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A B S T R A C T

With the current global surge in diabetes cases, there is a growing interest in slowing and managing diabetes and
its effects. While there are medications that can be used, they have adverse side effects such as hypoglycemia and
weight gain. To overcome these problems, bioactive compounds commonly found in fruits, vegetables and cereal
grains are used to slow starch digestion and transport of simple sugars across the intestinal epithelia thereby
reducing plasma blood glucose spike. These effects are achieved through inhibition of amylases, glucosidases and
glucose transporters present in the gastrointestinal tract and brush boarder membrane. The extent of inhibition by
polyphenols is dependent on molecular structure, doses and food matrix. Glycemic lowering effect of polyphenols
have been demonstrated both in in vivo and in vitro studies. However, when these compounds are incorporated in
food systems, they can interact with other polymers in the food matrix leading to lesser inhibition of digestion
and/or glucose transporters compared to isolated or pure compounds as often witnessed in most in vitro studies.
1. Introduction

Diabetes is a metabolic disorder characterized by chronic hypergly-
cemia resulting from either insufficient insulin secretion (Type I diabetes
mellitus) or insulin resistance (Type II diabetes mellitus) with the latter
being more prevalent (Kaku, 2010). Type II diabetes is characterized by
impaired metabolism of carbohydrates, lipids and proteins (Dasgupta
and Klein, 2014) largely influenced by a combination of genetic and
environmental factors such as sedentary lifestyle, stress, aging and
increased calorie intake (Kaku, 2010; Palicka, 2002). Generally, there has
been a global increase in diabetes cases in the past decades from 108 to
422 million between 1980 to the year 2014 with a higher incidence in
new cases being observed in low and middle income nations than higher
income ones (WHO, 2020) thereby calling for a need to address the
condition.

To manage these cases, both medical and nutritional approaches are
currently being used. Medical approach has employed the use of drugs
such as metformin, meglitinides, thiazolidinediones, dipeptidyl
peptidase-4 inhibitors, glucagon like peptide-1 receptors agonists,
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acarbose, voglibose and miglitol (Wang et al., 2019; Maideen, 2019)
while nutritional approach has focused on recommending diets that
produce low postprandial blood glucose. Unfortunately, most of these
drugs have undesirable effects such as flatulence, diarrhea and stomach
distention, hypoglycemia, weight gain and are not recommended for
people with liver diseases (Schernthaner et al., 2014; He et al., 2015; Li
et al., 2019). As a result, exploring the potential of bioactive compounds
such as polyphenols, known to moderate postprandial blood glucose, in
management of diabetes seems viable as they appear to have no or less
adverse side effects (Gothai et al., 2016). This is supported by a plethora
of information showing an inverse association between polyphenol
intake and Type II diabetes or cardiovascular diseases (Psaltopoulou
et al., 2011; Santangelo et al., 2016; Lin et al., 2016).

Polyphenols are primarily obtained from cereals, fruits, vegetables
and beverages such as tea, coffee and wine and include anthocyanins
from berry fruits, flavanones from citrus fruits, flavonols from apples and
phenolic acids from cereals (Bordenave et al., 2014; Rasouli et al., 2017;
Li et al., 2017). Research advances have indicated that polyphenols can
inhibit either starch hydrolyzing enzymes in the mouth and small
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intestines or glucose transporter residing on brush border membranes
thereby reducing the amount of glucose in blood circulation (Johnston
et al., 2002; Moser et al., 2018). Inhibition of starch digestion enzymes
has sparked great interest in managing postprandial blood glucose as
prolonged elevated blood glucose is characteristic or predisposing factor
to diabetes. The main enzymes inhibited by phenolic compounds are
α-amylase and glucosidases and the inhibition capacity is dependent on
structure of the compound as well as dose (Lo Piparo et al., 2008; Liu
et al., 2017). The concentration of glucose in blood system therefore
depends on efficiency of starch hydrolysis and subsequent transport of
the digestion products into the blood streams. Therefore, it sounds
reasonable that slowing these processes can consequently be beneficial in
managing type II diabetes. The other protective effects of polyphenols are
due to their antioxidant properties, chelation of metal ions and increasing
sensitivity of insulin receptors (Barrett et al., 2018; Bordenave et al.,
2014; Moser et al., 2018).

Largely, most of these studies involved the use extracts or pure forms
of polyphenols (Oboh et al., 2015; Johnston et al., 2002; Lo Piparo et al.,
2008) and less in foods with phenolic compounds incorporated in them
(Coe and Ryan, 2016; Sui et al., 2016a; Jun et al., 2014). Developing
novel foods incorporated with phenolic compounds could help provide
an insight into the health benefits of these compounds in food systems as
there is a growing interest in understanding how phenolic compounds
would be affected when incorporated in solid vs liquid foods. Therefore,
this review seeks to provide a comprehensive understanding of current
literature on the use of polyphenols for inhibition of starch digestion
enzymes and glucose transporters in novel food systems.

2. Starch digestion and glucose transport

Starch is an important component in human diet contributing
60–70% of the total energy derived from cereals and pulses (Ao et al.,
2012). Chemically, starch is a homopolysaccharide which consists of
80–85% branched chain amylopectin with α[1→4] and α[1→6] glyco-
sidic linkages, and 15–20% linear chain amylose with α[1→4] glycosidic
linkages (Srichuwong et al., 2005; Yoo and Jane., 2002; Esmaeili and
Noorolahi, 2017; Giuberti et al., 2020). Starch is further classified as
waxy or not depending on their amylose content. Waxy starches contain a
minimal amount of amylose (<15%) in their granule composition.
Normal starches have high content of amylose (20–35%) while hylon
starches (high amylose) consist of more than 50% of amylose (Hung
et al., 2007; Van der Maarel and Leemhuis, 2013). It has been suggested
that, waxy starches requires higher energy for gelatinization probably
due to its high crystallinity caused by higher level of amylopectin.
Typically, starch with higher proportion of long chain amylopectin are
digested slowly than those with shorter chains (Magallanes-Cruz et al.,
2017). According to these authors, crystalline and amorphous starch
regions are organized into concentric circles where channels and pores
link the inner regions to surfaces. Consequently, starch degrading en-
zymes take longer to get through to the concentric rings in the crystalline
granules to digest starch which partly explains the reasons crystalline
starches have slow digestion property (Zhang et al., 2008; Magallane-
s-Cruz et al., 2017). Starch is also categorized based on digestibility as
rapidly digestible starch (RDS), slowly digestible starch (SDS) and
resistant starch (RS) (Englyst et al., 2007). RDS is starch that is converted
into glucose within 20 min of digestion in the small intestine while SDS
takes 20–120min to be fully digested in the small intestine (Englyst et al.,
2007). RS is any starch that escapes digestion in the small intestine and
proceed to the large intestine undigested (Englyst et al., 2007).

Starch digestion starts in the mouth by the salivary α-amylase which
breaks starch into maltose, maltotriose, and dextrins (Butterworth et al.,
2011; Brownlee et al., 2018). Digestion continues in the small intestine
by secretion of pancreatic α-amylase that hydrolyzes α-1,4 linkages of
dextrins into the disaccharide maltose while maltase and α-dextrinase,
brush boarder enzymes, form glucose from maltose and limit dextrins
(Butterworth et al., 2011). Starch digestion is completed in the small
2

intestine where the two brush border enzymes isomaltase debranches 1,
6-α-bonds of limit dextrin to produce glucose while amyloglucosidase
(also called glucoamylase) cleaves 1,4-α-glycosidic bonds of di-
saccharides to produce glucose which is transported through the enter-
ocyte in to the blood stream (Kumar and Satyanarayana, 2009) leading to
increased postprandial blood glucose level (Drozdowski and Thomson,
2006; Roder et al., 2014; Zheng et al., 2012). Due to low lipophilicity of
glucose, the transfer of most glucose requires specific carrier proteins
through active transport mechanism (Stringer et al., 2015). The main
glucose transporter proteins include sodium dependent glucose trans-
porter 1 (SGLT1) and glucose transporter type 2 (GLUT2) which moves
glucose from apical membrane to basolateral membrane of the enter-
ocyte (Chen et al., 2016; Stumpel et al., 2001).

3. Potential use of polyphenols to control glucose digestion and
transport

Carbohydrates interactions with phenolic compounds is among the
interactions that have generated great interest in the recent past.
Phenolic compounds affect starch digestibility by inhibiting the two
primary starch digesting enzymes; α-amylase and α-glucosidase (Nyam-
be-Silavwe et al., 2015; Sun and Miao, 2019; Miao et al., 2014) (Table 1).
Hypothetically, inhibition of starch digesting enzymes can reduce the
amount of starch digested in the gut and further reduce glucose released
in the bloodstream (Amoako and Awika, 2016a, 2016b; Barrett et al.,
2018).

Evidence has shown that pure polyphenols and phenolic extracts from
different sources have inhibitory activities against α-amylase and
α-glucosidase (Sun and Miao, 2019; Yilmazer-Musa et al., 2012; Sun
et al., 2016). Through in vitro studies, diverse sources of phenolics such as
gallic acid, tea phenolic extracts and blue maize anthocyanins have also
been reported to slow starch digestion (Guzar et al., 2012; Came-
lo-mendez et al., 2016; Lv et al., 2019; Peng et al., 2016). In a study on
the effect of Mexican blue maize anthocyanins on starch digestibility,
Camelo-Mendez et al. (2016) tested different levels of maize anthocya-
nins and their effects on pancreatic α-amylase and amylo-glucosidase
enzymes. Addition of blue maize extracts up to 75% of starch by
weight led to modification of the in vitro starch fractions such that RDS
decreased by 1.2-fold while RS increased by 2.0 times suggesting reduced
starch digestion (Camelo-Mendez et al., 2016). Rocchetti et al. (2018)
corroborate these findings by reporting increase in RS from pigmented
maize flours after in vitro starch digestion.

In other studies, Hogan et al. (2010) and Zhang et al. (2010) found
that both phenolic extracts and polyphenols retarded starch digestion
through inhibition of alpha glucosidases. Additionally, polyphenols
inhibited in vitro glucose transporters thereby slowing glucose uptake by
Caco-2 intestinal cell lines (Muller et al., 2018; Villa-Rodriguez et al.,
2018; Pico et al., 2019; Chung et al., 2019). Dietary polyphenols have
been reported to inhibit expression of SGLT1 and GLUT2 at the brush
border membrane suggesting that this could slow uptake of glucose into
the blood stream (Figure 1) (Barberis et al., 2016; Kwon et al., 2007).

The effects of dietary polyphenols go post digestion and transport of
simple sugars within the gut. In cellular systems, dietary polyphenols
have been reported to increase glucose uptake by cells in different tissues
of the body. For example, Breen et al. (2008) and Xiong et al. (2018)
found out that resveratrol and ergosterol, respectively, increased glucose
transport into muscle cells through stimulating glucose transporter 4
(GLUT4) expression. Additionally, Teng et al. (2017) reported that pro-
topanaxadiol enhanced the glucose transport into liver cells (HepG2
cells). Similarly, tea polyphenols at a dosage of 1/10 (w/w) of tea pol-
yphenol/starch had been shown to activate insulin receptors and glucose
absorption in the insulin-sensitive tissues (Lv et al., 2019). The stimula-
tion of glucose transport into these tissue cells can also help reduce the
blood sugar level. Some studies highlighting the impacts of polyphenols
on starch digestion are summarized in Table 1.
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From literature, there is proof that molecular weight of polyphenols
has a direct effect on the inhibition capacity with monomers of low
molecular weight showing lesser inhibition than polymeric polyphenols
such as tannins (Amoako and Awika, 2016a; Zhu, 2015). The structure of
the tannins are more hydrophobic due to abundance of hydroxyl groups
which strengthen the interactions with carbohydrates or enzymes
through hydrogen bonding (Table 2) (Sun and Miao, 2019; Amoako and
Awika, 2016a, 2016b; Liu et al., 2017). The degree of polymerization was
observed to affect enzyme inhibition activity of polyphenols as concluded
by a study on red rice proanthocyanidins (Liu et al., 2017). In this study,
there was higher inhibition of enzymes because proanthocyanidins with
higher degree of polymerization had more free hydroxyl groups leading
to stronger bonds with the active sites of pancreatic amylase. On the
contrary, it was hypothesized that proanthocyanidins with lower degree
of polymerization formed weaker bonds with enzymes due to the lower
number of hydroxyl groups, implying that some active sites of the
enzyme were uncompetitively occupied (Liu et al., 2017). Sorghum
proanthocyanidins can potentially bind with amylose and linear frag-
ment of amylopectin through hydrophobic force, reducing the di-
gestibility of high amylose starch (Barros et al., 2014). This is supported
by Bordenave et al. (2014) who explained in their review that plant
bioactives can form bonds with macronutrients majorly through van der
Waals bonds and such interactions are governed by bioactives' degree of
polymerization, presence of galloyl groups and exterior hydroxyl groups
(Table 2). Some authors have also proposed that anthocyanins compete
with starch for the enzymes thereby lowering digestion (Sui, Zhang and
Zhou, 2016b). Alternatively, crosslinks can occur between anthocyanins
and starch thereby hindering amylolytic breakdown by enzymes in the
intestines (Zhu, 2015). From product development perspective, it is
important to note that addition of phenolic compounds has been shown
to reduce the final viscosity of starches (Wu et al., 2011, 2015) as hy-
droxyl groups compete with starch for water and ultimately reducing
viscosity.

In food systems, concentration of polyphenols affects the degree of
starch digestion or transport. Incorporation of tea polyphenols in potato
starch reduced starch digestibility by increasing the proportions of RS
from 17.0 to 36.5% (Lv et al., 2019) while potato polyphenols dose
dependently (10–300μM) decreased digestive activity of glucosidase by
3.6–7.7% but had no effect on amylase (Moser et al., 2018). Nevertheless,
polyphenols reduced expression of d7-glu transport by 4.5–83.9% sug-
gesting glucose transport through the differentiated Caco-2 human in-
testinal cell monolayers was reduced. This was consistent with an earlier
study that reported reduction in release of glucose from 5.9-15% which
consequently reduced transport of d7-glu by 10–38% when starch meals
were co-digested with grape juice polyphenols (Moser et al., 2018).
Taken together, these findings suggest that concentration or type of
polyphenols influence the extent of inhibition which may occur as a
result of polyphenol-enzyme complexion which modifies enzyme func-
tionality or due to inhibitory effect of polyphenols on glucose transporter
thereby reducing the delivery of glucose to basolateral membrane of the
brush boarder into the blood stream. Plausible mechanisms by which
phenolic compounds inhibit starch digestion and transport are summa-
rized in Table 2.

4. Advancement in the development of bioactive-rich novel foods

Extracts of polyphenols and other plant bioactives have shown
promising results in inhibition of enzymes and slowing glucose absorp-
tion and there have been attempts to develop novel foods with these
compounds. Consequently, phytochemicals are currently being included
in a variety of foods such as bread, beverages or baked products (Jaeger
et al., 2009; Coe and Ryan, 2016; Sui et al., 2016b; Budryn et al., 2016) to
leverage the starch digestion inhibition potential of these compounds.
Polyphenol extracts from plant-based foods are incorporated in func-
tional foods to help alleviate type II diabetes though the effects are var-
iable and are dependent on concentration and type of food. Addition of
3

polyphenol extracts in white bread did not decrease satiety nor glycemic
response in 13 human subjects in a crossover trial where participants
were given white bread as a control, white bread with 0.4% extract of tea
and white bread having 1.88% extract of baobab (Coe and Ryan, 2016).
In another study, incorporation of 1.88% baobab extracts in baked bread
reduced glucose response and RDS in a dose dependent manner during an
in vitro experiment (Coe et al., 2013). These authors also did an in vivo
experiment where low (18.5 g) and high (37 g) doses of baobab dissolved
in water and consumed alongside bread significantly reduced glucose
response at 60, 120 and 180 min compared to control.

The effect of amount or concentration of bioactive compounds
incorporated in a food on degree of starch digestion inhibition was
observed by Sui et al. (2016b) through an in vitro investigation when they
noticed that increase in anthocyanin extract in bread was inversely
proportional to starch digestion rates. Incorporation of anthocyanin
extract at 4% led to reduced elasticity and increased density in the bread
compared to the control or when only 2% of the anthocyanin extract was
incorporated suggesting increased density or viscosity may partly explain
the inverse relationship between anthocyanin concentration and starch
digestion. Similarly, incorporating 1–5% coffee bean flour in bread
reduced starch digestion up to 10% suggesting coffee bean flour was
inhibitory to starch digesting enzymes (Swieca et al., 2018). These au-
thors observed that additional phenolic compounds came from bread as
digestion loosens the food matrices thereby freeing more phenolic
compounds. Protein band intensities were higher in bread with higher
amount of coffee powder extracts than control, indicating the formation
of protein/sugar-phenolics polymeric structure through crosslinking
within the food matrix which may be inaccessible by digestive enzymes
thereby reducing digestion. However, in some instances, such crosslinks
can also reduce the amount of phenolics that participate in enzyme in-
hibition, leading to reduced enzyme inhibition and increased starch
digestion. Incorporation of green tea catechins (0.45–2.0%) in steamed
or baked bread lowered the glycemic potential in a dose dependent
manner. Significant reduction in released glucose was observed in bread
with at least 2% of the green tea extracts relative to the control at 20, 60
and 90 min and retention of green tea catechins was higher in steamed
(81–99%) compared to baked bread (75–90%) suggesting that high
temperatures used during baking can facilitate losses through volatili-
zation or crosslinking with other food components. Moreover, the extent
of starch digestibility in the crust was lower compared to the crumb and it
has been observed that starch in bread crust is not fully gelatinized
compared to starch in the bread crumb (Primo-Martin et al., 2007).
Confocal scanning microscopy images have shown that starch granules
maintained their granular structure in the crust but in the crumb starch
lost its granular structure indicating full gelatinization (Primo-Martin
et al., 2007). Moreover, high Maillard reactions in bread crust can lead to
the formation of resistant starches with slow digestion property in
addition to limited water for full gelatinization of starch unlike in the
crumb where there is enough moisture to facilitate complete starch
gelatinization (Pellegrini et al., 2020). These findings suggest that be-
sides bioactive compounds present in the food, subsequent food pro-
cessing can impact starch digestibility.

Addition of apple peels in cake was shown to reduce glucose release in
vitrowhen the level of apple peels was increased from 0 to 6 g (Jun et al.,
2014). The control cake without apple peels had significantly higher RDS
(182 mg/g) compared to cakes with 3 g (150 mg/g) and 6 g (127 mg/g)
of apple peels though the SDS was not statistically significant among the
treatments. Resistant starch was significantly higher in cakes with 6 g of
apple peels (94 mg/g) compared to 3 g of apple peels incorporated in
cakes (69 mg/g) and the control cake without apple peels (36 mg/g) p <

0.05. However, addition of polyphenol rich blueberries or raspberries to
solid food rich in starch had no impact on glycemic response in human
participants compared to when no blueberries or raspberries were added
(Clegg et al., 2011). Nonetheless, compared to those who were
consuming glucose solution as the reference meal, the berries enriched
foods reduced blood glucose response suggesting that liquid foods or



Table 1. In vivo and in vitro Studies showing that polyphenols inhibit glucose digestion and transport.

Animal/Human Study Design, duration, no. of animals, doses Outcomes References

In vitro 0.5 mg/mL Hog pancreatic α-amylase, 500 μl of
1% starch incubated at 25 �C for 10 min
Gallic acid treatments: S1 ¼ 100% acarbose
(25μM); S2 ¼ 100% gallic acid (25μM); S3
¼ 50% acarbose þ50% gallic acid; S4 ¼ 75%
acarbose þ25% gallic acid; and S5 ¼ 25%
acarbose þ75% gallic acid

S4 had the highest
inhibitory effect (80%, p < 0.05)

Oboh et al. (2015)

100 μL of α-glucosidase solution incubated at
25 �C for 10 min
Gallic acid treatments: S1 ¼ 100% acarbose
(25μM); S2 ¼ 100% gallic acid (25μM); S3 ¼
50% acarbose þ50% gallic acid; S4 ¼ 75% acarbose þ
25% gallic acid; and S5 ¼ 25% acarbose þ75% gallic acid

S3 had the highest inhibitory effect (65.7%) which is
statistically similar to S1 but different from S2, S4 and S5 (p < 0.05)

Oboh et al. (2015)

500-μl assay volume consisted of 200 μl of amylose or amylopectin,
50 μl of PBS and 50 μl of the inhibitor (extracts from green
tea, strawberry, black currant and blackberry) 200
μl of 1⋅25 U/ml human salivary α-amylase added and incubated
for 10 min of incubation at 37 �C

Green tea inhibited maltase, sucrose and iso-maltase,
IC50 values of 0.02, 2.3 and 2.0 mg solid/ml water, respectively
Green tea, blackberry, blackcurrant and strawberry inhibited salivary
α-amylase IC50 values ¼ 0⋅009, 1⋅2, 1⋅5 and 2⋅5mg dry powder/ml
water (amylose as substrate); 0⋅025, 1.6, 1.7 and 3.9 mg/ml
(amylopectin as substrate)

Nyambe-Silavwe et al. (2015)

Porcine pancreatic amylase (PPA) solution (10 mL, 280 U/mL)
and amyloglucosidase (AMG) solution (1 mL, 2500 U/mL) added to 100 mg
of ball milled potato starch suspended in sodium acetate buffer. Mixture
incubated for 120 min at 37 �C with agitation.

As tea polyphenol/Native potato starch ratios increased from 1/50 to
1/10 (w/w), levels of slowly digestible starch gradually decreased from
80.17 to 54.36% while levels of Resistant starch increased from 16.97 to 36.53% (p < 0.05)

Lv et al. (2019)

Human study 16 healthy volunteers fed on polyphenol and fibre rich foods (PFRF).
PFRF was administered and blood samples collected at 0 (fasted), 15, 30, 45,
60, 90, 120, 150 and 180 min after consumption

Statistically significant (p < 0.01), dose dependent decrease in the
mean postprandial glucose (-27.4 for low dose and -46.9 for high dose)
Reduction of insulin area under curve (AUC) for PFRF meal (-46.9).

Nyambe-Silavwe et al. (2015)

Mice study After 16 h overnight fast, mice in different groups were fed different rations of
tea polyphenols (TPs) and native potato starch (NPS): TPs/NPS ¼ 1/25,
1/10 w/w and starch at 1/kg body weight
Blood samples collected from lateral tail vein at 0, 15, 30, 45, 60, 90 and
120 min after gavages

Native potato starch (control) had blood glucose peak after 30 min
(4.9–5.6 mmol/L) while TPS/NPS combinations reached glycemic
peak 45 min after gavages, showing the potential of polyphenols in delaying the glycemic peak

Lv et al. (2019)

Male mice placed into five groups (n ¼ 8), and were given
young apple polyphenols
(YAP) (150 mg/kg b.w.,), phlorizin (150 mg/kg b.w., i.g.), chlorogenic acid
(150 mg/kg b.w., i.g.), tannic acid (150 mg/kg b.w., i.g.) or saline (control) for 6 days.
7th day: All mice treated with starch (5 g/kg b.w,. Blood glucose measured at
0, 30, 60, 90, 120 min after feeding.

YAP decreased the peak blood glucose level by 13.3% at 60 min and
peak insulin level by 16.2% at 90 min compared to the control (p < 0.05).
Decreasing effects of the phenolic compounds ordered as: Tannic
acid > phlorizin > YAP > chlorogenic
Acid.

Li et al., 2019

In vitro Wheat bread and gluten-free bread were co-digested in vitro with
different amount of tea polyphenols [0% GTE)
1% GTE, (50 mg)
2.5% GTE, (125mg)
5% GTE, (250 mg), 10% GTE, (500 mg), 20% GTE, (1000 mg)

Percentage of digested starch at each GTE levels (%) were 87.0, 84.0,
79.2, 64.5, 53.8 and 23.3 for 0% GTE, 1% GTE, 2.5% GTE, 5% GTE,
10% GTE and 20% GTE, respectively.

Kan et al. (2020)

In vitro study Addition of green tea extract (GTE) at 0.45%, 1%, and 2% concentration
levels significantly reduced the glycaemic potential of baked and steamed bread

Bread with 2% GTE had significantly lower levels at 90 min.

Mice model Mice were given common corn starch (5 g/kg b.w), glucose (2 g/kg b.w., i.g.),
maltose (2 g/kg b.w., i.g.), or sucrose (2 g/kg b.w., i.g.) alone or in
combination with EGCG (100 mg/kg b.w)

Co-treatment with EGCG significantly reduced postprandial blood
glucose levels after administration of common corn starch compared to control
mice (50 and 20% reduction in peak blood glucose levels and blood glucose
varea under the curve, respectively).
EGCG had no effect on postprandial blood glucose following administration of maltose or glucose.

Forester et al. (2012)
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Table 2. Some proposed mechanisms by which plant bioactives slow starch digestion.

Bioactives Mechanism of Action References

Tannins Starch-tannin complex formed through hydrogen
and hydrophobic
interactions makes the starch inaccessible to the enzymes

Sun and Miao (2019)
Amoako and Awika (2016)

Proanthocyanidins with
high degree of polymerization

Strong hydrogen bonding with the enzyme at the active site,
causing competitive inhibition
Aromatic rings of proanthocyanidins alters the
microenvironment leading to inhibition.
Interaction between amylose/amylopectin
-proanthocyanidins through hydrophobic force

Liu et al. (2017)
Sun et al. (2018)

Proanthocyanidins with
lower degree of polymerization

Forms weaker hydrogen bonds with the enzyme,
some active sites are uncompetitively occupied

Liu et al. (2017)

Anthocyanin Formation of cross-linked networks with starch
preventing amylolytic attacks; alteration of starch
fractions with increased resistant starch and decreased
rapidly digestive starch, leading to lower starch hydrolysis index
Hydrogen bonding with enzymes at active sites leading to competitive inhibition

Zhu (2015)
Camelo-Mendez et al. (2016)
Rocchetti et al. (2018)
Sui et al. (2016b)

Inhibit the expression of glucose transporters SGLT1 and GLUT2 Li et al. (2019)

Catechins Hydroxyl group on the flavan ring and benzene ring of catechins interact with
active sites of enzyme between glycone site -1 and aglycone site þ1, forming
phenol-protein complex which eliminates enzyme access to the substrate

Lv et al. (2019)
Miao et al. (2014)

Tea Polyphenols (TPs) Formation of hydrogen-bond mediated amylose-tea polyphenolscomplex leading
to aggregation of amylose molecules, hence less exposure to the enzymes.
Stimulation of insulin production and modification of glucose release from the liver
Molecular hydroxylation at hydrogen atom positions because the hydroxyl group
interact with amino acid residues at the active sites of the α-amylase enzyme.

Lv et al. (2019)
Miao et al. (2014)
Lo Piparo et al. (2008)

E.O. Ayua et al. Heliyon 7 (2021) e06245
those with simple sugars are likely to exert increased glucose sparks than
starch-based solid foods. In a randomized control trial, the effects of
wheat or rye bread with different berries namely lingonberries,
5

chokeberries, strawberries, and bilberries, on postprandial insulin re-
sponses were investigated (Torronen et al., 2013). They observed that
when berries are incorporated in white or rye bread which is typically a
Figure 1. Plausible mechanisms by which poly-
phenols inhibit starch digesting enzymes and reduces
glucose transport across the epithelia. The left side
shows that polyphenols can inhibit amylases leading
to reduced formation of maltose, maltotriose, and
dextrins. Further, polyphenols also reduce formation
and transport of glucose in the brush border mem-
brane by inhibiting glucosidases and glucose trans-
porters. This leads to reduced glycemia and insulin
secretion. The right side of the figure shows that when
there is no inhibition, there is increased digestion and
transport of starch leading to increased glycemia and
insulin secretion.



Figure 2. Illustration showing that phenolics in
food systems may interact with food matrix
reducing the amount of free phenolics available
to inhibit starch digesting enzymes. The left side
shows that polyphenols may interact with food
matrices thus lowering enzyme inhibition and
increasing digestion of starch. In the right, we
postulate that in liquid foods or isolated starch,
there is less interaction of polyphenols with food
matrices hence more polyphenols are free to
interact with enzymes leading to reduced diges-
tion of starch.
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fast digesting carbohydrate, there was reduced insulin responses, and rye
bread showed greatest reduction in insulin response compared to the fast
digesting control white bread. However, the effect of novel bread with
berries on postprandial glucose response was modest and was typically
observed between 0-30 min with significant improvement in glycemic
response witnessed only with mixtures of berries and strawberries in
bread.

In another randomized crossover trial, 21 healthy women participants
were divided into two groups; one group consumed 150 g of lingon-
berries or blackcurrant purees while the second took 300 ml of lingon-
berry or blackcurrant nectars, each having 35 g of sucrose incorporated
(Torronen et al., 2012). The reference meal used in the study was 35 g of
sucrose dissolved in water. They found that intakes of sucrose with whole
berries and nectars lowered insulin and glucose sparks particularly dur-
ing the initial 30min consequently leading to enhanced glycemic control.
Recently, Kan et al. (2020a) observed greater starch digestion inhibition
when berry extracts were co-digested with bread compared to bread
fortified with berry extracts during in vitro assay. This reduction in in-
hibition in food systems is probably a consequence of polyphenols
interaction with other constituents in the matrix (Bordenave et al., 2014;
Kan et al., 2020a). Moreover, some of the phenolics could volatilize or
degrade at high temperatures during processing of foods (Kamau et al.,
2020) as baking reduced the amount of polyphenols in bread (Kan et al.,
2020a). Still, some of the products of thermal degradation can inhibit
starch digesting enzymes. On the other hand, thermal processing such as
baking can also increase free phenolics by releasing those previously
esterified to cell wall components or through thermal degradation of
polyphenolic compounds (Cheng et al., 2006; Abdel-Aal and Rabalski,
2013). Generally, positive inhibition of pure starch digestion using pure
polyphenols, or their extracts have been experienced in vitro (Yilma-
zer-Musa et al., 2012; Lim et al., 2019; Boath et al., 2012). These studies
suggest that berries, pure polyphenols or their extracts can typically be
used to inhibit starch digestion hence control postprandial glucose sparks
particularly in liquid foods but their effects on starch-based foods such as
bread may be reduced (Figure 2).

The protective effects against increased glycemia of phytochemical
compounds found in juices have been observed in one human study
where apple juice or water each containing 25 g of glucose was consumed
(Johnston et al., 2002). The amounts of phloridzin were 5.7–11.9 μg/ml
6

in clear juices and 4.1–27.3 μg/ml in cloudy juices while the chlorogenic
acids contents were 35–69 and 79–256 μg/ml in the clear and cloudy
juices, respectively. Individual treatments didn't impact blood glucose
amount but the interaction of time � treatment was significant after 3 h
showing that all the apple juices significantly reduced absorption of
glucose compared to the control. Further, compared to the control, the
clear juice significantly reduced plasma glucose level at 15 and 30 min,
while the cloudy juice similarly reduced glucose concentration at 15, 45
and 60 minutes relative to the control. These findings suggest that
commercial juices with phenolic compounds can be helpful in controlling
postprandial sugar levels particularly from liquid foods which tend to
have accelerated absorption of sugars compared to solid starch-based
foods.

Ingestion of 150 g of bilberries puree containing 35 g of sucrose with
800 mg of polyphenols predominantly anthocyanins, flavonols, proan-
thocyanidins and phenolic acids significantly reduced sucrose digestion
and absorption from gastrointestinal tract compared to a control (without
berries) (Torronen et al., 2010). Various studies have also demonstrated
that consumption of coffee, tea, wine alone or in combination with other
foods significantly reduced postprandial blood glucose through delayed
intestinal absorption of blood glucose (Hanhineva et al., 2010; Wil-
liamson, 2013; Lochocka et al., 2015) suggesting altered glucose trans-
portation through epithelial cells of the gastrointestinal tract.

Some cereal foods such as pasta are fortified with polyphenols to
enhance their health-giving properties such as slowing down starch
digestion due to inhibition of α-amylase and α-glucosidase. Anthocyanins
from grapes, berry juice concentrate and red sorghum flour were added
to pasta to increase their antioxidant capacity (Khan et al., 2013; San-
t’Anna et al., 2014; Sun-Waterhouse et al., 2013). Although the effect of
polyphenols on starch digestibility was not specifically investigated in
these studies, we now know that the health benefit provided by these
foods may be partly explained by polyphenol-carbohydrate interactions
that reduce starch digestion and consequent postprandial blood glucose.
Co-consumption of wheat bread and gluten free bread with different
amounts of polyphenols slowed starch digestion in a dose dependent
manner which was influenced by the type of polyphenol (monomeric vs
polymeric) and presence of gluten (Kan et al., 2020b). Addition of green
tea extract to baked and steamed potatoes significantly reduced glycemic
in vitro potential in a dose dependent manner. In mice, epigallocatechin
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gallate (EGCG) acutely reduced postprandial blood glucose level through
a mechanism involving inhibition of α-amylase Forester et al. (2012)
These results encourage consumption of tea, which is a common practice
in many countries, together with meals as a simple strategy to moderate
post feeding blood glucose levels and may be employed as a strategy to
manage diabetes.

5. Conclusion

The increase in diabetes in developing countries is alarming as many
people cannot cope with diabetes related complications and therefore an
economical way to manage development of diabetes is required. This
review presents strong evidence that co-consumption of starch rich food
with polyphenol rich food is a viable alternative to managing post-
prandial blood glucose spike compared to use of drugs which carry risks
of undesirable side effects. Consuming adequate whole grains, fruits and
vegetables is more practical and should be promoted through nutritional
education. However, the success of polyphenol intervention depends on
the content and subsequent processing of food. The latter is very relevant
as it could enable incorporation of polyphenolic compounds to foods
commonly consumed. More research needs to be done on the amount of
polyphenols and other bioactive compounds that could be added to foods
without major changes in textural, organoleptic and nutritional quality as
these factors may affect the acceptability of these novel foods.

Declarations

Author contribution statement

All authors listed have significantly contributed to the development
and the writing of this article.

Funding statement

This research did not receive any specific grant from funding agencies
in the public, commercial, or not-for-profit sectors.

Data availability statement

No data was used for the research described in the article.

Declaration of interests statement

The authors declare no conflict of interest.

Additional information

No additional information is available for this paper.

References

Abdel-Aal, E.M., Rabalski, I., 2013. Effect of baking on free and bound phenolic acids in
wholegrain bakery products. J. Cereal. Sci. 57, 312–318.

Amoako, D.B., Awika, J.M., 2016a. Polymeric tannins significantly alter properties and in
vitro digestibility of partially gelatinized intact starch granule. Food Chem. 208,
10–17.

Amoako, D.B., Awika, J.M., 2016b. Polyphenol interaction with food carbohydrates and
consequences on availability of dietary glucose. Curr. Opin. Food sci. 8, 14–18.

Ao, Z., Quezada-Calvillo, R., Nichols Jr., B.L., Rose, D.R., Sterchi, E.E., et al., 2012. The
nature of raw starch digestion. J. Pediatr. Gastroenterol. Nutr. 55, s42–s43.

Barberis, A., Garbetta, A., Cardinali, A., Bazzu, G., D’.Antuono, I., Rocchitta, G., et al.,
2016. Real-time monitoring of glucose and phenols intestinal absorption through an
integrated Caco-2TC7cells/biosensors telemetric device: hypoglycemic effect of fruit
phytochemicals. Biosens. Bioelectron. 88, 159–166.

Barrett, A.H., Farhadi, N.F., Smith, T.J., 2018. Slowing starch digestion and inhibiting
digestive enzyme activity using plant flavanols/tannins- A review of efficacy and
mechanisms. LWT-Food Sci. Technol. 87, 394–399.
7

Barros, F., Awika, J., Rooney, L.W., 2014. Effect of molecular weight profile of sorghum
proanthocyanidins on resistant starch formation. J. Sci. Food Agric. 94, 1212–1217.

Boath, A.S., Stewart, D., McDougall, G.J., 2012. Berry components inhibit α-glucosidase
in vitro; synergies between acarbose and polyphenols from black currant and
rowanberry. Food Chem. 135, 929–936.

Bordenave, N., Hamaker, B.R., Ferruzzi, M.G., 2014. Nature and consequences of non-covalent
interactions between flavonoids and macronutrients in foods. Food Funct. 5, 18–34.

Breen, D.M., Sanli, T., Giacca, A., Tsiani, E., 2008. Stimulation of muscle cell glucose
uptake by resveratrol through sirtuins and AMPK. Biochem. Biophys. Res. Commun.
374, 117–122.

Brownlee, I.A., Gill, S., Wilcox, M.D., Pearson, J.P., Chater, P.I., 2018. Starch digestion in
the upper gastrointestinal tract of humans. Starch Staerke 70, 1700111.

Budryn, G., Zaczynska, D., Rachwal-Rosiak, D., 2016. Changes of free and nano
encapsulated and hydroxycinnamic acids from green coffee added to different food
products during processing and in vitro enzymatic digestion. Food Res. Int. 89 (2),
1004–1014.

Butterworth, P.J., Warren, F.J., Ellis, P.R., 2011. Human a-amylase and starch digestion:
an interesting marriage. Starch Staerke 63, 395–405.

Camelo-Mendez, G.A., Agama-Acevedo, E., Sanchez-Rivera, M.M., Bello-Perez, L.A.,
2016. Effect on in vitro starch digestibility of Mexican blue maize anthocyanins. Food
Chem. 211, 281–284.

Chen, L., Tuo, B., Dong, H., 2016. Regulation of intestinal glucose absorption by ion
channels and transporters. Nutrients 8, 43.

Cheng, Z., Su, L., Moore, J., Zhou, K., Luther, M., Yin, J.-J., Yu, L., 2006. Effects of
postharvest treatment and heat stress on availability of wheat antioxidants. J. Agric.
Food Chem. 54, 5623–5629.

Chung, J., Yoo, S., Lee, Y., Shin, K., Yoo, S., Park, S., et al., 2019. Hypoglycemic potential
of whole green tea: water-soluble green tea polysaccharides combined with green tea
extracts delays digestibility and intestinal glucose transport of rice starch. Food
Funct. 10, 746–753.

Clegg, M.E., Pratt, M., Meade, C.M., Henry, C.J.K., 2011. The addition of raspberries and
blueberries to a starch-based food does not alter the glycemic response. Br. J. Nutr.
106 (3), 335–338.

Coe, S., Ryan, L., 2016. White bread enriched with polyphenol extracts shows no effect on
glycemic response or satiety yet may increase postprandial insulin economy in
healthy participants. Nutr. Res. 36 (2), 193–200.

Coe, S.A., Clegg, M.E., Armengol, M., Ryan, L., 2013. Polyphenol rich baobab fruit
(Adansonia digitata L.) reduces starch digestion and glycemic response in humans.
Nutr. Res. 33 (11), 888–896.

Dasgupta, A., Klein, A.D.K., 2014. Diabetes and oxidative stress. In: Antioxidants in Food,
Vitamins and Supplements. Retrieved from.

Drozdowski, L., Thomson, A.B.R., 2006. Intestinal sugar transport. World J.
Gastroenterol. 12, 1657–1670.

Englyst, K.N., Liu, S., Englyst, H.N., 2007. Nutritional characterization and measurement
of dietary carbohydrates. Eur. J. Clin. Nutr. 61, S19–S39.

Esmaeili, S., Noorolahi, Z., 2017. Application of starch processing Enzymes in food
technology: a review. Carpathian J. Food Sci.Tech. 9, 114–127.

Forester, S.C., Gu, Y., Lambert, J.D., 2012. Inhibition of starch digestion by green tea
polyphenols-epigallocatechin-3-gallate. Mol. Nutr. Food Res. 56, 1647–1654.

Giuberti, G., Rocchetti, G., Lucini, L., 2020. Interactions between phenolic compounds,
amylolytic enzymes and starch: an updated overview. Curr. Opinion Food Sci. 31,
102–113.

Gothai, S., Ganesan, P., Park, S.Y., Fakurazi, S., Choi, D.K., Arulselvan, P., 2016. Natural
phyto-bioactive compounds for the treatment of type 2 diabetes: inflammation as a
target. Nutrition 8 (8), 461.

Guzar, I., Ragaee, S., Seetharaman, K., 2012. Mechanism of hydrolysis of native and
cooked starches from different botanical sources in the presence of tea extracts.
J. Food Sci. 77 (11), C1192–C1196.

Hanhineva, K., T€orr€onen, R., Bondia-Pons, I., Pekkinen, J., Kolehmainen, M.,
Mykk€anen, H., Poutanen, K., 2010. Impact of dietary polyphenols on carbohydrate
metabolism. Int. J. Mol. Sci. 11, 1365–1402.

He, Z., Zhou, Z., Yang, Y., Yang, T., Pan, S., Qiu, J., et al., 2015. Overview of clinically
approved oral antidiabetic agents for treatment of type 2 diabetes mellitus. Clin. Exp.
Pharmacol. Physiol. 42 (2), 125–138.

Hogan, S., Zhang, L., Li, J.R., Sun, S., Canning, C., Zhou, K.Q., 2010. Antioxidant rich
grape pomace extract suppresses postprandial hyperglycemia in diabetic mice by
specifically inhibiting alpha-glucosidase. Nutr. Metab. 7, 1–9.

Hung, P.V., Maeda, T., Morita, N., 2007. Study on physicochemical characteristics of
waxy and high-amylose wheat starches in comparison with normal wheat starch.
Starch Staerke 59, 125–131.

Jaeger, S.R., Axten, L.G., Wohlers, M.W., Sun-Waterhouse, D., 2009. Polyphenol-rich
beverages: insights from sensory and consumer science. J. Sci. Food Agric. 89 (14),
2356–2363.

Johnston, K.L., Clifford, M.N., Morgan, L.M., 2002. Possible role of apple juice phenolic
compounds in the acute modification of glucose tolerance and gastrointestinal
hormone secretion in humans. J. Sci. Food Agric. 82, 1800–1805.

Jun, Y., Bae, I.Y., Lee, S., Lee, H.G., 2014. Utilisation of preharvest dropped apple peels as
a flour substitute for a lower glycaemic index and higher fiber cake. Int. J. Food Sci.
Nutr. 65 (1), 62–68.

Kaku, K., 2010. Pathophysiology of type 2 diabetes and its treatment policy. JMAJ 53 (1),
41–46.

Kamau, E.H., Nkhata, S.G., Ayua, E.O., 2020. Extrusion and nixtamalization conditions
influence the magnitude of change in the nutrients and bioactive components of
cereals and legumes. Food Sci. Nutr. 8, 1753–1765.

http://refhub.elsevier.com/S2405-8440(21)00350-9/sref1
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref1
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref1
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref2
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref2
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref2
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref2
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref3
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref3
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref3
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref4
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref4
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref4
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref5
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref5
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref5
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref5
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref5
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref6
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref6
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref6
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref6
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref7
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref7
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref7
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref8
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref8
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref8
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref8
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref8
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref9
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref9
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref9
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref10
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref10
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref10
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref10
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref11
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref11
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref12
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref12
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref12
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref12
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref12
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref13
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref13
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref13
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref14
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref14
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref14
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref14
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref16
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref16
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref17
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref17
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref17
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref17
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref18
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref18
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref18
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref18
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref18
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref19
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref19
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref19
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref19
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref20
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref20
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref20
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref20
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref21
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref21
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref21
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref21
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref22
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref22
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref23
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref23
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref23
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref24
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref24
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref24
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref25
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref25
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref25
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref26
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref26
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref26
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref27
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref27
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref27
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref27
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref28
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref28
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref28
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref29
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref29
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref29
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref29
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref30
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref30
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref30
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref30
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref30
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref30
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref30
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref31
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref31
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref31
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref31
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref32
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref32
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref32
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref32
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref33
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref33
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref33
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref33
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref34
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref34
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref34
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref34
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref35
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref35
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref35
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref35
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref36
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref36
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref36
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref36
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref37
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref37
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref37
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref38
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref38
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref38
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref38


E.O. Ayua et al. Heliyon 7 (2021) e06245
Kan, L., Oliviero, T., Verkerk, R., Fogliano, V., Capuano, E., 2020a. Interaction of bread
and berry polyphenols affects starch digestibility and polyphenols bio-accessibility.
J. Funct. Foods 68, 103924.

Kan, L., Capuano, E., Fogliano, V., Oliviero, T., Verkerk, R., 2020b. Tea polyphenols as a
strategy to control starch digestion in bread: effect of polyphenols type and gluten.
Food Funct. 11, 5933–5943.

Khan, I., Yousif, A., Johnson, S.K., Gamlath, S., 2013. Effect of sorghum flour addition on
resistant starch content, phenolic profile and antioxidant capacity of durum wheat
pasta. Food Res. Int. 54, 578–586.

Kumar, P., Satyanarayana, T., 2009. Microbial glucoamylases: characteristics and
applications. Crit. Biotech. 29 (3), 225–255.

Kwon, O., Eck, P., Chen, S., Corpe, C.P., Lee, J., Kruhlak, M., et al., 2007. Inhibition of
intestinal glucose transporters GLUT2 by flavonoids. Faseb. J. 21, 366–377.

Li, M., Koecher, K., Hansen, L., Ferruzzi, M.G., 2017. Phenolics from Whole grains oats
products as modifiers of starch digestion and intestinal glucose transport. J. Agric.
Food Chem. 65 (32), 6831–6839.

Li, D., Sun, L., Yang, Y., Wang, Z., Yang, X., Zhao, T., Gong, T., Zou, L., Guo, Y., 2019.
Young apple polyphenols postpone starch digestion in vitro and in vivo. J. Funct.
Foods 56, 127–135.

Lim, J., Zhang, X., Ferruzzi, M., Hamaker, B., 2019. Starch digested product analysis by
HPAEC reveals structural specificity of flavonoids in the inhibition of mammalian
α-amylase and α-glucosidases. Food Chem. 288, 413–421.

Lin, D., Xiao, M., Zhao, J., Li, Z., Xing, B., Li, X., et al., 2016. An overview of plant
phenolics compounds and their importance in human nutrition and management of
type 2 diabetes. Molecules 21 (10), 1374.

Liu, M., Hu, B., Zhang, H., Zhang, Y., Wang, L., Qian, H., Qi, X., 2017. Inhibition study of
red rice polyphenols on pancreatic α-amylase activity by kinetic analysis and
molecular docking. J. Cereal. Sci. 76, 176–182.

Lo Piparo, E., Scheib, H., Frei, N., Wialliamson, G., et al., 2008. Flavonoids for controlling
starch digestion: structural requirements for inhibiting human α-amylase. J. Med.
Chem. 51 (12), 3555–3561.

Lochocka, K., Bajerska, J., Glapa, A., Fidler-Witon, E., Nowak, J.K., Tomasz, S.,
Grebowiec, P., et al., 2015. Green tea extract decreases starch digestion and
absorption from a test meal in humans : a randomized, placebo-controlled crossover
study. Sci. Rep. 5.

Lv, Y., Zhang, L., Li, M., He, X., Hao, L., Dai, Y., 2019. Physicochemical properties and
digestibility of potato starch treated by ball milling with tea polyphenols. Int. J. Biol.
Micromol. 129, 207–213.

Magallanes-Cruz, P., Flores-Silva, P.C., Bello-Perez, L.A., 2017. Starch structure influences
its digestibility: a review. J. Food Sci. 82 (9), 2016–2023.

Maideen, N.M.P., 2019. Pharmacologically relevant drug interactions of α-glucosidase
inhibitors. J. Diabetes Metab. Disord. Cont. 6 (2), 28–30.

Miao, M., Jiang, H., Jiang, B., Li, Y., Cui, S.W., Zhang, T., 2014. Structure elucidation of
catechins for modulation of starch digestion. LWT – Food Sci. Technol. 57, 188–193.

Moser, S., Aragon, I., Furrer, A., Van Klinken, J., Kaczmarczyk, M., et al., 2018. Potato
phenolics impact starch digestion and glucose transport in model systems but
translational to phenolics rich potato chips results in only modest modification of
glycemic response in humans. Nutr. Res. 52, 57–70.

Muller, U., Stubl, F., Schwarzinger, B., Sandner, G., Iken, M., Himmelsbach, M., et al.,
2018. In vitro and in vivo inhibition of intestinal glucose transport by Guava (Psidium
Guava) Extracts. Mol. Nutr. Food Res. 62, 1701012.

Nyambe-Silavwe, H., Villa-Rodriguez, J.A., Ifie, I., Holmes, M., Aydin, E., Jensen, J.M.,
Williamson, G., 2015. Inhibition of human α-amylase by dietary polyphenols.
J. Funct. Foods 19, 723–732.

Oboh, G., Ademosun, A.O., Olasehinde, T.A., Oyeleye, S.I., Ehiakhamen, E.O., 2015.
Effect of processing methods on the antioxidant properties and inhibition of
α-amylases and α-glucosidases by African pear (Dacryodes edulis) fruit. Nutrafoods
14, 19–26.

Palicka, V., 2002. Pathophysiology of diabetes mellitus. EJIFCC 13, 140–144.
Pellegrini, N., Vittadini, E., Fogliano, V., 2020. Designing food structure to slow down

digestion in starch-rich products. Curr. Opin. Food Sci. 32, 50–57.
Peng, S., Luo, K., Zhou, X., Zhang, G., 2016. Tea Polyphenols: enzyme inhibition effect

and starch digestibility. Starch Starke 67, 7–8.
Pico, J., Corbin, S., Ferruzzi, M.G., Martinez, M.M., 2019. Banana flour phenolics inhibit

trans-epithelial glucose transport from wheat cakes in a coupled in vitro digestion/
Caco-2 cell intestinal model. Food Funct. 10, 6300–6311.

Primo-Martin, C., van Nieuwenhuijzen, N.H., Hamer, R.J., van Vliet, T., 2007.
Crystallinity changes in wheat starch during the bread-making process: starch
crystallinity in the bread crust. J. Cereal. Sci. 45, 219–226.

Psaltopoulou, T., Panagiotakos, D.B., Pitsavos, C., Chrysochoou, C., et al., 2011. Dietary
antioxidant capacity is inversely associated with diabetes biomarkers: the ATTICA
study. Nutr. Cardiovasc. Dis. 21 (8), 561–567.

Rasouli, H., Farzaei, M.H., Khodarahmi, R., 2017. Polyphenols and their benefits: a
review. Int. J. Food Prop. 20 (sup 2), 1700–1741.

Rocchetti, G., Giuberti Gallo, A., Bernardi, J., Marocco, A., Lucini, L., 2018. Effect of
dietary polyphenols on the in vitro starch digestibility of pigmented maize varieties
under cooking conditions. Food Res. Int. 108, 183–191.

Roder, P.V., Geillinger, K.E., Zietek, T.S., Thorens, B., Koepsell, H., Ro, P.V., Daniel, H.,
2014. The role of SGLT1 and GLUT2 in intestinal glucose transport and sensing. PloS
One 9 (2), e89977.

Santangelo, C., Filesi, C., Varì, R., et al., 2016. Consumption of extra-virgin olive oil rich
in phenolic compounds improves metabolic control in patients with type 2 diabetes
mellitus: a possible involvement of reduced levels of circulating visfatin.
J. Endocrinol. Invest. 39, 1295–1301.
8

Sant’Anna, V., Christiano, F.D.P., Marczak, L.D.F., Tessaro, I.C., Thys, R.C.S., 2014. The
effect of the incorporation of grape marc powder in fettuccini pasta properties. LWT-
Food Sci. Technol. 58 (2), 497–501.

Schernthaner, G., Mogensen, C.K., Schernthaner, G., 2014. The effects of GLP-1
analogues, DPP-4 inhibitors and SGLT2 inhibitors on the renal system. Diabetes Vasc.
Dis. Res. 11 (5), 306–323.

Srichuwong, S., Sunarti, T.C., Mishima, T., Isono, N., Hisamatsu, M., 2005. Starches from
different botanical sources. In: Contribution of Amylopectin fine Structure to thermal
Properties and Enzyme Digestibility, 60. Carb. Polym., pp. 529–538

Stringer, D.M., Zahradka, P., Taylor, C.G., 2015. Glucose transporters: cellular links to
hyperglycemia in insulin resistance and diabetes. Nutr. Rev. 73 (3), 140–154.

Stumpel, F., Burcelin, R., Jungermann, K., Thorens, B., 2001. Normal kinetics of intestinal
glucose absorption in the absence of GLUT2 : evidence for a transport pathway
requiring glucose phosphorylation and transfer into the endoplasmic reticulum.
PNAS 98, 11330–11335.

Sui, X., Zhang, Y., Zhou, W., 2016a. Bread fortified with anthocyanin-rich extract from
black rice as nutraceutical sources: its quality attributes and in vitro digestibility.
Food Chem. 196, 910–916.

Sui, X., Zhang, Y., Zhou, W., 2016b. In vitro and in silico studies of the inhibition activity
of anthocyanins against porcine pancreatic α-amylase. J. Funct. Foods 21, 50–57.

Sun, L., Miao, M., 2019. Dietary polyphenols modulate starch digestion and glycaemic
level: a review. Crit. Rev. Food Sci. Nutr. 60 (4), 541–555.

Sun, L., Chen, W., Meng, Y., Yang, X., Yuan, L., Guo, Y., 2016. Interactions between
polyphenols in thinned young apples and porcine pancreatic a -amylase: inhibition ,
detailed kinetics and fluorescence quenching. Food Chem. 208, 51–60.

Sun, L., Gidley, M.J., Warren, F.J., 2018. Tea Polyphenols enhance binding of porcine
pancreatic α-amylase with starch granules but reduce catalytic activity. Food Chem.
258, 164–173.

Sun-Waterhouse, D., Jin, D., Waterhouse, G.I.N., 2013. Effect of adding elderberry juice
concentrate on the quality attributes, polyphenol contents and antioxidant activity of
three fibre-enriched pastas. Food Res. Int. 54, 781–789.

Swieca, M., Gawlik-Dziki, U., Seczyk, L., Dziki, D., et al., 2018. Interactions of green
coffee bean phenolics with wheat bread matrix in a model of simulated in vitro
digestion. Food Chem. 258, 301–307.

Teng, H., Chen, L., Fang, T., Yuan, B., Lin, Q., 2017. Rb2 inhibits a -glucosidase and
regulates glucose metabolism by activating AMPK pathways in HepG2 cells. J.Funct.
Foods 28, 306–313.

Torronen, R., Sarkkinen, E., Tapola, N., Hautaniemi, E., Kilpi, K., Niskanen, L., 2010.
Berries modify the postprandial plasma glucose response to sucrose in healthy
subjects. Br. J. Nutr. 103, 1094–1097.

Torronen, R., Kolehmainen, M., Sarkkinen, E., Mykkanen, H., Niskanen, L., 2012.
Postprandial glucose, insulin, and free fatty acid responses to sucrose consumed with
blackcurrants and lingonberries in healthy women. Am. J. Clin. Nutr. 96 (3),
527–533.

Torronen, R., Kolehmainen, M., Sarkkinen, E., Poutanen, K., et al., 2013. Berries reduces
postprandial insulin responses to wheat and rye breads in healthy humans. J. Nutr.
143 (4), 430–436.

Van der Maarel, M.J.E.C., Leemhuis, H., 2013. Starch modification with microbial alpha-
glucanotransferase enzymes. Carbohydr. Polym. 93, 116–121.

Villa-Rodriguez, J.A., Kerimi, A., Abranko, L., Tumova, S., Ford, L., Blackburn, R.S., et al.,
2018. Acute metabolic actions of the major polyphenols in chamomile: an in vitro
mechanistic study on their potential to attenuate postprandial hyperglycaemia. Sci.
Rep. 8, 5471.

Wang, L., Voss, E.A., Weaver, J., Hester, L., et al., 2019. Diabetic ketoacidosis in patients
with type 2 diabetes treated with sodium co-transporter 2 inhibitor versus other
antihyperglycemic agents: an observational study of four US administrative claims
databases. Pharmacoepidemiol. Drug Saf. 28, 1620–1628.

World Health Organization (WHO), 2020. Diabetes: Key Facts. Retrieved December 2020
from. https://www.who.int/news-room/fact-sheets/detail/diabetes.

Williamson, G., 2013. Possible effects of dietary polyphenols on sugar absorption and
digestion. Mol. Nutr. Food Res. 57, 48–57.

Wu, Y., Lin, Q., Chen, Z., Xiao, H., 2011. The interactions between tea polyphenols and
rice starch during gelatinization. Food Sci. Technol. Int. 17 (6), 569–577.

Wu, Y., Xu, H., Lin, Q., Wu, W., Liu, Y., 2015. Pasting, thermal and rheological properties
of rice starch in aqueos solutions with different catechins. J. Food Process. Preserv.
39, 2074–2080.

Xiong, M., Huang, Y., Liu, Y., Huang, M., Song, G., Ming, Q., et al., 2018. Antidiabetic
activity of ergosterol from Pleurotus ostreatus in KK-A mice with spontaneous type 2
diabetes Mellitus. Mol. Nutr. Food Res. 62, 1700444.

Yilmazer-Musa, M., Michels, A.J., Schneider, E., Frei, B., 2012. Grape seed and tea
extracts and catechin 3-gallates are potent inhibitors of α -amylase and α -glucosidase
activity. J. Agric. Food Chem. 60, 8924–8929.

Yoo, S.H., Jane, J., 2002. Structural and physical characteristics of waxy and other wheat
starches. Carbohydr. Polym. 49, 297–305.

Zhang, G., Sofyan, M., Hamaker, B.R., 2008. Slowly digestible state of starch: mechanism
of slow digestion Property of gelatinized Maize starch. J. Agric. Food Chem. 56,
4695–4702.

Zhang, L., Li, J., Hogan, S., Chung, H., Welbaum, G.E., Zhou, K., 2010. Inhibitory effect of
raspberries on starch digestive enzyme and their antioxidant properties and phenolic
composition. Food Chem. 119, 592–599.

Zheng, Y., Scow, J.S., Duenes, J.A., Sarr, M.G., 2012. Mechanisms of glucose uptake in
intestinal cell lines: role of GLUT2. Surgery 151, 13–25.

Zhu, F., 2015. Interactions between starch and phenolic compounds. Trends Food Sci.
Technol. 43, 129–143.

http://refhub.elsevier.com/S2405-8440(21)00350-9/sref39
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref39
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref39
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref40
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref40
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref40
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref40
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref41
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref41
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref41
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref41
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref42
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref42
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref42
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref43
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref43
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref43
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref44
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref44
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref44
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref44
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref45
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref45
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref45
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref45
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref46
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref46
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref46
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref46
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref46
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref47
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref47
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref47
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref48
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref48
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref48
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref48
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref48
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref49
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref49
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref49
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref49
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref49
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref50
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref50
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref50
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref50
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref51
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref51
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref51
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref51
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref52
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref52
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref52
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref53
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref53
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref53
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref53
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref54
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref54
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref54
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref54
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref55
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref55
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref55
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref55
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref55
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref56
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref56
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref56
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref57
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref57
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref57
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref57
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref57
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref58
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref58
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref58
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref58
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref58
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref58
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref59
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref59
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref60
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref60
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref60
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref61
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref61
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref61
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref62
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref62
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref62
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref62
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref63
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref63
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref63
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref63
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref64
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref64
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref64
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref64
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref65
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref65
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref65
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref66
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref66
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref66
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref66
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref67
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref67
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref67
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref68
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref68
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref68
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref68
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref68
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref69
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref69
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref69
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref69
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref70
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref70
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref70
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref70
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref72
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref72
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref72
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref72
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref73
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref73
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref73
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref74
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref74
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref74
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref74
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref74
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref75
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref75
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref75
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref75
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref76
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref76
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref76
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref76
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref77
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref77
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref77
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref78
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref78
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref78
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref78
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref79
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref79
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref79
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref79
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref79
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref80
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref80
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref80
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref80
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref81
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref81
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref81
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref81
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref82
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref82
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref82
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref82
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref83
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref83
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref83
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref83
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref84
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref84
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref84
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref84
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref84
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref85
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref85
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref85
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref85
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref86
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref86
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref86
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref88
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref88
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref88
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref88
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref89
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref89
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref89
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref89
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref89
https://www.who.int/news-room/fact-sheets/detail/diabetes
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref91
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref91
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref91
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref92
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref92
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref92
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref93
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref93
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref93
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref93
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref94
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref94
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref94
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref95
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref95
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref95
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref95
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref95
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref95
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref96
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref96
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref96
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref97
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref97
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref97
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref97
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref98
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref98
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref98
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref98
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref99
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref99
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref99
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref100
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref100
http://refhub.elsevier.com/S2405-8440(21)00350-9/sref100

	Polyphenolic inhibition of enterocytic starch digestion enzymes and glucose transporters for managing type 2 diabetes may b ...
	1. Introduction
	2. Starch digestion and glucose transport
	3. Potential use of polyphenols to control glucose digestion and transport
	4. Advancement in the development of bioactive-rich novel foods
	5. Conclusion
	Declarations
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interests statement
	Additional information

	References


