin-p r o d u cdells, go ititan explain that high concentrations of insulin bathing

U-cells are capable of supress glucagon release during the development of T2[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 pan caels.®besity is tightly related to insulin resistance, and obese individuals

have more adipose tissues being associated to higher secretion of hormonesand 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.| mpaired function of c¢ holcellsbyeeaodofstemlanspo
accumulation and inflammation of islets, while lipoprotein fractions and cholesterol

met abol i sm c occeltfalird (12, 22). The lovddensity lipoprotein (LDL) that

undergo oxidation is able to reduce the pre-pr oi nsul i n e-geflsramdyveryilanvn |1 n ¢
density | i popr oceleapoptosis.dnrturn, inndsideseribed that high -density
lipoprotein (HDL) has a beneficial role on gl ucose homeost acelss, by

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 sur vdells@2 22pf a

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 associ at ed wi-telfunctiorpir patiergsiwithn T2B. Direat eff@cts of
i nf |l amma tcells occuoffom activation of the intraislet immune response. Glucose

and fatty acids are responsible for the increase ofI-k1 a2 pr od u c t ,jamdthe balancé s | et

and regulation of the action of IL-1 & i n and sttheetisssies is performed by naturally
occurring antagonists, specially IL-1 receptor antagonist. Circulating levelsof IL-1a anrd | L

1 receptor antagonist are increased in diabetic patients, thus intervention to reduce
inflammation might lead to maint enance of 4iceth gunation.e ypothalamic
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
resistanccassoci ated inflammation by wupregulating

nuclear-factor (NF)-& B 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 HbAlc targetlevels 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.

[.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 condsidered 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 groupq12, 24, 25).

NH NH
A I

N NH,

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 themitochondrial
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 suggestel that metformin decreases
plasma lipid levels through a peroxisome-activated receptor (PPAR}U pat hway ,
the risk of cardiovascular disease. The possible reducing weight loss of metformin may be
caused by glucagonlike 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 1> deficiency

25).Met formin is highly efficient whe ncellshhatr e

whenT2 D r eac hes -failare, this antidiakeetic@dent dosesits efficacy (23).

[.1.1.3.2.Sulfonylureas

Sulfonylure as (Figure 3) are currently prescribed as secondline or add-on options for the

treatment of T2D. They enhance insulin by acting on the special receptor (SUR1 of
Kir6/ SUR compl ex) icells tipeeely cinhibitng ithe ATR -dependent K*

channelsthat r e g u | a t-cells potemtial ,deading to the opening of Ca&* 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 anddecrease 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).

red

i s
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Figure 3: Chemical substructures of examples of 15t (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 secondgeneration
agents are preferred in clinical practice. Moreover, first -generation sulfonylureas produced
cardiovascular advert eventswith 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).

1.1.1.3.3.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 rapidlyabsorbed, 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

hi gher blood sugar | evels are needed bef-ore t|
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 mal
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 with t he U
glucosidase inhibitor, voglibose, meglitinides have shown to be very effective in preventing

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

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

and are responsible for increasing insulin action.

10
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Figure 5: Chemical structures of examples of thiazolidinediones: rosiglitazone and pioglitazone.

These antidiabetic agentsact by modulatingthe PPAR-A r ecept or as their s¢
Among the tree types of PPARs (PPARU, P-BARnN d -2)P,A RAAP A Rted Iprimarily

in adipocytes. Thus, when activated by thiazolidinediones, the PPARA f or ms a di merr
retinoid X receptor (RXR), modulating the corresponding gene expression. PPAR-A has
demonstrated to be responsible for adipocyte differentiation (12, 26, 27)
Thiazolidinediones reduce peripheral insulin resistance and improve a-cell exhaustion

through reduction of free fatty acid (FFA) accumulation, decrease in inflammatory
cytokines, i ncrease of adi p o-pediotegritmand fengtienl s , an
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 useof thiazolidinediones is fluid

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

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

treatment (12, 23, 27, 29)

[.1.1.3.5.Incretin mimetics

Targeting the incretin system has become a significant therapeutic approach for T2D
management. T h e ¢ o meradipdffect®i was fir st r ec oigdefingdasl i n
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 glucosedependent 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-

11
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dependent stimulati on of insulin and suppression of glucagon release, insulin biosynthesis

and gene transcri pti on -callcgtowth antl apoptosis inhibition,e a s i n

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 GLR1 receptor
agonists and DPR4 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 DPR4. Specifically, researchers and pharmaceutical
companies have paid attention to structural features of GLP-1, since GLR1 and not GIP, has
relatively preserved insulinotropic activity in patients with T2D. The first GLP -1 receptor
agonist was exenatide is a exendind mimetic that presents about 53 % of sequence
homology to native GLP-1, and wasapproved 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 GLR1 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 nauseadiarrhea, 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 forthe rapid

12
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degradation of its substrates GLP-1 and GIP, thus DPR4 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 assaxagliptin, vildagliptin,
linagliptin and alogliptin  (Figure 6) (26, 30).

Sitagliptin Vildagliptin Saxagliptin

Pz

0 111 S N j\
A0 iy
\)\/N N
N
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Linagliptin z
NH,

Alogliptin

Figure 6: Chemical structures of examples of DPR4 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 positive 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 observedin 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 DPP4 inhibitors in
patients with cardiovascular diseases or weightrelated 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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[.1.1.3.6.SGLT2 inhibitors

Glucose is transported across the cell memlsane 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 sodiumdriven 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). SGLTZ2 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). SGLT2inhibitors 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 glucoseindependent mechanism of action, they can be effective in advanced
stages of T2D, w h e ncels aré germgnentlynlastnbhe use of SGLA2
inhibitors does not promote weight gain or hypoglycaemia, which are common side effects
in conventional 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).

e
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Figure 7: Chemical structures of examples of SGLT2 inhibitors: canagliflozin, dapagliflozin and
empagliflozin.

14



I. General Introduction

1.1.1.3.7.Insulin

Therapy with insulin must be introduced in newly diagnosed individuals with T2D that
present severe symptoms, such as ketosis, and/orer y el evated bl e35@
mg/ dL) or HHUHA%)devels.Howewkr, 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 HbAlc levels are
persistently high, rapid -acting insulin analogue should be used and administrated just
before meals. These analoges 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 rapidacting
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.qg.
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.lnhaled 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 maostly 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, - 3

cells reserves are ekausted 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, Asmart insulinso, that ar,arelttiegpender
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).

| . 1. 1-Gl@cosBlase ikhibitors

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
U-glucosidases sucraseisomaltase (Sl) and maltase-glucoamylase (MGAM) present at the
brush border of the gut which hydroly se the oligosaccharidesinto smaller components

which easily enter into the systemic circulation (32, 33).
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Foll owing the or al-glueosidase mhitstarsy thet gosipnandialfgluctse
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, AGEwere also reduced, as well as all glyaemic paramet e r s .
Glucosidase inhibitors can be a good option as firstline therapy since they reduce PPHG in
most patients and HbAlc levels in about 52 % of patients. An additional advantage
associated with the use of these antidiabetic agents is the negligible hypglycaemia 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,
t h e u sglicosidase [Mhibitors is commonly related with severe gastrointestinal effects
such as flatulence,diarrhoea and abdominal distention, leading with possible incompliance
in about 25 % to 45 % ofpatients to this therapeutic approach (26, 29, 34).

1.1.1.3.9. Amylin analog ue

Amylin, also known as islets amyloid polypeptide, is a neuroendocrine hormone synthesized
i n p an c-ceisaandi cosedeted 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 HbAlc levels. The major adverse effect found using amylin

analogue is nausea(24, 27, 36).
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[.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 wihdrawals (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 effect37). 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 sitespecific 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 dosedependent 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 myielding. Several new potential

therapeutic approaches for insulin sensitization have been under intensive study (39). Apart
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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 synthase3 (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 glumse-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 GPCR1 19 t o i-celcse®@etogye a
function; liver-derived proteins such as betatrophin, and forkhead box protein O1 (FOXO1J)

t o i n c fcal amws; glacagon-receptor antagonists and glucagon antibodies, and
oxyntomodulin to decrease the effect of glucagon;targeting glucose 6-phosphatase, fructose
1,6-bisphosphatase (FBPase), glycogen phosphorylase, andarnitine 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; | é B ki nlakipdlF& B( pat hwayl a arnedc elplt or a-yani st
antibodies to decrease cellular inflammation; and 1 1-Rydroxysteroid dehydrogenasetype
1(1 1-B@SD1) to reduce cortisol production (21). Protein tyrosine phosphatase 1B (PTP1B)
(subsections I.1.3.a and 11.3) and fructose 1,6-bisphosphatase (FBPase)subsection I.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 usedfor 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 HbAlc levels. The use of this agent has been associated with cardiovascular events,
and the main side effectsinclude 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 level$§29,
41).

Due to progressive loss of insulin-p r o d u cdells,gsomi remarkable advances have been

made i n g e n eqcald to mitjgateathe aberrant glucose homeostasis manifested in
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diabetes. The approaches studied in this field include human stem cell differentiation to
enabl e the g¢gener-eellsiwitnmdynaniic inadirt secregion and metabolic
properties simi-tall ¢£.0 Ipmr i adlg idifferdatiationt ob othar
hormone-expressing islet cell types is under study. In addition, transdiff erentiation of
endogenous nona-cells to insulin-producing cells is being explored as an alternative
strategy to enhance -cellb(@2, 14eA2)el of functional a

In spite of the advances inthe field of T2D, the interacti on of genes with the environment
t hat cause pr ocelfenstieniiswtdl uncleas Wndesstanding the genetics and
additional metabolic markers in T2D is important to better recognize the pathophysiology

of T2D and the heterogeneity of responses to different glucoselowering therapies (15, 21)
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ABSTRACT

Type 2 diabetes (T2D) is one of the most prevalent metabolic diseases worldwide and is character-
ized by increased postprandial hyperglycemia (PPHG). z-Amylase and a-glucosidase inhibitors have
been shown to slow the release of glucose from starch and oligosaccharides, resulting in a delay
of glucose absorption and a reduction in postprandial blood glucose levels. Since current a-gluco-
sidase inhibitors used in the management of T2D, such as acarbose, have been associated to
strong gastrointestinal side effects, the search for novel and safer drugs is considered a hot topic
of research. Flavonoids are phenolic compounds widely distributed in the Plant Kingdom and
important components of the human diet. These compounds have shown promising antidiabetic
activities, including the inhibition of z-amylase and «-glucosidase. The aim of this review is to pro-
vide an overview on the scientific literature concerning the structure-activity relationship of flavo-
noids in inhibiting o-amylase and o-glucosidase, including their type of inhibition and
experimental procedures applied. For this purpose, a total of 500 compounds is covered in this
review. Available data may be considered of high value for the design and development of novel
flavonoid derivatives with effective and potent inhibitory activity against those carbohydrate-
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Antidiabetic agents;
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hydrolyzing enzymes;
inhibitory activity;
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hydrolyzing enzymes, to be possibly used as safer alternatives for the regulation of PPHG in T2D.

Introduction

Diabetes comprises a group of metabolic disorders charac-
terized by chronic hyperglycemia. This disease results from
the impairment of insulin secretion, insulin action or a com-
bination of both. Insulin deficiency and resistance to insulin
action on target tissues lead to disturbances in carbohydrate,
fat and protein metabolism (Kahn, Cooper, and Del Prato
2014; Kharroubi and Darwish 2015; Eizirik, Pasquali, and
Cnop 2020). Diabetes is associated with numerous acute and
long-term complications. Acute complications, with a sub-
stantial short-term risk of morbidity and mortality, encom-
pass diabetic ketoacidosis, hyperosmolar hyperglycemic state,
and malignant hyperthermia-like syndrome with rhabdo-
myolysis (Pinhas-Hamiel and Zeitler 2007; Forbes and
Cooper 2013). Long-term complications include hyperten-
sion, nephropathy, retinopathy, dyslipidemia, nonalcoholic
fatty liver disease, neuropathy, cardiovascular and athero-
sclerotic complications (Pinhas-Hamiel and Zeitler 2007;
Forbes and Cooper 2013). The most common symptoms of
hyperglycemia are polyuria, polydipsia, unexplained weight
loss, polyphagia and blurred vision (American Diabetes
Association 2014). According to the American Diabetes
Association (ADA), diabetes can be classified as type 1 dia-
betes (T1D) (resulting from the autoimmune destruction of
pancreatic f5-cells), type 2 diabetes (T2D) (progressive loss

of insulin secretion from f-cells, usually on the background
of resistance to insulin), gestational diabetes (GD) (diag-
nosed in the second or third trimester of pregnancy that
was not clearly diagnosed as diabetes prior to gestation) and
specific types of diabetes, due to other causes (American
Diabetes Association 2018). The International Diabetes
Federation (IDF) estimated that, in 2019, about 463 million
adults had diabetes, and predicts that, in 2054, 700 million
adults across the globe will suffer from this metabolic dis-
ease. T2D is the most common type of diabetes, accounting
for around 90% of all diabetes cases (International Diabetes
Federation 2019). Due to the variable and progressive patho-
physiological changes associated to T2D, pharmacological
compounds acting in different targets are available for dif-
ferent stages of the disease (Tahrani et al. 2011).

However, many of these treatments have several side
effects, and long-term efficacy is difficult to achieve without
regular adjustment and combination therapy. Thus, the
search for novel, effective and safer drugs is considered a
hot topic of research. In fact, several research studies have
revealed a promising inhibitory activity of «-amylase and
u-glucosidase by flavonoids. The purpose of this review is to
provide an overview on the scientific literature concerning
the structure-activity relationship (SAR) of flavonoids in
inhibiting «-amylase and «-glucosidase activities, including
their type of inhibition and experimental procedures applied,
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covering a total of 500 compounds. For this purpose, this
manuscript provides a small appraisal on T2D and the avail-
able antidiabetic agents, with special focus on their inhibi-
tory activity against z-amylase and «-glucosidase activity.
This is followed by the definition, classification and metab-
olism of flavonoids, ending with the analysis of the available
studies on the inhibitory effect of flavonoids against those
carbohydrate-hydrolyzing enzymes.

Type 2 diabetes

T2D is characterized by impairment of carbohydrate, lipid,
and protein metabolism, leading to high glucose levels in
blood. The main cause of T2D is the progressive reduction
of insulin secretion from pancreatic f-cells, frequently upon
a background of preexisting resistance of insulin in skeletal
muscle, liver and adipose tissue (DeFronzo et al. 2015).

The core defects of insulin resistance in liver, muscle and
adipocytes, and progressive fi-cell failure are present virtu-
ally in all T2D patients. In addition to these abnormalities,
five other pathophysiologic conditions are responsible for
glucose intolerance in T2D: chronic exposure to non-
esterified fatty acids (lipotoxicity); decreased incretin [gluca-
gon-like peptide-1 (GLP-1) and glucose-dependent
insulinotropic polypeptide (GIP)] effect as a result of
impaired GLP-1 secretion, as well as f-cell resistance to
stimulatory effect of incretin hormones; increased glucagon
secretion by «-cells and increased hepatic sensitivity to glu-
cagon, resulting in an increase in hepatic glucose production
and its impaired suppression by insulin; enhanced renal glu-
cose reabsorption by the sodium/glucose transporter-2
(SGLT2), leading to a maintenance in high blood glucose
levels; central nervous system resistance to the appetite-sup-
pressive effects of insulin and impaired neurosynaptic hor-
mone secretion, contributing to appetite dysregulation and
weight gain, which exacerbate the underlying resistance
(DeFronzo et al. 2015).

In addition, genome-wide association studies (GWAs)
reported more than 100 common genetic variants associated
with  T2D, including single-nucleotide polymorphisms
(SNPs) in TCF7L2, SLC30A8, FTO, CDKALI, CDKN2A, and
CDKNZ2B, among others (DeFronzo et al. 2015). However,
the currently identified genetic variants only increase around
10% to 20% the risk of T2D. Thus, the described SNPs do
not explain the majority of the heritability (=~ 85%), and
other alternatives have been raised: the heterogeneity of the
disease, gene-environment interactions and epigenetic mech-
anisms (Kahn, Cooper, and Del Prato 2014; DeFronzo et al.
2015). Environmental factors play a key role in the rapid
increase in prevalence of T2D, and include the increase in
caloric intake, decrease in energy expenditure, obesity, nutri-
ent composition (specifically increased amount of dietary
fat, regular consumption of red meat and sugary beverages),
cigarette smoking and drug- or chemical-induced diabetes
(such as in the treatment of HIV/AIDS or after organ trans-
plantation). Furthermore, a reduction of responsiveness of
f-cells to carbohydrate partly underlies the reduction in glu-
cose tolerance with ageing (Kahn, Cooper, and Del Prato
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2014; DeFronzo et al. 2015). Other multiple factors are
related to an increased risk of f-cell failure, such as incretin
hormone resistance and/or deficiency, lipotoxicity, glucotox-
icity, hypersecretion of islet amyloid polypeptide (IAPP),
oxidative/nitrosative stress and inflammation (Donath and
Shoelson 2011; Pitocco et al. 2013; DeFronzo et al. 2015;
Donath 2016). Inflammation plays an important role in the
pathophysiology of T2D, resulting in altered levels of spe-
cific cytokines and chemokines, alterations in the number
and activation state of different populations of leukocytes,
and increased leukocyte apoptosis and tissue fibrosis
(Donath and Shoelson 2011; Donath 2016).

It is well known that T2D is responsible for numerous
microvascular and macrovascular complications, depending
on the severity and duration of hyperglycemia.
Microvascular complications result from hyperglycemia pro-
moted by the activation of major pathological pathways as:
enhanced polyol pathway flux, raised generation of advanced
glycation end products (AGEs), increased AGE receptor
expression, activation of protein kinase C (PKC) isoforms,
increased hexosamine flux and high production of reactive
oxygen (ROS) and nitrogen species (RNS) (DeFronzo et al.
2015). The mechanisms that contribute for the microvascu-
lar complications, also contribute to the macrovascular com-
plications. The major microvascular complications include
retinopathy, nephropathy and neuropathy (Forbes and
Cooper 2013). Accelerated cardiovascular disease, resulting
in myocardial infarction and congestive heart failure, and
cerebrovascular disease, manifesting as strokes, are signifi-
cantly increased in T2D and also constitute one of the major
macrovascular complications. Moreover, hypertension is 2-
fold enhanced in T2D, and largely contributes to the macro-
vascular complications observed in those patients (Forbes
and Cooper 2013; DeFronzo et al. 2015). Other chronic
complications associated to diabetes are depression, demen-
tia and sexual dysfunction (Forbes and Cooper 2013).

The current available drugs used in the management of
T2D are biguanide, sulphonylureas, meglitinides, o-glucosi-
dase inhibitors, thiazolidinediones, GLP-1 receptor agonists,
dipeptidyl pedptidase-4 (DPP-4) inhibitors, SGLT2 inhibi-
tors, amylin analogues, and insulin. These antidiabetic
agents, their route of administration, mechanism of action,
benefits and limitations are summarized in Table 1.

a-Amylase and x-glucosidases

In humans, the enzymes «-amylase and o-glucosidase are
involved in the breakdown of dietary starch and sugars into
glucose.  o-1,4-Glucan-4-glucanohydrolases (EC 3.2.1.1.),
commonly known as z-amylases, belong to the family 13 of
glycoside hydrolases (GH), and can be found in saliva and
pancreatic juice (Butterworth, Warren, and Ellis 2011; Patel
et al. 2017). Both isozymes, salivary and pancreatic o-amyl-
ase, are expressed from genes AMY1 and AMY?2, respect-
ively, and are composed by 496 amino acids in a single
polypeptide chain. They possess three different domains (A,
B and C) and a common calcium-binding site responsible
for the stabilization of the interface between the central A
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Table 1. Available antidiabetic agents: examples, route of administration, mechanism of action, benefits and limitations.

Primary mechanism

Class of antidiabetic agents Examples of action Benefits Limitations References
Biguanide Metformin Oral Inhibition of hepatic - HbA,. reduction of - Common (Barnett and Grice
gluconeogenesis  up to 1.5% as gastrointestinal side- ~ 2011; Tahrani
Increase of monotherapy effects et al. 2011;
insulin sensitivity - No weight gain - Possible lactic Wright and Tylee
in liver and - Low risk of acidosis when renal 2016; Chaudhury
muscle hypoglycaemia clearance is limited et al. 2017;
Interference with - Improves - Avoid use in Kumar, Bharti,
glucose and atherogenic lipid deteriorating renal and Kumar 2017;
lactate in profiles and reduces function or Chikara et al.
the intestine CV event rates and  hypoxaemic states 2018; Davies
mortality et al. 2018)
- Low cost
Sulphonylureas Gliclazide Oral Stimulation of - Rapid onset of - Weight gain (Barnett and Grice
Glipizide insulin secretion  action and almost - Risk of 2011; Tahrani
Glimepiride by binding to immediate effects  hypoglycaemia et al. 2011;
Glibenclamide sulphonylurea on blood glucose - Possible need of Wright and Tylee
receptors 1in - HbA:. reduction of self-monitoring of 2016; Chikara
fi-cells, leading to up to 1.5% as blood glucose levels et al. 2018;
depolarization monotherapy Davies
and - Low cost et al. 2018)
calcium influx
Meglitinides Nateglinide Oral Stimulation of - Rapid onset of - Weight gain (Barnett and Grice
Repaglinide insulin secretion  action - Risk of 2011; Tahrani
by binding to - Suitable for hypoglycaemia et al. 2011;
sulphonylurea prandial use - Multiple daily Chaudhury et al.
receptors 1 in - Repaglinide dosing required 2017; Chikara
f-cells (but in a  associated with et al. 2018;
different site of ~ HbA, reduction of Davies
sulphonylureas), up to 1.5% as et al. 2018)
resulting in a monotherapy
faster and shorter
insulin response
o-Glucosidase inhibitors Acarbose Oral Inhibition of - Low risk of - Gastrointestinal (Barnett and Grice
Voglibose polysaccharides  hypoglycaemia side-effects (e.g., 2011; Tahrani
Miglitol and - No weight gain flatulence, diarrhea, et al. 2011; Joshi
oligosaccharides - HbA;. reduction of bloating) et al. 2015;
degradation in 0.5-0.8% as - Must be taken Kumar, Bharti,
small intestine,  monotherapy with meals and Kumar 2017;
delaying - Acarbose has containing Chikara et al.
glucose shown benefits on  digestible 2018; Davies
absorption CV outcomes carbohydrates et al. 2018)
beyond glycaemic
control
- Low cost
Thiazolidinediones Pioglitazone Oral Increase of insulin - HbA,. reduction of - Slow onset of (Tahrani et al. 2011;
Rosiglitazone sensitivity in up to 1.5% as action Wright and Tylee
muscle, liver and monotherapy - Common weight 2016; Chaudhury
adipose tissue - Low risk of gain et al. 2017;
Peroxisome hypoglycaemia - Fluid retention Kumar, Bharti,
proliferator - Preservation of may lead to and Kumar 2017;
activated markers of f-cell oedema, and new Chikara et al.
receptor 7 function or worsening heart 2018; Davies
agonists that act - Sustained long- failure et al. 2018)
mainly in the term - Rosiglitazone is
adipose tissue to glycaemic control  not recommended
enhance in patients with
subcutaneous ischemic heart
adipogenesis and disease
decrease release - Increased risk of
of free fatty acids distal bone fracture
GLP-1 receptor agonists Exenatide Subcutaneous injection Stimulation of - Weight loss - Unconfirmed (Barnett and Grice
Liraglutide glucose- - Low risk of association with 2011; Tahrani
dependent hypoglycaemia pancreatitis and et al. 2011;

insulin secretion
and inhibition of
glucagon release,
delay of gastric
emptying and
appetite
suppression, by
binding to GLP-
1 receptor

(unless combined
with sulphonylureas)
- Possible effect on
preservation or even
restore of

f-cell function
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medullary cell Chaudhury et al.

carcinoma 2017; Scheen

- Gastrointestinal 2017; Chikara

side-effects et al. 2018;

- Avoid use in Libianto and

renal failure Ekinci 2019)
(continued)
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Primary mechanism

Class of antidiabetic agents Examples Administration of action Benefits Limitations References
DPP-4 inhibitors Sitagliptin Oral Since DPP-4 rapidly - Low risk of - Possible increased  (Barnett and Grice
Vildagliptin inactivates GLP-1 hypoglycaemia risk of CV events 2011; Tahrani
Saxagliptin and GIP, its (unless when - Unconfirmed etal 2011;
inhibition results combined with association with Bonora and
in an increased sulphonylureas) pancreatitis Cigolini 2016;
half-life of these - No weight gain Wright and Tylee
incretin - Possible effect 2016; Chaudhury
hormones on f-cell survival etal. 2017;
leading to and function Kumar, Bharti,
stimulation of and Kumar 2017;
glucose- Scheen 2017;
dependent Chikara et al.
insulin secretion 2018; Davies
and inhibition of et al. 2018; Ahrén
glucagon release 2019; Libianto
and Ekinci 2019)
SGLT2 inhibitors Canagliflozin Oral Reduction of renal - Weight loss - Increased risk of ~ (Chao and Henry
Dapagliflozin tubular glucose - Reduction of blood genital mycotic 2010;
Empagliflozin reabsorption, pressure infections, urinary Angelopoulos
which facilitates - HbA,. reduction tract infections and and Doupis 2014;
its excretion in  of 0.5-1.0% osmotic diuresis Wright and Tylee
urine, reducing - Possible episodes 2016; Chaudhury
blood glucose of ketoacidosis etal. 2017;
levels without Scheen 2017;
stimulating Chikara et al.
insulin release 2018; Libianto
and Ekinci 2019)
Amylin analogue Pramlintide Subcutaneous injection Reduces PPHG by - Weight loss - Nausea (Barnett and Grice
centrally - HbA reduction of - High risk of 2011; Tahrani
mediated satiety, 0.5-0.8% hypoglycaemia etal 2011;
resulting in - f-Cell not required - Only used Chaudhury et al.
inhibition of for glucose-lowering with insulin 2017; Kumar,
postprandial effect so can be Bharti, and
glucagon release used in patients Kumar 2017;
and delay of with Davies
gastric emptying advanced disease et al. 2018)
Insulin Aspart and Glargine Subcutaneous injection Direct activation of - Sustained long- - Weight gain (Tahrani et al. 2011;
(long acting) insulin receptor, term glycaemic - Risk of Wright and Tylee
Actrapid® (short reducing hepatic control compared hypoglycaemia 2016; Chaudhury
acting) glucose output with other drugs - Fluid retention etal. 2017;
Insulatard® and lipolysis - Need for self- Kumar, Bharti,
(intermediate monitoring of blood and Kumar 2017;
acting) glucose levels Chikara et al.
2018; Davies
et al. 2018)

CV - Cardiovascular; DPP-4 — dipeptidyl-peptidase-4; HbAc — glycated hemoglobin; GIP — glucose-dependent insulinotropic polypeptide; GLP-1 — glucagon-like
peptide-1; PPHG — postprandial hyperglycemia; SGLT2 — sodium-glucose transporter-2.

domain and the variable B domain. The catalytic triad (Asp,
Asp, Glu) is located in the A domain and the active site is
found in a long cleft between the carboxyl end of both A
and B domains. The C domain has a f-sheet structure
linked to the A domain by a simple polypeptide chain (Sales
et al. 2012; Liu et al. 2017; Martinez-Gonzalez et al. 2017).
Starch represents the major source of energy in the human
diet. Before being absorbed, starch is sequentially hydrolyzed
by salivary and pancreatic x-amylases, in the mouth and small
intestine, respectively (Brayer et al. 2000; Butterworth, Warren,
and Ellis 2011; Dhital et al. 2017). These isozymes catalyze the
initial hydrolysis of starch and other carbohydrate polymers
into smaller oligomers, such as maltose and maltotriose, as
well as o-limit dextrins, through cleavage of 1-4-u-p-glycosidic
linkages. The salivary isozyme provides an initial partial cleav-
age into smaller oligomers (10-30%) (Martinez-Gonzalez et al.
2017). Once the partially digested saccharides reach the gut,

they are then extensively hydrolyzed into smaller oligosacchar-
ides, by pancreatic amylase synthesized in the pancreas and
excreted into the lumen (Brayer et al. 2000).

The x-amylase products are further hydrolyzed into glucose
units in the small intestinal lumen by the combination of the
brush border exohydrolases, maltase-glucoamylase (MGAM;
EC 3.2.1.20 and 3.1.2.3) and sucrase-isomaltase (SI; EC 3.2.1.48
and 3.2.1.10), commonly known as «-glucosidases (Nichols
et al. 2003; Butterworth, Warren, and Ellis 2011; Williamson
2013; Dhital et al. 2017). MGAM and SI have two duplicated
catalytic domains: a N-terminal membrane-proximal domain -
ntMGAM and ntSI - and a C-terminal luminal domain -
ctMGAM and ctSI. The domains are anchored to brush-border
membrane of the small intestine through a O-glycosylated stalk
stemming from the N-terminal domain (Sim et al. 2010). The
N-terminal domains of MGAM and SI are more similar to
one another in sequence, as are the C-terminal domains (=
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Figure 1. Schematic representation of the hydrolyzing x-glucosidases: maltase-glucoamylase (MGAM) and sucrase-isomaltase (SI). MGAM and SI are membrane-
bound enzymes which contain two catalytic subunits: N-terminal subunit (NtMGAM and NtSI) and a C-terminal subunit (CtMGAM and CtSI). MGAM and SI display
overlapping terminal starch digesting activities as both enzymes cleave the 2-1,4 linkages of linear dextrin molecules. SI possesses an additional substrate specificity
as its NtSI catalytic subunit acts on 2-1,6-linkages of isomaltose, and its CtSI catalytic subunit acts on 2-1,2-linkages of sucrose. Nevertheless, as starch is the main
component of the human diet, the predominant S| substrates are 2-1,4 linked glucose oligomers. In addition, SI is more abundant than MGAM, but MGAM displays

higher hydrolytic activity.

60% sequence identity), compared to the N- and C-terminal
domains associated with the same enzyme (=~ 40% sequence
identity). This happens because MGAM and SI genes arose
from duplication and divergence of an ancestral gene, which
itself has been subjected of duplication. N- and C-terminal
MGAM and SI domains are members of the GH 31 family.
The four domains are responsible for the hydrolysis of the
nonreducing ends of (1-4)-a-glycosidic linkages, but display
different specificities for malto-oligosaccharides of various
lengths (Nichols et al. 2003; Butterworth, Warren, and Ellis
2011; Williamson 2013; Dhital et al. 2017). MGAM has a pref-
erence o-1,4-oligossacharides and shows the ability to hydro-
lyze increasing lengths up to glucohexaose efficiently. The
regiochemistry is relevant since «-1,6 glycosidic bonds are
hydrolyzed at only 2% of the rate of «-1,4-glycosidic linkages.
In addition, there is small amount «-1,2- and «-1,3-hydrolyzing
activity. The glycosidic bonds preferences of MGAM and SI
are represented in Figure 1. In turn, SI accounts for about 80%
of the overall intestinal maltase («-1,4 glycosidic bonds) activity
and the almost all the sucrase («-1,2 glycosidic bonds) activity
present in the small intestine. SI also shows the capacity the
hydrolyze «-1,6 glycosidic linkages present in isomaltose, as
well as some o-1,3- hydrolyzing activity (Sim et al. 2010;
Elferink et al. 2020).

Glucose is then absorbed from the intestinal mucosa into
the bloodstream by glucose transporter (GLUT)-2 and
sodium/glucose cotransporter-1 (SGLT1), leading to postpran-
dial hyperglycemia (PPHG) (Williamson 2013) (Figure 2).
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Increased PPHG constitutes a common feature in T2D,
significantly contributing to the development of chronic
diabetes complications, even more than fasting hypergly-
cemia (Bras et al. 2018). Of all available antidiabetic
drugs, «-glucosidase inhibitors, such as acarbose, vogli-
bose and miglitol, are the most effective in reducing
PPHG. Acarbose, a pseudotetrasaccharide obtained from
the fermentation of Actinoplanes utahensis, was approved
in 1990 and is the most prescribed «-glucosidase inhibi-
tor, being commercially available in 117 countries.
Miglitol was launched in 1996 and is approved in 10
countries, while voglibose is commercially available since
1994 (in Japan) and is approved in only 3 countries (Joshi
et al. 2015). These agents also inhibit x-amylase but have
no effect on f-glucosidases such as lactase. However,
o-amylase and o-glucosidase inhibitors used on therapy
are associated with gastrointestinal adverse effects, includ-
ing flatulence, diarrhea, and bloating. Moreover, a few cases
of hepatitis have been reported with the use of acarbose
(Derosa and Maffioli 2012). For this reason, the search and
development of new effective and safer «-amylase and «-gluco-
sidase inhibitors is of utmost importance in the management
of PPHG in T2D. As it is already known, a-glucosidase inhibi-
tors also inhibit «-amylase. As such, it was also previously sug-
gested that it is recommended only a mild inhibition of
o-amylase with the purpose to avoid gastrointestinal side effects
as a result of excessive bacterial fermentation of carbohydrates
in colon (Etxeberria et al. 2012).
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Figure 2. Mechanism of action of z-amylase and x-glucosidase (adapted from Proenca et al. (2019)). After a meal, starch (amylose and amylopectin), partially
hydrolyzed by salivary z-amylase, is hydrolyzed by pancreatic z-amylase. This enzyme catalyzes the hydrolysis of =-1,4 linkages, resulting in the formation of inter-
mediate unbranched (e.g., maltose and maltotriose) and branched (x-limit dextrins) oligosaccharides. The brush border enzyme z-glucosidase is responsible for the
conversion of disaccharides and oligosaccharides into glucose, which is then transported by sodium/glucose cotransporter-1 (SGLT1) from the intestinal lumen to
the cytosol of enterocytes. Finally, glucose is transported from enterocytes to blood via facilitated diffusion, by glucose transporter 2 (GLUT2).

Flavonoids

Definition, classification and metabolism

Flavonoids (from the Latin flavus, which means yellow, their
color in nature) represent a range of heterocyclic phenolic
compounds ubiquitous in the Plant Kingdom and widely
present in the human diet (e.g., fruits, vegetables, grains,
herbs and beverages) (Cassidy and Minihane 2017; Slamova,
Kapesova, and Valentova 2018). Flavonoids are secondary
plant metabolites, and together with other plant phenols,
share the common origin from the amino acid phenylalan-
ine. As result, these phenols derive from a common building
block in their skeleton, known as the phenylpropanoid unit
(C4-C3) (Hollman 2004). Flavonoids are based upon a fif-
teen-carbon skeleton (Cs-Cs-Cg) consisting in two benzene
rings (A and B rings) linked through a heterocyclic pyran
ring (C ring) (Figure 3) (Kumar and Pandey 2013).

These plant secondary metabolites, can be generally found in
the form of various glycosides, and are responsible for several bio-
logical functions, including the protection against ultraviolet (UV)
radiation and phytopathogens, signaling during nodulation, auxin
transport and the coloration of flowers to attract pollinators
(Ferreyra, Rius, and Casati 2012; Petrussa et al. 2013). Due to the
structural complexity of flavonoids, these compounds have been
subclassified as flavones (2-phenyl-4H-chromen-4-one), flavonols
(3-hydroxy-2-phenyl-4H-chromen-4-one), flavanones (2-phenyl-
2,3-dihydro-4H-chromen-4-one), isoflavones (3-phenyl-4H-chro-
mene-4-one), flavans (2-phenyl-2-chromane), and anthocyanidins
(2-phenylchromenylium) (Table 2) (Cassidy and Minihane 2017).
In mammals, flavonoids have recognized biological effects, includ-
ing antioxidant (Heim, Tagliaferro, and Bobilya 2002), anti-

inflammatory (Ribeiro et al. 2015), antimicrobial (Xie et al. 2015),
antitumoral (Menezes et al. 2016) and antidiabetic (Alkhalidy,
Wang, and Liu 2018).

In what concerns metabolism, flavonoids are substrates
for conjugating and hydrolyzing enzymes in the small intes-
tine, liver and colon. These compounds are all conjugated to
O-glucuronides, sulfate esters and O-methyl esters and prac-
tically no aglycones are present in the plasma. Conjugation of
flavonoids first occurs in the small intestine and then in the
liver, and the generated glucuronides and sulfate derivatives
facilitate their excretion via urine and bile (Thilakarathna and
Rupasinghe 2013). The biliary excreted glucuronide deriva-
tives undergo enterohepatic circulation or are hydrolyzed by
the microbiota to aglycones. Aglycones are then catabolized
to low molecular weight compounds that are ready to be
absorbed. Flavonoids that are not absorbed in the intestine
also suffer structural modifications by intestinal microflora
(Thilakarathna and Rupasinghe 2013).

Absorption of flavonoids vary drastically among different
classes as well as among different conjugates of the same
compound in a specific class. As such, absorption of some
flavonoids can be very rapid, while for others it can be very
slow, which directly affects the bioavailability. Interestingly,
o-glucosidase inhibitors are only minimally absorbed and are
rarely associated with hypoglycemia and weight gain (Wyne
and Bakris 2007). Acarbose, the most prescribed «-glucosidase
inhibitor, acts locally in the gastrointestinal tract on the sur-
face of enterocytes, and only 2% of an oral dose of this anti-
diabetic agent is systemically absorbed (Schmeltz and
Metzger 2007).
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Figure 3. Basic chemical structure of flavonoids.

Modulatory effect of flavonoids against z-amylase
and a-glucosidase activity

Literature search methods

The data about the antidiabetic activity of isolated flavonoids
on both enzymes, z-amylase and «-glucosidase, were searched
in databases such as PubMed, Science Direct, ResearchGate
and Google Scholar, up to January 1% of 2020. The keywords
used were “alpha-amylase,”  “alpha-glucosidase” and
“flavonoids”. From the 716 articles found for z-amylase and
the 868 articles found for «-glucosidase, 22 and 70 articles
were included, respectively (Figure 4). The criteria used for
inclusion were the selection of the papers focusing in T2D,
that tested pure compounds and the papers that studied more
than one flavonoid, in order to allow the establishment of a
SAR. Taking into account the large number of published
papers about the inhibition of «-glucosidase by flavonoids
(Xiao et al. 2013), in the present work the studies mentioned
will be those published from 2013 (inclusive), while the
research studies concerning the z-amylase inhibition by flavo-
noids include articles published from 2000.

a-Amylase inhibition by flavonoids

Methodologies used to evaluate the inhibitory activity
of flavonoids against a-amylase

Several methodologies have been used to evaluate the inhibi-
tory activity of flavonoids against x-amylase, which brings
difficulties in the interpretation of SAR and in the compari-
son among the published papers. In fact, the variability
found in the results of the x-amylase inhibitory activity by
flavonoids could be explained by the different experimental
conditions applied in each study, such as the source and the
concentration of the enzyme, the type and concentration of
the substrate, the time of incubation, the pH and the tem-
perature (Table 3).

The values of the results exhibited below are exactly the
ones presented by the authors in the research articles. As
such, in some cases, the associated error values are not
available. For the evaluation of the inhibitory activity of fla-
vonoids against the «-amylase, the present review was
organized in the following order: flavonoids evaluated and
establishment of the SAR; tables presenting the correspond-
ing chemical structure of the flavonoid and its inhibitory
activity; table presenting the summarized results of all the
articles analyzed; and an integrated discussion of the results
for the enzyme under study.
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Comprehensive structure-activity relationship analysis
concerning the a-amylase inhibition by flavonoids

Kim and coworkers (Kim, Kwon, and Son 2000) tested a
panel of 21 flavonoids, including flavones, biflavones and
isoflavones (Table 4), for their ability to inhibit porcine pan-
creatic o-amylase. It was found that luteolin (1) was the
most active compound (ICs value in the range of 50 to
500 pg/mL), followed by kaempferol-3-O-[6"-O-(3-hydroxy-
3-methylglutaroyl)glucoside] (13) and luteolin-7-O-glucoside
(4), both showing total inhibitory activity of «-amylase at
the concentration of 5mg/mL. Nevertheless, the mentioned
flavonoids were less active than the positive control acarbose
(IC5 value in the range from 5 to 50 pg/mL). This study
indicated that the presence of -OH groups together at 3'-
and 4'- positions of B ring and at 5- and 7- positions of A
ring increases the inhibition of z-amylase by flavonoids.

Tadera et al. (Tadera et al. 2006) tested the inhibitory
activity of 16 flavonoids, from the following subclasses: fla-
vones, flavonols, flavanones, isoflavones, flavanols or antho-
cyanidins, against porcine pancreatic z-amylase (Table 5).
Their potency to inhibit xz-amylase was, in a descending
order: luteolin (1) ~ myricetin (24) and quercetin (25), con-
firming the high potency of luteolin (Kim, Kwon, and Son
2000; Tadera et al. 2006). Here, the linkage of the C ring at
the 3-position (by comparing isoflavones with the flavonoids
from other subclasses), the C2 =C3 double bond, as well as
the hydroxylation at 5-position of A ring and at 4'-position
of B ring of flavonoids, enhanced their inhibitory activity.
On the other hand, the addition of an -OH group at 3-pos-
ition of C ring seems to slightly decrease the intended effect,
since luteolin (1) was more active than quercetin (25).

Inhibition of z-amylase was also tested for flavonoids iso-
lated from Allium cepa L. (Table 6) (Mohamed 2008). By
comparing compounds 36 (inhibition = 87.7%) and 37
(inhibition = 56.4%), it was possible to observe that the sub-
stitution of an -OH for a glucose at 4'-position of B ring
decrease the inhibitory effect.

Li et al. (2009) studied the interaction between «-amylase
and three flavonoids isolated from tartary buckwheat bran,
rutin (5), quercetin (25) and isoquercetin (38) (Table 7),
was studied by fluorescence spectroscopy and enzyme kinet-
ics. The tested flavonoids were effective inhibitors of z-amyl-
ase. The sequence of binding constants was isoquercetin
(38) > quercetin (25) > rutin (5), indicating in this work
that the replacement of the -OH at 3-position of C ring by
an indicant is advantageous to its binding to x-amylase than
quercetin (25) itself. It was also found that the flavonoids
under study presented a competitive mechanism
of inhibition.

Yilmazer-Musa et al. (2012) evaluated the human salivary
u-amylase inhibitory activity of plant-based extracts, namely
grape seed, and their isolated catechins. Catechin (30), epicate-
chin (31), epigallocatechin (32), epigallocatechin gallate (33),
gallocatechin gallate (39) and epicatechin gallate (40) (Table 8)
were considerably less potent than acarbose. These results are
in agreement with the work of Tadera et al. (2006), in which
the tested catechins were weak inhibitors of «-amylase, even
though a different source of enzyme was used. According to
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Table 2. Chemical structure, examples, and natural sources of different subclasses of flavonoids.

Subclass Chemical structure Examples Natural sources Reference
Flavones Luteolin Parsley (Egert and Rimbach 2011;
Chrysin Celery Kumar and Pandey 2013;
o Apigenin Chicory Kozlowska and Szostak-
| Oregano Wegierek 2014; Hostetler,
Ralston, and
Schwartz 2017)
e}
Flavonols Quercetin Onion (Egert and Rimbach 2011;
Galangin Rocket lettuce Kumar and Pandey 2013;
(0] Kaempferol Capers Kozlowska and Szostak-
O | Radish Wegierek 2014)
OH
o
Flavanones Naringenin Artichokes (Egert and Rimbach 2011;
Eriodictyol Orange Kumar and Pandey 2013;
o Taxifolin Lemon Kozlowska and Szostak-
Grapefruit Wegierek 2014)
(o]
Isoflavones 0] Prunetin Soy flour (Egert and Rimbach 2011;
| Daidzein Soybeans Kumar and Pandey 2013)
Genistein Soymilk
a9
Flavans Catechin Chocolate (Egert and Rimbach 2011;
Epicatechin Green tea Kumar and Pandey 2013;
o Epigallocatechin Beans Kozlowska and Szostak-
@() Blackberry Wegierek 2014)
Anthocyanidins Cyanidin Elderberry (Egert and Rimbach 2011;
Petunidin Aubergine Kumar and Pandey 2013;
0; Malvidin Blackberry Kozlowska and Szostak-
Chickpeas Wegierek 2014)
=

W

Yilmazer-Musa et al. (2012), the lack of activity of catechins is
likely due to the lack of an unsaturated C ring with a 4-keto
group in flavanols, and the lack of specific of A and B rings’
-OH groups in the correct stereospecific orientation to effect-
ively interact with the catalytic site of the enzyme.

Luyen et al. (2013) studied the «-amylase (from
Aspergillus oryzae) inhibition by three flavonoids (41-43)
(Table 9). The three flavonoids tested showed to be more
active than acarbose (ICsy = 732.4+41.6 uM). Buddleoside
(43) was the most promising compound with an ICs, value
of 112.5+157uM, followed by eriodictyol (41) (ICs=
318.2+26.9 pM) and acacetin-7-O-f-p-glucoside (42) (ICs5p=
337.1+28.2puM). This study indicates that the replacement
of a glucose by a rhamnose at 7-position of A ring signifi-
cantly increases the inhibitory activity, by comparing bud-
dleoside (43) and acacetin 7-O-f-D-glucoside (42).

The flavonoids luteolin (1), geraldone (44), and isookanin
(45) (Table 10), isolated from the stem bark of Albizzia
Lebbeck Benth plant, were tested for their capacity to inhibit
o-amylase from Bacillus subtilis (Ahmed et al. 2014). These
flavonoids showed a higher inhibition % comparing to acarbose
(37.65 £ 0.94%), with values of 93.98 + 1.02%, 84.36+0.60% and

90.10 £ 0.58%, respectively. However, it was not specified at
which concentrations the compounds were tested, making it
difficult to draw conclusions from these results.

Asghari et al. (2015) studied the «-amylase (from porcine
pancreas type VI) inhibition by the flavonoids luteolin-7-O-
glucoside (4), luteolin-7-O-glucuronide (46), diosmetin-7-O-
glucuronide (47) and salvigenin (48) (Table 11), isolated
from the aerial parts of Salvia chloroleuca. Flavonoids luteo-
lin-7-O-glucoside (4), luteolin-7-O-glucuronide (46) and
diosmetin-7-O-glucuronide (47) presented ICs, values of
81.7uM, 61.5uM and 76.3 uM, while salvigenin (48) has an
ICs, value higher than 100 M. By the obtained results, it
was concluded that a sugar moiety on A ring are more favor-
able for the inhibitory activity than -OCHj; groups. It was
also observed that the substitution of a -OCHj; group for a
-OH group at 4’ position of B ring increased the x-amylase
inhibition, as already postulated by Tadera et al. (2006).

Ibrahim et al. (2015) evaluated the inhibition of x-amylase
by flavonoids isolated from Targetes minuta L.: minutaside A
(49), axillarin-7-O-f-p-glucoside (50), quercetagetin-3,7-dime-
thoxy-6-O-f-p -glucoside (51), quercetagetin-7-methoxy-6-O-
f-p-glucoside (52), and quercetagetin-6-O-fi-p-glucoside (53)
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Figure 4. Schematic literature research methodology used in this review.

(Table 12). The most active flavonoid was quercetagetin-6-O-
p-p-glucoside (53) and minutaside A (49), with inhibition %
of 9326 and 90.89 at 10 uL/50 ug respectively, comparable
with acarbose (inhibition of 100% at 10 uL/50 pg). From the
results, the authors concluded that the presence of -OH
groups at 5- and 7-positions of A ring in the flavonoid scaf-
fold increases the x-amylase inhibitory activity, by comparing
the most active flavonoids with axillarin-7-O-f- -glucoside
(50) (71.41% of inhibition), quercetagetin-3,7-dimethoxy-6-O-
p-p-glucoside (51) (68.92% of inhibition) and quercetagetin-
7-methoxy-6-0O-f-p-glucoside (52) (81.35% of inhibition). On
the other hand, the methylation of the -OH groups at 3-pos-
ition of C ring or/and at 7-position of A ring decreased the
binding affinity of flavonoids to «-amylase.

The pancreatic o-amylase inhibitory effect of myricetin
(24) and quercetin (25) (Table 13) from Hovenia dulcis was
also studied (Meng et al. 2016). As it was verified by Tadera
et al. (2006), myricetin (24) presented a slightly higher
inhibitory activity than quercetin (25). Both have shown to
be competitive inhibitors, these results being in agreement
with the work of Li et al. (2009), who also verified that
quercetin (25) has a competitive inhibition type. As such,
the addition of a -OH group at 5-position of A ring seems
to increase the ability of flavonoids to inhibit z-amylase.

Milella et al. (2016) tested the inhibitory activity of flavo-
noids isolated from Arcytophyllum thymifolium: (25)-7-pre-
nyloxyeriodictyol (54), hyperin (3), rhamnetin (55) and
kaempferol-3-O-f-p -glucosyl-(1—2)-f-p -galactoside (56)
(Table 14) against x-amylase from hog pancreas. (2S)-7-
Prenyloxyeriodictyol (54) and hyperin (3), presented no
effect, while kaempferol 3-O- fi-D-glucosyl-(1-2)-f-D-galacto-
side (56) had an ICs, value around 27-fold higher than the
one found for rhamnetin (55). The obtained results demon-
strate that the sugar moiety at 3-position of C ring is not
favorable for the inhibition of «-amylase, in comparison
with the -OH group at this position.

The inhibition of x-amylase (from porcine pancreas) by
the main flavonoids identified in Poncirus trifoliata was
investigated (Tundis et al. 2016). The flavanones glycosides
tested were: narirutin (57), poncirin (58), didymin (59), nar-
ingin (60), hesperidin (14) and neoeriocitrin (61) (Table
15). The compound with the higher inhibitory activity was
neoeriocitrin (61), with an ICs, value of 4.69+0.9uM, a
value almost 17-fold lower than the one found for acarbose
(ICs 77.45+ 1.8 uM). The obtained results indicate that
the catechol group at B ring significantly enhance the inhib-
ition of «-amylase, in comparison with flavanones with only
an -OH group at 4’-position of B ring, such as narirutin
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I. General Introduction

Table 5. Flavonoids tested by Tadera et al. (2006), and respective inhibitory activity on z-amylase (the most active flavonoids are highlighted).

Flavonoid Structure R R R¥ R R® R® 1Cso (MM)
Luteolin (1) H OH OH H OH H 036
Apigenin (22) H H OH H OH H > 0.50
Baicalein (23) H H H H OH OH > 050
Myricetin (24) OH OH OH OH OH H 038
Quercetin (25) OH OH OH H OH H 0.50
Kaempferol (26) OH H OH H OH H > 0.50
Fisetin (27) OH OH OH H H H > 050
Naringenin (28) RY - H OH - - - > 050
Hesperetin (29) CE = OH  OCH, - - = > 050
HO O e
Daidzein (19) - - - - OH - > 050
Genistein (20) - - - - H - > 050
(+)-Catechin (30) R OH - - H - - > 0.50
(-)-Epicatechin (31) OH - - H - - > 0.50
(-)}-Epigallocatechin (32) OH OH - - OH - - > 050
(-)-Epigallocatechin gallate (33) gallate - - OH - - > 050
HO o P
s OH
R3
OH
Cyanidin (34) OH - - - - - - > 0.50
HO ot m@:
AN OH
Z OH
OH

(57) (ICsp = 70.80+2.5uM) and naringin (60) (IC5y =
36.35+ 1.9 uM), or with a -OCHj; group at the referred pos-
ition, such as poncirin (58) (ICsp = 39.19+ 1.3 uM) and
didymin (59) (ICsp = 31.62+2.8 uM).

The inhibition of x-amylase by nine isoflavones isolated
from Iris germanica rhizomes was evaluated: irilone-4'-
methyl ether (62), irilone (63), irilone-4’-O-f-b -glucoside
(64), irisolidone (65), irigenin S (66), irigenin (67), iridin S
(68), iridin (69), and iridin A (70) (Table 16) (Ibrahim et al.
2017). The most active compounds were irisolidone (65), iri-
genin (67) and iridin A (70). The authors mentioned that
the % of inhibition were comparable to the one found for
the positive control acarbose, but the tested concentrations
were not mentioned. It was concluded that the hydroxyl-
ation at 7- or at 8-position of A ring increase the z-amylase
inhibition. The same effect was observed when the number
of -OH groups is increased in A- and B rings. On the other
hand, the glycosylation of isoflavones decreased their inhibi-
tory activity.

Sun and colleagues (Sun et al. 2017) tested the inhibition
of hog pancreas x-amylase by flavanones naringenin (28), 8-
prenylnaringenin (71) and 8-geranylnaringenin (72) (Table
17). Naringenin (28) and 8-prenylnaringenin (71) did not
show inhibitory activity, while 8-geranylnaringenin (72) pre-
sented an ICsq value of 15.38 uM. These results suggest that
the addition or the substitution of a prenyl group for a ger-
anyl group at 8-position of A ring significantly increase the
ability of flavanones to inhibit x-amylase.

Porcine pancreatic #-amylase inhibition by a panel of 16
flavonoids (Table 18) was evaluated (Zhang et al. 2017). The
most effective flavonoid was apigenin (22), with an ICs,
value of 146.8 + 7.1 uM, while the ICs, value for the positive
control acarbose was 5.3+ 3.1 uM. Comparing apigenin (22)
with chrysin (73), it is possible to conclude that the -OH
group at 4’-position of B ring increased the inhibition of the
enzyme under study. On the other hand, the presence of a
-OH group at 3-position of C ring as well as the absence of
the C2=C3 double bond led to a reduction in «z-amylase
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Table 6. Flavonoids tested by Mohamed (2008), and respective inhibitory activity on 2-amylase (the most active flavonoids are highlighted).

Flavonoid Structure R¥ % Inhibition
Luteolin 7-O-glucoside (4) OH 82.8
OH
Alliuocide G (35) - 96.5
HO
Crr
L
OH o ©O OH
36 RY OH 87.7
37 glucose 564
HO (o}
O 0 OH
OH
(o} OH
OH o0 O l O
HO
(o} OH
Positive control - - 100

Acarbose

Table 7. Flavonoids tested by Li et al. (2009), and respective inhibitory activity
on z-amylase (the most active flavonoid is highlighted). Ki - inhib-
ition constant.

Flavonoid Structure R Ki/10° (mol/L)
Rutin (5) rutinose 0.535
Quercetin (25) OH 0.636
Isoquercetin (38) glucose 0.896

inhibition. This conclusion results from the comparison of
apigenin (22) (IC5o = 146.8 +7.1 uM) with kaempferol (26)
and naringenin (28), which presented ICs, values higher
than 400 pM.

The inhibitory effect of six flavans was tested on the
activity of porcine pancreatic x-amylase under steady-state
kinetic conditions, where both amylose and maltopentose
were used as substrates (representing the initial and final
stages of starch digestion) (Desseaux et al. 2018). The tested
flavanols were: catechin (30), epicatechin (31), catechin gall-
ate (77), epicatechin gallate (40), gallocatechin gallate (39)
and epigallocatechin gallate (33) (Table 19). All flavanols
were competitive inhibitors of amylose hydrolysis by
u-amylase, except gallocatechin gallate (39), which was a
mixed type inhibitor. The most active compounds in both
substrates were epigallocatechin gallate (33) and catechin

gallate (77). The presence of a galloyl group led to a moder-
ate decrease in the constant of inhibition (Ki) values and the
cis-flavanols epicatechin (31), epicatechin gallate (40) and
epigallocatechin gallate (33) and the trans-flavanols catechin
(30), catechin gallate (77) and gallocatechin gallate (39) had
similar activities, regarding «-amylase inhibition. With mal-
topentaose as a substrate, the presence of a galloyl group led
to an increase in the flavanol inhibition of «-amylase.
However, as verified with amylose, also in the maltopentaose
hydrolysis by o-amylase the cis/trans isomerism had no
noticeable effect on the inhibitory activity of flavanols.

Li et al. (2018) evaluated the inhibitory effect on porcine
pancreatic «-amylase by baicalin (12), apigenin (22), baica-
lein (23), scutellarin (74), chrysin (73), apigenin-7-O-glucur-
onide (78), chrysin-7-O-glucuronide (79) and
isocarthamidin-7-O-glucuronide (80) (Table 20), isolated
from Scutellaria baicalensis shoots. The most active flavo-
noids were apigenin (22) and baicalein (23), with IC5, val-
ues of 287.53+539pug/mL and 336.22+6.31 pg/mL,
respectively; and presented a better inhibitory activity than
the positive control, acarbose (ICsy = 678.43 + 16.52 pg/mL).
Following an assign - score method refined for the assess-
ment of SAR of flavonoids, it was verified that, as observed
in other studies (Asghari et al. 2015; Ibrahim et al. 2015;
Tundis et al. 2016; Zhang et al. 2017; Li, Yao, et al. 2018;
Lim et al. 2019), the C2=C3 double bond as well as the
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Table 8. Flavonoids tested by Yilmazer-Musa et al. (2012), and respective inhibitory activity on o-amylase (the most active flavonoid is

highlighted).
Flavonoid Structure R? R ICsp (ug/mL +SD)
(+)-Catechin (30) R OH H 160+ 67
(-)-Epicatechin (31) OH H ND
(-)-Epigallocatechin (32) OH gallate OH ND
(-)-Epigallocatechin gallate (33) gallate OH ~ 27
(-)-Gallocatechin gallate (39) HO o gallate OH ~ 24
(-)-Epicatechin gallate (40) RO OH gallate H ~17
R3

OH

Positive control - - - 6.9+0.8

Acarbose
ND - Not determined.

Table 9. Flavonoids tested by Luyen et al. (2013), and respective inhibitory activity on z-amylase (the most active flavonoid is highlighted).
Flavonoid Structure R’ ICso (UM £SD)
Eriodictyol (41) OH - 3182+26.9

HO (o} K
OH (0]
Acacetin 7-O-fi-D-glucoside (42)

OCH,4 glucose 337.1+28.2

Buddleoside (43) rhamnose 112.5+15.7
R o]
OH (0]

Positive control - - 7324+41.6
Acarbose

Table 10. Flavonoids tested by Ahmed et al. (2014), and respective inhibitory activity on o-amylase (the most active flavonoid is

highlighted).
Flavonoid Structure R¥ R® % Inhibition +SD
Luteolin (1) OH OH OH 90.10+0.58
Geraldone (44) OCH; H 93.98 + 1.02
HO o -
R® O
Isookanin (45) OH - - 84.36+0.60
OH
HO (0} K
' OH
(0]
Positive control - - - 37.65+094
Acarbose
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Table 11. Flavonoids tested by Asghari et al. (2015), and respective inhibitory activity on z-amylase (the most active flavonoid is highlighted).

Flavonoid Structure R¥ R* R® R’ 1Cso (UM +SD)
Luteolin 7-O-glucoside (4) OH OH H glucose 81.7+23
Luteolin 7-O-glucuronide (46) OH OH H glucuronide 61.5+1.4
Diosmetin 7-O-glucuronide (47) OH OCH3- H glucuronide 763+0.6
Salvigenin (48) H OCH; OCH; OCH; > 100
Positive control - = = = - 534+3.1

Acarbose
Table 12. Flavonoids tested by Ibrahim et al. (2015), and respective inhibitory activity on z-amylase (the most active flavonoids are highlighted).

Inhibition %
Flavonoid Structure R R R’ at 10 ul/50 ug
Minutaside A (49) o] - = = 90.89
/\/\/lk OH
(0]
HO (0]
o | OH
HO
HO OH O OH
OH (0]

Axillarin 7-O-f3-D-glucoside (50) OH OCH; OCH;  glucose 1.4
Quercetagetin 3,7-dimethoxy-6-O-f5-D- OCH; glucose OCH; 68.92

glucoside (51) R’ (o]
Quercetagetin 7-methoxy-6-0-f3-D- OH OH glucose OCH; 81.35

glucoside (52) |
Quercetagetin 6-0-fi-D-glucoside (53) RE R3 OH glucose OH 93.26

OH O

Positive control - - - - 100

Acarbose

presence of -OH groups at 6- and 7- positions of A ring
and at 4'-position of B ring enhanced the z-amylase inhib-
ition. In turn, a sugar moiety on the flavonoid structure
reduced their inhibitory capacity.

A high-performance anion-exchange chromatography
(HPAEC) method was used to evaluate the inhibitory activ-
ity of luteolin (1), quercetin (25) and eriodictyol (41) (Table
21) on porcine pancreatic z-amylase (Lim et al. 2019). The
obtained results indicate that, as abovementioned, the lack
of the C2=C3 double bond significantly decreased the
o-amylase inhibition, since eriodictyol (41) presented a Ki
value of 510mM, comparing with luteolin (1)
(Ki= 0.22mM)

In 2019, Martinez-Gonzalez et al. (2019) studied the
inhibitory activity of porcine pancreas z-amylase type I-A by
luteolin (1), quercetin (25), rutin (5), hesperetin (29) and
catechin (30) (Table 22). The following order of potency
was quercetin (25) > luteolin (1) > hesperetin (29). No
o-amylase inhibition was found for rutin (5) and catechin
(30). As stated before (Tadera et al. 2006; Zhang et al.
2017), it is possible to conclude that the C2=C3 double
bond, the catechol structure in B ring and the planarity of C
ring, increase the activity of flavonoids. In addition, these
results are in agreement with the work of Li et al. (2009), in
which quercetin (25) was more effective than rutin (5).

Table 13. Flavonoids tested by Meng et al. (2016), and respective inhibitory
activity on z-amylase (the most active flavonoid is highlighted).

Flavonoid Structure H 1Csp (ng/mL)
Myricetin (24) OH 662
Quercetin (25) H 770

Proenca et al. (2019) evaluated a panel of 40 flavonoids
concerning their ability to inhibit z-amylase from porcine
pancreas, most of them tested for the first time. Among
these compounds, a group of chlorinated flavonoids
(102-106), parents of luteolin (1) and quercetin (25), were
studied (Table 23). The most active compound was the
chlorinated flavonoid 3-chloro-3',4’,5,7-tetrahydroxyflavone
(102). The most important conclusions obtained from the
establishment of the SAR were: the replacement of the -OH
group at 3-position of C ring for a -Cl ion increases the «-amyl-
ase inhibition [e.g, quercetin (25) vs. 102], as well as the pres-
ence of an -OH group at 5-position of A ring [e.g., luteolin (1)
vs. 96] and the C2=C3 double bond [e.g., quercetin (25) vs.
taxifolin (111)], as mentioned above. On the other hand, the
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Table 14. Flavonoids tested by Milella et al. (2016), and respective inhibitory activity on z-amylase (the most active flavonoid is highlighted).

Flavonoid Structure R? R? R’ ICs (UM % SD)

(25)-7-Prenyloxyeriodictyol (54) - - - NA

Hyperin (3) galactose OH OCH; NA

Rhamnetin (55) OH OH OCH; 73.9+5.9

Kaempferol 3-O-f-D-glucosyl-(1-2)- glucosyl-(1-2)-i-D-galactose H OH ~= 2000
f-D-galactoside] (56)

Positive control - - - - 263+12
Acarbose

NA - Not active.

presence of -OCHj3 groups in the flavonoid scaffold is not favor-
able for the inhibitory activity of the tested compounds.

The «-amylase (porcine pancreas) inhibition by flavans
epicatechin (31) and epigallocatechin gallate (33) and antho-
cyanin malvidin-3-glucoside (113) was evaluated (Table 24)
(Kaeswurm et al. 2019). The better inhibitor was epigalloca-
techin gallate (33), presenting an ICs, value of 663 uM
(using a substrate concentration of 10°pmol) and a mixed
type of inhibition. It is suggested, by the obtained results,
that the galloyl group at 3-position of C ring and the add-
ition of an -OH group at 5'-position of B ring increases the
ability of flavonoids to inhibit «-amylase. The conclusions
are made considering the specific chemical structure of the
tested flavonoids and the present substituents, in the assay
conditions performed.

Rutin (5), quercetin (25) and catequin (30) (Table 25)
were studied concerning their ability to inhibit x-amylase
from porcine pancreas (Ren, Li, and Liu 2019). Quercetin
(25) was the most active flavonoid, with an ICs, value of
0.67 mg/mL), followed by catechin (30) (ICs, = 1.17mg/
mL) and rutin (5) (IC5, = 1.71 mg/mL). It can be concluded
that the substitution of a rutinose by an -OH group at 3-
position of C ring increase the inhibitory activity, since
quercetin (25) was a better inhibitor than rutin (5). The
results also indicate that the C2 =C3 double bond in conju-
gation with the 4-keto group are important for the enhance-
ment of z-amylase inhibition, by comparing quercetin (25)
with catechin (30).

The results of the analyzed research studies on «-amylase
inhibition by flavonoids are summarized in the Table 26.

a-Glucosidase inhibition by flavonoids

Methodologies used to evaluate the inhibitory activity
of flavonoids against x-glucosidase

The variability of the results obtained for the u«-glucosidase
inhibitory activity of flavonoids, also depends on the experi-
mental conditions applied in each study, such as the source
and the concentration of the enzyme, the type and

concentration of the substrate, the time of incubation, the
pH and the temperature (Table 27).

The values of the results exhibited below are exactly the
ones presented by the authors in the research articles. As
such, in some cases, the associated error values are not
available. For the evaluation of the inhibitory activity of fla-
vonoids against the «-amylase, the present review was
organized in the following order: flavonoids evaluated and
establishment of the SAR; tables presenting the correspond-
ing chemical structure of the flavonoid and its inhibitory
activity; table presenting the summarized results of all the
articles analyzed; and an integrated discussion of the results
for the enzyme under study.

Comprehensive structure-activity relationship analysis
concerning the a-glucosidase inhibition by flavonoids

Aderogba and coworkers (Aderogba et al. 2013) studied the
ability of flavonoids isolated from Croton menyharthii [myri-
citrinquercetrin  (9), quercetin (25) and myricitrin-3-0-
rhamnoside (113)] (Table 28) to inhibit a-glucosidase from
Saccharomyces cerevisiae. The most active compound was
quercetin (25), followed by myricitrin (113) and quercetrin
(9), with ICs;, values of 309+8.4, 79.0+43 and
122.7 + 1.6 pg/mL, respectively. Both quercetin (9) and myri-
citrin-3-O-rhamnoside (113) presented higher inhibitory
activity than acarbose (IC5, = 103.3+9.3 ug/mL). These
results indicate that the -OH group at 3-position of the C
ring is more favorable than the presence of a rhamnose at
this position. In addition, in the presence of a rhamnose at
3-position of C ring, an additional -OH group at 5’-position
of the B ring seems to increase the u-glucosidase inhibition.
In turn, glycosylation at 3-position of the C ring is not
favorable for the intended effect.

Luyen et al. (2013) evaluated the inhibition of «-glucosi-
dase from Saccharomyces cerevisiae by eriodictyol (41), aca-
cetin-7-O-f-p-glucoside (42) and buddleoside (43) (see the
chemical structures in Table 9). Eriodictyol (41) did not
show any inhibitory activity, possibly due to the lack of
C2 = C3 double bond, while acacetin-7-O- f-p-glucoside (42)
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Table 15. Flavonoids tested by Tundis et al. (2016), and respective inhibitory activity on z-amylase (the most active flavonoid is highlighted).

Flavonoid Structure R? RY R’ ICso (UM £ SD)
Hesperidin (14) R¥ OH OCH, rutinose 2604+17
Narirutin (57) H OH rutinose 70.80+25
Poncirin (58) H OCH; neohesperidose 39.19+13
Didymin (59) R’. 0 . N H OCH; rutinose 3162428
Naringin (60) ¥ R H OH neohesperidose 3635+19
Neoeriocitrin (61) OH OH neohesperidose 4.69+0.9
OH [0}
Positive control - - - - 774518

Acarbose

Table 16. Flavonoids tested by Ibrahim et al. (2017), and respective inhibitory activity on z-amylase (the most active flavonoids are highlighted).

Flavonoid Structure R? R* R R’ R® % Inhibition + SD
Irilone 4-methylether (62) 0 o - OCH; - = = 442+0.10
Irilone (63) < | - OH - - - 517+0.13
Irilone 4-0-f3-D-glucoside (64) o - glucose - - - 328+0.11
OH o] O R®
Irisolidone (65) R® H OH H OH H 70.8+0.19
Irigenin S (66) 7 OCH; OCH;3; OH OCH; H 56.9+0.41
Irigenin (67) R 0 OCH,3 OCH;, OH OH H 67.5+0.32
Iridin S (68) | OCH; OCH, OCH; glucose H 34.1+0.08
Iridin (69) RS OCH; OCH;3 OH glucose H 38.7+0.22
Iridin A (70) H;CO O OCH; OCH3 OH glucose OH 70.5+0.32
OH O ”
R¥
Positive control - - - - - - 100

Acarbose

Table 17. Flavonoids tested by Sun et al. (2017), and respective inhibitory
activity on z-amylase (the most active flavonoid is highlighted).

Flavonoid Structure R® 1C5o (M)

Naringenin (28) " OH H > 100

8-Prenylnaringenin (71) o _ prenyl > 100

8-Geranylnaringenin (72) o geranyl 15.38
OH ©

Positive control - - 221

Acarbose

and buddleoside (43) had ICs, values of 451.8+36.4 and
362.5+35.1 uM, respectively, being more active than the
positive control acarbose (ICsp = 1907+ 156uM). The
replacement of a glucose by a rhamnose at 7-position of A
ring increased the «-glucosidase inhibition.

Luteolin (1), geraldone (44) and isookanin (45) were
evaluated concerning their ability to inhibit «-glucosidase
from Saccharomyces cerevisiae (see the chemical structures
in Table 10) (Ahmed et al. 2014). The tested flavonoids pre-
sented a % inhibition higher than acarbose (43.77 +1.67%),
although the authors did not mention the tested concentra-
tions of the compounds. In fact, the most effective com-
pounds were geraldone (44) and luteolin (1), presenting
inhibition % of 93.91+1.21% and 92.59+1.36%, respect-
ively. These results suggest that the absence of a C2=C3

double bond reduce the inhibitory activity of the enzyme
under study.

Several derivatives (115-126) have been synthesized
based on luteolin (1), apigenin (22), chrysin (73) and dio-
smetin (114) scaffolds, and their o-glucosidase (from
Saccharomyces cerevisiae) inhibitory activity was evaluated
(Table 29) (Cheng et al. 2014). The most potent derivatives
were 0,07-dibutyl diosmetin (122) and O*,07-dihexyl dio-
smetin (123) with ICs, values of 2.940 +0.051 pmol/L and
2406 £0.101 pmol/L, respectively. These synthesized flavo-
noids were generally more active than their precursors,
except the luteolin derivatives, and presented increased
inhibitory activity comparing with the positive controls,
acarbose (IC5, = 563.601 +40.492 pimol/L) and 1-deoxynojir-
imycin (ICso = 226.912+ 12.573 umol/L). From a SAR per-
spective, it was found that replacing the hydrogen of the
-OH group, at 3'- and 4’-positions of B ring and at 7-pos-
ition of A ring, by various alkyl chains were the critical fac-
tors in enhancing the ability of flavonoids to inhibit
o-glucosidase activity.

A group of isoflavones and isoflavanones (127-140)
(Table 30) was isolated from the roots of Mucuna pruriens
and tested regarding their inhibitory activity of «-glucosidase
from Saccharomyces cerevisiae (Dendup et al. 2014). The
most effective flavonoid was parvisoflavone B (133) present-
ing an IC;5, value of 12.19+0.14uM, but still with less
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Table 18. Flavonoids tested by Zhang et al. (2017), and respective inhibitory activity on z-amylase (the most active flavonoid is highlighted).

Flavonoid Structure R} R¥ RY R” R® R® R’ R® ICsp (M + SD)
Luteolin (1) H OH OH - - H OH- - > 400
Rutin (5) rutinose OH OH - - H OH- - > 400
Baicalin (12) H H H - - OH glucuronide - > 400
Apigenin (22) H H OH - - H OH - 146.8+7.1
Baicalein (23) H H H - - OH OH - 4464+239
Quercetin (25) OH OH OH - - H OH - > 400
Kaempferol (26) OH 0 OH H OH - - H OH - > 400
Chrysin (73) H H H - H OH - > 400
Scutellarin (74) H H OH - - OH glucuronide - > 400
Naringenin (28) R H H OH H - - - - > 400
Hesperetin (29) RY H OH OCH; H - - - - > 400
Dihydromyricetin (75) OH OH OH OH - - - - > 400
HO o . ’
W' RB
RS
OH O
Genistein (19) RE - - OH - - H > 400
Daidzein (20) HO. o - - H - - H > 400
Puerarin (76) O | H - - glucose 3942+17.1
RS0 O
OH
(+)-Catechin (30) @[OH - - - - - - - - > 400
HO (P
> OH
1666
OH
Positive control - - - - - - - 53+3.1
Acarbose
Table 19. Flavonoids tested by Desseaux et al. (2018), and respective inhibitory activity on z-amylase (the most active flavonoids are highlighted).
K; (uM + SD)
Flavonoid Structure R? R Amylose Maltopentaose
(+)-Catechin (30) RS OH H 19+3 NA
(-)}-Epicatechin (31) OH H 23+4 NA
(-)}-Epigallocatechin gallate (33) OH galloyl OH 1M+2 36+5
(-)-Gallocatechin gallate (39) galloyl OH 34+5 28+4
(-)-Epicatechin gallate (40) HO o galloyl H 14+2 29+6
(-)}-Catechin gallate (77) o OH galloyl H 7+2 3345
R3

OH

NA — Not active.

inhibitory activity than acarbose (ICsy = 7.96 +1.68 uM). By
comparing with the other tested flavonoids, it can be con-
cluded that the C2=C3 double bond [parvisoflavone B
(133) vs. 127], as well as the presence of -OH groups at 2'-
and 4'-positions of B ring (127 vs. 128), increased the activ-
ity under study.

Wang and coworkers (Wang, Cheng, et al. 2014) synthe-
sized five series of apigenin (22) and chrysin (73) and nitric
oxide (NO) derivatives (141-155) (Table 31) and evaluated
their «-glucosidase (from Saccharomyces cerevisiae) inhibi-
tory activity. All the tested derivatives demonstrated to be
better inhibitors than their precursors, apigenin (22) (ICsp
= 16.780+0.257 umol/L) and chrysin (73) (IG5, =
77.730 + 3.490 pmol/L) and much better inhibitors than the
positive controls, acarbose (ICsy = 563.601 + 40.492 pumol/L)

and 1-deoxynojirimycin (ICsq = 226.912+ 12.573 umol/L).
In fact, the most active compound was flavonoid (145), which
presented an ICs, value of 2.333+0.123 pumol/L). The
obtained results indicate that -OH groups at 5-position of A
ring (e.g., 149 vs. 152) and carboxyl groups on the coupling
chain of derivatives act as H-bond receptors [e.g., chrysin
(73) vs. 141] , increasing the inhibitory activity of the deriva-
tives toward «-glucosidase. In addition, hydrophobicity can
be used to change the a-glucosidase inhibition by flavonoids.
The inhibitory activity of flavonoids isolated from Salvia
chloroleuca - luteolin-7-O-glucoside (4), luteolin-7-O-glucur-
onide (46), diosmetin-7-O-glucuronide (47) and salvigenin
(48) (see the chemical structures in Table 11) - toward
-glucosidase from Saccharomyces cerevisiae, was studied by
Asghari et al. (2015). Among the tested flavonoids, luteolin-
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Table 20. Flavonoids tested by Li, Yao, et al. (2018), and respective inhibitory activity on z-amylase (the most active flavonoid is highlighted).

Flavonoid Structure RY R® R’ ICso (ng/mL+SD)
Baicalin (12) R H OH glucuronide 658.67 +16.38
Apigenin (22) OH H OH 287.53+5.39
Baicalein (23) H OH OH 336.22+6.31
Chrysin (73) H H OH 450.16 £10.45
Scutellarin (74) OH OH glucuronide 369.52 +8.43
Apigenin 7-O-glucuronide (78) OH H glucuronide 653.98 +15.28
Chrysin 7-O-glucuronide (79) H H glucuronide 980.73 +18.34

Isocarthamidin 7-O-glucuronide (80)

glucuronide

HO

OH O

Positive control -
Acarbose

2941.25+62.12

67843 +16.52

Table 21. Flavonoids tested by Lim et al. (2019), and respective inhibitory
activity on z-amylase (the most active flavonoids are highlighted).

Flavonoid Structure R? K (mM)
Luteolin (1) OH H 0.22
Quercetin (25) 5 O OH 0.18
CO, ™
R3
OH 0
Eriodictyol (41) OH - 5.10
HO o m@[
\(;:nj.. OH
OH O

7-O-glucuronide (46) was the most effective (IC5o =
14.7+2.1puM), presenting similar activity to acarbose
(16.1+0.8 puM). The results suggest that the -OH substitu-
tion on the B ring as well as the presence of a sugar moiety
on A ring improved the «-glucosidase inhibition.

Chang and colleagues isolated seventeen flavonoids
(Table 32) from Tinospora crispa leaf and studied their abil-
ity to inhibit «-glucosidase from Bacillus stearothermophilus
(Chang, Ho, and Lee 2015). Among the isolated compounds,
isovitexin 2”-(E)-p-coumarate (161) showed the best activity
with an ICsq value of 4.3+ 1.4 uM. By comparing flavonoid
161 with isoorientin 2”-(E)-p-coumarate (160) (IC5, =
35.7+ 5.7 uM), it can be observed that the addition of a -OH
group at 3'-position of B ring decreased the inhibitory activ-
ity. On the other hand, the presence of a -OH group at 4'-
position of B ring is more favorable than the presence of a
glucose at this position, since luteolin (1) was a better
inhibitor than luteolin 4'-O-f-glucoside (156).

Costa et al. (2015) isolated the following C-glycosylflavo-
noids from Passiflora bogotensis: isoorientin (157), isovitexin
(158), isovitexin-2”-O-rhamnoside (169), isoorientin-2"-O-
rhamnoside (170), apigenin-6-C-o-L-rhamnosyl-(1=> 2)-(6"-
O-acetyl)-f-p -glucoside (171) and luteolin 6-C-u-L-

rhamnosyl- (1= 2)-(6"-O-acetyl)-f-b -glucoside (172) (Table
33). The decreasing order of inhibitory activity of u-glucosi-
dase (from Saccharomyces cerevisiae) by the tested flavonoids
is 171>172>157 > 158 >170 > 169, suggesting that the
acetyl group in the C(6”)-position has a crucial and favorable
influence in the inhibitory effect, since flavonoids 171 and 172
have the lowest ICsy values, 19+0.01 uM and 25+0.04 uM,
respectively.

Flavonoids from the aerial parts of Vauquelinia corymb-
ose were isolated and their inhibitory activity on yeast and
mammalian o-glucosidases was studied (Flores-Bocanegra
et al. 2015). The tested flavonoids were quercetrin (9), quer-
cetin (25), epicatechin (31), isoquercetin (38), hyperoside
(173), and quercetin-3-O-(6"-benzoyl)-f-galactoside (174)
(Table 34). The most effective compound was the mixed-
type  inhibitor  quercetin-3-O-(6"-benzoyl)-f-galactoside
(174), with ICs, values of 0.03+0.006 mM for the yeast
enzyme and 0.43+0.03mM for the mammalian o-glucosi-
dase. Acarbose presented ICs, values of 0.50 +£0.23 mM and
0.10+£0.03mM, for yeast (Saccharomyces cerevisiae) and
mammalian enzymes, respectively. The results suggested that
benzoylation at 6”-position of the sugar moiety of flavonoids
significantly increase their ability to inhibit «-glucosidase,
comparing with the other tested compounds. Furthermore,
the nature of the sugar moiety seemed to influence the
inhibitory activity, since flavonoid glucoside, isoquercetin
(38), was more active than flavonoid galactoside, hyperoside
(173), and flavonoid rhamnoside, quercetrin (9). Interestingly,
with the exception of quercetrin (9), all flavonoids presented
a better activity in inhibiting yeast «-glucosidase than the
mammalian enzyme.

Guo et al. (2015) isolated four flavones [4',7-dihydroxyfla-
vone (93), licoflavone A (178), licoflavone C (179) and lico-
flavone B (180)], five isoflavones [genistein (19),
formononetin (137), eurycarpin A (175), luteone (176) and
glabrone (177)], two flavanones [liquiritigenin (181) and glab-
rol (182)] and one flavan [glabridin (183)] (Table 35) from
licorice, Glycyrrhiza uralensis Fish. Based on the results, it
was concluded that the -OH groups and the prenyl groups
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Table 22. Flavonoids tested by Martinez-Gonzalez et al. (2019), and respective inhibitory activity on z-amylase (the most active

flavonoid is highlighted).

Flavonoid Structure R} ICso (1M + SD)
Luteolin (1) OH H 18.00 +1.00
Rutin (5) rutinose NA
Quercetin (25) OH 12.70+1.20
HO o}
O | OH
R3
OH (o}
Hesperetin (29) OCHg - 20.10+0.70
HO (o} .\“@
* OH
OH 0
(+)-Catechin (30) OH = NA
HO [0} m@[
& OH
OH
OH
Positive control - - 14.60+1.70

Acarbose

NA — Not active.

play a crucial role on the flavonoids™ activity, as the flavo-
noids with these substituents presented the lowest ICs, values.
Moreover, flavonoids with more than one -OH and/or prenyl
groups, presented ICsq values lower than 0.1 uM, being even
better inhibitors than the other tested compounds.

Imran et al. (2015) synthesized thirty derivatives of fla-
vone hydrazones (Table 36) and screened their «-glucosidase
(from Saccharomyces cerevisiae) inhibitory activity. It was
observed that the additional functional group on N-benzyli-
dene moiety generally increased the flavonoids’ inhibitory
effect. Flavonoid 187, a 2”,4”,6"-trihydroxy substituted com-
pound, was the most active, suggesting that the addition of
-OH groups in N-benzylidene moiety increase the «-glucosi-
dase inhibition, when compared with the 2”.4”-dihydroxy
substituted compound 189 (ICsp = 27.3+0.36uM) or 2’-
hydroxy substituted compound 192 (IC5, = 37.4+ 0.5 uM).
Other strong «-glucosidase inhibitors are those having chlor-
ine (203-205), fluorine (209-211) and nitro substituents
(206-208). In turn, flavonoids with methoxy (195-198, 212,
213), pyridine (214-216), and methyl (200-202) substitu-
ents presented a lower capacity to inhibit the enzyme
under study.

Ma et al. (2015) tested the inhibitory activity of flavo-
noids, from flowers of Edgeworthia gardneri, against o-glu-
cosidase (Table 37). The most active compound was
quercetin (25), with an ICs, value of 5.0+ 0.3 ug/mL. It was
observed that the substitution of an -OH group by a sugar
at 3-position of C ring decrease the a-glucosidase inhibition,
by comparing quercetin (25) with astraglin (2), rutin (5),

and isoquercetin (38). Moreover, by comparing quercetin
(25) with kaempferol (26) (ICsp = 56.2+ 4.1 pug/mL), it was
found that the addition of an -OH group at 3’-position of B
ring increased considerably the effect under study.
Glycosylated flavonoids [astraglin (2), rutin (5), isoquercetin
(38), tiliroside (217) and nicotiflorin (218)] were less active
than their respective aglycones, quercetin (25) and kaemp-
ferol (26).

Quercetrin (9), dimethoxy quercetrin (219), hirtacoumar-
oflavonoside (220) and hirtaflavonoside B (221) (Table 38)
were isolated from Euphorbia hirta by Sheliya et al. (2015),
and their inhibitory activity toward «-glucosidase from
Saccharomyces cerevisiae was evaluated. The best inhibitor
was hirtacoumaroflavonoside (220), with an ICs, value of
22uM, followed by hirtaflavonoside B (221) (IC5y =
0.071mM), quercetrin (9) (IC5, = 0.151mM) and dime-
thoxy quercetrin (219) (ICs, = 0.182uM). From these
results, it appears that the prenylation of flavonoids, as in
hirtacoumaroflavonoside (220) and hirtaflavonoside B (221)
makes them best inhibitors. It was also suggested that the p-
coumaroyl substitution at 7-position of A ring increased
-glucosidase inhibition, although none of the tested flavo-
noids can be directly compared with hirtacoumaroflavono-
side (220). On the other hand, the presence of -OCHj;
groups at 5- and 7- positions of A ring seems to reduce the
inhibitory activity of flavonoids.

Sun et al. (2015) synthesized a series of geranylated and/
or prenylated isoflavones and flavones (Table 39), and eval-
uated their inhibitory effect on «-glucosidase from
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Table 23. Flavonoids tested by Proenca et al. (2019), and respective inhibitory activity on z-amylase (the most active flavonoids are highlighted).

1Cso (LM £ SEM) or % Inhibition

Flavonoid Structure R? R} R¥ RY R° R° R® R’ R® at 200 uM
81 H H H H H H H H H < 20%
82 H H OH H H H H H H < 20%
83 H H H OH H H H H H < 20%
84 H H OH OH H H H H H 46 +2%
85 H OH OH OH H H H H H 31+3%
86 H OH OCH; OCH; H H H H H < 20%
87 H H H H OH H H H H < 20%
88 H H OH H OH H H H H < 20%
89 H H H OH OH H H H H < 20%
90 H H OH OH OH H H H H 148 +5 uM
91 H H H H H H H OH H < 20%
92 H H OH H H H H OH H 28+3%
93 H H H OH H H H OH H 36 +3%
94 H OH OH H H H H OH H 34+3%
95 H OH H H H H H OH H 59+4 uM
96 H H OH OH H H H OH H 131+1 uMm
97 H OH OCH; H H H H OCH; H < 20%
98 H OH H OCH; H H H OCH; H < 20%
Chrysin (73) H H H H OH H H OH H 22+3%
Galangin (99) H OH H H H H H OH H < 20%
Baicalein (23) H H H H OH H OH OH H < 20%
100 H H OH H OH H H OH H =~ 200 uM
Apigenin (22) H H H OH OH H H OH H 122+7 uM
Kaempferol (26) H OH H OH OH H H OH H 118+7 uM
Luteolin (1) H H OH OH OH H H OH H 7843 uM
Quercetin (25) H OH OH OH OH H H OH H 138+5 uM
Myricetin (24) H OH OH OH OH OH H OH H 107 +6 uM
Morin (101) OH OH H OH OH H H OH H 23+1%
102 H a OH OH OH H H OH H 44+3 uM
103 H H OH OH OH H a OH H 22 200 uM
104 H H OH OH OH H H OH a 173+5 uM
105 H a OH OH OH H H OH a 82+4 uM
106 H H OH OH OH H a OH a 98 +3 uM
Chrysoeriol (107) H H OCH; OH OH H H OH H 192+7 uM
Acacetin (108) H H H OCH; OH H H OH H < 20%
Hispidulin (109) H H H OH OH H OCH; OH H 33+3%
110 H H OCH; OCH; OH H H OH H < 20%
Rutin (5) H rutinose  OH OH OH H H OH H < 20%
Naringenin (28) - H H - - - - - - < 20%
Eriodictyol (41) - H OH - - - - - - < 20%
Taxifolin (111) Mo - OH OH - s = = - < 20%
Positive control - - - - - - - - 1.3+0.2 uM

Acarbose

Saccharomyces cerevisiae. Among all the tested flavonoids, 8-
geranylquercetin (229) was the best «-glucosidase inhibitor,
exhibiting an ICs, value of 1.15 uM. From the group of iso-
flavones, the most active compound was the mixed-type
inhibitor lespedeza E; (223) with a geranyl side chain (ICs
= 6.26 uM), being 8 - fold more active than the unsubsti-
tuted isoflavone genistein (19) (ICsp = 50.05 M) and acar-
bose (ICsy = 51.32 uM), suggesting that the geranyl side
chain improves the enzyme’s inhibition. Regarding the
group of flavones, it was possible to observe that the com-
petitive inhibitor 8-geranyl quercetin (229) was almost 10-
fold more active than quercetin (25) (IC5, = 10.98 uM),
which is consistent with the above-mentioned considerations
about the geranyl side chain. In turn, the di- [lupiwighteone
(222) vs. 226 and lespedeza E, (223) vs. 227] and trimethy-
lation [lupiwighteone (222) vs. 224 and lespedeza E, (223)
vs. 225] of the -OH groups led to a significant decrease in
the inhibitory activity, suggesting that the free -OH in the
flavonoid’s structure is crucial for the desired activity.

Flavonoids were isolated from the root barks of Morus
alba var. tatarica (Table 40) and their capacity to inhibit
o-glucosidase was evaluated (Zhang et al. 2015). Mortatarin
D (233) and albanin D (235) were the best x-glucosidase
inhibitors, with IC5, values of 5.0+ 0.3 uM and 5.9 +0.2 uM,
respectively. Being albanin D (235) (IC5, = 5.940.2uM)
among the most active compounds, it was suggested that a
geranyl group at 6-position of A ring enhances the inhibi-
tory effect comparing with the presence of prenyl groups at
other positions of the flavonoid skeleton. Moreover, by com-
paring albanin D (235) with albanin E (236) (IC5; =
11.5+0.7 uM), it was verified that the addition of an -OH
group at 2'-position of B ring reduced the desired activity.
Genistein (19), with an ICs, value of 17.8 + 1.1 uM, was used
as positive control.

Chen et al. (2016) studied the «-glucosidase inhibition
(from Saccharomyces cerevisiae) by flavonoids isolated from
leaves and stems of Ampelopsis grossedentata: myricetin
(24), dihydromyricetin (76), myricitrin (113) and flavonoids
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Table 24. Flavonoids tested by Kaeswurm et al. (2019), and respective inhibitory activity on z-amylase (the most active flavonoids are highlighted).

ICso (M £5D)

[S] pmol
Flavonoid Structure R R 10 100 10° 10°
(-)-Epicatechin (31) RS’ OH H 90+37 108+413 177 +48 231445
(-}-Epigallocatechin gallate (33) OH galloyl OH 128+23 98+8 66+ 3 58+4
Malvidin 3-glucoside (113) - - 71+£16 83+10 12121 147 £50
HO 2 OH
OH
Positive control - - - 041+0.35 0.06+0.01 0.02+0.01 0.02+0.01

Acarbose

Table 25. Flavonoids tested by Ren et al. (2019), and respective inhibitory
activity on z-amylase (the most active flavonoid is highlighted).

Flavonoid Structure R? 1Cso (mg/mL)
Rutin (5) OH  rutinose 171
Quercetin (25) o O OH 0.67
2 OH
|
RS
OH 0
(+)-Catechin (30) @0“ - 117
HO 0
K OH
\Qij\OH
QH
Positive control - - 14.60+1.70

Acarbose

242-247 (Table 41). Results indicate that the introduction of
some polyethylene glycol at 4'-position of B ring cause an
increased inhibitory activity of flavonoids, by comparing for
example myricetin (24) (IC5, = 319 +22.9uM) with com-
pound 243 (IC5, = 43.8+ 1.5uM). The most active flavon-
oid was 247, a competitive inhibitor, with an ICs, value of
9.3+0.4pM, and also presented better inhibitory activity
than the positive control acarbose, which had an ICs, value
of 720.3+57.5uM. As such, it was observed that the intro-
duction of a N-tosyl group in B ring was favorable for the
intended effect, forming hydrogen bonds with the Lys155
and Ser244 in the enzyme’s active site.

Imran and colleagues (Imran et al. 2016) synthesized 13
new flavone ethers and evaluated their in vitro and in silico
capacity to inhibit the «-glucosidase from Saccharomyces cer-
evisiae. Flavonoids presenting fluorine substituents — 250,

252, 253, and 258 - demonstrated high inhibitory activity
(Table 42). Flavonoid 252, a 2,5-trifluoromethyl-substituted
compound, was the most potent flavonoid, with an ICs
value of 1.26+0.01 pM, a value 30-fold lower than the one
of acarbose (IC50 = 38.25+0.12puM). On the other hand,
flavonoids that are para-substituted with nitro (248), nitrile
(254 and 260), tert-butyl (251), methoxy (255) and methyl
(259) substituents were weak o-glucosidase inhibitors, pre-
senting higher ICs, values than acarbose.

Myricetin (24) and quercetin (25) (see the chemical
structures in Table 13) were isolated from Hovenia dulcis
and their inhibitory activity on «-glucosidase was studied
(Meng et al. 2016). These flavonoids presented ICs, values
of 3 pg/mL and 32 pug/mlL, respectively; and both compounds
demonstrated a noncompetitive inhibition. These values sug-
gest that the addition of a -OH group at 5'-position of B
ring increases the inhibition of «-glucosidase.

Milella et al. (2016) tested the inhibitory activity of flavo-
noids isolated from Arcytophyllum thymifolium on o-glucosi-
dase (from Saccharomyces cerevisiae) (see the chemical
structures in Table 14). It was found that the most active
compound was flavanone 54, with an ICs, value of
28.1+2.6 M), being almost 15 times more active than acar-
bose (402.7 +15.5 uM). These results suggest that the pres-
ence of a prenyloxy group at 7-position of A ring is
advantageous for the intended effect.

Some flavones and isoflavones isolated from Ficus hispida
were evaluated for their ability to inhibit «-glucosidase from
Saccharomyces cerevisiae (Table 43) (Shi et al. 2016). The
most active flavonoid was the isoflavone 3'-(3-methylbut-2-
en-1-yl) biochanin A (266), with an ICs, value of
22.1+7.6uM. The -OCHj3 group present at 4’-position of B
ring in flavonoid 266 increased the inhibitory activity in
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Table 26. Summary of the results obtained for the z-amylase inhibitory activity of flavonoids, in the analyzed research studies.

Tested Most Type of Relative coefficient
Class concentrations active flavonoid Inhibitory activity inhibition Positive control to Acarbose Reference
Flavones 5000 pg/mL Luteolin (1) 1Cso = 50-500 NT Acarbose (ICso = 5 - 10.00 (Kim, Kwon, and
ug/mL 50 pg/mL) Son 2000)
0 - 500 uM 1C5o = 360 uM NM NM (Tadera et al. 2006)
NM Isoquercetin (38) Ki = 0.535 x 10° Competitive (Li et al. 2009)
mol/L
Buddleoside (43) ICs0 = NT Acarbose (ICso = 0.15 (Luyen et al. 2013)
1125+157 uM 7324 +£41.6 uM)
Geraldone (44) % Inhibition Competitive Acarbose (% 040 (Ahmed et al. 2014)
= 93.98+1.02 Inhibition
= 37.65+0.94)
12.5-150 uM Luteolin-7-0- ICso = 61.5+1.4 uM NT Acarbose (ICso = 1.15 (Asghari et al. 2015)
glucuronide (46) 534+3.1 uM)
NM Apigenin (22) ICso = Acarbose (ICso = 27.70 (Zhang et al. 2017)
1468+7.1 uM 53+3.1 uM)
0-2000 pg/mL IC5o = 287.53 +£5.39 Acarbose (ICso = 042 (Li, Yao, et al. 2018)
ng/mL 67843 £16.52
ug/mL)
NM Luteolin (1) 1Csp = Mixed Acarbose (ICso = 0.87 (Martinez-Gonzalez
1270+ 1.20 uM 14.60 +£1.70 uM) et al. 2019)
0-200 puM Flavonoid 102 ICso = 44+3 uM  Competitive Acarbose (ICso = 33.85 (Proenca et al. 2019)
1302 uM)
Flavonols 5mg/mL Quercetagetin-6-0- % Inhibition = Acarbose (% 1.07 (Ibrahim et al. 2015)
p-p-glucoside (53)  93.26%'0 HL/50 Ko Inhibition =
100% 5 mg/mL)
NM Myricetin (24) ICsp = 662 pg/mL”’ NM NM (Meng et al. 2016)
NM Rhamnetin (55) ICso = 73.9+5.9 uM NT Acarbose (ICso = 2381 (Milella et al. 2016)
263+1.2 uM)
31.25-750 uM  Quercetin (25) Quercetin: Ki= Competitive NM NM (Lim et al. 2019)
180 uM
02-1.0mg/mL  Quercetin (25) Quercetin (24): Noncompetitive (Ren, Li, and
Rutin (5) 1.28mg/L Liu 2019)
Rutin (5):
1.29 mg/mL
Flavanones 5000 pg/mL Alliuocide G (34) % Inhibition= 96.5 NT Acarbose (% 1.03 (Mohamed 2008)
S000°pg/mL Inhibition= 100
5000 pg/mL)
NM Neoeriocitrin (61)  1Csp = 469+0.9 uM Acarbose (ICso = 0.06 (Tundis et al. 2016)
77.45+0.9 uM)
8- 1C5o = 1538 uM Acarbose (ICso = 6.96 (Sun et al. 2017)
Geranylnaringenin 221 uM)
(72)
Flavans 0.5-500 pug/mL  Gallocatechin ICsp = ~ 17 pg/mL Acarbose (ICsp = 246 (Yilmazer-Musa
gallate (39) 6.9+0.8 ng/mL) et al. 2012)
0-200 puM Amylose (substrate): Catechin gallate Catechin gallate NM NM (Desseaux
Catechin gallate (amylose): (amylose): et al. 2018)
(77) Ki=7+2uM competitive
Maltopentaose Gallocatechin Gallocatechin
(substrate): gallate gallate
Gallocatechin (maltopentaose): (maltopentaose):
gallate (39) Ki = 28 +4 uM mixed
50-250 uM Epigallocatechin ICso = 66+3 uM  Uncompetitive Acarbose (ICsq = 3300 (Kaeswurm
gallate (33) 0.02+0.01 puM) et al. 2019)
Isoflavones NM Irisolidone (65) and % Inhibition: NT Acarbose (% Irisolidone: 141 (Ibrahim et al. 2017)
iridin A (70) Irisolidone — Inhibition Iridin A: 1.42
708+0.19 = 100%)
Iridin A
- 7054032

comparison of the presence of an -OH group in this pos-
ition, as structurally related isoflavones isowighteone (265)
and lupiwighteone (222) did not inhibit «-glucosidase.

Silva et al. (2016) studied the o-glucosidase (from
Saccharomyces cerevisiae) inhibition by flavonoids isolated
from Eremanthus crotonoides, namely luteolin (1), quercetin
(25), trans-tiliroside (270) and quercetin 3-methyl ether
(271) (Table 44). The flavonoid that showed the best inhibi-
tory activity was quercetin (25) (IC5, = 7.19+0.06 uM),
which was almost 120-fold more active than acarbose (ICs,
= 859.79+0.09 uM). Comparing quercetin (25) with luteolin

(1) (ICsp = 59.64 +£1.32 uM), it appears the hydroxylation at
3-position of C ring significantly increased the inhibition of
u-glucosidase.

The main flavonoids identified in Poncirus trifoliata were
investigated for their «-glucosidase inhibitory activity: hes-
peridin (14), narirutin (57), poncirin (58), didymin (59),
naringin (60) and neoeriocitrin (61) (see the chemical struc-
tures in Table 15) (Tundis et al. 2016). As didymin (59) was
the most active compound (ICsy = 4.20 £0.6 uM), it seems
that in comparison with the other tested flavanones, the
presence of a rutinose at 7-position of A ring, together with
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Table 28. Flavonoids tested by Aderogba et al. (2013), and respective inhibitory activity on 2-glucosidase (the most active flavonoid is

highlighted).
Flavonoid Structure R? R ICso (g/mL+ SD)
Quercetrin (9) R5' rhamnose H 122716
Quercetin (25) OH H 309+8.4
Myricitrin (113) OH rhamnoses OH 79.0+4.3

HO (0]

OH
R3
OH (0]

Positive control - - 1033+9.3

Acarbose

Table 29. Flavonoids tested by Cheng et al. (2014), and respective inhibitory activity on z-glucosidase (the most active flavonoids are highlighted).

Flavonoid Structure R? R* R’ ICso (umol/L + SD)
Luteolin (1) RY OH OH OH 3652 +0.077
Apigenin (22) H OH OH 16.780 + 0.257
Chrysin (73) H H OH 77.730 +3.490
Diosmetin (114) R3 OH OCH; OH 2276443503
0’-Ethyl chrysin (115) H H OC,Hs 24396 + 0.665
0’-Butyl chrysin (116) H H 0CHy 7.040 +1.634
0"-Hexyl chrysin (117) H H 0CgH13 4476 +1.109
0*, 0”-Diethyl apigenin (118) OH O H OC,Hs OC,Hs 7.350 +0.998
0*, 0’-Dibutyl apigenin (119) H 0CH, OC,Ho 6.897 +0.263
0*, 0’-Dihexyl apigenin (120) H 0CsH3 0CsHhs 4426 +0281
0%, 0’-Diethyl diosmetin (121) OC,H;s OCH, OC,Hs 22,051 +3.596
0?, 0”-Dibutyl diosmetin (122) 0C4H, OCH; 0C4Ho 2.940 +0.051
0°, 0”-Dihexyl diosmetin (123) 0CgH13 OCH;, OCeH;3 2.406+0.101
0’-Ethyl- 0%, 0*-ethylidene luteolin (124) - = OCHs 15952 +1.013
0’-Butyl- 0%, 0*-ethylidene luteolin (125) - - 0C;He 13.733+0.299
0’-Hexyl- 0%, 0*-ethylidene luteolin (126) - - OCgH;3 5.180 +0.451

Positive control -
Acarbose

Positive control -
1-Deoxynojirimycin

563.601 +40.492

226.912+12.573

the presence of a -OCHj group at 4'-position of B ring
enhance the «-glucosidase inhibition.

Flavones apigenin (22), luteolin (1) and buddleoside (43),
as well as flavanones naringenin (28), eriodictyol (41), isosa-
kuranetin (272), didymin (59) and hesperidin (14) (Table
45), were isolated from Clinopodium chinense (Benth.)
(Zeng, Chen, et al. 2016). The inhibitory activity of these fla-
vonoids was tested on o-glucosidase from Saccharomyces
cerevisiae. Luteolin (1) and eriodictyol (41) were the flavo-
noids with the best activity, with ICs5q values of 2.0 + 1.8 uM
and 1.4 +3.4 M, respectively, suggesting that the addition of
an -OH group at 3'-position of B ring enhances significantly
the intended activity, when compared to apigenin (22) and
naringenin (28), respectively. Furthermore, the remarkable
reduction of the inhibitory activity of didimyn (59) (IC5, >
60 uM) when compared with isosakuranetin (272) (ICs, =

312+2.8 uM) revealed the importance of the OH group at
7-position of A ring for the inhibition of a-glucosidase. In
turn, the glycosylation of flavonoids leads to a reduction of
the inhibitory activity.

The inhibitory activity of apigenin (22), morin (101) and
myricetin (24) (Table 46) was studied on u-glucosidase from
Saccharomyces cerevisiae, presenting ICsy values of
(10.5+0.05) x 10°mol L, (4.48+0.04) x 10°mol L and
(2.25+0.05) x 10°mol L, respectively (Zeng, Zhang, et al.
2016). All three flavonoids were more effective than acar-
bose, with an ICs, value of (3.04+0.04) x 10*mol L. The
higher inhibitory activity of myricetin (24) might be due to
the increased number of -OH groups in B ring. Compared
to myricetin (24) and morin (101), the IC5, value of apige-
nin (22) was the highest, which may be mainly due to the
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Table 30. Flavonoids tested by Dendup et al. (2014), and respective inhibitory activity on z-glucosidase (the most active flavonoids are highlighted).

Flavonoid Structure R¥ R¥ R® R® R® ICso (UM £ 5SD)
127 o o OH - OH - - - 58.43+147
128 R? OCH;3 - OH - - - 115.01 £0.57
OH O "
129 (3R) R H - H - OCH; NA
130 (35) - 4 OCH; OCH;3 - OH - H NA
131 (39) R? OCH; OCH; - H - H NA
5 R¥
R O
OH
132 0 - - - - - - NA
H OCH,
S
OH 0
OH
Parvisoflavone (133) - - - - - - 12.19+0.14
OH
134 OH H OCH; - - H 32.96+045
135 OCH; OCH; OH S = H NA
136 OH H OCH; - - OCH; 5188 £+ 1.10
Formononetin (137) R® - - - - H H NA
Afrormosin (138) HO o - - - - OCH; H NA
8-0-Methylretusin (139) O | 2 - - - H OCH; NA
Derrone (140) - - - - - - NA
Positive control - - - - - - - 7.96+1.68
Acarbose
NA - Not active.

lower number of -OH groups, comparing with the other
tested flavonoids.

In the work of Zhang et al. (2016), the ability of isoquer-
cetin/quercetin-3-O-glucoside (38), rhamnazin (273) and
rhamnetin (55) (Table 47) to inhibit «-glucosidase from
Saccharomyces cerevisiae was studied. The obtained ICs, val-
ues were of 2238+1.73uM, > 3000puM and
432.04+10.17pM for flavonoids 38, 273, and 55, respect-
ively. These results indicate that the presence of -OCHj
groups at 7-position of A ring and at 3'-position of B ring
of flavones leads to a reduction in their activity.

In the work of Amin et al (2017), «-glucosidase (from
Saccharomyces cerevisiae) inhibition by pectolinarigenin (274)
and pectolinarine (275) (Table 48), two flavonoids isolated
from Kickxia ramosissima, was tested. Pectolinarigenin (274)
(IC5o = 0.23mM) was more active than pectolinarine (275)
(48% of inhibition, at 2mM), indicating that the glycosylation
of at 7-position of A ring significantly reduced the inhibitory
activity. Pectolinarigenin (274) also presented an ICs value
similar to the positive control, acarbose (IC5o = 0.26 mM).

The inhibitory activity of some isoflavones, isolated from
Butea superba, on «-glucosidase (from Saccharomyces
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Table 31. Flavonoids tested by Wang, Cheng, et al. (2014), and respective inhibitory activity on u-glucosidase (the most active flavonoids are highlighted).

Flavonoid Structure R¥ R® R’ ICso (umol/L + SD)
Apigenin (22) OH OH OH 16.780 +0.257
Chrysin (73) H OH OH 77.730 £3.490
M 0O(CH;),0NO; OH O(CH2);0NO> 7.779+1.230
142 0(CH,),0NO, OH 0O(CH,),0NO, 5.045+0.527
143 0O(CH;)sONO, OH O(CH,)sONO, 4.594+0.528
144 OCH,COO0(CH,),0NO, OH OCH,COO0(CH,),0NO, 3714+ 0426
145 OCH,COO0(CH,)40NO; OH OCH,COO0(CH;)40NO; 2.333+0.123
146 OCH,COO0(CH,)s0ONO, OH OCH,COO0(CH,)¢ONO, 2.567 +0.070
147 H OH O(CH,),0NO, 30.040 + 6.630
148 H OH 0O(CH,),0NO, 18.700 +0.220
149 H OH O(CH,)sONO> 20.960 +1.620
150 H CH;C00 O(CH,),0NO, > 100

151 H CH3C00 0O(CH,),0NO, > 100

152 H CH3C00 O(CH,)sONO, > 100

153 H OH OCH,COO0(CH,)20NO, 23.980 +4.660
154 H OH OCH,CO0(CH,),ONO, 14.100 +3.980
155 H OH OCH,COO(CH,)sONO, 3390 +3.860
Positive control = = - - 563.601 40492

Acarbose

Positive control -
1-Deoxynojirimycin

226912412573

Table 32. Flavonoids tested by Chang, Ho, and Lee (2015), and respective inhibitory activity on x-glucosidase (the most active flavonoid is highlighted).

Flavonoid Structure R’ RY R® R’ R® ICso (UM +SD)

Luteolin (1) R4 OH OH H OH H 86.1+4.3

Luteolin 7-0- OH OH H glucose H *
f-glucoside (4)

Apigenin (22) g2 H OH H OH H 346+3.9

Chrysoeriol (107) OCH; OH H OH H *

Luteolin 4-O- OH glucose H OH H *
f-glucoside (156)

Isoorientin (157) OH OH glucose OH H 1525.7+3.7

Isovitexin (158) H OH glucose OH H 61.2+25

OH OH glucosyl-2"-(E)-sin  OH H x

Isoorientin 2"~(E)-p- OH OH glucosyl-2"-()- OH H 35.7+5.7
coumarate (160) p-cou

Isovitexin 2"~(E)-p- H OH glucosyl-2"-(£)- OH H 43+14
coumarate (161) p-cou

Orientin (162) OH OH H OH glucose

Apigenin 7-O-f--glucoside/ H OH H glucose H X
Cosmosiin (163)

Cosmosiin 6"-(F)- H OH H glucosyl-6"-(E)-fer H 88+29
ferulate (164)

Cosmosiin 6-(£)-p- H OH H glucosyl-6"(£)- H 146+4.8
coumarate (165) p-cou

Cosmosiin 6-(2)-p- H OH H glucosyl-6"-(2)- H 10.1+£3.5
coumarate (166) p-cou

Cosmosiin 6-(£)-p- H OH H glucosyl-6"-()- H 11.3+2.0
cdnnamate (167) p-cin

Luteolin 7-O-f-glucosyl-6"- OH OH H glucosyl-6"-(£)- H *
(E)-p-cinnamate (168) p-cin

Positive control - - - - - - 0.033 +0.006

Acarbose

*Showed no inhibition at 10 pg/mL and their 1C5, values were not obtained due to the limited amount of material.

cerevisiae) was studied (Boonsombat et al. 2017). The most
effective flavonoid was biochanin A (276), which bears an
-OH group at 5- and 7- positions of A ring and a -OCHj
group at 4’-position of B ring (Table 49), with an ICs, value
of 12.35+0.36 uM. The results showed that the presence of
a -OCHj; (277, 278, 286, and 287), an allyl (279), a propagyl
(280) or a prenyl (282) group at 7-position of A ring signifi-
cantly decreased the u-glucosidase inhibition, since the iso-
flavones with the mentioned substituents were not active.
The importance of the addition of -OH groups in B ring
was once again pronounced in the study of Chen et al
(2017), where the inhibitory activity of quercetin (25) (ICs,

= 66.8 ug/mL) and kaempferol (26) (IC5, = 109 pg/mL)
(Table 50) on yeast u-glucosidase was evaluated. As men-
tioned above, the catechol group in B ring seems to be
favorable for the «-glucosidase inhibition.

The sucrase and maltase inhibition from rat intestinal
powder was studied, testing flavonoids quercetin (25), rham-
netin (55), rhamnazin (273), tamarixetin (289), kaempferol
(25), quercetin 3-O-f-p -glucuronide (290), quercetin 3-O-
f-p -glucuronide methyl ester (291), kaempferol 3-O-f-p
-glucuronide (292) and kaempferol 3-O-f-b -glucuronide
methyl ester (293) (Table 51) (Hmidene et al. 2017).
Concerning the inhibition of sucrase activity, the flavonoids
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Table 33. Flavonoids tested by Costa et al. (2015), and respective inhibitory activity on z-glucosidase (the most active flavonoid is highlighted).

Flavonoid Structure R¥ R® ICs (UM% SD)
Isoorientin (157) OH  glucose 29+0.03
Isovitexin (158) H glucose 32+004
Isovitexin 2"-O-rhamnoside (169) H glucosyl-2"0-rhamnose 35+0.03
Isoorientin 2"-O-rhamnoside (170) OH  glucosyl-2"0-rhamnose 34+0.02
Apigenin 6-C-z-L-rhamnosyl-(1-2)-(6"-O-acetyl)-i-D-glucoside (171) H rhamnosyl-(1-2)-(6"-O-acetyl)-b-D-glucose 19+0.01
Luteolin 6-C-z-L-rhamnosyl-(1-2)-(6"-O-acetyl)-3-D-glucoside (172) OH  rhamnosyl-(1-2)-(6"-O-acetyl)-b-D-glucose 25+0.04
Positive control - - 15+0.01

Acarbose

Table 34. Flavonoids tested by Flores-Bocanegra et al. (2015), and respective inhibitory activity on z-glucosidase (the most active flavonoid is highlighted).

1C5o (MM +SD)
Flavonoid Structure R? Yeast Rat Small Intestine
Quercetrin (9) o rhamnose 4509 10mM 334+038
Quercetin (25) HO o O OH 0.03* 0.216*
Isoquercetin (38) O | ™ glucose 0.06+ 0.005 163011
Hyperoside (173) & galactose 0.40+0.02 1.98+0.15
Quercetin 3-0-(6"-benzoyl)-f-galactoside (174) OH © 6"-benzoyl-f-galactose 0.03 +0.006 0.43+0.03
(--Epicatechin (31) @E"“ = 0.30+0.02 15.29% '0™M
HO. O S
Tt
oH
Positive control - - 0.50+0.23 0.10+0.03

Acarbose

*Values taken from reference (Yin et al. 2014) by the authors.

under study showed a lower activity than acarbose
(56.1 £0.6%), at the highest tested concentration (100 pM).
Regarding the inhibition of maltase, the most active flavonoids,
290 (inhibition % = 62.0+0.1) and 291 (inhibition % =
75.3+0.5), both noncompetitive inhibitors, presented similar
activity to acarbose (62.5+0.5%, at 100 pM). For the inhibition
of mammalian o-glucosidase, particularly maltase, the results
suggest that the substitution of the -OH group at 3-position of
C ring with a glucuronic acid and its methyl ester enhance the
activity of flavonoids toward «-glucosidase.

In the work of Jeong and Kim (2017), rutin (5) was
exposed to y-ray and produced 3 new hydroxymethylated
products in the C ring: radiorutinol (294), isoradiorutinol
(295) and radiorutindiol (296). The inhibitory activity of
those compounds, including the precursor rutin (5), against
a-glucosidase was evaluated (Table 52). All the new hydrox-
ymethylated flavonoids were more active than rutin (5)
(IC5o > 500uM) and acarbose (ICsy, = 310.2+3.6 uM).
Isoradiorutinol (295) was the most active (IC5y =
11.2£0.7puM). These results suggest that the replacement
and stereochemistry of the hydroxymethyl group at 2-pos-
ition of C ring in dihydroflavonol skeleton may increase
a-glucosidase inhibition.

Four flavanones isolated from the roots of Sophora flaves-
cens [kushenol A (297), kushenol E (298), kushenol B (299)
and kushenol L (300)] (Table 53) were evaluated for their
inhibitory activity on «-glucosidase from Saccharomyces cer-
evisiae (Kim, Cho, et al. 2017). The most effective flavonoid
was kushenol B (299), an uncompetitive inhibitor, with an
ICs value of 11.0+ 0.3 uM. This may indicate that the pres-
ence of a lavandulyl group at 8-position and a prenyl group
at 6-position of A ring increases o-glucosidase inhibition. In
accordance, the substitution of the lavandulyl for a prenyl

group at 8-position of A ring [kushenol E (298)] led to a
decrease in the inhibitory effect (ICsy = 24.6 0.8 pM).

Icaritin (301), icariside II (302), icariin (303), epimedin
A (304), epimedin B (305), and epimedin C (306) (Table
54) were isolated from Epimedium koreanum, and their abil-
ity to inhibit «-glucosidase from Saccharomyces cerevisiae
was evaluated (Kim, Jung, et al. 2017). Icaritin (301), with
an ICs, value of 74.42+0.01 and a noncompetitive inhib-
ition type, was found to be the most active compound. In
addition, the glycosylation of flavonoids at 7-position of A
ring and at 3-position of C ring significantly decreased the
intended effect, when compared with the presence of -OH
groups at these positions.

Kaempferol 3-O-f-p-glucosyl-7-O-u-L-rhamnoside (307),
quercetrin (9), afzelin (308) and isoscutellarein 8-O-rhamno-
side (309) (Table 55), isolated from Smilax china L. stem,
were tested (Lee, Kim, and Whang 2017). The compound
with better inhibition of «-glucosidase was afzelin (308),
with an ICs, value of 31.7+ 1.6 uM, while quercetrin (9),
kaempferol 3-O-f-p-glucosyl-7-O-o-L-rhamnoside (307) and
isoscutellarein 8-O-rhamnoside (309) presented ICs, values
of 135+13 uM, 609+ 32puM and 45.1 £2.6 UM, respectively.
By comparing afzelin (308) with quercetrin (9), it can be
found that the -OH group at 3'-position of B ring signifi-
cantly decreases the inhibition of «-glucosidase. Besides that,
by comparing afzelin (308) with isoscutellarein 8-O-rhamno-
side (309), the presence of the rhamnose at 3-position of C
ring is more favorable for the intended effect than the pres-
ence of this sugar at 8-position of A ring. The positive con-
trol acarbose presented an ICso value of 172+ 17 uM. In the
work of Torres-Naranjo et al. (2016), afzelin (308) (ICsy =
3.56tM) was also more active than quercetrin (9) (ICso
= 7.77 uM).
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Table 35. Flavonoids tested by Guo et al. (2015), and respective inhibitory activity on o-glucosidase (the most active flavonoids are highlighted).

Flavonoid Structure R? R¥ R¥ R® R® R’ R® 1Cso (UM)
Genistein (19) HO H H OH OH H - - 0.74
Formononetin (137) H H OCH; H H - - > 50
Eurycarpin A (175) OH prenyl OH H H - - <0.10
Luteone (176) RE OH H OH OH prenyl = - <0.10
Glabrone (177) - - - - - - - > 50
93 § H - H H - H <0.10
Licoflavone A (178) R H - H prenyl - H > 50
Licoflavone C (179) HO 0 - H - OH H - prenyl 0.30
Licoflavone B (180) O | rR3 - prenyl - H prenyl - H <0.10
R6

RS O
Liquiritigenin (181) B OH - H - - - OH H > 50
Glabrol (182) R O - prenyl - - - OH prenyl <0.10

HO [0} | R¥
R6 ‘

R® O
Glabridin (183) - - - - - - - 46.42

S

(o} o}
HO : OH

Positive control - - - - - - - - 5.42

Acarbose

Proenga et al. (2017) studied a panel of 44 structurally
related flavonoids regarding their inhibitory effect on «-glu-
cosidase from Saccharomyces cerevisiae. The most active fla-
vonoid found was 310 (Table 56), with an ICsy value of
7.6+ 0.4 pM, which is almost 80 times lower than the ICs,
of acarbose (ICsq = 607 +56 pM). These results suggest that
the presence of two catechol groups (at 7- and 8- positions
of A ring, and at 3'- and at 4’-positions of B ring) in the fla-
vonoid structure is crucial for the inhibition of «-glucosi-
dase. It was also observed that the methoxylation and
benzoxylation of flavonoids did not favor the inhibitory
activity, since flavonoids 315 and 316 presented low or no
inhibitory effect against the target under study. The second
most active flavonoid was quercetin (25), with an ICs, value
of 15+ 3 uM. The presence of an -OH group at 3-position of
C ring seems to be advantageous for the intended activity,
since luteolin (1), with no substituents at this position, pre-
sented a higher IC5, value (46 +6 uM).

The ability of flavonoids isolated from Silybum maria-
num, taxifolin (111), dihydrokaempferol (317), dihydroquer-
cetin 4'-methyl ether (318), naringenin (28), naringenin 7-
O-f-p-glucoside (319) and kaempferol (25) (Table 57), to
inhibit «-glucosidase from Saccharomyces cerevisiae was eval-
uated in the work of Qin et al. (2017). It was shown that
the presence of a glucosyl group at 7-position of A ring
increased the studied effect, since naringenin 7-O-f-p-gluco-
side (319) was the most active flavonoid (IG5, =
1.44+0.01 uM); being more effective than its parent com-
pound, naringenin (28), which presented a higher IC5, value
(37.21+ 1.12 pM). In addition, by comparing taxifolin (111)
(ICsp = > 100puM) and dihydroquercetin 4’-methyl ether
(318) (IC50 = 41.43+0.21uM), it was possible to observe
that the substitution of an -OH group to a -OCHj; group at
4'-position of B ring enhanced the inhibitory activity.

A panel of flavonoids was selected for the evaluation of
the inhibitory activity toward «-glucosidase from
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Table 36. Flavonoids tested by Imran et al. (2015), and respective inhibitory activity on z-glucosidase (the most active flavonoid is highlighted).
Flavonoid Structure R R R RY RY ICsp (M + SEM)
184 COOH - - - - - 802.6+134

185 0 - - - - - NA

186 - - - - - 730+ 0.50
187 OH H OH H OH 15.4+0.22
188 R¢" OH OH H H H 169+0.65
189 OH H OH H H 273+036
190 OH H H OH H 378+044
191 R H OH OH H H 1724121
192 OH H H H H 374+0.50
193 H OH H H H 86.3 +0.98
194 H H OH H H 274+146
195 OH H OCH; H H 2944032
196 H OH OCH; H H 344+1.18
197 OH H H OCH; H 374+033
198 H OCH; H OCH,3 H 623.1+061
199 Br H OH H H 5874+142
200 CH; H H H H 4874+1.08
201 H CH; H H H 4974 +0.70
202 H H CH; H H 3674 +054
203 a H H H H 29.6+0.26
204 H a H H H 64.5+2.08
205 H H a H H 383+0.34
206 NO, H H H H 1234+1.69
207 H NO, H H H 98.0+1.10
208 H H NO, H H 884+097
209 Fl H H H H 17.1+£024
210 H Fl H H H 228+1.23
21 H H FI H H 194+0.20
212 H OCH; H H H 680.5 +1.27
213 H H OCH; H H 690.3 +2.04
214 Pyr H H H H 4874+136
215 H Pyr H H H 520.7 +0.80
216 H H Pyr H H 4302+0.28
Positive control - - - - - - 860.23 £6.10
Acarbose
NA — Not active.

Table 37. Flavonoids tested by Ma et al. (2015), and respective inhibitory activity on z-glucosidase (the most active flavonoid is

highlighted).

Flavonoid Structure R R ICso (ng/mL +SEM)
Astraglin (2) glucose H 179492
Rutin (5) rutinose OH 27215
Quercetin (25) OH OH 51+03
Kaempferol (26) OH H 56.2+4.1
Isoquercetin (38) glucose OH 1233+ 87
Tiliroside (217) (6"-0-p-coumaroyl)-glucose H 202+12
Nicotiflorin (218) rutinose H 253+19
Positive control - - - 465 +37

Acarbose
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Table 38 Flavonoids tested by Sheliya et al. (2015), and respective inhibitory activity on z-glucosidase (the most active flavonoid is highlighted).

Flavonoid Structure R¥ R* R R R® R’ R® 1Cso (MM)
Quercetrin (9) rhamose OH OH OH H H OH H 0.151
Dimethoxyquercetrin (219) ' rhamnose OH OH OCH; H H OCH; H 0.182
Hirtacoumaroflavonoside (220) glucosyl(2"-1")-0-z-L-rhamnose H OH OH H prenyl p-cou H 0.022
Hirtaflavonoside B (221) . glucose OH H OH OH prenyl OH isobutenyl  0.071
Positive control - - - = = - = - = 0.092
Acarbose

Table 39. Flavonoids tested by Sun et al. (2015), and respective inhibitory activity on -glucosidase (the most active flavonoid is highlighted).

Flavonoid Structure RY R R’ R® 1Cso (UM)
Genistein (19) OH OH OH H 50.05
Lupiwighteone (222) OH OH OH prenyl > 100
Lespedeza E, (223) OH OH OH geranyl 6.26
224 OCH; OCH; OCH; prenyl > 100
225 OCH;3 OCH;3 OCH; geranyl > 100
226 OCH;3 OH OCH; prenyl > 100
227 OCH; OH OCH; geranyl > 100
Quercetin (25) P O ok - - - H 10.98
8-Prenylquercetin (228) HO. o - - - - prenyl 438
8-Geranylquercetin (229) O | - - - geranyl 115

‘OH
OH o
Positive control - - - - - 51.32

Acarbose

Saccharomyces cerevisiae (Table 58) (Sarian et al. 2017).
Quercetin (25) was the most active compound, with an ICs
value of 4.92 +7.06 ug/mg. The obtained results indicate that
the presence of -OCHj [wogonin methyl ether (321), techto-
chrysin (323) and 324] and -acetate groups [wogonin acetate
(322) and norwogonin acetate (326)], as well as the lack of
the C2=C3 double bond [catechin (30) and epicatechin
(31)], decrease the inhibitory activity. On the other hand,
the presence of a catechol group in B ring enhance the
o-glucosidase inhibition by flavonoids, as can be seen by
comparing quercetin (25) with kaempferol (26) (ICso
= 12.19+4.63 uM).

o-Glucosidase (from Saccharomyces cerevisiae) inhibition
by isoflavones prunetin 5-O-f-glucoside (329) and genistein
5-0-f-glucoside (330) isolated from Potentilla astracanica,
as well as their aglycone parent compounds prunetin (331)
and genistein (19) was evaluated (Table 59) (§6hretoglu
et al. 2017). The flavonoid aglycones were found to be more
active. The uncompetitive inhibitor, genistein (19) was the
most effective compound (ICsp = 1.47+0.11pug/mL).
Furthermore, it was also observed that the replacement of
the -OH group by a -OCHj3 group at 7-position of A ring
decreased the inhibitory activity, as seen by comparing gen-
istein (19) with prunetin (331) (ICsq = 31.87+0.16 ug/mL).
In addition, it seems that the replacement of an -OH group
for a glucose at 5-position of A ring, since genistein (19)
was more active than genistein 5-O- f-glucoside (330), which
presented an ICs value of 43.24 +0.16 puM.

Geranylated flavanones isolated from Paulownia tomen-
tosa were studied regarding their inhibitory effect on o-glu-
cosidase from Saccharomyces cerevisiae (Song et al. 2017).
The isolated flavonoids were mimulone (332), 3'-O-

methyldiplacone (333), 4'-O-methyldiplacone (334), 335, 3'-
O-methyl-5"-O-methyldiplacone (336), 3’-O-methyldiplacol
(337), 4'-O-methyldiplacol (338) and 339 (Table 60) (Song
et al. 2017). Among the tested compounds, flavonoid 339
was the most active (IC5p = 2.2+0.2 uM), with a noncom-
petitive inhibition type. The positive control voglibose was
about 11-fold less effective, with an ICsq value of
245+1.2 M. The results showed that a better inhibition
was observed when there were two free -OH groups at 3'-
and 5- positions on B ring, in replacement of -OCHj
groups at these positions, as it can be seen by comparing
flavonoid 335 (IC5p = 6.5+ 0.5uM) with 3’-O-methyl-5"-O-
methyldiplacone (336) (ICso = 78.9 2.1 uM). On the other
hand, once again, it can be observed that the presence of an
-OH group at 3-position of C ring is favorable for the
intended effect, since flavonoid 339 was more active than
flavonoid 335.

Sun et al. (2017) studied the «-glucosidase (from
Saccharomyces cerevisiae) inhibition by naringenin (28), 8-
prenylnaringenin (71) and 8-geranylnaringenin (72) (see the
chemical structures in Table 17). Flavonoid 8-geranylnarin-
genin (72) was the most active, (ICsq value of 3.77 uM) pre-
senting a competitive inhibition type. In addition, flavonoid
(72) was more than 13-fold more effective than acarbose
(ICsp = 51.30uM). The obtained results indicate that the
geranyl group at 8-position of A ring plays an important
role for the inhibition of «-glucosidase.

o-Glucosidase (from Bacillus stearothermophilus) inhib-
ition by flavonoids isolated from Glycyrrhiza uralensis leaves
was tested, as well as their parent compounds luteolin (1),
quercetin (25), isoquercetin (38), rutin (5), eriodictyol (41)
and taxifolin (111) (Table 61) (Ye, Fan, and Ma 2017). It
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Table 40. Flavonoids tested by Zhang et al. (2015), and respective inhibitory activity on x-glucosidase (the most active flavonoid is highlighted).
Flavonoid Structure R R3 R¥ R® R® ICsp (uM % SD)

Mortatarin A (230) - - - - - 815+56
Mortatarin B (231) - - - - - 949+43
Mortatarin C (232) - - - - - > 100

Mortatarin D (233) - - - - - 5.0+03
Kwanon T (234) OH prenyl prenyl H H 127419
Albanin D (235) H H H geranyl H 5.9+0.2
Albanin E (236) OH H H geranyl H 115407
Kwanon C (237) OH prenyl H H prenyl 169+2.1
Albanin A (238) OH prenyl H H H 405+5.1
Morusin (239) - - - = - > 100

Kwanon U (240) - - - - - 7505

OH O
(continued)
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Table 40. Continued.
Flavonoid Structure R* R? R R® R® ICso (M + SD)

Mornigrol F (241) - - - - - 357427
Positive control - - - - - 17.8+1.1
Genistein
Table 41. Flavonoids tested by Chen et al. (2016), and respective inhibitory activity on 2-glucosidase (the most active flavonoid is highlighted).
Flavonoid Structure R} n ICso (UM +SEM)
Myricetin (24) OH OH - 3193+22.9
Myricitrin (113) rhamnose = 837.7+22.0
Dihydromyricetin (76) OH - - 633.9+24.9
OH
HO o
* OH
OH
OH O

242 - 1 845+8.6
243 - 2 438+1.5
244 - 3 233.1+12.0
245 = 4 463.1+15.8
246 - - 41123

247 = = 93+04
(o]
N

Positive control - - - 7203 +57.5
Acarbose
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Table 42 Flavonoids tested by Imran et al. (2016), and respective inhibitory ~ Table 42 Continued.
activity on a-glucosidase (the most active flavonoid is highlighted). Flavonoid Structure ICso (M SEM)

Flavonoid Structure IC5o (UM £ SEM) 259 88.66 + 1.20
82 34.66 +0.28 o O = CHy
Cg
0

260 O 38.64+034
248 36.44+0.031 0 o CN
o
o
Positive control — 3825+0.12
249 59.66 +0.21 Acarbose

NA — Not active.

was found that the most active flavonoid was 5'-prenylquer-

o
o AL O cetin (341), presenting an ICs, value of 2.3 ug/mL. The
8 O e, results indicate that the presence of a prenyl group at 5'-
O | o/\©/ position of B ring is important, as quercetin (25) was 11
o

times less effective (25.8 pg/mL). In turn, as already sug-
gested, the presence of an -OH group at 3-position of C

251 O 49.54£061 ring is also favorable for the intended effect, since luteolin
0 5 (1) (ICsp > 100 pg/mL) was less active than quercetin (25).
O | AQ\K Furthermore, it was also verified that the C2=C2 double

o

ring increased the inhibitory activity of «-glucosidase, by

252 2 1.26+0.01 comparing quercetin (25) with taxifolin (111) (IC5p =
& O ’ 84.7ng/mL). Finally, the glycosylation of flavonoids did
O | ° not favor the w-glucosidase inhibition, as observed by the
lack of activity of isoquercetin (38) and rutin (5) (ICs5y >
o CFy

100 pg/mL), when compared with quercetin (25).

253 O 8.66+0.08 Isoflavones daidzein (20), puerarin (77), daidzin (345)
o = Sk and ononin (346) (Table 62) isolated from Pueraria lobata
O | /\©/ were tested regarding their inhibitory activity on «-glucosi-

o

dase from Saccharomyces cerevisiae (Wang et al. 2017). The
flavonoid with best inhibitory activity was daidzein (20), a

4 o O Fpnx028 noncompetitive inhibitor, with an ICso value of 23.01 uM,
O ] 0/\©\ and almost 87-fold more active than acarbose (IC;, =
N 1998.79 uM). The results indicate that the replacement of

o

the glucose by an -OH group at 7-position of A ring is

255 35.35+ 031 important for the increase of x-glucosidase inhibition, by
o O . comparing daidzein (20) with daidzin (345) (ICso=
O | /\©\ 253.78 uM). Moreover, it was also observed the substitution
OCH,
o

of the -OH by an -OCHj group at 4'-position of B ring
reduce the inhibitory effect, since ononin (346) (IC5;, =

256 O OO NA 422.89uM) was less active than daidzin (345) (ICs
O 2 | 0 ‘O = 253.78 uM).
2 Zhang and coauthors (Zhang et al. 2017) tested the
o

inhibitory activity of 16 flavonoids on mammalian sucrase

257 NA and maltase (see the chemical structures in Table 18). For
o O T the maltose-hydrolyzing activity, baicalein (23) showed the

O | strongest inhibition, with an ICs, value of 74.1+5.6 uM,

while acarbose presented an ICs of 0.4+ 0.1 pM. Quercetin

(25) and luteolin (1) showed weaker inhibition than baica-

[+]
258 Q F 3.49+0.05 lein, with ICs, values of 282.1+192puM and
Q 3 £ 339.4+ 16.3 uM, respectively. The ICs, for the other tested
O | flavonoids were higher than 400 uM. For the sucrose-hydro-
o

lyzing activity, the ICs, value for acarbose was 1.2+ 0.3 pM.
Once again, baicalein (23) showed the strongest inhibition

(continued)
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Table 43. Flavonoids tested by Shi et al. (2016), and respective inhibitory activity on o-glucosidase (the most active flavonoid is
highlighted).

Flavonoid Structure R R* R IG5 (uM+SD)
261 = = = NA
Carpachromene (262) - - - NA
Isoderrone (263) - - - 108.1+10.8
Ficuisoflavone (264) & S NA

Lupiwighteone (222) H OH prenyl NA

Isowighteone (265) prenyl OH H NA
[3"-(3-Methylbut-2-en1-yl) biochanin A (266) prenyl OCH; H 221+7.6
Myrsininone A (267) - - - 505+3.7
Ficusin A (268) - - - 80.1+8.1
269 - - - 307+69
Positive control - - - - 347.1 £68.6

Acarbose
NA - Not active.
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Table 44. Flavonoids tested by Silva et al. (2016), and respective inhibitory activity on 2-glucosidase (the most active flavonoid is highlighted).

Flavonoid Structure R® R¥ ICs (UM % SD)
Luteolin (1) H OH 59.64 +1.32
Quercetin (25) OH OH 7.19+0.06
trans-Tiliroside (270) (6"-0-(2)-p-cou)-f-D-glucose H NA
Quercetin 3-methyl ether (271) CH; OH 2036+ 130
Positive control - - - 859.79 +0.09
Acarbose
NA — Not active.

Table 45. Flavonoids tested by Zeng, Zhang, et al. (2016), and respective inhibitory activity on 2-glucosidase (the most active flavonoids are highlighted).

Flavonoid Structure R¥ RY R’ ICso (UM +SD)
Luteolin (1) ! OH OH OH 20+1.8
Apigenin (22) H OH OH 15.4+23
Buddleoside (43) H OCH; rhamnose 14.6+2.2
Hesperidin (14) OH OCH; rutinose > 60
Naringenin (28) R 0 . H OH OH 57.1+2.1
Eriodictyol (41) OH OH OH 14+34
Didymin (59) H OCH; rutinose > 60
Isosakuranetin (272) OH 0O H OCH; OH 31.2+238
Positive control - - - > 250

Acarbose

Table 46. Flavonoids tested by Zeng, Chen, et al. (2016), and respective inhibitory activity on o-glucosidase (the most active flavonoid is

highlighted).

Flavonoid Structure R? R? R¥ R ICsp (mol L + SD)

Apigenin (22) H H H H (105+0.05) x 10°®

Myricetin (24) H OH OH OH (2.25+0.05) x 10°

Morin (101) OH OH H H (4.48+0.04) x 10°

Positive control = - = - - (3.04+0.04) x 107
Acarbose

Table 47. Flavonoids tested by Zhang et al. (2016), and respective inhibitory activity on o-glucosidase (the most active flavonoid is

highlighted).
Flavonoid Structure R? R¥ R’ ICso (LM +SD)
Isoquercetin (38) OH glucose OH OH 22.38+1.73
Rhamnetin (55) OH OH OCH; 432.04+10.17
Rhamnazin (273) R7 o OH OCH; OCHs > 3000
R¥
R3
OH o}
Positive control - - - - 168.95 +12.27
Acarbose

among the flavonoids under study, with an ICs, value of Although baicalein (23) was the best inhibitor for both
14.6 +2.7uM, while the other flavonoids had ICs, values enzymes, this flavonoid had higher capacity to inhibit
higher than 400pM. The inhibition of both maltase and sucrase than maltase. On the other hand, it was observed
sucrase by the tested flavonoids seems to be different. that quercetin (25) presented a higher inhibitory activity
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Table 48. Flavonoids tested by Amin et al. (2017), and respective inhibitory activity on z-glucosidase (the most active flavonoid
is highlighted).

Flavonoid Structure R’ ICso (MM)
Pectolinarigenin (274) OH 0.23
Pectolinarin (275) glucose(1"-6")-rhamnose(1"'-6") >.2*
Positive control - - 0.26

Acarbose
* Inhibition of 48% at 2 mM.

Table 49. Flavonoids tested by Boonsombat et al. (2017), and respective inhibitory activity on o-glucosidase (the most active flavonoid is highlighted).

Flavonoid

Formononetin (137)
Afrormosin (138)
8-0-Methylretusin (139)
Biochanin A (276)

277
278
279
280
281
282
Cajanin (283)
284
285
286
287
288

Positive control
Acarbose

Structure R’ R* R R® R’ R® % Inhibition at 100 pM
H OCH; H H OH H < 10%
H OCH3 H OCH; OH H 1222+1.1
H OCH; H H OH OCH; 19.86+0.98
H OCH; OH H OH H 75.45+1.05
(ICso = 1235+0.36 uM)
H OCH3 OH H OCH; H < 10%
H OCH; OCH; H OCH,; H < 10%
H OCH;  OH H allyl H < 10%
H OCH; OH H propagyl H < 10%
H OCH3 OH H prenyl H < 10%
H OCH; OH H prenyl prenyl < 10%
OH OH OH H OCH; H < 10%
OCH;  OH H OCH;  OH H < 10%
H OCH3 H H AcO H 36.83+1.04
AcO AcO OH H OCH; H < 10%
OH AcO OH H OCH; H < 10%
- - - - - - 15.58+ 044
= 83.13+0.72

(ICso = 654 +0.04 M)

Table 50. Flavonoids tested by Chen et al. (2017), and respective inhibitory

against maltase than against sucrase. Considering the SAR,

activity on 2-glucosidase (the most active flavonoid is highlighted). for the inhibition of maltase, the presence of an -OH group
Flavonoid Structure R* ICso (ng/mL) ~ at 6-position of A ring seems to have an important role,
Quercetin (25) OH 66.8 since baicalein (23) was more active than chrysin (73). In
Kaempferol (26) H 109 addition, by comparing baicalein (23) with baicalin (12), the

replacement of the -OH by a glucuronic acid is not favor-
able for the intended effect. The same conclusions can be
drawn considering the inhibition of sucrase. Regarding again

the maltase inhibition, the presence of a rutinose at 3-pos-

Table 51. Flavonoids tested by Hmidene et al. (2017), and respective inhibitory activity on z-glucosidase (the most active flavonoids are highlighted).

Flavonoid

% Inhibition at 100 uM

Quercetin (25)

Kaempferol (26)
Rhamnetin (55)
Rhamnazin (273

Tamarixetin (289)

Quercetin 3-0-f#
Quercetin 3-0-f

Kaempferol 3-O-f-D-glucuronide (292)

Structure R® R RY W Sucrase Maltase

' OH OH OH OH 21.8+0.5 20.2+1.5

OH H OH OH 9.2+0.5 19.1+0.5

OH OH OH OCH; 29.5+0.5 237412

)  OH OCH; OH OCH; 175404 196+1.7
OH OH OCH; OH 209+1.2  207+0.2

-D-glucuronide (290) glucuronide OH OH OH 27.8+0.5 62.0+0.1

-D-glucuronide methyl ester (291)

glucuronide-OCH; OH OH OH 309+22 753%0.5
glucuronide H OH OH 112+15 31711

Kaempferol 3-O-f-D-glucuronide methyl ester (293) glucuronide-OCH; H OH OH 167+13  335%1.1

Positive control
Acarbose

= - - - 56.1+0.6 625%05
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ition of C ring instead of an -OH group, significantly
decrease the inhibitory activity of flavonoids, as observed by
comparing rutin (5) with quercetin (25).

Zhen et al. (2017) synthesized and screened novel flavon-
oid alkaloids (Table 63) for their inhibitory activity of u-glu-
cosidase from Saccharomyces cerevisine. Among the tested
flavonoids, 369 exhibited the lowest ICs, value, 4.1 pM, with

Table 52. Flavonoids tested by Jeong and Kim (2017), and respective inhibi-
tory activity on o-glucosidase (the most active flavonoid is highlighted).

Flavonoid Structure 1Cso (UM £ SD)
Rutin (5) oH > 500
HO
OH
O-rutinose
OH O

Radiorutinol (294) 23.1+12
Isoradiorutinol (295) 11.2+£0.7
Radiorutindiol (296) 56.2+3.5
Positive control - 3102+36

Acarbose

I. General Introduction

a noncompetitive inhibition type. Naringenin (28) was used
as positive control, presenting an ICs, value of 77 uM. The
flavan derivatives (353, 354) did not show inhibitory activity
at the highest tested concentration (500 uM), underlying the
importance of the carbonyl group at 4-position of C ring.
The introduction of a tertiary amine appears to provide
improved inhibitory activity compared to the secondary
amine group, effect seen by comparing for example flavo-
noids 347 (IC5, = 249.4uM) and 355 (IC5, = 82.8 uM).
Moreover, the attachment of hydrophobic groups at A ring
of flavonoids, as well as the addition of an extra hydrogen
bond acceptor at the side end of the attached moiety may
increase the u-glucosidase inhibition. This can be observed
by comparing flavonoid 369 with 363 (IC;, = 521.0 uM)
and 366 (ICs, = 65.1 uM).

Flavonoids were isolated from Ying De tea and their abil-
ity to inhibit «-glucosidase was evaluated (Table 64) (Zhou
et al. 2017). It was observed that flavones were more active
than isoflavones, since amelliaone A (370) (ICs,
10.2+0.04puM) and amelliaone B (371) (ICs,
25.3+0.05uM) presented lower ICs, values than amelliaone
D (373) (ICs 753 +1.22uM) and amelliaone E (374)
(IC5p = 89.7+0.09uM). In fact, amelliaone A (370) pre-
sented a slightly higher inhibitory activity than acarbose
(IC5 = 11.8+0.08 uM). Amelliaone B (371) was more
effective than amelliaone C (372) (ICs, 58.2 +0.03 uM),
suggesting that the presence of an -OH group at 4’-position
of B ring is favorable for the intended effect. u-Glucosidase
inhibition by epigallocatechin gallate (32), gallocatechin
gallate (39) and epicatechin (30) was also studied, and it
was found that their inhibitory activity was similar, present-
ing ICs, values of 25.0%0.09pM, 30.2+0.53uM and
32.1+0.56 uM, respectively, indicating that the presence of
-OH or gallate at 3-position of C ring did not bring differ-
ence in inhibitory activity of flavans against «-glucosidase.

Table 53. Flavonoids tested by Kim, Cho, et al. (2017), and respective inhibitory activity on 2-glucosidase (the most active flavonoid is highlighted).

Flavonoid Structure R? R? R¥ R® R® ICs (UM SD)
Kushenol A (297) " RY OH H H H lavandulyl 506+13
Kushenol E (298) R OH H OH prenyl prenyl 246+08
Kushenol B (299) HO O OH H OH prenyl lavandulyl 11.0+0.3
Kushenol L (300) i H OH OH prenyl prenyl 326+18
R?
R® R3
OH (o]
Positive control - - - - - - 1192+37

Acarbose

Table 54. Flavonoids tested by Kim, Jung, et al. (2017), and respective inhibitory activity on #-glucosidase (the most active

flavonoid is highlighted).

Flavonoid Structure R R’ ICso (UM + SEM)
Icaritin (301) OH OH 74.42+0.01
lcariside Il (302) rhamnose OH 106.59+ 0.44
Icariin (303) rhamnose glucose > 300
Epimedin A (304) rhamnosylglucose glucose > 300
Epimedin B (305) rhamnosylxylose glucose > 300
Epimedin C (306) rhamnosylrhamnose glucose > 300
Positive control - - - 101.16+ 3.69

Acarbose
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Table 55. Flavonoids tested by Lee, Kim, and Whang (2017), and respective inhibitory activity on 2-glucosidase (the most active flavonoid is highlighted).

Flavonoid Structure R? R¥ R’ R® 1Cso (UM +SD)
Quercetrin (9) rhamnose OH OH H 135+13
Kaempferol 3-O-f-D-glucosyl-7-0-f-D-L-rhamnoside (307) glucose H rhamnose H 609+ 32
Afzelinn (308) rhamnose H OH H 31.7+£1.6
Isoscutellarein 8-O-rhamnoside (309) H H OH rhamnose 451+2.6
Positive control - - - - - 172417

Acarbose

Table 56. Flavonoids tested by Proenca et al. (2017), and respective inhibitory activity on o-glucosidase (the most active flavonoid is highlighted).
1Csp (1tM = SEM) or % Inhibition

Flavonoid Structure RY R R RY R® R R’ R® at 200 uM
81 R H H H H H H H H < 20%
82 H H OH H H H H H < 20%
83 H H H OH H H H H < 20%
84 R H H OH OH H H H H 32+4%
85 H OH OH OH H H H H 54+3 uM
86 H OH OCH; OCH; H H H H < 20%*
87 H H H H OH H H H < 20%
88 H H OH H OH H H H 31+4%
89 H H H OH OH H H H 66+2 uM
920 H H OH OH OH H H H 66+7 uM
91 H H H H H H OH H < 20%
92 H H OH H H H OH H 53+4 uM
93 H H H OH H H OH H 22 200 uM
94 H OH OH H H H OH H 4244 pM
95 H OH H H H H OH H 96+10 uM
96 H H OH OH H H OH H 95+7 uM
310 H OH OH OH H H OH OH 7.6+04 UM
3N H OH OCH; H H H OCH; H 22 +2%*
312 H OH H OCH; H H OCH; H < 20%
313 H OH OH OH H H OCH;  OCH; 86+6 uM
314 H OH OCH; OCH; H H OH OH 31+3%
315 H OH OBn OBn H H OCH;  OCHs < 20%
316 H OH OCH; OCH; H H 0OBn OBn 32+3%
Chrysin (73) H H H H OH H OH H < 20%**
Galangin (99) H OH H H H H OH H 21+3%
Baicalein (23) H H H H OH OH OH H 4443 uM
100 H H OH H OH H OH H 89+3 uM
Apigenin (22) H H H OH OH H OH H 82+6 uM
Kaempferol (26) H OH H OH OH H OH H 32+3 uM
Luteolin (1) H H OH OH OH H OH H 46+6 UM
Quercetin (25) H OH OH OH OH H OH H 15+3 uM
Morin (101) OH OH H OH OH H OH H 3242 uM
102 H a OH OH OH H OH H 2142 uM
103 H H OH OH OH OH H =~ 200 uM
104 H H OH OH OH H OH a 55+2 uM
105 H a OH OH OH H OH a 4343 uM
106 H H OH OH OH d OH cl 34+3 uM
Chrysoeriol (107) H H OCH; OH OH H OH H 156 +5 uM
Acacetin (108) H H H OCH; OH H OH H 22 200 uM
110 H H OCH; OCH; OH H OH H < 20%
Rutin (5) H rutinose  OH OH OH H OH H < 20%
Naringenin (28) OH  _ H H = - - - - 45+3%
Eriodictyol (41) H OH - = - - - 35+4%
Taxifolin (111) HO 0 "“\C(RT = OH OH - - - - - ~ 200 M
R!
OH O
Positive control - - - - - - - - 607 £56 uM
Acarbose

5,7-Dihydroxyflavone-O-8-sulfate  (375), techtochrysin leaves and their inhibitory activity toward o-glucosidase
(323), wogonin (320), norwogonin (325), kaempferol (26) (Saccharomyces cerevisiae) was studied (Table 65) (Alhassan
and quercetin (25) were isolated from Tetracera indica et al. 2019). The most active flavonoids were quercetin (25)
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Table 57. Flavonoids tested by Qin et al. (2017), and respective inhibitory activity on x-glucosidase (the most active flavonoid is highlighted).

Flavonoid Structure R? R¥ R¥ R’ ICso (UM + SD)
Kaempferol (26) OH - - - - 5.64+0.29
Naringenin (28) R¥ H H OH OH 3721+1.12
Taxifolin (111) OH OH OH OH > 100
Dihydrokaempferol (317) 7 OH H OH OH > 100
Dhydroquercetin 4-methyl ether (318) R o RY OH OH OCH; OH 41434021
Naringenin 7-O-f-D-glucoside (319) H H OH glucose 1.44+0.01
R3
OH O
Positive control - = - - - 268+0.07

Acarbose

Table 58. Flavonoids tested by Sarian et al. (2017), and respective inhibitory activity on =-glucosidase (the most active flavonoid is highlighted).

Flavonoid Structure R R R* R® R’ R® ICso (1g/mg + SEM)
Quercetin (25) R OH OH OH OH OH H 4.92+7.06
Kaempferol (26) OH H OH OH OH H 1219+4.63
Chrysin (73) H H H OH H OH > 100
Wogonin (320) R3 H H OH OH OCH; > 100
Wogonin methyl ether (321) H H H OCH; OCH; OCH; NA
Wogonin acetate (322) H H H AcO AcO OCH;3 > 100
Techtochrysin (323) H H H OH OCH; H > 100
324 H H H H OCH; OH > 100
Norwogonin (325) H H H OH OH OH > 100
Norwogonin acetate (326) H H H AcO AcO AcO NA
Isoscutellarein (327) H H OH OH OH OH 7.15+0.96
Hypolaetin (328) H OH OH OH OH OH 4842+9.71
(4)-Catechin (30) OH - - - - - - NA
(-)-Epicatechin (31) ©i - - - - - NA
HO (0] W
i OH
OH
OH
Positive control - - - - - 430+1.06

Quercetin (commercial)

NA — Not active.

Table 59. Flavonoids tested by Sohretoglu et al. (2017), and respective inhibitory activity on s-glucosidase (the most active

flavonoid is highlighted).

Flavonoid Structure R® R’ ICsp (ug/mL+SD)
Genistein (19) R 9 OH OH 1.47+0.11
Prunetin 5-0-f--glucoside (329) O I glucose OCH; 56.05 +0.06
Genistein 5-0-f-glucoside (330) [ O glucose OH 4324+0.16
Prunetin (331) OH OH OCH;3 31.87+0.16
Positive control - - - 31.92+0.17

Acarbose

and kaempferol (26), showing ICs, values of 61.86+2.40 uM
and 68.46 +3.50 M, respectively. These values indicate that
the presence of -OH groups at 3’- and/or at 4’- positions of
B ring is responsible for the higher ability of flavonoids to
inhibit «-glucosidase. It was also observed that the presence
of a sulfate group at 8-position of A ring (375) (IC5 =
133.57+5.25uM) is beneficial for the intended effect, since

the substitution of this group for a -OH [norwogonin (325),
ICs0 = > 500 uM] or an OCHj group [wogonin (320), ICs,
= > 500 uM] reduced the inhibitory activity.
Adhikari-Devkota et al. (2019) tested the u-glucosidase
inhibition by hesperidin (14), hesperetin (29), rutin (5),
quercetin (25), nicotiflorin (218), eriocitrin (376) and narir-
utin (57) (Table 66). The compound with the best inhibitory
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Table 60. Flavonoids tested by Song et al. (2017), and respective inhibitory activity on =-glucosidase (the most active flavonoid is highlighted).

Flavonoid Structure R} R¥ R* R ICso (UM +SD)
Mimulone (332) R H H OH H 30.7+15
3-0-Methyldiplacone (333) RY H OCH; OH H 184+0.9
4"-0-Methyldiplacone (334) H OH OCH; H 19.6+1.1
335 H OH OCH; OH 65+0.5
3-0-Methyl-5-O-methyldiplacone (336) R® H OCH; OH OCH; 789+2.1
3-0-Methyldiplacol (337) OH OCH; OH H 17.8+1.1
4-0-Methyldiplacol (338) OH OH OCH3 H 258+1.2
339 OH OH OCH, OH 22+02
Positive control - - - - - 245+1.2
Voglibose
Table 61. Flavonoids tested by Ye, Fan, and Ma (2017), and respective inhibitory activity on z-glucosidase (the most active flavonoid is highlighted).
Flavonoid Structure R} R R® R® 1Csp (ng/mL)
Luteolin (1) RS H H H H > 100
Rutin (5) rutinose  H H H > 100
Quercetin (25) OH H H H 25.8
Isoquercetin (38) glucose H H H > 100
Quercetin 3-methyl ether (271) OCH; H H H 245
6-Prenylquercetin 3-methyl ether (340) OCH; H prenyl H 213
5'-Prenylquercetin (341) OH prenyl H H 23
Eriodictyol (41) RS H H H H > 100
Taxifolin (111) OH H H OH 847
6-Prenyleriodictyol (342) 8 OH H H prenyl H 31.2
5'-Prenyleriodictyol (343) R H prenyl H OH 57.4
8-[(£)-3-Hydroxymethyl-2- HO o \\ H OH OH [(B)-3-hydroxymethyl > 100
butenyl]eriodictyol (344) o OH -2-butenyl
R® R3
OH (0]
Positive control - - - - - ECso = 0.1

Acarbose

Table 62. Flavonoids tested by Wang et al. (2017), and respective inhibitory
activity on =-glucosidase (the most active flavonoid is highlighted).

Flavonoid Structure R¥ R’ R 1Cs (UM)
Daidzein (20) OH OH H 23.01

Puerarin (77) OH OCH; glucose 524.08
Daidzin (345) OH glucose H 253.78
Ononin (346) OCH3 glucose H 422.89
Positive control — - - - 1998.79

Acarbose

activity was quercetin (25), with an ICs, value of 10.6 uM,
and almost 60-fold more active than acarbose (IC5p =
607.9uM). It was observed that the glycosylation of flavo-
noids clearly decreases the inhibition of the enzyme under
study, namely at 3-position of C ring or at 7-position of A
ring, by comparing quercetin (25) with rutin (5) (not
active), and hesperetin (29) (IC5, = 35.2uM) with hesperi-
din (14) (not active).

Flavans were isolated from the seeds of Vigna nakashi-
mae (Table 67) and their «-glucosidase (from Saccharomyces
cerevisiae) inhibitory activity was evaluated (Ha et al. 2018).
Luteoliflavan 7-O-glucoside (378), catechin 7-O-glucoside

(379), gambiriin D (377) and catechin (30) showed dose-
dependent inhibition and their ICs, values were 40.4 +4.6 uM,
150.3+3.5uM, 36.8+23uM and 125.4+5.6 UM, respectively.
These values suggest that the presence of a -OH group at 3-
positon of C ring in flavans may reduce o-glucosi-
dase inhibition.

Several flavonoids (Table 68) were isolated from Panax
ginseng flower buds and tested for their ability to inhibit
u-glucosidase from Saccharomyces cerevisiae (Li, Li, et al.
2018). Afzelin (308) was found to be the most active com-
pound, with an ICsy value of 5.48+1.05uM, a value about
70-fold lower than the one found for acarbose (IC50 =
385.2+18.6 uM). In this study, the presence of a rhamnose
at 3-position of C ring instead of the presence of this sugar
at 7-position of A ring significantly increased the inhibitory
activity, as seen by comparing afzelin (308) with kaemp-
ferol-7-O-z-L-rhamnoside (384) (IC5, =482.1 +26.6 uM).
Moreover, the replacement of the rhamnose at 3-position of
C ring for a galactose [trifolin (383)] at the same position
(ICs5p = 18.2+3.2uM), decreased the intended effect.
However, the galactose is more favorable than a glucosylga-
lactose at 3-position of C ring, since trifolin (383) was more
active than panasenoside (381) (IC5, = 103.2+ 14.7 puM).
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Table 63. Flavonoids tested by Zhen et al. (2017), and respective inhibitory activity on s-glucosidase (the most active flavonoid is highlighted).

Flavonoid Structure R? R¥ R* 1Cso (M)

347 RY H H OH 2494

348 H OH OCH; > 500

349 HO 0 ' OH OH OH > 500

W R3
R3

350 - - H > 500

351 = = OH 2933

352 - - - > 500

OH O
353 OH - - - > 500
HO (0] ‘\\\©/
NH OH

354 - - - > 500

355 - - - 828

356 = = = > 500

357 = = = > 500
(continued)

68



I. General Introduction

CRITICAL REVIEWS IN FOOD SCIENCE AND NUTRITION (&) 45

Table 63. Continued.
Flavonoid Structure R R RY 1C5p (M)

358 = - = 217.0
HO (o]

OH O
359 OH - - - 202.5
HO oL .
o/\l :
N
OH [0}

360 = = = > 500
HO (0]
0/\

OH O
361 - - - 2.4
362 - - - > 500
363 - - - 521.0
364 - - - > 500
365 - - - > 500
(continued)
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Table 63. Continued.

I. General Introduction

Flavonoid Structure R? RY RY 1Csp (M)
366 OH - = - 65.1
(o} ©/
J\ HO 0
/\0 N/\l W
N
OH [0}
367 o O - - - > 500
)J\ HO o
/\o N /\ I
S
OH O
368 )0]\ - - - > 500
/\0 N/ﬁ
N
I $
HO o
/\o)J\N /\| |
I\/N
OH (o]
369 0 B - - 41
OH
HO o \\\©/
Nﬁ o
N
OH (o]
Positive control - - = = 77

Naringenin

Li, Yao, et al. (2018) tested flavonoid isolated from
Scutellaria baicalensis (see the chemical structures in Table
20) for their inhibitory activity on «-glucosidase
(Saccharomyces cerevisiae). It was observed that the glycosy-
lation of flavonoids at 7-position of A ring reduced the
u-glucosidase inhibition, as seen by comparing baicalein
(23) (ICsp = 277.94%6.21 pg/mL) with baicalin (12) (IC5, =
591.58 +12.21 pg/mL); apigenin (22) (ICso
231.13+5.35ug/mL) with apigenin-7-O-glucuronide (78)
(ICs0 543.28 +11.41 ug/mL); and chrysin (73) (IG5, =
422.67+9.37pg/mL) with chrysin-7-O-glucuronide (79)
(IG5 = 612.13+15.34 pug/mL). Additionally, the presence of
-OH groups at 6- position of A ring [baicalein (23) vs
chrysin (73)] and at 4’-position of B ring [apigenin (22) vs.
chrysin (73)] enhanced the inhibitory activity of flavonoids.

Five flavonoids were isolated from Okinawa propolis -
nymphaeol A (385), nymphaeol B (386), nymphaeol C
(387), isonymphaeol B (388) and 3'-geranylnaringenin (389)
(Table 69) - and tested regarding their ability to inhibit
o-glucosidase from Saccharomyces cerevisiae (Shahinozzaman
et al. 2018). The compound with best inhibitory activity was

nymphaeol-A (385), with a geranyl group at 6-position of A
ring, which presented an ICs, value of 3.77 uM. The presence
of the geranyl group at this position increased the inhibitory
activity, comparing to its presence at 2- or at 5'- position of
A ring, as seen in nymphaeol B (386) (IC5, = 5.66 M) and
isonymphaeol-B (388) (IC5p = 5.12 puM). Quercetin (25) was
used as positive control and showed an ICsy value
of 6.65 uM.

The inhibition of «-glucosidase (from Saccharomyces cere-
visiae) by kaempferol (26) and quercetin (25) derivatives
was tested (Table 70) (§ohretoglu et al. 2018). The most
active flavonoids were quercetin-3-0-(3"-O-galloyl)-f-galac-
toside (392) and quercetin-3-O-(6"-O-galloyl)-f-glucoside
(393), presenting ICsg of 097+0.02uM and
1.35+0.06 uM, respectively, and proved to be approximately
52 and 37-fold more potent than acarbose (ICsy
50.58 + 0.25 uM), respectively. The comparison of the ICso
value of quercetin (25) (IC5, = 77.421+0.91 uM) to those of
quercetin-3-0-(6"-O-galloyl)- f-galactoside  (391) (ICs,
27.84+2.19M), quercetin-3-O-(3"-O-galloyl)- f-galactoside
(392) and quercetin-3-O-(6"-O-galloyl)- f-glucoside (393),

values
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Table 64. Flavonoids tested by Zhou et al. (2017), and respective inhibitory activity on z-glucosidase (the most active flavonoid is highlighted).

Flavonoid Structure R} R¥ R RY ICso (UM SD)
Amentoflavone (15) H H H H 452 +0.67
Apigenin (22) H H - H 393+0.22
Quercetin (25) OH OH - 34.6 £0.05
(-)-Epicatechin (30) RS OH - - H 32.1+0.56
(-)-Epigallocatechin gallate (32) OH gallate - - OH 25.0+0.09
(-)-Gallocatechin gallate (39) gallate - - OH 30.2+0.53
HO 0w
" OH
RB
OH
Amelliaone A (370) - - - - 102 +0.04
Amelliaone B (371) - - OH - 253+0.05
Amelliaone C (372) - - - - 582+0.03
Amelliaone D (373) - - - - 753+1.22
Amelliaone E (374) - - - - 89.7 +0.09
Positive control - - - - - 11.8+0.08

Acarbose

71



48 @ C. PROENCA ET AL.

I. General Introduction

Table 65. Flavonoids tested by Alhassan et al. (2019), and respective inhibitory activity on z-glucosidase (the most active flavonoids are highlighted).

Flavonoid Structure R} R¥ R* R’ R® 1Cso (UM +SD)
Quercetin (25) R OH OH OH OH H 61.86 +2.40
Kaempferol (26) OH H OH OH H 68.46 +3.50
Wogonin (320) H H H OH OCH3 > 500
Techtochrysin (323) g3 H H H OCH; H NA
Norwogonin (325) H H H OH OH > 500
375 H H H OH sulphate 13357 +£5.25
NA - Not active

Table 66. Flavonoids tested by Adhikari-Devkota et al. (2019), and respective inhibitory activity on o-glucosidase (the most active flavonoid is highlighted).

Flavonoid Structure R? R? RY R’ 1Csp (UM)
Rutin (5) OH rutinose OH - - NA
Quercetin (25) OH OH - - 106
Nicotiflorin (218) rutinose H - - NA
HO (o} i
R3
R3
OH (o}
Hesperidin (14) R¥ = OH OCH3 rutinose NA
Hesperetin (29) - OH OCH; OH 352
Narirutin (57) ; - H OH rutinose NA
Eriocitrin (376) R (0] K g? - OH OH rutinose NA
OH (0]
Positive control - - - - - 607.9
Acarbose
NA — Not active.

Table 67. Flavonoids tested by Ha et al. 2018), and respective inhibitory activity on 2-glucosidase (the most active flavonoids are highlighted).

Flavonoid Structure R Y ICso (1M + SD)
Gambiriin D (377) - 36.8+23
HO
OH
HO
OH
(+)-Catechin (30) OH OH 1254+56
Luteoliflavan 7-O-glucoside (378) H glucose 40.4+4.6
(+)-Catechin 7-O-glucoside (379) R7 0 OH glucose 1503 +35
N
* OH
R3
OH
Positive control - - 6202+7.2

Acarbose
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Table 68. Flavonoids tested by Li, Li, et al. (2018), and respective inhibitory activity on o-glucosidase (the most active flavonoid is highlighted).

Flavonoid Structure R R¥ R’ 1Cso (UM +5D)
Floralpanasenoside OH 5 - - - 624+108
A (380)
(o)
OH
Afzelin (308) rhamnose H OH 5.48 +1.05
Panasenoside (381) glucosylgalactose H OH 103.2+14.7
Quercetin 3-0-(2"-f-D- 2"-f-D-glucosyl- OH OH 463.4+283
glucosyl)-f-D- f-D-galactose
galactoside (382)
Trifolin (383) galactose H OH 182+3.2
Kaempferol 7-0-o-L- OH H  rhamnose  482.1+266
rhamnoside (384)
Positive control - - - - 3852+ 186

Acarbose

Table 69. Flavonoids tested by Shahinozzaman et al. (2018), and respective inhibitory activity on 2-glucosidase (the most active flavonoid is highlighted).

Flavonoid Structure R? R¥ R¥ R® 1Cso (M)
Nymphaeol-A (385) RS H OH H geranyl 3.77
Nymphaeol-B (386) geranyl OH H H 5.66
Nymphaeol-C (387) OH geranyl OH H prenyl 4.09
Isonymphaeol-B (388) H OH geranyl H 512
3-Geranyl naringenin (389) H geranyl H H 5.40
HO 0] o .
W R3
2
R® 5
OH (0}
Positive control - - - - - 6.65

Quercetin

Table 70. Flavonoids tested by Sohretoglu et al. (2018), and respective inhibitory activity on x-glucosidase (the most active flavonoid is highlighted).

Flavonoid Structure R R ICso (UM +SD)
Astraglin (2) o glucose H > 100
Hyperin (3) . galactose OH > 100
Quercetin (25) OH OH 7742091
Kaempferol (26) OH H 8.97 +0.88
Isoquercetin (38) L glucose OH > 100
Isorhamnetin 3-O-f-glucoside (390) glucose OCH; > 100
Quercetin 3-0-(6"-0-galloyl)-f-galactoside (391) (6"-O-galloyl)-f--galactose OH 27.84+2.19
Quercetin 3-0-(3"-O-galloyl)-f-galactoside (392) (3"-0-galloyl)-ff-galactose OH 0.97 £0.02
Quercetin 3-0-(6"-0-galloyl)-f--glucoside (393) (6"-O-galloyl)-f-glucose OH 1.35+0.06
Kaempferol 3-O-vicianoside (394) vicianose H > 100
Quercetin 3-O-vicianoside (395) vicianose OH > 100
Positive control - - - 50.58+0.25

Acarbose

Table 71. Flavonoids tested by Renda et al. (2018), and respective inhibitory activity on z-glucosidase (the most active flavonoid is highlighted).

Flavonoid Structure R? R¥ ICso (UM % SD)
Quercetrin (9) OH rhamnose OH 7451+4.70
Quercetin 3-0-f-D-glucuronide (290) glucuronide OH 62.55+2.85
Afzelin (308) rhamnose H 29.92+1.07
Kaempferol 3-O-x-arabinofuranoside (396) HO o 3 arabinofuranose H 57.10+1.75
Quercetin 3-0-z-rhamnofuranoside (397) R rhamnofuranose OH 5254+0.45
R3
OH (0]
Positive control - - - 5749+0.25

Acarbose
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showed that the substitution at 3-position of C ring with
(O-galloyl)glucose  or  (O-galloyl)galactose  significantly
increased the inhibitory effect due to galloyl moieties includ-
ing three -OH groups. Moreover, the addition of a galactose
unit at 3”-position of the galloyl moiety enhanced the «-glu-
cosidase inhibition, compared to its presence at 6”-position
[quercetin-3-O-(6"-O-galloyl)-f-galactoside]. Finally, the gal-
actosylation, glucosylation or the addition of a vicianose at
3-position of C ring reduced the intended activity, by com-
paring quercetin (25) with hyperin (3), isoquercetin (38)
and quercetin 3-O-vicianoside (395).

Renda and coworkers (Renda et al. 2018) evaluated the
inhibitory activity of flavonoids isolated from Geranium
asphodeloides  (Table 71) on  «-glucosidase  from
Saccharomyces cerevisiae. The flavonoid that presented the
lowest I1C5, value was afzelin (308) (ICs, = 29.92+ 1.07 uM),
being almost 2-fold lower that the one found for acarbose
(IC50 = 57.49+0.25uM). Comparing the activity of this
compound with quercetrin (9), it can be seen that the add-
ition of a -OH group at 3'-position of B ring decreased the
inhibitory activity. Furthermore, the sugar rhamnose led to a
better effect than the sugar arabinofuranose at 3-position of C
ring, through comparison of afzelin (308) with kaempferol 3-
O-u-arabinofuranoside (396) (IC5, = 57.10 + 1.75 uM).

Inhibitory activity on yeast «-glucosidase by flavonoids
isolated from acorn leaves (Table 72) was studied (Xu,
Wang, et al. 2018). Among the tested compounds, quercetin
(25), kaempferol (26) and myricetin (24) were the most
actives, presenting ICso values of 1.61+0.06 M,
2.73+0.33uM and 0.52+0.09 uM, respectively. The positive
control acarbose had an ICsy value of 5.90+0.98 uM. The
results indicate that a higher number of -OH groups at B
ring may strengthen the inhibitory activity. Moreover, the
results showed that flavonoid aglycones were better inhibi-
tors than flavonoids glycosides, by comparing for example
myricetin (24) with myricetin 3-O-L-rhamnoside (400) (ICs,
= 49.37+5.21 uM), quercetin (25) with isoquercetin (38)
(ICsp = 53.98+3.09uM), and kaempferol (26) with kaemp-
ferol 3-0-(2",3"-diol acetonide)-u-L-rhamnoside (398) (ICso
= 60.52+4.19 uM). Besides that, it was found that quer-
cetin-3-0-(2"-0O-galloyl)- f-galactoside (399), with an ICs,
value of 8.59 +1.52 uM, was more effective than other flavo-
noids glycosides without a galloyl group, namely hyperin (3)
(ICs0 = 52.17 £5.91 pM).

Xu, Xie, et al. (2018) isolated anthocyanins from berry
fruits (strawberry, raspberry, blueberry, mulberry, bayberry
and cranberry) (Table 73) and tested their inhibitory activity
of u-glucosidase (Saccharomyces cerevisiae). The most effect-
ive flavonoid was pelargonidin-3-O-rutinoside (403), with
an IC;, value of 1.69 uM, while acarbose presented an ICs,
value of 356.26 M. From a SAR perspective, it was
observed that the order of inhibitory activity for both antho-
cyanins'  aglycones and  glycosides was  pelargoni-
din > malvidin > peonidin > delphinidin > petunidin > cyanidi-
n. For the glycosyl groups the order of activity was as follows:
arabinose > rutinose > glucose > galactose > sambubiose.

A panel of 13 flavonoids (Table 74) was isolated from
Glycyrrhiza uralensis leaves and their inhibitory activity on

I. General Introduction

u-glucosidase was studied (Fan et al. 2019). It was observed
that 5’-prenylquercetin (341) and 6-prenylquercetin (420)
were the best inhibitors, presenting ICsy values of 3.9 pg/mL
and 3.7 ug/mlL, respectively. The obtained results suggest
that the prenylation of quercetin at 5'-position of B ring or
at 6-position of A ring, as improve the «-glucosidase inhib-
ition. In addition, flavones were more actives than flava-
nones. On the other hand, the presence of -OCH3 groups in
flavonoids is not favorable for the intended effect, by com-
paring 6-prenylquercetin (420) with 6-prenylquercetin 3-
methyl ether (340) (ICso = 21.3 pg/mL). These results are in
agreement with the work of Ye, Fan, and Ma (2017), who
also tested isolated compounds from Glycyrrhiza uralensis.

Ghani et al. (2019) evaluated the o-glucosidase (from
Saccharomyces cerevisiae) inhibition by flavones and isofla-
vones isolated from Retama raetam plant (Table 75). All the
compounds carried substitutions at 6- or 8- position of A
ring, in which -OH or -CHj; groups terminally flank as side
groups. The most potent inhibitor was retamasin H (428)
(Ki= 12.06 uM + 0.57), an isoflavone with a y-lactone sub-
stituent at 6-position of A ring, that noncompetitively inhib-
ited o-glucosidase. The potent activity of this flavonoid
appears to be related to the presence of the y-lactone side
chain. Erysubin B (430), which bears a dihydropyran group
at 6-position of A ring, presented a Ki value of
71.7+0.64 uM. Its activity increased more than 4-fold when
its substitution at 6-position of A ring is replaced by a lac-
tone group carrying a -OH group, as verified in Erysubin A
(429) (Ki= 16.42+0.18 uM). Therefore, it seems that the
presence of a lactone group at 6-position of A ring in the
isoflavone moiety contributes to the potent inhibition of
o-glucosidase. Similar conclusions were found in a prelimin-
ary work where flavonoids isolated from Retama raetam
plant were studied (Table 75) (Nur et al. 2019). Table 75
exhibited the results obtained for both Ghani et al. (2019)
and Nur et al. (2019) studies.

Dicoumaroylated flavonoids rhamnosides (431-438)
(Table 76) were isolated from Machilus litseifolia and their
capacity to inhibit o-glucosidase (Saccharomyces cerevisiae)
was evaluated (Li, Kongstad, and Staerk 2019). The most
active compound was 4'-O-methyl-2",4"-di-(Z)-p-coumaroy-
lafzelin (435), with an ICs5o value of 5.9+0.01 uM, a value
about 45-fold lower than the one found for acarbose (ICs
= 266.1+0.01 pM). 4'-Methylkaempferol/afzelin analogues
(flavonoids 435-438) showed stronger inhibitory activity
than quercetin and kaempferol analogues (flavonoids
431-434). Moreover, in the 4'-methyl kaempferol analogues
series, it was found that the presence of one or two Z-p-cou-
maroyl units favored the o-glucosidase inhibition compared
to E-p-coumaroyl units. Interestingly, the presence of a Z-p-
coumaroyl unit at 4”-position of the rhamnose seemed to be
more important for the intended effect than its presence at
2"-position, as it can be seen by comparing flavonoids 432/
433 and flavonoids 436/437.

Lim et al. (2019) studied the «-glucosidase inhibition by
luteolin (1), quercetin (25) and eriodictyol (41) (see the
chemical structures in Table 21), through the analysis of
starch digested product by HPAEC method. The most active

74
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Table 72. Flavonoids tested by Xu, Wang, et al. (2018), and respective inhibitory activity on s-glucosidase (the most active flavonoid is highlighted).

Flavonoid Structure R? R¥ RY R R’ ICso (UM +SD)
Hyperin (3) galactose OH OH H OH 52174591
Rutin (5) rutinose OH OH H OH 2533+5.19
Quercetrin (9) rhamnose OH OH H OH 52.09 +4.65
Myricetin (24) OH OH OH OH OH 0.52+£0.09
Quercetin (25) OH OH OH H OH 1.61+0.06
Kaempferol (26) OH H OH H OH 273+0.33
Isoquercetin (38) glucose OH OH H OH 53.98 +£3.09
Nicotiflorin (218) rutinose H OH H OH 30.06 £3.19
Afzelin (308) OH 0 rhamnose H OH H OH 59.11 +5.06
Kaempferol 3-0-(2",3"-diol (2",3"-diol H OH H OH 60.52+4.19

acetonide)-o-L-rhamnoside (398) acetonide)-

o-L-rhamnose

Quercetin 3-0-(2"-galloyl)- (2" OH OH H OH 859+1.52

f-galactoside (399) galloyl)-

f-galactose
Myricetin 3-O-L-rhamnoside (400) rhamnose OH OH OH OH 4937 +5.21
401 H H OCH; H OCH; > 100
Naringenin (28) R H H OH H OH 10.96+1.78
Hesperetin (29) RY H OH OCH; H OH 1528+ 1.77
Dihydromyricetin (76) OH OH OH OH OH 756+1.9
402 R7 . H H OH H rhamnosyl 69.38+5.81
Y R? glucose
R3
OH o]
(+)-Catechin (30) OH - - - - - 63.93+5.12
HO o \‘\@[
- OH
OH
OH

Positive control - - - - - - 5.90+0.98

Acarbose
Table 73. Flavonoids tested by Xu, Xie, et al. (2018), and respective inhibitory activity on s-glucosidase (the most active flavonoid is highlighted).
Flavonoid Structure R RY R 1Cso (UM)
Malvidin 3-O-glucoside (112) glucose OCH; OCH; 116.77
Pelargonidin 3-O-rutinoside (403) rutinose H H 1.69
Pelargonidin 3-O-glucoside (404) glucose H H 10.35
Cyanidin 3-O-rutinoside (405) rutinose OH H 608.69
Cyanidin 3-O-glucoside (406) glucose OH H 1025.32
Cyanidin 3-O-sambubinoside (407) sambubinose OH H > 4000
Delphinidin 3-O-arabinoside (408) arabinose OH OH 22.70
Delphinidin 3-O-rutinoside (409) rutinose OH OH 69.82
Delphinidin 3-O-glucoside (410) glucose OH OH 142.68
Delphinidin 3-O-galactoside (411) OH galactose OH OH 148.20
Delphinidin 3-O-sambubinoside (412) sambubinose OH OH > 4000
Petunidin 3-O-arabinoside (413) arabinose OCH; OH 81.47
Petunidin 3-O-glucoside (414) glucose OCH3 OH 158.65
Petunidin 3-O-galactoside (415) galactose OCH; OH 234.40
Malvidin 3-O-arabinoside (416) arabinose OCH; OCH; 11.32
Malvidin 3-O-galactoside (417) galatose OCH; OCH; 139.64
Peonidin 3-O-arabinoside (418) arabinose OCH; H 18.75
Peonidin 3-O-galactoside (419) galatose OCH, H 143.31
Positive control - - - - 356.26

Acarbose

flavonoid was quercetin (25), with a Ki value 0.12mM,
revealing that the presence of the double C2=C3 bond as
well as the presence of a -OH group at 3-position of C ring
increase the intended effect, as inferred by comparing quer-
cetin (25) with eriodictyol (41) (Ki = 2.59mM) and luteolin
(1) (Ki = 2.63mM).

In the work of Meesakul et al. (2019), the x-glucosidase
(Saccharomyces cerevisiae) inhibitory activity of flavonoids
from the leaf and twig extracts of Desmos cochinchinensis

75

(Table 77) was tested. The most active compounds were des-
mosconchiflavone A (439), desmosconchiflavone B (440)
and dichamanetin (443), presenting ICs, values of 0.9, 0.9
and 0.2puM, respectively. The ICsy of acarbose was
170.7 pM. These results suggest that the presence of a benzyl
group mono- or dihydroxylated at 6- or/and 8-positions of
A ring is responsible for a significant increase in the «-glu-
cosidase inhibition. This effect can be also seen by compar-
ing desmosconchiflavone A (439) and B (440) with chrysin
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Table 74. Flavonoids tested by Fan et al. (2019), and respective inhibitory activity on z-glucosidase (the most active flavonoids are highlighted).

Flavonoid Structure R? R¥ R R® R® ICso (ng/mL)
Quercetin (25) OH - H H - 267
Quercetin 3-methyl ether (271) OCH; - H H - 262
6-Prenylquercetin 3-methyl ether (340) OCH; - H prenyl 213
5"-Prenylquercetin (341) OH prenyl H 3.9
6-Prenylquercetin (420) OH - H prenyl 3.7

OH (o}
Naringenin (28) R - H H H H > 100
Eriodictyol (41) - OH H H H > 100
6-Prenyleriodictyol (342) RS OH _ OH H prenyl H 275
5'-Prenyleriodictyol (343) - OH prenyl H H 534
8-[(E)-3-hydroxymethyl- HO 0% s = OH H H (E)-3-hydroxymethyl- > 100

2butenylleriodictyol (344) R3 2-butenyl

6-Prenylnaringenin (421) - H H prenyl H 154
3"-Prenylnaringenin (422) RE - prenyl H H H > 100

OH O
Sigmoidin C (423) OH - - - - - > 100

o}
HO O Z

OH O

Positive control - - - - - - 0.04

Acarbose

(73), which do not possess the aromatic ring at the referred
position and presents an ICs value of 4.9uM. The same
conclusion can be drawn by comparing the flavanones
dichamanetin (443) with isochamanetin (441) (ICsq
2.9uM), where it can be observed that the lack of the benzyl
group at 8-position of A ring decreased the intended effect.

Zhao, Liu, and Chen (2019) evaluated the «-glucosidase
(Aspergillus niger) inhibition by a group of natural flavo-
noids (Table 78). The most effective compound was isofla-
vone genistein (19), with an ICsy value of 0.5mM. By
comparing genistein (19) with daidzein (20), which pre-
sented an ICsp value of 1.66 mM, the lack of an -OH group
at 5-position of A ring, leads to a reduction in the activity.
Furthermore, the inhibitory effect of formononetin (137)
(IC5p = 2.82mM) decreased when compared to daidzein
(20), possibly due to the replacement of the -OH group at
4'-position of B ring by a -OCHj substituent. This effect can
also be seen by comparing genistein (19) with biochanin A
(276) (ICso = 0.69 mM).

Ren, Li, and Liu (2019) evaluated the yeast «-glucosidase
inhibitory activity by rutin (5), quercetin (25) and catechin
(30) (see the chemical structures in Table 25). With an
ICso value of 0.44 mg/mL, quercetin (25) was the most
active compound, presenting a competitive inhibition type.
Although the authors did not present the standard errors
associated to the ICsq values, the comparison of quercetin
(25) with rutin (5) (ICsp = 0.57mg/mL), suggests that the
replacement of the -OH group by a rutinose at 3-position
of C ring reduces the intended effect. In addition, the

absence of the C2=C3 double bond and the 4-keto group
also seems to decrease the u-glucosidase inhibition, by compar-
ing quercetin (25) with catechin (30) (IC5, = 0.76 mg/mL).

o-Glucosidase (from Saccharomyces cerevisiae) inhibition
by flavonoids isolated from leaves and flowers of
Gaiadendron punctatum, was studied (Table 79) (Cedeno
et al. 2019). The compounds which presented higher inhib-
ition of «-glucosidase were rutin (5) and hecpatrin (446)
with ICs, values of 7.53 +1.08 and 9.66 +1.04, 16.87 +1.02,
respectively. The results indicate that the presence of an
-OH group at 3'-position of B ring has a significant role for
the inhibition under study, since rutin (5) was more active
than nicotiflorin (218) (IC5, = 159.09 +9.54 uM). Moreover,
the nature of the sugar substitution at 3-position of C ring
is important, as seen by comparing gaiadendrin (447) with
puchiktirin (448), which was not active at the higher tested
concentration (220.26 pM).

The effect of eriodictyol (41) and eriocitrin (376) (Table
80) on u«-glucosidase, from Saccharomyces cerevisiae, was
tested (Liu et al. 2020). The obtained results indicated that
both compounds could quench the intrinsic fluorescence of
the enzyme, showing binding constants, at 298K, of
(4.57+0.16) x 10" L mol* and (6.01+0.22) x 10* L/mol
for eriodictyol (41) and eriocitrin (376), respectively. These
findings suggest that eriocitrin (376) has higher binding
affinity for a-glucosidase than eriodictyol (41). In this sense,
the presence of a rutinose at 7-position of A ring seems to
improve the inhibitory effect, compared with the presence of
an -OH group at this position.

76



I. General Introduction

CRITICAL REVIEWS IN FOOD SCIENCE AND NUTRITION @ 53

Table 75. Flavonoids tested by Ghani et al. (2019) and Nur et al. (2019), and respective inhibitory activity on o-glucosidase (the

most active flavonoid is highlighted).

Flavonoid Structure

K; (uM +SEM)* 9% Inhibition at 50 uM**

Retamasin C (424)

OH o
Retamasin D (425) o
Or Ay -0~ lv/
|
OH 0
Retamasin F (426) o o
SV
o
OH O O
OH
Ret. in G (427, 0 ?:
amasin G (427) O |
< OH © O i
Retamasin H (428) Ho

Erysubin A (429) o,

Erysubin B (430) M

Positive control
Acarbose

19.93£0.77 629+19
39.17:+086 436+04
14.45+0.83 332416
56.61+095 61006
12.06+0.57 96.3+0.2
16.42+0.18 679407
71.17+064 467+09
4724038 98709

*Results from the study of Ghani et al. (2019); ** Results from the study of Nur et al. (2019).

Flavonoids isolated from the seeds of Psoralea corylifolia
(Table 81) were evaluated regarding their ability to inhibit
o-glucosidase (Zhu et al. 2019). The better inhibitor was
bavachinone B (451), with an ICso value of 28.0uM, fol-
lowed by compounds 450 (IC5, = 32.7 uM) and 449 (ICs,
= 41.2uM). It was observed that the tested flavanones were
clearly more active than the isoflavones, corylifols E (452)
and corylifols D (453), which presented ICs, values of
157.5uM and 179.4 uM, respectively.

The inhibition of «-glucosidase (Saccharomyces cerevisiae) by
27 dietary flavonoids (Table 82) was studied in the work of Jia
et al. (2019). The most potent compound was myricetin (24),
with an IC5, value of 11.63 +0.36 M. This result indicates that
the addition of an -OH group at 5'-position of B ring has a cru-
cial role for the intended effect, since myricetin (23) has an ICs,
value around 10-fold lower than the one found for quercetin
(25) (IC5p = 115.14+2.19 puM). Additionally, in general, flavo-
noids glycosides were weaker «-glucosidase inhibitors than their
respective aglycones. This can be observed by comparing, for
example, myricetin (24) with myricitrin (113) (IC5, =
309.28+2.40 uM), and luteolin (1) (ICs, = 82.73+2.51 uM)
with luteolin 7-glucoside (4) (ICsp = 431.22+3.03 uM).
Moreover by comparing luteolin (1) with eriodictyol (41) (ICso
= 1033.48 +4.74 M), as well as quercetin (25) and taxifolin

(111) (ICs50 = 2946.97 £ 491 uM), it is possible to corroborate
that the lack of the C2=C3 double bond significantly reduces
the inhibitory activity, which might be caused by the decreased
planarity of C ring. In what concerns the tested flavans, it seems
that the addition of an -OH group at 5'-position of B ring as well
as the presence of a galloyl group at 3-position of C ring enhan-
ces the inhibition of yeast -glucosidase, as seen by comparing
catechin (30) and epigallocatechin gallate (33), with IC5, values
of 16244.26 +12.74 uM and 97.52 + 1.35 uM, respectively.

He et al. (2019) evaluated the inhibitory activity of a ser-
ies of flavonoids on «-glucosidase from Saccharomyces cere-
visiae (Table 83). Myricetin (24) was the best inhibitor,
presenting an ICs, value of 2.09 ug/mL. Thus, once again it
was observed that the presence of an -OH group at 3-pos-
ition of C ring and at 5'-position of B ring (together with
the catechol at 3'- and 4’-positions of B ring, and the pres-
ence of an -OH group at 5- and 7-positions of A ring)
increased the inhibitory activity, by comparing of myricetin
(24) with luteolin (1) (IC5o = 27.22 pug/mL) and quercetin
(25) (ICs9 = 6.10 pg/mL), respectively. In addition, as men-
tioned above, compared with flavonoid aglycones [luteolin
(1), baicalein (23), myricetin (24), quercetin (25) and
chrysin (73)], the flavonoid glycosides [rutin (5) and baica-
lin (12)] are poor «-glucosidase inhibitors, possibly due to
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ICso (UM +SD)
28.2+0.00
16.1+0.01
35.3+0.02
12.9+0.00
5.9+0.01
6.8+0.00
10.1+0.00
26.9+0.01

266.1+0.01
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2"-E-p-coumaroyl,4”-Z-p-coumaroyl)-z-L-rhamnoside (432)
2"-Z-p-coumaroyl 4"-E-p-coumaroyl)-2-L-rhamnoside (433)

2", 4"-di-E-p-coumaroyl)-o-L-rhamnoside (434)

-di-(2)-p-coumaroylafzelin (435)
2"-E-p-coumaroyl,4"-Z-p-coumaroyl)afzelin (436)

'-Z-p-coumaroyl,4"-E-p-coumaroyl)afzelin (437)

4"-di-(E)-p-coumaroylafzelin (438)

Positive control

Table 76. Flavonoids tested by Li, Kongstad, and Staerk (2019), and respective inhibitory activity on -glucosidase (the most active flavonoid is highlighted).
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I. General Introduction

the large molecular size of flavonoids glycosides which hin-
dered their access to the enzyme. Furthermore, -OH groups
at B ring had a beneficial effect on this specific biological
activity, which might be due to the B ring of flavonoids
pointing to the inside of the active center of the enzyme.
Finally, it was also found that the absence of the C2=C3
double bond drastically reduced the inhibition of u-glucosi-
dase, as it can be observed by comparing, for example, myri-
cetin (24) with dihydromyricetin (75) (IC5, = 85.95 ug/mL).

Flavonoids isolated from the seeds of Hippophae rhamno-
ses subsp. Sinensis and their capacity to inhibit «-glucosidase
(Table 84) (Li, Wang, et al. 2019). The compound with best
inhibitory activity was flavonoid hippophin M (465), pre-
senting an ICso value of 8.30 uM. This compound was fol-
lowed by flavonoids 463, 466, 464 and hippophin K (462),
with ICs, values of 53.20uM, 89.74puM, 103.36 M and
112.11 uM, respectively, while the other tested compounds
showed no inhibitory activity up to 5000 pM. These results
indicate that the «-glucosidase inhibition by flavonoids [hip-
pophin K (462) - 466] might be due to the presence of only
one side chain, since compounds hippophin F (467) - hip-
pophin C (470), with no inhibitory activity, possess two side
chain groups. Besides, flavonoids hippophin N (458) - hip-
pophin P (460) were also not active, suggesting that differ-
ent connections of sugars may be not negligible.

A series of 30 flavanones (Table 85) were isolated from the
rhizomes of Matteuccia intermedia and their o-glucosidase
(Saccharomyces cerevisiae) inhibitory activity was studied (Li,
Zhu, et al. 2019). Farreol (481) - cyrtominetin (486) were
effective inhibitors, being cyrtominetin (486) the most active
compound with an ICs, value of 12.4 +2.66 M. By comparing
this flavonoid, which has two -OH groups in B ring, with
methoxymatteucin (484) (IC5, = 69.7+7.86uM) and 3'-
hydroxymatteucinol (485) (ICsp = 43.6 +3.96 uM), it can be
observed that the presence of just one -OH group together
with one-OCHj; group in B ring decreased the x-glucosidase
inhibition. In this study, all flavanones that presented an
effective o-glucosidase inhibition have an -OH group at 7-pos-
ition of A ring, while the tested flavanones, which have a glu-
cose at this position, [matteflavonid H (472) - matteurinate E
(479) and demethoxymateucinol 7-O-glucoside (488) - mat-
teuorienate K (500)] were not active. This suggests that the
glycosylation of an -OH group at 7-position of A ring reduces
the intended effect. These findings are in accordance with the
conclusions mentioned above. Moreover, flavonoids having a
-CHj; at 6- and 8-positions of A ring, together with an -OH
group or a -OCHj; group in B ring [farrerol (481) - cyrtometin
(486)], showed a stronger inhibitory activity than the other
flavanones aglycones [demethylmatteucinol (471), demethox-
ymatteucinol (480) and flavonoid (487)]. As such, these fea-
tures may be important for the effect under study.

The results of the analyzed research studies are summar-
ized in the Table 86.

Discussion

The high variability concerning the experimental conditions
of the enzyme assays lead to different ranges of ICs, values
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Table 77. Flavonoids tested by Meesakul et al. (2019), and respective inhibitory activity on z-glucosidase (the most active flavonoid is

highlighted).
Flavonoid Structure RY RS R’ 1Cso (M)
Chrysin (73) - - OH 49
Techtochrysin (323) - - OCH; 158.2
Desmoscochinflavone A (439) R OH H - 09
Desmoscochinflavone B (440) H OH - 09
Isochamanetin (441) - - - 29
OH OH o
Pinocembrin (442) - - - 43
HO o
OH (0]
Dichamanetin (443) OH - - - 0.2
l HO I o
OH OH (0]
Positive control - - - 170.7

Acarbose

found for flavonoids in different studies. Although the ana-
lyzed publications allow the establishment of a SAR, and
consequently the features on the chemical structure of flavo-
noids that are responsible for a higher or lower inhibition of
the target, standardization of the experimental parameters
would be desirable. The main factors that must be consid-
ered for the optimization of enzyme assays are temperature,
time assay and time of incubation with tested compounds,
pH, ionic strength, and the proper concentrations of the
essential components, like substrate and enzyme, as well as
their source (Bisswanger 2014). Regarding «-amylase and

a-glucosidase, the specific enzyme and substrate sources dic-
tate different assay conditions. In what concerns the differ-
ent ranges of tested concentrations (nM to mM) of
flavonoids among different studies, their bioavailability and
toxicity should be taken into consideration in case of further
developments with the most promising compounds.
Flavonoids are present in the daily human diet, and are con-
sidered safe and having low toxicity, although the toxico-
logical studies cannot be excluded (Hernandez-Rodriguez,
Baquero, and Larrota 2019). It is well known that the bio-
availability of flavonoids is highly variable, depending on
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Table 78. Flavonoids tested by Zhao, Liu, and Chen (2019), and respective inhibitory activity on z-glucosidase (the most active flavonoid is highlighted).

Flavonoid Structure R? R RY R® R¥ R® R® 1Cso (MM)
Hesperidin (14) ©:°C”s - - - - - - 224
rutinose”” O OH
OH O
Genistein (19) - - OH OH - - - 050
Daidzein (20) - - OH H - - - 1.66
Formononetin (137) - - OCH; H - - - 282
Biochanin A (276) - - OCH; OH - - - 0.69
Myricetin (24) OH OH - - OH H H- 3.63
Isoschaftoside (444) H H - - H arabinose glucose 1.10
Schaftoside (445) H H - - OH glucose arabinose 1.86
Positive control - - - - - - - 032
Acarbose
Table 79. Flavonoids tested by Cedeno et al. (2019), and respective inhibitory activity on z-glucosidase (the most active flavonoids are highlighted).
Flavonoid Structure R} R¥ RY ICso (M % SEM)
Rutin (5) RY  rutinose OH OH 7.53+1.08
Nicotiflorin (218) rutinose H OH 159.09 +9.54
Hecpatrin (446) OH OH  2-O-f-rhamnosyl-6-f-glucose 9.66 + 1.04
Gaiadendrin (447) HO g¥  26<i-0p, p-rhamnosykf-glucose  OH  OH 1687102
Puchiktrin (448) 2,6-di-0-f3, f-rhamnosyl-z-mannose  OH  OH NA
Positive control - - - - 300-700

Acarbose

NA - Not active at the maximum tested concentration (220.26 pM).

Table 80. Flavonoids tested by Liu et al. (2020), and respective binding con-
stants on o-glucosidase (the most active flavonoid is highlighted).

Flavonoid Structure R’ Ky (L mol + SD)

Eriodictyol (41) (:EOH OH (4.57+0.16) x 10*
rutinose
R (s I

Eriocitrin (376) = (6.01+0.22) x 10*

OH O

their subclass and substituents, but also revealed specific
bioactive properties in the gastrointestinal tract (Hollman
2004; Gonzales et al. 2015). One way to improve the bio-
availability and, hence, the therapeutic benefits of flavonoids,
is the application of nanotechnology (Mignet, Seguin, and
Chabot 2013; Wang, Su, et al. 2014). Noteworthy, the o-glu-
cosidase inhibitors available for the treatment of T2D are
poorly absorbed, acting on the surface of enterocytes
(Schmeltz and Metzger 2007).

General conclusions observed through the analysis of the
several studies, concerning the SAR of flavonoids inhibitory
activity against o-amylase and o-glucosidase are dis-
cussed below.

Table 81. Flavonoids tested by Zhu et al. (2019), and respective inhibitory
activity on o-glucosidase (the most active flavonoid is highlighted).

Flavonoid Structure R 1Csp (UM)
449 ©/°“ - 412
o
450 o 327
HOH,C 0.
o
Bavachinone B (451) Ho, - 28.0
o8
?O O
o
Corylifols E (452) e o . OH 1575
Conylifols D (453) O | H 1794
OO
° o
Positive control - - 2148

Acarbose
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Table 82. Flavonoids tested by Jia et al. (2019), and respective inhibitory activity on x-glucosidase (the most active flavonoid is highlighted).

Flavonoid Structure R? R¥ R R R R’ R® ICso (UM +5D)
Luteolin (1) H OH OH OH H H OH H 82.73+2.51
Luteolin 7-glucoside (4) H OH OH OH H H glucose H 431.22+3.03
Rutin (5) rutinose OH  OH OH H H OH H 17358 +1.23
Isorhamnetin 3-rutinoside (6) rutinose  OCH; OH OH H H OH H 539.76 +2.78
Apigenin (22) H H OH OH H H OH H 597.56 +5.26
Baicalein (23) H H H H H O OH OH 259.56 +3.15
Myricetin (24) OH OH OH OH OH H OH H 11.63+0.36
Quercetin (25) OH OH OH OH H H OH H 115.14%+2.19
Kaempferol (26) OH H OH OH H H OH H 15339+1.79
Fisetin (27) OH OH OH H H H OH H 4639+0.34
Galangin (99) OH H H OH H H OH H 41591+5.92
Myricitrin (113) rhamnose OH  OH OH OH H OH H 309.28 +2.40
Apigenin 7-O-f-glucoside/Cosmosiin (163) H H OH OH H H glucose H 22.80+0.24
Isoschaftoside (444) H H OH OH H arabinose OH glucose  387.88 +3.68
Isorhamnetin (454) OH OCH; OH OH H H OH H 676.71+7.42
Vitexin (455) H H OH OH H H OH glucose  356.12+3.28
Vitexin 4-glucoside (456) H H glucose OH H H OH glucose  44250+3.41
Kaempferol 7-glucoside (457) OH H OH OH H H glucose H 20447 £3.15
Genistein (19) Ho 0 - - OH OH - - - - 64221 +3.66
Formononetin (137) O [ - - OH OH - - - - 747.83+2.73
RSO O Al
Hesperetin (29) RY OH = OCH; - - - = = 1903.27 +5.51
Eriodictyol (41) ©: H - OH - - = - - 1033.48 +4.74
Taxifolin (111) "o O on OH - OH - - - - - 294697 +4.91
R!
OH O
(+)-Catechin (30) RS’ OH - = - H - = = 1624426 +12.74
(-)-Epigallocatechin gallate (33) f on gallate - - - OH - - - 9752+1.35
Cyanidin 3-O-glucoside (406) - - - - - - - - 63.50+0.26
Positive control 059+0.14
Acarbose
Table 83. Flavonoids tested by He et al. (2019), and respective inhibitory activity on x-glucosidase (the most active flavonoid is highlighted).
Flavonoid Structure R? R¥ RY R R® R’ ICsp (ug/mlL)
Luteolin (1) R® H OH OH H H OH 27.22
Rutin (5) rutinose OH OH H H OH > 500
Baicalin (12) H H H H OH glucuronide > 500
Baicalein (23) H H H H OH OH 6.75
Myricetin (24) OH OH OH OH H OH 2.09
Quercetin (25) OH OH OH H H OH 6.10
Fisetin (26) OH OH OH H H OH 5.50
Chrysin (73) H H H H H OH 70.07
Hesperidin (14) R% H OH OCH; H - rutinose > 500
Hesperetin (29) & H OH OCH; H - OH 286.60
Naringin (60) R H H OH H - rutinose > 500
Dihydromyricetin (75) OH OH OH OH - OH 8595
R’. (o R 2
w R3
R3
OH (o}
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Table 84. Flavonoids tested by Li, Wang, et al. (2019), and respective inhibitory activity on x-glucosidase (the most active flavonoid is highlighted) Structure

Flavonoid R¥ 1Cso (M)
Kaempferol (26) - - 2398
Hippophin N (458) rhamnose H > 5000
Hippophin O (459) rhamnose OCH; > 5000
Hippophin P (460) H H > 5000
461 = = > 5000
Hippophin K (462) - - 1211
463 - - 53.20
464 - - 10336
(continued)
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Flavonoid R¥ ICso (UM)

Hippophin M (465) OCH; - 8.30

466 OH - 89.74

’1,,' (o]
HO/EIOH
OH OH
HO %7
s OH OH
OH
(o}
H;CO
2 = (o}
R
OCH4
Hippophin F (467) OH H - > 5000
Hippophin D (468) OCH3 - > 5000
(o]
Hippophin E (469) H = > 5000
Hippophin C (470) OCH3; - > 5000
HO
R
Positive control - - - 1727.07

Acarbose

a-Amylase inhibition by flavonoids

The analysis of the published studies on the inhibition of
o-amylase by flavonoids allows a good understanding of the
respective SAR (Figure 5).

In general, the chemical features in flavonoids that are
favorable for the x-amylase inhibition are the presence of
the 4-keto group and the C2=C3 double bond, as well as
the hydroxylation at 3'- and 4'- positions of B ring and at 5-
, 6- and 7-positions of A ring. Moreover, the replacement of
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Table 85. Continued.
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prenyl group for a geranyl group at 8-position of A ring, or
an -OH group for a -Cl ion at 3-position of C ring, are
responsible for an increase in the intended effect. On the
other side, the methylation and glycosylation of -OH groups
in A and B rings, and the presence of a -OH group at 3-
position of C ring, reduce the inhibitory activity of the com-
pounds under study on z-amylase.

a-Glucosidase inhibition by flavonoids

The analysis of the studies published since 2013 on the
inhibition of «-glucosidase by flavonoids, also allows a good
understanding of the respective SAR (Figure 6).

In general, the chemical features in flavonoids that are
favorable for the uo-glucosidase inhibition are: the carbonyl
group at 4-position of C ring, the C2= C3 double bond, as
well as the presence of -OH groups at 3-position of C ring,
at 3'-, 4'- and/or 5- positions of B ring, and at 5-, 6-, 7-
and/or at 8-positions of A ring. Furthermore, the 2, 4, 6-tri-
hydroxylation on N-benzylidene ring of flavone hydrazine
derivatives improves the «-glucosidase inhibition, as well as
the presence of other substituents, such as chlorine, fluorine
and nitro. In addition, prenylation of flavonoids at 5- and/
or 6-positions of A ring, and at 5'-position of B ring; gera-
nylation at 6- and/or 8-position of A ring; and lavandulyla-
tion at 7-position of A ring, also enhance the inhibitory
activity. Other substitutions also seem to have a beneficial
effect for the inhibition of the enzyme under study, includ-
ing the presence of a N-tosyl group at 4'-position of B ring,
or a 2,5-trifluoromethyl substitution in flavone ethers; a Y
-lactone chain at 6-position of A ring; a prenyloxy group at
7-position of A ring; or a benzyl group at 8-position of the
same ring. Moreover, the replacement of -OH and -OCH;3
groups by a sulfate group at 8-position of A ring or the
replacement of the catechol at 3'- and 4’-positions of B ring
by alkyl chains seems to increase the inhibition of «-glucosi-
dase. In isoflavones, it was suggested that the presence of
-OH groups at 2'- and 4'-positions of B ring, and the add-
ition of a pyran ring was favorable for the intended effect.

Through the analysis of the numerous research studies, it
was also found that flavones are better «-glucosidase inhibi-
tors than isoflavones. In general, flavonoid aglycones pre-
sented a higher ability to inhibit «-glucosidase than the
corresponding glycosides. Nevertheless, among the flavonoid
glycosides, it was observed that some substitutions improved
the intended effect, such as the replacement of glucose by a
rhamnose at 7-position of A ring or the replacement of ara-
binose by a rhamnose at 3-position of C ring. The benzoyla-
tion of flavonoids at 6”-position of the sugar moiety, the
presence of galloyl groups specially at 3”-position of galact-
ose, or the presence of Z-p-coumaroyl units in flavonoids
glycosides also seem to be favorable for the inhibi-
tory activity.

As mentioned before, the glycosylation of flavonoids
reduced their inhibitory effect, in special at 3-position of C
ring and at 7-position of A ring. In fact, it was verified that
both glycosylation or methylation of -OH groups are not
beneficial for the intended effect. Following this rationale,
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