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Abstract

Diabetes mellitus involves high blood sugar levels due to insufficient insulin action.

Furthermore, enzymes such as α‐amylase and α‐glucosidase break down carbohy-

drates into glucose, leading to postprandial hyperglycemia. Flavonoids, particularly

quercetin, inhibit these enzymes, slowing carbohydrate digestion and reducing

glucose absorption. Quercetin has significant hypoglycemic effects with inhibitory

concentration (IC50) values comparable to acarbose, a standard inhibitor, suggesting

its potential as a natural alternative for diabetes management. In silico models,

including molecular docking, molecular dynamics (MD) simulations, and quantitative

structure‐activity relationship (QSAR) approaches, help researchers understand the

molecular interactions of therapeutic agents. These techniques identify potential

inhibitors, determine enzyme‐inhibitor structures, and calculate binding energies,

correlating findings with in vitro or in vivo data. Molecular docking predicts molec-

ular orientations, MD simulations offer insights into enzyme–inhibitor dynamics,

and QSAR models predict inhibitory potential based on structural properties.

Studies have shown that quercetin effectively inhibits α‐glucosidase and α‐amylase

by forming hydrogen bonds with specific amino acid residues. Quercetin interacts

with starches and reduces their digestibility, increases the formation of resistant

starch, lowers the glycemic index, and inhibits digestive enzymes. Studies show that

the effects of quercetin on starch digestion vary with concentration and type of

starch, and its incorporation into foods such as bakery products, pasta, etc. can

significantly decrease starch hydrolysis. The incorporation of quercetin into starch

matrices may aid in the development of functional foods aimed at improving gly-

cemic control.
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1 | INTRODUCTION

Quercetin has a flavonoid backbone consisting of two aromatic rings

(A and B) linked by a three‐carbon bridge (C ring) with multiple hy-

droxyl (‐OH) groups and a ketone moiety (C4 carbonyl) attached to

the C ring (Figure 1) (Singh et al., 2021). The presence of hydroxyl

groups located at positions 3, 5, 7, 30 , and 40 of the A and B rings

enhances its antioxidant capacity, as well as the presence of a double

bond between the second and third carbons and the carbonyl group

at the fourth carbon contributes to its stability and reactivity (Ozgen

et al., 2016).

Flavonoids are secondary metabolites that play crucial roles in

plant–environment interactions, contributing to physiological activ-

ities, such as coloration, taste, and protection against pests, as well as

aiding in pollination and seed dispersal (Singh et al., 2021). Quercetin is

widely distributed in nature and can be found in various fruits, vege-

tables, grains, herbs, and beverages commonly consumed in the human

diet. Rich dietary sources of quercetin include apples, berries (such as

cranberries, blueberries, and strawberries), onions, and tea (Al‐Ansari
et al., 2023; Kandemir et al., 2022; Lavefve et al., 2020). Quercetin, a

hydrophobic flavonoid, influences plant physiology by regulating auxin

transport, enhancing antioxidant enzyme activities, and modulating

root growth, demonstrating its significant impact on plant health and

development. Quercetin has attracted considerable interest in scien-

tific research and nutraceutical development due to its diverse bio-

logical activities and potential health benefits. The beneficial

physiological properties of quercetin, including its anti‐obesity, anti‐
microbial, anti‐cancer, and anti‐inflammatory effects, have been sum-

marized in the literature (Azeem et al., 2023; Sato & Mukai, 2020).

Despite the documented positive health effects of quercetin, its native

form has low bioavailability in the digestive system and poor stability

within food matrices and under digestive conditions. As a result,

research has explored various carrier systems to enhance quercetin's

bioavailability and stability. Relatively improved bioavailability of

quercetin has been reported in bigel (Xie et al., 2023), soy protein‐
stabilized microgel emulsions (Yang et al., 2023) or nano complex (Lin

et al., 2023), starch‐based nanoemulsions (Wang et al., 2023), inulin

microparticles (Quintriqueo‐Cidet al., 2024), andwheyprotein isolate/

hyaluronic acid emulsion gel (Wang et al., 2023). These are model

studies, and further research should focus on the application of these

systems within functional food matrices, together with the in-

vestigations on the effects of storage and digestion. For instance,

innovative and sustainable approaches could include using quercetin‐
loaded systems such as oleogels as fat replacers, microparticles, or

emulsion systems in beverages.

Diabetes is characterized by high blood sugar levels resulting

from impaired insulin secretion, resistance to insulin's effects on

insulin‐sensitive tissues, or both. It is primarily classified into type 1

diabetes, type 2 diabetes, gestational diabetes, and specific types

associated with exocrine pancreas diseases (such as cystic fibrosis) or

drug‐related conditions (Fernandes et al., 2022). Type 2 diabetes, the

most common metabolic disorder, involves oxidative stress, pancre-

atic β‐cell dysfunction, and insulin resistance. Hyperglycemia in-

creases reactive oxygen species, which impair cellular function and

exacerbate insulin resistance, leading to diabetic complications

(Azeem et al., 2023). The most effective treatments for type 2 dia-

betes are insulin injections or oral antidiabetic medications. However,

these treatments can cause side effects, including hypoglycemia,

gastrointestinal issues, infections, weight gain, and cardiovascular

risks (Fernandes et al., 2022). In regard to diabetes, traditional

treatment methods alone are not sufficient. There is increasing

emphasis on the importance of a healthy diet, particularly the con-

sumption of phenolics, which have numerous proven health benefits.

These bioactive components can serve as alternatives to conven-

tional treatments, such as drugs, which work in similar ways to these

medications (Fernandes et al., 2022; Li, Tian et al., 2023).

Quercetin exerts antidiabetic effects through multiple mecha-

nisms, including enhancing β‐cell proliferation and insulin secretion,

inhibiting α‐glucosidase and DPP‐IV enzymes, prolonging the half‐life
of GLP‐1 and GIP, and increasing glucose uptake via GLUT‐4
expression and AMPK pathway activation by reducing glycogen

breakdown. Quercetin mitigates diabetic complications by reducing

oxidative stress and suppressing pro‐inflammatory cytokines such as

IL‐1β, IL‐4, IL‐6, and TNF‐α, blocking NF‐κB cells, and lowering bio-

markers of nephropathy (Ansari et al., 2022; Hamid & Obaid, 2021;

Yan et al., 2023). A meta‐analysis of 13 studies by Bule et al. (2019)

investigated the effects of quercetin at doses of 5, 10, 25, and 50 mg/

kg on serum glucose levels, finding significant reductions at 10, 25,

and 50 mg/kg, but not at 5 mg/kg, with a dose–response relationship

showing a 1.63 mg/dL decrease per 1 mg/kg increase in dose. Studies

in the literature indicate that phenolic compounds, including stil-

benes, phenolic acids, and flavonoids (anthocyanins, flavanols, flava-

nones, and isoflavones), regulate type 2 diabetes by inhibiting

carbohydrate‐digesting enzymes (Fernandes et al., 2022; Li, Tian,

et al., 2023).

This study specifically discusses the specific interaction of

quercetin with carbohydrate‐digesting enzymes to slow down

glucose release, highlighting its therapeutic potential for diabetes

through various in vitro enzyme inhibition, starch digestibility, and in

vivo studies. The various physiological mechanisms of quercetin are

excluded, and the review focuses solely on its impact on carbohy-

drate absorption and digestion through interactions with enzymes (α‐F I GUR E 1 The structure of quercetin.
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amylase and α‐glucosidase) and starch during gastrointestinal

digestion.

2 | IN VITRO ENZYME INHIBITION

2.1 | In vitro enzyme activity

Diabetes mellitus is characterized by hyperglycemia due to insuffi-

cient insulin secretion or action (Abdelli et al., 2021; Ruivo Da Silva

et al., 2020; Shen et al., 2023). Starch is initially hydrolyzed by human

salivary α‐amylase in the mouth and then by human pancreatic α‐
amylase in the intestine, producing glucose, maltose, maltotriose, and

a variety of branched oligosaccharides. Although α‐amylase hydro-

lyzes α‐D‐1,4‐glycosidic bonds, it cannot hydrolyze α‐1,6 bonds from

amylopectin and α‐1,4 bonds adjacent to α‐1,6 bonds. α‐Glucosidase
acts on these smaller carbohydrates by hydrolyzing α‐1,4 glycosidic

linkages and releasing glucose from the nonreducing ends. These

enzymes are essential for contributing to postprandial hyperglycemia

(Altuner, 2022; Kikiowo et al., 2023; Li et al., 2022; Lim et al., 2022;

Liu et al., 2020; Nabil‐Adam et al., 2023; Patil et al., 2022; Shen

et al., 2023; Tshiyoyo et al., 2022).

Polyphenols are significant inhibitors of these enzymes, slowing

carbohydrate digestion and reducing glucose absorption. Phenolic

compounds influence enzyme activity by altering enzyme conforma-

tion or stability. The specific effects of phenol–enzyme interactions

depend on factors such as the phenolic compound's structure, con-

centration, and the enzyme's biochemical properties. These com-

pounds can bind to the active or allosteric sites of the enzyme and

affect substrate binding or catalysis. The inhibition may be reversible

or irreversible based on the strength and nature of the interaction

between the phenolic compound and the enzyme (Abdelli et al., 2021;

Ruivo Da Silva et al., 2020; Shen et al., 2023; Tshiyoyo et al., 2022).

Quercetin shows hypoglycemic effects by inhibiting α‐glucosidase
and α‐amylase (Kikiowo et al., 2023). Figure 2 shows the inhibitory

action of quercetin on α‐glucosidase and α‐amylase.

Table 1 provides a summary of the in vitro inhibition of α‐gluco-
sidase and α‐amylase by quercetin. The half‐maximal inhibitory con-

centration (IC50) is an important parameter for evaluating the efficacy

of an inhibitor. The IC50 value represents the concentration of an in-

hibitor required to inhibit the activity of an enzyme or biological

target by 50%. A lower IC50 value indicates that the inhibitor is more

potent and effective at lower concentrations (Li, Yang, et al., 2023).

Quercetin exhibited comparable α‐glycosidase and α‐amylase

inhibition activities with IC50 values lower than those of acarbose, a

commercial glucosidase inhibitor (Fu et al., 2021; Li, Yang et al., 2023;

Liu et al., 2020). Li, Yang, et al. (2023) selected 16 flavonoids, including

flavonols, flavones, flavanones, and flavanols, to investigate their ef-

fects on α‐amylase and α‐glucosidase. The IC50 values (μg/mL) of

acarbose were 85.53 μg/mL for the inhibition of α‐glucosidase and

156.7 μg/mL for α‐amylase. In comparison, among the 16 flavonoids,

quercetin had the lowest IC50 values with 13.34 μg/mL for α‐gluco-
sidase and 48.09 μg/mL for α‐amylase, and this was comparable with

the lowest values observed for myricetin and lutein. In a similar study,

Fu et al. (2021) investigated the inhibitory effects of 11 flavonoids at a

concentration of 1 mg/mL against α‐glucosidase. Five flavonoids,

myricetin, myricetrin, quercetin, catechin, and gallocatechin, showed

significant inhibitory effects. The IC50 values were then determined

for these five compounds over a range of concentrations (0.001–

10 mg/mL). Quercetin had an IC50 of 0.0657 � 0.010 mg/mL, indi-

cating that it could be a potent natural alternative to acarbose, which

had an IC50 of 0.691 mg/mL. Furthermore, Liu et al. (2020) reported

that among the main flavonols of Chinese bayberry, quercetin

(IC50 = 46.91 μmol/L) inhibited α‐glucosidase more strongly than

F I GUR E 2 Inhibitory effect of quercetin on α‐amylase and α‐glucosidase activity.
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acarbose (IC50 = 381.27 μmol/L), and myricetin (IC50 = 33.20 μmol/L)

was the strongest, but kaempferol was the least effective among them

(IC50 = 65.36 μmol/L).

Limet al. (2022) reported that the loss ofOHgroups onquercetin's

A and B rings and differences in C‐ring structures influence the degree
of inhibition. Quercetin and luteolin, which have a double bond be-

tween C2 and C3, strongly inhibit α‐amylase. Quercetin and 30 ,40‐
dihydroxyflavonol exhibited significantly greater inhibition of α‐glu-
cosidases than did luteolin. Moreover, Zhou et al. (2021) reported that

quercetin and acarbose effectively inhibited α‐amylase with IC50

values of 270 and 32.3 μg/mL, respectively, while decreasing the in-

hibition of α‐glucosidase with IC50 values of 544 and 47.23 μg/mL,

respectively. Quercetin at 1.4 mg/mL inhibited α‐amylase by approx-

imately 75.89%. The essential structural features for α‐glucosidase
inhibition include a 40‐OH substitution and a keto group at the C‐4
position, particularly at specific positions on ring C and ring B, which

could interact with positively charged groups on both enzymes. How-

ever, an additional hydroxyl group at the C‐30 position of the B ring in

quercetin diminishes its inhibitory effect on α‐glucosidase, while this

effect is not observed with α‐amylase. Although quercetin exhibits

lower inhibitory potency than acarbose, it remains an effective inhib-

itor of both enzymes.

Furthermore, Shen et al. (2023) reported that both hyperoside

and quercetin had significant α‐amylase inhibitory effects with IC50

values of 0.491 mg/mL and 0.325 mg/mL, respectively. Compared to

acarbose (IC50 = 0.622 mg/mL), both hyperoside and quercetin had

stronger inhibitory effects, with quercetin being the most potent α‐
amylase inhibitor.

Previous studies have suggested a potential link between quer-

cetin and antidiabetic effects through the inhibition of α‐amylase or α‐
glucosidase. Quercetin may be converted into different valuable

products, such as a food supplement or nutraceutical that can serve as

an antidiabetic agent. It shows promise as a functional compound for

inhibiting these enzymes and alleviating diabetes symptoms. Essen-

tially, the relative effectiveness andpotential advantages or limitations

of quercetin on these digestive enzymes can be studied by comparing it

to other natural phenolics and synthetic inhibitors. These more

comprehensive comparative studies would help to establish a clearer

picture of the effect of quercetin. Nonetheless, specific concentrations

of quercetin have been studied, but its bioavailability and effective

concentration in a biological system could vary. Information on dose–

response relationships, absorption, metabolism, and bioavailability

could aid in better understanding how quercetin performs in practical

applications.

2.2 | In silico models and molecular docking studies

In silico models and molecular docking studies have become invalu-

able tools for understanding the interaction mechanisms of potential

therapeutic agents at the molecular level. With in silico studies, it is

possible to identify potential inhibitors, determine the conforma-

tional structure of the inhibitor–enzyme complex, calculate the

binding energy of the inhibitor, elucidate the interactions and specific

amino acid residues involved in inhibition, and correlate these find-

ings with in vitro or in vivo data (Zhang et al., 2020). These compu-

tational techniques provide insights into the binding affinity and

specific interactions between polyphenols, such as proanthocyanidins

(Vazquez‐Flores et al., 2018), anthocyanins (Zhang et al., 2019), and

flavonoids (Kulkarni et al., 2021), and target enzymes relevant to

diabetes management. In silico studies include molecular docking,

molecular dynamics (MD) simulation, and quantitative structure–

activity relationship (QSAR) approaches. Molecular docking is a

computational technique used to predict the preferred orientation of

one molecule (typically a small ligand) when it binds to another

molecule (usually a larger macromolecule, such as a protein) to form a

stable complex. It is particularly valuable in studying enzyme inhibi-

tion, as it helps predict how potential inhibitors interact with

enzyme‐active sites. Understanding these interactions at the molec-

ular level provides valuable insights into the mechanisms of inhibition

(Agarwal & Mehrotra, 2016). MD simulation is a powerful computa-

tional technique used to study the physical movements of atoms and

molecules as a function of time. In the context of enzyme inhibition,

MD simulations provide a detailed understanding of the dynamic

behavior and conformational stability of enzyme–inhibitor complexes

(Shukla & Tripathi, 2020). QSAR is a method that correlates the

chemical structure of compounds with their biological activity using

statistical models. With respect to enzyme inhibition, QSAR models

help predict the inhibitory potential of new compounds based on

their structural properties (Mitra et al., 2024; Tropsha, 2010).

In silico studies help identify the following key interactions be-

tween inhibitors and enzyme‐active sites. These interactions include

hydrogen bonding, hydrophobic interactions, electrostatic in-

teractions, and π–π interactions (Ben Mustapha et al., 2023; Hua

et al., 2018). Furthermore, common mechanisms of enzyme inhibition

include competitive inhibition, where the phenolic compound com-

petes with the substrate for binding to the active site, and noncom-

petitive inhibition, where the phenolic compound binds to an

allosteric site, altering the enzyme conformation and reducing its

activity (Figure 3) (Şöhretoğlu et al., 2018). Among the flavonoids,

quercetin has been extensively studied for its inhibitory effects on

TAB L E 1 Summary of the in vitro enzyme inhibitory effect of
quercetin.

Enzyme inhibitory
potential IC50 values References

α‐glucosidase activity ↓ 544 � 9.01 μg/mL Zhou et al. (2021)

α‐amylase activity ↓ 270 � 3.1 μg/mL

α‐glucosidase activity ↓ 13.34 μg/mL Li, Yang, et al. (2023)

α‐amylase activity ↓ 48.09 μg/mL

α‐glucosidase activity ↓ 46.91 μmol/L Liu et al. (2020)

α‐glucosidase activity ↓ 0.0657 mg/mL Fu et al. (2021)

α‐amylase activity ↓ 0.325 mg/mL Shen et al. (2023)

Note: ↑: upregulated, ↓: downregulated.
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key enzymes involved in carbohydrate metabolism. Molecular dock-

ing studies have demonstrated that quercetin binds effectively to the

active sites of enzymes such as α‐glucosidase and α‐amylase

(Table 2). These enzymes play a crucial role in the breakdown of

complex carbohydrates into glucose, thus influencing postprandial

blood sugar levels (Zhang et al., 2017).

A recent study by Shen et al. (2023) examined the inhibitory

effects of quercetin and hyperoside on α‐amylase activity using

molecular docking and MD simulations. The findings indicated that

quercetin, with an IC50 value of 0.325 mg/mL, demonstrated better

inhibitory activity than hyperoside, which had an IC50 value of

0.491 mg/mL. The inhibition mechanisms were determined to be

competitive for hyperoside and noncompetitive for quercetin. Addi-

tionally, quercetin formed hydrogen bonds with the Gln63, Glu233,

Asp197, and Asp300 residues of α‐amylase. Similar results were

obtained when quercetin, umbelliferone, and their commercial

counterpart acarbose were evaluated for their inhibitory effects on

human salivary α‐amylase. Among the three ligands, quercetin

demonstrated the lowest binding energy, indicating that it binds to

the enzyme's active site more easily than the other compounds.

Moreover, the amino acid residues involved in the interaction with

quercetin were Ala310, Arg303, Arg346, Asp353, Asp356, Gln302,

Gly304, His305, Ile312, Thr314, Trp316, Trp344, and Lys352

(Altuner, 2022). In another study, the inhibitory effects of quercetin

F I GUR E 3 α‐Amylase and α‐glucosidase inhibition mechanisms.
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TAB L E 2 Summary of the in silico enzyme inhibitory effect of quercetin.

Enzyme inhibitory potential Driven inhibitory action In silico method References

Quercetin‐α‐amylase docked complexes had good

stability

Noncompetitive inhibitor hydrogen bonding and the

π–π stack interaction

Molecular docking

and MD simulation

Shen

et al. (2023)

Hydrogen bonds formed with Gln63, Glu233, Asp197,

and Asp300

Quercetin–human pancreatic α‐amylase complex had

a root mean square deviation of 2.54 Å and root mean

square fluctuation of 1.25 Å

Hydrogen bonding MD simulation Kikiowo et al.

(2023)

ΔGbind of quercetin‐ α‐amylase complex:

−41.42 � 5.57 kcal/mol

ΔGbind of quercetin‐ α‐amylase complex:

−10.92 kcal/mol

Hydrogen bonding Molecular docking Altuner

et al. (2022)

Hydrogen bonds formed with Ala310, Arg303,

Arg346, Asp353, Asp356, Gln302, Gly304, His305,

Ile312, Thr314, Trp316, Trp344, and Lys352

α‐amylase and α‐glucosidase activity decreased Competitive inhibition for α‐amylase–quercetin

complex; mixed inhibition for α‐glucosidase–quercetin
complex

Molecular docking Tshiyoyo

et al. (2022)

Quercetin formed two H‐donor interactions with

Asp69, Asp215 and H‐acceptor interaction with

His351 residues of α‐glucosidase

Hydrogen bonding Molecular docking Abdelli

et al. (2021)

Binding energy of quercetin‐ α‐glucosidase:
−8.45 kcal/mol

Competitive inhibition hydrogen bonding, π‐ π
conjugation

Molecular docking Fu et al. (2021)

Π‐stack interactions formed with fluorescent residues

Trp58, Tyr72, and Phe159

ΔGbind of quercetin‐ α‐amylase complex:

−8.8 kcal/mol

Hydrogen bonding, carbon‒hydrogen bond, π‐alkyl
and π‐sigma interactions

Molecular docking Nabil‐Adam
et al. (2023)

Arg398, Pro332, Arg421, and Arg252 formed

standard hydrogen bonds with α‐amylase. Asp402

formed a carbon‒hydrogen bond, and Pro332

exhibited π‐alkyl and π‐sigma interactions.

Binding energies of quercitrin, quercetin‐3‐O‐
rutinoside, quercetin‐7‐O‐glucoside and quercetin to

α‐amylase were −11.14, −10.87, −9.30, −7.81 kcal/

mol, respectively and to α‐glucosidase were −11.01,
−9.57, −8.80, −8.86 kcal/mol, respectively.

Hydrogen bonding Molecular docking Li, Yang

et al. (2023)

Quercetin formed 7 hydrogen bonds with Phe276,

Asn277, Lys242, Lys7, Val269, Glu271 and Trp318 of

α‐glucosidase

Quercetin glycoside (floralpanasenoside A) has

hydrophobic interactions with ASP357, ASP232,

PHE476, and LYS506 of α‐glucosidase

Hydrogen bonding Molecular docking Li, Li

et al. (2020)

Binding energy of quercetin‐ α‐glucosidase:
−9.0 kcal/mol

Mixed type inhibition, hydrogen bonding Molecular docking

and MD simulations

Liu

et al. (2020)

Quercetin and α‐glucosidase interacted at Asp215,

His280, Phe303, Asp307, Asp352, and Arg442

residues

Quercetin– α‐glucosidase complex had a root mean

square deviation of 0.3 nm after 10 ns simulation and

the binding pattern remained unchanged

6 - FOOD SAFETY AND HEALTH
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and ombuin on human pancreatic α‐amylase were assessed using MD

simulations. The findings revealed that quercetin is strongly bound to

human pancreatic α‐amylase, primarily through hydrogen bond in-

teractions with the Asp197 residue. Additionally, the compactness of

the quercetin–human pancreatic α‐amylase complex remained stable

over a 100 ns simulation, with a radius of gyration (RGyr) value of

3.79 Å (Kikiowo et al., 2023). Furthermore, quercetin exhibited a

greater binding affinity to pancreatic α‐amylase than to intestinal α‐
glucosidase, as determined using both Glide and AutoDock software.

The inhibition mechanism for the α‐amylase–quercetin complex was

determined to be competitive, while for the α‐glucosidase–quercetin
complex, the inhibition mechanism was mixed (Tshiyoyo et al., 2022).

In contrast, Abdelli et al. (2021) reported that the binding affinity of

quercetin to α‐glucosidase was greater than that of the quercetin–α‐
amylase complex. In addition, Fu et al. (2021) showed that quercetin

forms a complex with α‐glucosidase in a competitive manner with a

binding energy of −8.45 kcal/mol. In another study, Nabil‐Adam
et al. (2023) conducted a molecular docking analysis using α‐
amylase as the target protein to investigate the activities of Junia

rubens polyphenols based on their predicted binding modes. Among

the 12 phenolic compounds tested, molecular docking analysis

demonstrated a good affinity score, with quercetin showing a

particularly high affinity at −8.8 kcal/mol. The analysis revealed that

the amino acid residues Arg398, Pro332, Arg421, and Arg252

formed standard hydrogen bonds with α‐amylase. Additionally,

Asp402 was involved in a carbon–hydrogen bond, and Pro332

exhibited π‐alkyl and π‐sigma interactions. The glycosylation of

quercetin has been found to enhance its binding affinity for α‐
amylase and α‐glucosidase. According to Li, Yang, et al. (2023), the

binding energies of quercitrin, quercetin‐3‐O‐rutinoside, and

quercetin‐7‐O‐glucoside to α‐amylase and α‐glucosidase were

notably lower than that of quercetin aglycone, indicating a stronger

affinity for these enzymes. A novel quercetin glycoside, namely

floralpanasenoside A, was evaluated for its inhibitory effects on α‐
glucosidase. After molecular docking simulation, the authors found

that floralpanasenoside A forms a complex with α‐glucosidase via

hydrogen bonding at its active site pocket. Additionally, they

observed that floralpanasenoside A has hydrophobic interactions

with ASP357, ASP232, PHE476, and LYS506 (Li, Li et al., 2020). The

inhibition of these digestive enzymes by quercetin also has a signif-

icant impact on starch digestibility. Wang et al. (2022) modeled the

interaction between quercetin and starch granules, suggesting that

quercetin can embed within the starch matrix, further obstructing

the access of α‐amylase and α‐glucosidase to their substrates. This

two‐way mechanism not only delays carbohydrate digestion but also

reduces the glycemic index of starchy foods, making quercetin a

potential agent for managing diabetes through dietary interventions.

3 | STARCH DIGESTIBILITY AND GLYCEMIC
CONTROL

Starch is one of the basic energy sources for humans, especially in the

gastrointestinal tract. The extent and rate of in vitro starch digestion in

the gastrointestinal tract produce different fractions of starch,

including rapidly digestible starch (RDS), slowly digestible starch (SDS),

and resistant starch (RS) (Klostermann et al., 2024). A recent study has

conducted ameta‐analysis to assess the impact of SDS on postprandial

glycemic responses. Consuming SDS tends to digest slowly throughout

the small intestine, and amore prolonged and stable release of glucose

during digestion is positively associatedwith higher extended glycemic

index, glycemic profile levels, and managing blood sugar levels (Y.

Wang et al., 2023). Besides, RS is fermented in the colon to produce

beneficial short‐chain fatty acids and showspromising but inconclusive

T A B L E 2 (Continued)

Enzyme inhibitory potential Driven inhibitory action In silico method References

ΔGbind of quercetin– α‐glucosidase complex:

−8.4 kcal/mol

Hydrogen bonds, electrostatic bonds, and

hydrophobic bonds

Molecular docking

and MD simulations

Patil

et al. (2022)

Quercetin– α‐glucosidase complex had a root mean

square deviation of 0.3 nm and remained stable after

10 ns simulation

Quercetin formed hydrogen bonds with Asp214,

Glu276, Arg312; electrostatic bonds with Arg 439,

Asp349; hydrophobic bonds with Phe300 and Ala278

Tartary buckwheat starch digestion decreased by a

dual mechanism of enzyme inhibition and quercetin–

starch complexation

Hydrogen bonds, π–π stacking, π‐alkyl and π‐sigma

interactions, van der Waals interactions

Molecular docking Wang

et al. (2022)

Binding energy of quercetin– α‐glucosidase:
−8.7 kcal/mol

The binding energy of quercetin– α‐amylase:

−7.6 kcal/mol

Quercetin was surrounded by 12 and 16 amino acid

residues of α‐amylase and α‐glucosidase, respectively.
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effects on improving intestinal health, glycemic balance, lipid meta-

bolism, and body weight (Bojarczuk et al., 2022).

Recent studies have explored how this compound interacts with

starches, potentially altering their digestion rate and, consequently,

their impact on blood glucose levels. Several studies revealed that

quercetin interacted with quinoa starch and maize starch nano-

particles (Jiang et al., 2022), Tartary buckwheat starch (Gao

et al., 2021; Li, Gao et al., 2020; Zhou et al., 2021), and canistel seed

starch (He et al., 2023) mainly via hydrogen bonds without forming

new covalent bonds. Jiang et al. (2022) explained that quinoa starch

nanoparticles, due to their higher amylopectin content, exhibit higher

quercetin loading rates, more uniform particle sizes, better storage

stability over 21 days, and slower enzymatic degradation compared

to corn starch nanoparticles. Gao et al. (2021) observed that quer-

cetin made Tartary buckwheat starch granules smoother and more

compact and improved thermal stability with no significant changes

to the crystalline structure. Li, Gao et al. (2020) noted that quercetin

formed rod‐like crystals that cross‐linked and stabilized Tartary

buckwheat starch, reducing amylose leaching.

Quercetin interacts with starch and digestive enzymes (Figure 4)

(Ombra et al., 2022). Interactions between polyphenols and starch,

particularly amylose, can form complexes that reduce starch di-

gestibility and resist rapid digestion. These complexes include both

noninclusion and V‐type inclusion complexes. They may slow diges-

tion by preventing starch from swelling and creating a denser starch

structure that enzymes cannot access easily (active side of the

starch) (Yang et al., 2023).

Overall, quercetin–starch interaction reduced starch digestibility

by altering its structure and limiting enzyme access. The details about

the inhibitory effect of flavonoids on the starch digestion rate, gly-

cemic index, and starch fractions are provided in Table 3.

Quercetin interaction with Tartary buckwheat starch (Wang

et al., 2022) and corn starch (Zhou et al., 2024) increased the resis-

tance to digestion by converting RDS into SDS and RS. This effect is

also observed in the presence of ethanol, which further restricts

starch gelatinization and contributes to higher SDS and RS content

(Wang et al., 2022). A notable effect was observed for higher quer-

cetin content with 1.25%, 2.5%, and 5% (Zhou et al., 2024) and 5.20

and 5.83 mg GAE/g (using a free radical grafting method) (Wu

et al., 2022) in the corn–starch complex. The higher quercetin levels

lead to a more substantial reduction in starch digestibility, so lower

RDS and higher RS were obtained in a dose‐dependent manner of

quercetin (Wang et al., 2022; Wu et al., 2022; Zhou et al., 2024). The

increased resistance of the quercetin–starch complex to amylolytic

digestion is likely due to the formation of internal bonds, enhanced

structural stability, and a greater ability to compete with starch

molecules for α‐amylolytic enzyme‐active sites (Wu et al., 2022). It

was also examined that the addition of quercetin to pregelatinized

Tartary buckwheat starch significantly reduced the starch hydrolysis

rate and RDS and increased RS content. This indicated that quercetin

forms a stable complex with pregelatinized starch, enhancing the

starch's resistance to enzymatic digestion and altering its physico-

chemical properties through hydrogen bonding (Gao et al., 2021; Li,

Gao et al., 2020). A similar study by Maibam et al. (2023) stated that

the addition of ferulic acid or quercetin to pregelatinized Euryale ferox

kernel starch significantly decreased the RDS and increased the SDS

and RS fractions in a dose‐dependent manner. This transformation

reflects enhanced resistance to enzymatic digestion, attributed to

increased starch crystallinity, reduced granule swelling, and poly-

phenol interactions with starch and digestive enzymes. Despite the

improvements, the added polyphenols do not fully restore the RS

content lost during gelatinization but do result in a starch structure

F I GUR E 4 Relationship between quercetin intake and glycemic control.
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that behaves more like raw starch, offering potential benefits for

managing blood sugar and satiety.

An interesting study by Zhou et al. (2021) showed that higher

quercetin concentrations (2%–4%) enhance the formation of RS

through interactions with starch chains, but when quercetin levels

reach 4%, the effect plateaus due to the saturation of interactions.

Further, it was noted that quercetin, especially when added to the

mixture before the enzyme, reduced RDS and increased RS more

than when added after the enzyme.

Quercetin showed a stronger inhibition of starch digestion than

rutin, particularly when added in its free form, due to its lower mo-

lecular weight and direct inhibition of digestive enzymes, whereas

both free and bound forms of phenolics similarly increased RS and

decreased starch digestibility (Libo Wang et al., 2022). Kwaśny

et al. (2022) compared the different phenolic acids, flavanols, flavo-

nols, and anthocyanins on the digestibility of wheat starch gel.

Quercetin's addition to wheat starch gels significantly influences RS

content, with varying effectiveness based on the dose. At doses of

5 mg, 10 mg, and 20 mg, quercetin leads to RS contents ranging from

0.34 to 3.4 g/100 g dm, with the highest RS observed at the 5 mg

dose. Quercetin is notably less effective than some other poly-

phenols, such as epigallocatechin gallate, in increasing RS but is more

effective than certain compounds like kaempferol. Overall, quercetin

contributes to a higher RS content and lower digestibility of starch,

though its impact is not as pronounced as the most effective poly-

phenols tested.

The inhibitory effects of polyphenols or flavonoids on starch

digestion were investigated via kinetic studies. The Lineweaver–Burk

curve is a kinetic analysis of the polyphenol inhibition of digestive

enzymes and the reversibility of inhibition based on crossover (Cui

et al., 2022). The other digestion kinetics method used was Goni's

method. The authors suggested that starch hydrolysis kinetics be

calculated using equations for the percentage of starch hydrolyzed at

the time and area under the hydrolysis curve, and in the last step, the

kinetics depend on the specific formula for the glycemic index and

starch rate (Li, Gao et al., 2020; Maibam et al., 2023; Yusufoğlu
et al., 2022). The first‐order kinetic and logarithm of slope models

both show that quercetin slows down the rate of starch digestion, but

the extent of digestion (C∞) and the digestion rate (K) are influenced

by quercetin's interaction with starch and its inhibitory effects on

enzymes. The kinetic analysis reveals that pregelatinized Tartary

buckwheat starch (Li, Gao et al., 2020) or plasma‐modified pre-

gelatinized Tartary buckwheat starch (Gao et al., 2021) with added

quercetin exhibits a slower hydrolysis rate, particularly with 10%

TAB L E 3 Summary of the impact of quercetin on starch digestion rate and glycemic index.

Sample Starch source Starch digestion results References

Quercetin or rutin complexes (ethanol modified) Tartary buckwheat starch RDS↓ SDS↑ RS↑ Wang

et al. (2024)

Quercetin (1.25%, 2.5%, and 5%) complex Tartary buckwheat starch RDS↓ RS↑ SDS↑, only for 1.25%–2.5% Zhou

et al. (2024)

Gallic acid or quercetin (5.20 and 5.83 mg GAE/g)

complex via the free radical grafting method

Corn starch RS↑ Wu

et al. (2022)

Quercetin (2.5%, 5%, 7.5%, and 10%) complex Pregelatinized Tartary buckwheat

starch (70°C)

Hydrolysis rate and hydrolyzed ratio of starch↓
RDS↓ SDS ↔ RS↑

Li, Jiang,

et al. (2020)

Quercetin (10%) complex Pregelatinized Tartary buckwheat

starch (70, 80, and 100°C)

Hydrolysis rate and hydrolyzed ratio of starch↓
RDS↓ SDS↑ RS↓

Gao

et al. (2021)

Ferulic acid and quercetin complex Euryale ferox kernel starch Hydrolysis rate and hydrolyzed ratio of starch↓
hydrolysis index and the estimated glycemic

index↓ RDS↓ SDS↑ RS↑

Maibam

et al. (2023)

Quercetin, pre‐incubated with enzymes or starch Tartary buckwheat starch Hydrolysis index and the estimated glycemic

index↓ RDS↓ SDS↑ RS↑, preincubation with

enzyme was more efficient

Zhou

et al. (2021)

Quercetin or rutin complex Tartary buckwheat starch Hydrolysis rate and hydrolyzed ratio of starch↓
hydrolysis index and the estimated glycemic

index↓ SDS↓ RDS↓ RS↑ superior to rutin

Wang

et al. (2022)

Phenolic acids: p‐coumaric acid, ferulic acid;

flavanones: Hesperidin, naringenin; flavanols:

(þ)‐catechin, epigallocatechin gallate; flavonols:

quercetin, kaempferol; anthocyanins: Cyanidin‐3‐
O‐glucoside, delphinidin‐3‐O‐glucoside.

Wheat starch gel RS↑ Lower effect than epigallocatechin gallate,

higher effect than kaempferol

Kwaśny

et al. (2022)

Dried onions Wheat pasta Hydrolysis index and the estimated glycemic

index↓ reducing sugar↓
Ombra

et al. (2022)

Note: ↔: no obvious change; ↑: upregulated; ↓: downregulated.

Abbreviations: GAE, gallic acid equivalent; RDS, rapidly digestible starch; RS, resistant starch; SDS, slowly digestible starch.
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quercetin, which results in the lowest hydrolysis rate. Higher quer-

cetin levels lead to more compact starch structures, and this reduc-

tion in the hydrolysis rate correlates with a significant increase in RS.

Thus, the quercetin–starch complexation limits enzyme access and

enhances the resistance to enzymatic digestion (Gao et al., 2021; Li,

Gao et al., 2020). Quercetin exhibited a stronger inhibitory effect on

starch digestion compared to rutin and ferulic acid, with lower C∞,

hydrolysis index, and estimated glycemic index values, particularly in

its free form (Maibam et al., 2023; Wang et al., 2022).

Quercetin can alter the glycemic potential of fortified bread by

inhibiting carbohydrate digestive enzymes, demonstrating its po-

tential to modify the starch digestion process and enhance glyce-

mic control (Wu et al., 2022). Adding 3% onion flour (which

contains mainly quercetin) to pasta significantly lowered the gly-

cemic index from 72% to 54%, indicating a 25% decrease in starch

hydrolysis. The onion‐enriched pasta exhibited a plateau in glucose

release after 120 min of digestion, reflecting slower starch

breakdown. The reduction in starch breakdown was associated

with the inhibitory effects of onion polyphenols on α‐amylase

activity.

The incorporation of quercetin into diets, particularly through

fortified foods or dietary supplements, could be a promising approach

for managing diabetes and preventing related metabolic disorders.

Future research should focus on optimizing quercetin formulations to

maximize their benefits and evaluate the long‐term effects of dietary

quercetin on metabolic health.

4 | IN VIVO STUDIES

Research on the antidiabetic effects of quercetin involves both in

vitro studies and animal model investigations. In vitro studies have

elucidated molecular interactions, while animal models have provided

insights into physiological outcomes. Integrating these approaches

offers a comprehensive understanding of quercetin's potential as a

therapeutic agent for diabetes. Table 4 presents a summary of in vivo

studies investigating the antidiabetic effects of quercetin consump-

tion. Zhou et al. (2024) demonstrated that mice orally consuming

sucrose and maltose with quercetin (at doses of 18.75, 37.5, and

75 mg/kg bw) exhibited delayed and lower peak glucose levels.

Compared to acarbose (at a dose of 75 mg/kg bw), quercetin led to a

greater initial glucose peak after half an hour but lower levels be-

tween 1 and 3 h. Li, Jiang, et al. (2020) reported a 2.3‐fold increase in

serum insulin levels in diabetic mice following quercetin intervention,

accompanied by a reduction in blood glucose levels from

19.76 mmol/L to 15.22 mmol/L.

TAB L E 4 In vivo antidiabetic effects of quercetin consumption.

Daily dosage Treatment Animal model The antidiabetic effect References

30, 60, 120 mg/kg bw 4 Months diet Streptozotocin (65 mg/kg)‐
induced type 1 diabetes

wistar rats

Blood glucose level ↔ Dong

et al. (2022)

1.5 mg/kg bw 4 Months diet C57BL/6J mice Insulin resistance ↑ serum glucose

level ↓ protective effect on size and

structure of pancreatic β‐cells insulin

intensity per islet cell ↑

Li, Jiang et al.

(2020)

18.75, 37.5 and 75 mg/kg bw Postprandial consumption

of sucrose and maltose

(0.25 g/mL)

Sprague–Dawley rats Blood glucose level ↓ blood glucose

peak time ↑
Zhou

et al. (2024)

50 mg/kg bw 8 Weeks diet Albino wistar rats Protective effect on size and

structure of pancreatic β‐cells
Korkmaz and

Dik (2024)

50 mg/kg bw in nanoemulsion

form

21 Days diet Streptozotocin (40 mg/kg)‐
induced Albino wistar rats

Blood glucose level ↓ 7 days

pretreatment of quercetin

nanoemulsion: more effective

protective effect on size and

structure of pancreatic β‐cells

Mahadev

et al. (2022)

0.25 g/mL of quercetin (1.25%,

2.5% and 5% in) starch complex

Postprandial consumption Sprague–Dawley rats Blood glucose level ↓ blood glucose

peak time ↑
Zhou

et al. (2024)

1 g in 5 mL water (corn starch‐
gallic acid or quercetin complex)

Oral gavage after fasting

for 12–14 h

Sprague–Dawley rats AUC values for blood glucose levels ↓
quercetin at higher level were more

effective

Wu et al. (2022)

50 and 100 mg/kg bw of

sertiamarin from Enicostemma
axillare and quercetin

28 Days diet Streptozotocin (50 mg/kg)‐
induced type 2 diabetes

Albino wistar rats

Blood glucose level ↓ protective

effect on size and structure of

pancreatic β‐cells

Jaishree and

Narsimha (2020)

Note: ↔: no obvious change, ↑: upregulation, ↓: downregulation.

Abbreviation: Bw, body weight.
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In contrast, Dong et al. (2022) reported no significant decrease in

fasting blood glucose levels in diabetic rats following quercetin

intervention, suggesting that its beneficial effects on seminal vesicles

are not linked to reduced blood glucose. This discrepancy may stem

from the type of diabetes studied; streptozotocin‐induced type 1

diabetes involves selective destruction of islet β‐cells, and quercetin

may not fully reverse the damage caused by high‐dose streptozoto-

cin. The differing results between these studies suggest that quer-

cetin's effectiveness may vary with the diabetes model used. Future

research should explore how quercetin performs in both type 1 and

type 2 diabetes and consider combining it with other therapies to

improve its efficacy across different diabetic conditions.

The poor solubility of quercetin (0.17–7 μg/mL) in gastric fluids

(5.5 μg/mL) and intestinal fluids (28.9 μg/mL) has been reported in

the literature (Cai et al., 2013; Kandemir et al., 2022). Consequently,

various studies have explored the consumption of alternative forms

of quercetin, such as complexes, emulsions, or combinations with

other substances (Jaishree & Narsimha, 2020; Mahadev et al., 2022;

Zhou et al., 2024). Mahadev et al. (2022) demonstrated that nano-

emulsified quercetin was more effective at reducing blood sugar

levels in streptozotocin‐induced diabetic rat models, particularly af-

ter a 7‐day pretreatment, while also preserving the structural

integrity of pancreatic β‐cells and hepatocytes. While alternative

formulations, such as nanoemulsions and quercetin–starch com-

plexes, have shown promise in enhancing bioavailability and efficacy,

these solutions need further optimization to assess their effective-

ness in human trials. Further, novel research on in vivo trials should

address quercetin‐loaded different delivery systems in food matrices

or their co‐digestion with food. Moreover, Zhou et al. (2024) showed

that a quercetin–starch complex decreased the maximum glucose

level in mice from 7.9 mmol/L to 6 mmol/L compared to that in

controls, and prolonged the time to reach peak glucose levels by up

to 1 hour. Wu et al. (2022) reported an increase in resistance

correlated with a notable reduction in glucose production, particu-

larly with the high quercetin compared to gallic acid showing a sig-

nificant decrease in the blood glucose levels, indicating that high

doses of quercetin enhance corn starch's resistance to digestion. To

the author's knowledge, no further research exists on how

quercetin–starch complexes behave in the digestive system.

Nonetheless, Jaishree and Narsimha (2020) reported that a

combination of quercetin (at doses of 50 or 100 mg/kg bw) with a

swetiamarin‐rich extract from Enicostemma axillare significantly

reduced blood glucose levels in streptozotocin‐induced type 2 dia-

betic rats after 14 days, with the higher dosage being more effective.

Although quercetin has beneficial effects, it may need to be used in

conjunction with or as part of a broader therapeutic strategy. Further

comparative studies are required to evaluate how effective quercetin

is compared to standard diabetes treatments, and to identify optimal

dosing regimens and combinations for quercetin.

Pancreatic β‐cells, located in the islets of Langerhans within the

pancreas, are responsible for secreting insulin, a hormone that reg-

ulates blood sugar levels and enables cells to utilize glucose for en-

ergy. The relationship between pancreatic β‐cells and insulin is

crucial for maintaining proper blood sugar regulation in the body.

Flavonoids enhance the ability of the pancreatic islets of Langerhans

to produce and secrete insulin and glucagon into the bloodstream. In

addition to affecting postprandial glucose levels in normal animal

models, quercetin consumption mitigates hyperglycemia in type 2

diabetic rats by promoting the regeneration of pancreatic tissue, thus

exerting a protective effect on the size and structure of islets (Jai-

shree & Narsimha, 2020; Korkmaz & Dik, 2024; Li, Jiang et al., 2020;

Mahadev et al., 2022). Furthermore, researchers have shown that

quercetin may help reduce cell death caused by the oxidative stress

in the seminal vesicles of diabetic rats by blocking Nrf2 in type 1

diabetes (Dong et al., 2022) and ferroptosis in renal tubular epithelial

cells by modulating the Nrf2 signaling pathway in type 2 diabetic

mice with diabetic nephropathy (Feng et al., 2023; Zhang

et al., 2024). More detailed mechanistic studies are needed to clarify

these pathways and to determine how quercetin's effects might vary

with different forms of stress and cellular damage. Long‐term studies

are necessary to confirm these benefits and to monitor any potential

adverse effects.

5 | CONCLUSION AND FUTURE PERSPECTIVES

Polyphenols, particularly flavonoids such as quercetin, have been

demonstrated to significantly inhibit α‐amylase and α‐glucosidase
enzymes, thereby slowing carbohydrate digestion and reducing

glucose absorption—key factors in managing postprandial hypergly-

cemia. The enzyme‐inhibiting properties of quercetin suggest its

potential as a functional compound for diabetes treatment. However,

the low bioavailability of quercetin, due to its poor solubility in water

and digestive fluids, presents a challenge. Further research may focus

on improving the stability and efficacy of quercetin by developing its

complex forms with other macro‐compounds, creating nano-

emulsions, or combining it with other compounds to achieve a syn-

biotic antidiabetic effect. Moreover, comparisons regarding the

antidiabetic effects between the pure form of quercetin and the

natural extract form will also present a different perspective on the

subject.

Future research is needed to find out the optimum levels of

quercetin to be used compared to standard treatments, especially as

more people look for natural remedies instead of conventional drugs.

Studies should also examine how quercetin affects glucose meta-

bolism and its impact on the glycemic index of starchy or high‐
glucose foods. Indeed, it is important to see how quercetin works

when it is consumed with food (co‐digestion) or within the food

matrix. Future studies in this field are crucial for determining the

optimal concentrations of quercetin required to regulate glucose

metabolism and lower the glycemic index of starchy or high‐glucose
foods, particularly for enhancing their antidiabetic effects. This is also

vital for covering the studies on functional food development con-

taining quercetin in different forms (nanoemulsions, starch–quercetin

complexes). Furthermore, while in vitro studies offer a robust scien-

tific foundation, real clinical and animal experiments are needed to
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validate these findings, and mechanistic and long‐term studies are

needed to understand its effects. Future studies should comprehen-

sively describe the effects of quercetin in biological organisms,

ensuring similar antidiabetic benefits, and compare these effects with

those of existing medications. Since quercetin's effectiveness can

vary between type 1 and type 2 diabetes, more studies are needed to

understand how it works, if there are any possible side effects, and

how its benefits might change with different types of cellular stress.
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