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The prevalence of type 2 diabetes (T2D) is predicted to reach unprecedented levels in the
next few decades. In addition to excess body weight, there may be other overlapping dietary
drivers of impaired glucose homeostasis that are associated with an obesogenic diet, such as
regular exposure to postprandial spikes in blood glucose arising from diets dominated by
highly refined starches and added sugars. Strategies to reduce postprandial hyperglycaemia
by optimising the functionality of foods would strengthen efforts to reduce the risk of T2D.
Berry bioactives, including anthocyanins, are recognised for their inhibitory effects on
carbohydrate digestion and glucose absorption. Regular consumption of berries has been
associated with a reduction in the risk of T2D. This review aims to examine the evidence
from in vitro, animal and human studies, showing that berries and berry anthocyanins
may act in the gut to modulate postprandial glycaemia. Specifically, berry extracts and
anthocyanins inhibit the activities of pancreatic α-amylase and α-glucosidase in the gut
lumen, and interact with intestinal sugar transporters, sodium-dependent glucose transporter
1 and GLUT2, to reduce the rate of glucose uptake into the circulation. Growing evidence
from randomised controlled trials suggests that berry extracts, purées and nectars acutely in-
hibit postprandial glycaemia and insulinaemia following oral carbohydrate loads. Evidence
to date presents a sound basis for exploring the potential for using berries/berry extracts as
an additional stratagem to weight loss, adherence to dietary guidelines and increasing phys-
ical exercise, for the prevention of T2D.

Anthocyanins: Type 2 diabetes: Postprandial hyperglycaemia: Functional food: Berries

Obesity is the primary cause of type 2 diabetes (T2D),
although it has been estimated that 10 % of T2D patients
are not overweight or obese(1), and most people with obes-
ity do not develop T2D.Other riskmarkers that are loosely
associated with excess body weight are likely to determine
the progression to insulin resistance (IR) and eventually β
cell failure. Elevated postprandial glycaemia has been
implicated in the development of T2D(2) and represents a
risk factor that can easily be targeted by dietary modifica-
tions. The concentrations of glucose in the blood following
a meal containing a known amount of carbohydrate repre-
sents the sum total of the rate of digestion and absorption of
glucose in the gut, as well as the rate of uptake from the

circulation into the cells for oxidation or storage. An exag-
gerated postprandial glycaemic response to a standard
carbohydrate load is indicative of a reduction in insulin
secretion or sensitivity. Reducing the rate of delivery of glu-
cose to the bloodstream by manipulating the carbohydrate
type and/ormeal composition is oneway inwhich these ad-
versemetabolic profilesmight be ameliorated.High dietary
glycaemic index and glycaemic load independently
increases risk of T2D(3) (relative risk 1·4 and 1·3, respective-
ly). Frequent elevated excursions in postprandial glucose
concentrations are thought to increase risk of T2D and
CVDby inducing oxidative stress and glycation of proteins,
as reviewed by Blaak et al.(4). Studies with acarbose (an
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inhibitor of α-glucosidase) show that reducing the rate of
carbohydrate digestion can reduce the risk of progression
to diabetes in participants with impaired glucose tolerance
by 25 %(5), suggesting that dietary strategies to reduce the
rate of carbohydrate digestion may have similar preventa-
tive effects. This review will examine the evidence for a
similar action of berries and their anthocyanins on the
rate of glucose absorption, including an analysis of mech-
anistic insights from cell studies and enzyme inhibition
experiments, data from animal studies and an evaluation
of the latest evidence from human dietary intervention
studies.

What are anthocyanins?

Classification

Anthocyanins are a subclass of a large group of plant-
based, bioactive compounds called polyphenols, which
are named for having one or more aromatic rings
with at least one hydroxyl group (a phenol) and are pre-
sent in a wide range of plant-based foods such as
fruit and vegetables, soya, chocolate, wine and tea(6).
Polyphenols are commonly classified in four major
groups: flavonoids, phenolic acids, lignans and stilbenes.
Flavonoids can be further broken down into subclasses,
including anthocyanins, flavanones, flavonols and
flavones, to name a few. Anthocyanins are often respon-
sible for the bright and deep colours associated with cer-
tain fruit and vegetables such as grapes, berries, cherries,
aubergine and red onion(7). The six most abundant antho-
cyanin aglycones (anthocyanidins) are malvidin, petuni-
din, delphinidin, peonidin, pelargonidin and cyanidin.
These anthocyanidins share a structure of 2-benzene
rings (A and B rings) united by a heterocyclic ring (C
ring; Fig. 1). As suggested by their name, aglycones are
not bound to a sugar molecule. However, polyphenolic
compounds mainly exist as O-glycosides in plants, where
a sugar moiety resides most often at position 3 of carbon
ring C (Fig. 1). Commonly linked sugars include glucose,
galactose, arabinose and rutinose. For example, blackcur-
rants are high in delphinidin-O-3-rutinoside and
cynanidin-O-3-rutinoside(8–10) (Fig. 1). Aside from sugars,
anthocyanins may also be found acylated to aromatic and
aliphatic acids. The variety of ways in which anthocyanins
might be glycosylated or acylated has led to reports of up
to 650 varieties of anthocyanins identified so far in flowers,
fruit, vegetables and other types of plant material(11).

Main sources and dietary intake

Dietary intakes of anthocyanins are derived from a rela-
tively narrow range of foods. The total anthocyanin con-
tent varies widely from 0·28 to 1480 mg/100 g in both
fruit and vegetables. The main sources in the human
diet are berries with blue, purple and orange/red pig-
ments. Berries with the largest concentrations are elder-
berries, chokeberries, blackcurrants and blueberries with
estimated contents in the range 160–1300 mg/100 g fresh
weight(8,12–16) (Supplementary Online Table S1).

Average anthocyanin intakes are difficult to establish.
FFQ from a randomised controlled trial on the impact of

adherence to UK dietary guidelines on markers of CVD
risk (CRESSIDA study, n 161 middle-aged and older
men and women)(17), were recently analysed by our
group using a polyphenol database developed at
University of East Anglia, UK(18). Prior to randomisa-
tion to dietary intervention group, the geometric mean
for estimated anthocyanidin intakes in the CRESSIDA
study population was 18 mg/d, 95 % CI 15, 21 (arith-
metic mean 27 mg/d, interquartile range 10, 35; ML
Castro-Acosta and WL Hall, unpublished results).
Mean estimates from FFQ and 24-h recalls in adult
populations from different countries vary from 0·04
(food intake data from five major population nutrition
surveys in Fiji)(19) to 215 mg/d(20), but with the majority
of reports ranging between 18 and 43 mg/d(13,18,21–25).

FFQ may underestimate true anthocyanidin intakes
since questions are not specific to individual fruits and
averaged values are applied to groups of foods that
may vary widely in their anthocyanin contents, for ex-
ample ‘strawberries, raspberries, kiwi fruit’ are grouped
together in one category to indicate frequency of con-
sumption, and other anthocyanin-rich foods are not
mentioned in the questionnaire. Food diaries may pro-
vide a more accurate representation of intake, but esti-
mates represent short-term intakes rather than habitual
consumption patterns, which could be particularly mis-
leading for seasonally available foods such as berries.
Research groups have created and validated FFQ to
estimate dietary flavonoid intake in different popu-
lations(26–28), which should provide more reliable in-
take estimations for specific populations, although they
remain unavoidably susceptible to bias due to self-
reporting errors, portion size quantification and estima-
tion errors resulting from the lack of data on polyphenol
content in food(29). At present, the most common data-
bases employed to assess flavonoid intakes are the
USDA(14,30,31) and Phenol-Explorer(8), which provide in-
formation on the content of thirty-five flavonoids in 506
food items and 502 polyphenols (of the four classes) in
459 food items, respectively. The USDA database
expressed flavonoid content as aglycone equivalents ex-
clusively while Phenol Explorer database expressed poly-
phenol content as aglycones, glycosides or esterified
metabolites and also includes retention factors to cal-
culate changes in content due to cooking process.
Although the Phenol Explorer database offers a wealth
of detailed data on the polyphenol composition of foods,
it might still be considered a work in progress when con-
sidering the broad diversity of polyphenols in food and
the remaining gaps in the food analytical literature.

New techniques for intake estimation have been exam-
ined; these include innovative technologies for measuring
dietary intakes in epidemiological studies(32), as well as
biomarker approaches. The use of metabolomic techni-
ques to analyse phenolic metabolites in urine or plasma
have a promising role in epidemiological studies(33,34).
Although current estimates of dietary anthocyanin
intakes are limited, epidemiological studies suggest that
higher consumption rates of berries and anthocyanins
are associated with beneficial effects on risk factors
related to vascular function and T2D.
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Epidemiological studies

Prospective and cross-sectional studies in different popu-
lations have investigated associations between berry con-
sumption and the risk of T2D, providing some support
for a potentially protective effect arising from increased
berry intakes.

Prospective cohort and cross-sectional studies

An inverse association between high consumption of ber-
ries and risk of T2D was observed in a Finnish cohort
study (n 10 054 men and women), with a hazard ratio
(HR) of 0·74 (95 % CI 0·58, 0·95) when comparing high-
est and lowest quartiles(35). The Kuopio Ischaemic Heart
Disease Risk Factor Study in Finnish middle-aged men
(n 2682) reported that consumption of >59·7 g berries
per d compared with <1·3 g lowered risk of T2D (mean
follow-up 19 years), with a multivariable-adjusted HR
0·65 (95 % CI 0·49, 0·88). Importantly, total fruit or vege-
table consumption had no statistically significant fully
adjusted association with T2D risk, possibly signifying
a more potent role of berries in modulation of risk(36).

High intakes of anthocyanins and anthocyanin-
containing foods were significantly associated with a
lower risk for T2D in US men and women (n 199 980,
three cohorts), with a pooled HR 0·85 (95 % CI 0·80,
0·91) for the highest quintile of anthocyanidin intakes
compared with the lowest. Cyanidin exhibited the stron-
gest effect on T2D risk; HR 0·79 (95 % CI 0·72, 0·85),
followed by malvidin, delphinidin, peonidin and petuni-
din. Blueberry intakes were most closely negatively asso-
ciated with T2D risk (HR 0·77, 95 % CI 0·68, 0·87), as
well as apple/pear intakes, followed by strawberry
intakes(37,38). In contrast, although lower T2D risk was
observed when intakes of flavonol and flavan-3-ol were
greater (n 2915; Framingham Offspring cohort, USA),
no associations with anthocyanin intake were
detected(39). Furthermore, contrary to the aforemen-
tioned studies, there was no association between total
flavonoid or anthocyanin intake and risk of T2D in the
Iowa Women’s Health Study prospective cohort (n 35
816 postmenopausal women, USA)(40).

Recently, a high intake of anthocyanins was found to
be associated with lower IR (Homeostatic model for as-
sessment of insulin resistance; HOMA-IR) in a cross-
sectional study using the Twins UK registry (n 1997

women, UK). Women reporting higher intakes of antho-
cyanidins by FFQ (quintile 1: 3·5 mg/d; quintile 5: 40
mg/d) had lower HOMA-IR scores and lower fasting
serum insulin levels following adjustment for BMI, age,
smoking, physical activity, diet, menopausal status and
medication. More specifically, higher intakes of delphini-
din, malvidin and petunidin were associated with lower
HOMA-IR and insulin levels(41). This supports longitu-
dinal observations of T2D risk and suggests that antho-
cyanins may reduce T2D risk by modulating IR
independently of BMI and other major dietary factors.
Inconsistent findings from longitudinal studies might be
due to limitations and errors inherent to dietary intake
methodology. Overall, there are sufficient epidemiologic-
al data to support a likely relationship between greater
intakes of berries, anthocyanin-rich foods and anthocya-
nins, and reduced risk of T2D in adult populations. The
mechanistic effect of anthocyanins in vitro and in vivo
systems will be discussed later.

Bioavailability of anthocyanins

Bioavailability of anthocyanins was formerly believed to
be low (<2 %)(42), with levels in plasma varying from 1 to
592 nM following the consumption of an anthocyanin-
rich meal(43), and up to millimolar values in the gut
lumen(44). However, it was demonstrated using a stable
isotopically labelled anthocyanin that bioavailability
may not be lower than other flavonoids; bioavailability
of cyanidin-3-glucoside was estimated to be at least 12
% calculated from 13C recovery in urine and breath(45).
Anthocyanin metabolites excreted in urine corresponded
to 15 % of total intake when consuming 300 g raspberries
in a low polyphenol diet(46). Human studies have shown
that the time to reach maximum concentrations in
plasma varies between 0·5 and 4 h(42,43). This is consist-
ent with evidence showing that anthocyanins may be
partly absorbed in the stomach before reaching the
small intestine(47,48).

After ingestion, anthocyanins appear to permeate
the stomach mucosa; proposed mechanisms include a
bilitranslocase carrier and a saturable transporter,
GLUT1(48–50). Nevertheless, the majority of absorption
and transformation occurs in the small intestine(51,52), al-
though mechanisms are not entirely clear. Many flavo-
noid glycosides undergo hydrolysis of the sugar moiety

Fig. 1. Structure of the most common anthocyanidins and anthocyanins found in berries.
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by the membrane-bound enzyme, lactase phlorizin
hydrolase with subsequent passive diffusion of the agly-
cone into the enterocyte. However, some anthocyanin
glycosides, such as cyanidin-3-glucoside and cyanidin-3-
galactoside, have shown resistance to lactase phlorizin
hydrolase(53,54). In fact, anthocyanins that are absorbed
in the small intestine are more likely to be taken up
into enterocytes intact, their metabolites then being
formed in the small intestine after absorption(53,55).
Any deglycosylation within the gut lumen primarily
occurs in the colon due to the action of gut microbiota,
as reviewed by Fang(53).

Early studies suggested a role for sodium-dependent glu-
cose transporter 1 (SGLT1) in the absorption of
glycosides(56), but SGLT1 expressed in Xenopus oocytes
does not transport flavonoid glycosides(57). In enterocytes,
intact glycosides may undergo the action of the
cytosolic-β-glucosidase, which cleaves the sugar moiety
and release the free aglycone(58); aglycones then undergo
phase II metabolism by sulfotransferases, methyltrans-
ferases and glucoronyltransferases, forming sulphated,
methylated and glucuronidated metabolites(42). Efflux of
metabolites into the small intestinemay occur via transpor-
ters inserted into the luminal membrane, such asmultidrug
resistance protein 2 and breast cancer resistance pro-
tein(59,60). Phase II metabolites reach portal circulation
via active transporters inserted in the basolateral mem-
brane, such as multidrug resistance protein 3(59,60), studies
have also suggested the action of GLUT2(52,58,61).

Once in the portal circulation, metabolites can reach
the liver and undergo additional phase II metabolism be-
fore entering the systemic circulation(43), from where they
are directed to several organs and tissues (e.g. adipose tis-
sue, heart, eyes, cerebrum and kidneys) to exert their bio-
logical effects or to be metabolised and eliminated in
urine(16,62). Anthocyanin metabolites could be directed
to the enterohepatic circulation for their subsequent ex-
cretion into the small intestine via bile for reabsorption
or make their way to the large intestine to be transformed
by microbiota and then reabsorbed or eliminated in fae-
ces(16,47). Unabsorbed anthocyanins reaching the large in-
testine may be converted to other metabolites by resident
colonic bacteria, followed by absorption or excretion in
the faeces(42,63,64). Microbiota can degrade anthocyanins
to phenolic acids and aldehydes by splitting the C-ring
and modifying the remaining A and B-rings(62). Some of
the main metabolites of microbiota degradation are gallic
acid, vanillic acid, homovanilic acid, protocatechuic acid
(PCA), syringic acid and 4-hydroxybenzoic acid(55,65–68).
Despite knowledge of the high rate of anthocyanin deg-
radation by gut microbiota there is still no consensus
about the proportion absorbed into the systemic circula-
tion(45,53,55). (See Fig. 2 for the proposed mechanism of
anthocyanins absorption).

Studies showing higher bioavailabilities of anthocya-
nins have been able to detect a broader spectrum of
metabolites in blood and urine samples. For example, a
study published in 2007 reported only the recovery of
cyanidin-3-glucoside and PCA in the plasma following
ingestion of 1 litre blood orange juice(65). However, de
Ferrars et al.(55) in 2013 reported twenty-eight total

metabolites, seventeen phenolics and eleven anthocyanin
conjugates in urine following consumption of an elder-
berry extract (500 mg mixed anthocyanins) consisting
mostly of cyanidin glycosides, while plasma analysis
discovered seventeen phenolics and four anthocyanin
conjugates. Urine samples demonstrated high amounts
of vanillic acid and conjugates and were more abundant
in anthocyanin conjugates, while the plasma was high-
est in 4-hydroxybenzaldehyde and PCA-sulphate(55).
Isolated and 13C-labelled cyanidin-3-glucoside was
traced in healthy males, demonstrating a total of
twenty-five different metabolites, including a range of
cyanidin glucuronides and methyl compounds as well
as aldehydes and phase II PCA conjugates(45). The me-
tabolism of raspberry anthocyanins produced eighteen
detectable compounds in urine, including cyanidin-3-O-
glucoside, peonidin-3-O-glucoside and sixteen phenolic
metabolites, while in plasma nine anthocyanin meta-
bolites were quantified including glucuronides and
sulphated compounds(46). Furthermore, not all metabo-
lites were recovered, which is in concordance with more
recent data that identified a total of thirty-six metabolites
in serum, urine and faecal samples following ingestion of
500 mg labelled cyanidin-3-glucoside(69). These studies
raise the possibility that the health effects associated
with berries and their anthocyanins may be in part attrib-
utable to metabolites of parent anthocyanin compounds.
It is now apparent that parent anthocyanins maintain a
relatively short half-life, whereas their metabolites,
which includes phase I and II compounds, are active
for longer and reach higher maximum concentrations(69).

Berries and anthocyanins: modulation of glucose
metabolism (in vitro studies)

Consumption of anthocyanin-rich foods has been asso-
ciated with beneficial effects on metabolic biomarkers
in human subjects, including postprandial concentrations
of glucose, insulin, free fatty acids and gastrointestinal
hormones such as glucose-dependent insulinotropic
polypeptide and glucagon-like peptide-1(70–74). There is
increasing evidence for a potential role for dietary antho-
cyanins in glucose homeostasis, but there is a lack of
understanding of the mechanisms by which these effects
are exerted. To elucidate the mechanisms, different
extracts and individual compounds have been tested
using in vitro experiments. Enzymatic studies suggest
that anthocyanins may inhibit digestive enzymes such
as salivary and pancreatic α-amylases and α-glucosidases:
sucrase and maltase. Studies using Caco-2 cells as a
model of the small intestine and Xenopus laevis oocytes
expressing glucose transporters, show sugar uptake in-
hibition by anthocyanin extracts and individual
compounds.

Carbohydrate digestion and absorption

Carbohydrate digestion begins in the mouth by
α-amylases that hydrolyse α(1,4)-glycosidic bonds of
polysaccharides (e.g. starch), which are broken down
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into smaller peptides, amylose and amylopectin(75). In
the small intestine, additional pancreatic α-amylases are
secreted. α-Glucosidases act on sucrose and maltose, gen-
erating monomers of glucose and fructose that are ab-
sorbable by brush border cells of the small intestine
(Fig. 2). Glucose may be transported by SGLT1 and
GLUT2 at the apical membrane, the latter of which is
primarily functional during high luminal glucose concen-
trations(76). Higher free glucose in the gut lumen may
influence the net uptake of glucose, contributing to a
higher release of glucose into the bloodstream.
Therefore, the ability to slow the rate of carbohydrate

digestion and the release of free glucose may be import-
ant in managing postprandial hyperglycaemia.

Digestive enzymes: in vitro studies

Anthocyanins are highly bioactive molecules; however,
defining their bioactivities in vivo can present many chal-
lenges. As previously mentioned, anthocyanins are
thought to reach millimolar concentrations within the
gut lumen and intestinal tissues, although only nanomo-
lar concentrations are present in the blood stream(53).
The relatively higher concentrations in the gut tissues

Fig. 2. Metabolism of carbohydrates and effects of anthocyanins on enzymes and glucose transporters. Adapted by
permission in part from MacMillan Publisher Ltd: Nature Reviews Immunology(120), copyright 2015.
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may provide sufficient potency for the effects observed
within in vitro studies, which are discussed later. Many
cellular models testing inhibition of digestive enzymes
and intestinal transporter proteins by anthocyanins
have found IC50 values within the range of micromolar
concentrations, which are well within a physiologically
feasible range.

Strawberry extracts from various species of Brazilian
strawberry significantly inhibited α-glucosidase activity
up to 70 % in a dose-dependent manner(77). Although
these effects were marked, it is difficult to pinpoint
whether enzyme activity inhibition was attributable to
specific anthocyanins or other polyphenols in the straw-
berry extract. Therefore, many in vitro studies focus
on testing individual anthocyanins, as described later.
The results of these studies are also displayed in
Supplementary Online Table S2.

One of the first studies investigating the effects of
cyanidin-3-galactoside, high in blueberries, lingonberries
and cranberries, showed inhibition of both sucrase and
maltase enzyme activity(78). Comparable results were
observed by the same authors for cyanidin-3-rutinoside,
which is found in particularly concentrated amounts in
blackcurrants(79). Similarly, sucrase was inhibited to a
larger extent than maltase, and cyanidin-3-rutinoside
was significantly more potent compared with cyanidin-3-
galactoside, which might be related to the disaccharide
structure of rutinose(79). Aglycone cyanidin also shows
inhibition of sucrase activity, although to a much lesser
extent than its glycosides, while cyanidin-3,5-diglucoside
showed relatively no inhibition(80) and cyanidin-3-
rutinoside is a more potent inhibitor of α-amylase(81).
These data highlight the potent effects of cyanidin glyco-
sides on carbohydrate-digesting enzymes within the gut,
and suggest that cyanidin glycoside-containing berry spe-
cies, such as blackcurrant, blackberry and lingonberry(8),
might have particularly potent postprandial glycaemia-
lowering effects.

Separate extracts of strawberry, raspberry, blueberry
and blackcurrant showed dose-dependent inhibition of
α-amylase, with strawberry and raspberry (also rich in
hydrolysable tannins, ellagitannins) demonstrating the
most significant effects(82). Anthocyanins present in
high amounts in raspberries and strawberries include
cyanidin and pelargonidin glycosides; however, they
may also contain significant amounts of phenolic acids
and other flavonoids(8). Alternatively, blueberry and
blackcurrant extracts were more potent α-glucosidase
inhibitors in comparison with the other two extracts.
By separating the anthocyanin-containing portion of
the extract from the whole raspberry extract,
McDougall et al.(82) demonstrated that the inhibitory
effects on α-amylase are largely mediated by non-
anthocyanins, while α-glucosidase activity is modulated
by the anthocyanin-containing portion. In fact, in a sep-
arate study it was found that the inhibitory effects of
rowanberries on α-amylase are primarily exerted by
proanthocyanidins(83), a flavonoid subclass constituted
of dimers, oligomers or polymers of catechins or epicate-
chins linked together, also known as condensed tan-
nins(15). This was further exemplified by the weak

inhibition of α-glucosidase by a proanthocyanidin-rich
rowanberry extract, signifying the specific importance
of this group of compounds for α-amylase inhibition(84).
Both red and yellow raspberries significantly influenced
α-amylase activity, suggesting that synergism between
proanthocyanidins, which are more concentrated in
yellow raspberries compared with red, anthocyanins,
which are much higher in red raspberries, and other
compounds such as ellagitannins, flavonols and hydro-
xycinnamic acids may occur to effect α-amylase inhib-
ition(83). More recently, the same authors provided
significant evidence of anthocyanin-rich blackcurrant
extract and rowanberry inhibition of α-glucosidase
in vitro(84). However, no synergistic effects were apparent
after combining the extracts(84). As this particular rowan-
berry extract was low in anthocyanins, it suggests they
are not the sole compounds contributing to these effects,
as observed for proanthocyanidins and α-amylase
inhibition.

Acarbose is a competitive inhibitor of maltase and su-
crase in the digestive tract and is a drug used in the man-
agement of T2D. European regulations suggest doses
between 25 and 200 mg three times daily, depending on
severity of disease(85). Gastrointestinal side effects asso-
ciated with acarbose have limited the success of the
drug(86). Administration of certain polyphenols may
pose synergistic effects on sucrase and maltase activ-
ity(78–81) depending on doses of polyphenol and acar-
bose(78). Together these studies suggest that acarbose
acts via different mechanisms than some polyphenols,
providing the synergistic inhibition observed, and may
give insight into strategies to lower prescribed doses in
acarbose treatment to diminish side effects associated
with the drug.

Glucose uptake: in vitro studies

Following the release of glucose from sucrose and starch
by digestive enzymes, glucose absorption may be further
disrupted by interactions between berry anthocyanins
and intestinal sugar transporters. The human cell line
Caco-2, has been widely used as an in vitro model of
the small intestine; the cell line obtained from a human
colon adenocarcinoma, under culture conditions devel-
ops as a cell monolayer with characteristics of a mature
enterocyte(87). Johnston et al. tested the effect of polyphe-
nols on glucose transport in the Caco-2 cell line.
Although no berry-specific anthocyanins were tested, it
was one of the first studies suggesting competitive inhib-
ition of SGLT1 and inhibition of GLUT2 in a cellular
model of the human intestinal lining(73). Manzano and
Williamson(61) monitored the rate of apical glucose up-
take and basolateral GLUT2-mediated glucose trans-
port, showing that strawberry extract is able to hinder
translocation to a much larger extent within Na+-free
conditions (GLUT2), although transport was also inhib-
ited during Na+-dependent conditions (SGLT1 and
GLUT2), suggesting that the inhibition of GLUT2 was
greater than the inhibition of SGLT1. Strawberry extract
(50–400 mg/ml) showed inhibition of total (SGLT1 and
GLUT2) apical glucose uptake and basal transport in
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the Caco-2 cell in vitromodel with an IC50 = 324 mg/ml, a
high concentration compared with physiological levels.
Although the specific strawberry compounds responsible
for these effects were not clear, HPLC analysis showed
the extract was relatively high in pelargonidin-3-glucoside,
which showed inhibition of glucose transport into and
across the cell (IC50 = 802 µM)(61). These results suggest
that strawberry compounds may influence glucose trans-
port across intestinal cells, thereby modulating the rate of
glucose flux into the bloodstream. More recently, Alzaid
et al.(88) demonstrated that acute exposure of Caco-2 cells
to cyanidin, cyanidin-3-glucoside and cyanidin-3-
rutinoside (100 µM each), significantly reduced total and
facilitated (GLUT-mediated) glucose transport. Whole
mixed berry extract (approximately 2 mM) also signifi-
cantly inhibited uptake of glucose in this model(88). In
our in vitro study in Caco-2 cells, testing different concen-
trations of a highly purified blackcurrant extract (0·15–1·2
mM) we demonstrated acute inhibition on total glucose up-
take with an IC50 = 0·3 mM; allowing for dilution in gastric
juice, this could represent an ingestion of approximately
50 g fresh blackcurrant fruit (ML Castro-Acosta, WL
Hall and CP Corpe, unpublished results).

Although the exact mechanisms for anthocyanin ab-
sorption are not clearly identified, GLUT2 and SGLT1
may play an important role. An in vitro study using
Caco-2 cells treated with cyanidin-3-glucoside showed
decreased absorption of the anthocyanin when specific
inhibitors of GLUT2 and SGLT1 were added compared
with without inhibitors; the same effect was observed in
cells with decreased expression of GLUT2 and SGLT1,
suggesting the involvement of both transporters in the
absorption of cyanidin-3-glucoside(89). Furthermore, ex-
pression of GLUT2 in the apical side of Caco-2 cells
was decreased at the same time as glucose uptake was
decreased following cyanidin-3-glucoside treatment(90).
Competition between glucose and anthocyanins for glu-
cose transporters may represent a potential mechanism
for inhibition of postprandial glycaemia.

Interestingly, longer-term exposure (16 h) of berry
extracts (approximately 2 mM) to Caco-2 cells showed
an inhibitory effect on both GLUT2 and SGLT1 expres-
sion, which was further exemplified at the protein level
for GLUT2. However, the 16 h exposure showed min-
imal effects on total glucose uptake, with only facilitated
(GLUT-mediated transport) uptake demonstrating a
statistically significant reduction(88). Caco-2 cell model
pre-treated for 96 h with anthocyanin extract (200
µg/ml) increased the expression of GLUT2 but not
SGLT1 and GLUT5. Acute glucose transport, mediated
by GLUT2 was decreased in cells pre-treated with an-
thocyanin extract and malvidin-3-glucoside (200 µg/ml),
pre-treatment with malvidin (200 µg/ml) showed no in-
hibitory effect(90). In summary, the evidence for opposing
results on glycoside and aglycone treatments suggests
that the sugar moiety may interfere with GLUT2-
mediated glucose transport, and up-regulation of
GLUT2 gene expression may be relevant for longer-term
glycaemic control.

In vitro studies using Xenopus oocytes to express either
SGLT1 or GLUT2 under controlled conditions have

shown an inhibitory effect of polyphenols and anthocya-
nins on glucose uptake. Pelargonidin and pelargonidin-3-
glucoside inhibit glucose absorption (1 mM), with IC50 =
1·34 and 2·47 mM respectively, in oocytes expressing
SGLT1(57). In a separate in vitro study using Xenopus
oocytes expressing GLUT2, Kwon et al.(91) were not
able to detect an inhibitory effect on glucose uptake
(10 mM) when testing delphinidin and cyanidin (0–300
µM), although their glycosidic forms were not tested
and other flavonoids present in berries were observed
to inhibit GLUT2-mediated glucose transport.

Overall, experiments using oocytes expressing individ-
ual sugar transporters and cultured intestinal cells have
shown that berry extracts and individual anthocyanins
may interfere with glucose transport from the gut
lumen into the enterocyte, and also across the basolateral
membrane into the blood. This may occur via inhibition
of GLUT2 under postprandial glycaemic conditions,
since this transporter is believed to be functionally im-
portant under conditions of high luminal glucose con-
centrations(76). However, inhibition of SLGT1 activity
may also play a significant role in berry polyphenol-
mediated control of glucose homeostasis since SGLT1
is instrumental in the regulation of glucose-dependent
insulinotropic polypeptide and glucagon-like peptide-1
secretion and up-regulation of GLUT2(92). Extracts of
berries used in the different studies may contain a
range of different classes of polyphenols, and further in
vitro studies testing individual anthocyanins are needed
in order to pinpoint exact mechanisms for these intestinal
transport effects.

Animal studies

A number of animal studies have demonstrated inhibi-
tory effects of berry anthocyanins on the postprandial
plasma glucose curve, fasting glucose and increases in in-
sulin sensitivity. Mice consuming a very high-fat diet
were changed to a low-fat diet supplemented with blue-
berry concentrate (providing an average of 4·4 mg blue-
berry anthocyanins/d) and showed a reduction in
weight gain and increased glucose tolerance compared
with the blueberry-free low- and high-fat controls, des-
pite no differences in total food intake(93). Conversely,
no significant lowering of glycaemia was observed in
mice receiving low- and high-fat diets with the addition
of 3·25 mg blueberry anthocyanins/d(94), nor a range of
freeze-dried berry powders(95,96). Purified blueberry
anthocyanins (0·49 mg/d) reduced fasting glucose levels
in mice receiving a high-fat diet to levels comparable
with a low-fat diet, and also reduced percentage body
fat and body weight(97,98), and pure cyanidin-3-glucoside
supplementation resulted in markedly lower fasting
blood glucose concentrations after 3 weeks of high-fat
diet compared with high-fat diet with no supplement-
ation, as well as in diabetic mice consuming regular
chow(99). Cyanidin-3-glucoside was administered as
0·2 % of total diet, equivalent to 160–300 mg for every
kg body weight/d, considered to be at the supra-
physiological level(99). The evidence as a whole suggests
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that blueberry anthocyanins and perhaps other berry
anthocyanins may have potentially preventative effects
on glycaemia and weight gain. However, the observed
effects were specific to concentrated extracts and no dif-
ferences were seen for mice receiving a freeze-dried pow-
der or juice.

The relatively short half-lives of anthocyanins suggest
that their phase I and II metabolites may contribute sign-
ificantly to their sum effect on glucose homeostasis.
Significant circulating metabolites include PCA and its
metabolites vanillic and hippuric acid, as well as phloro-
glucinaldehyde and its metabolite ferulic acid(69,100). In
fact, some of these metabolites have been shown to be
important for glucose uptake, insulin signalling and adi-
pokine expression in in vitro studies in human and rat
adipocytes(101–103). Diabetic KK-Ay mice subjected to
5-week daily administration of concentrated bilberry ex-
tract (27 g/kg diet) showed a marked reduction in fasting
plasma glucose and improved insulin sensitivity(104).
Interestingly, phosphorylated AMP-activated protein
kinase-α and GLUT4 mRNA and protein levels were
increased in both skeletal muscle and mesenteric adipose
tissues. AMP-activated protein kinase-α acts as sensor of
cellular energy status and when activated, stimulates pro-
cesses to generate ATP, such as the translocation of
GLUT4 transporters in order to increase cellular influx
of glucose(105). The significant increase in AMP-activated
protein kinase-α was also observed in liver tissue, result-
ing in the down-regulation of glucose-synthesising genes.
These data suggest that in addition to influencing carbo-
hydrate digestion and absorption, circulating anthocya-
nin metabolites may act to increase insulin sensitivity.

In conclusion, there is significant evidence of a benefi-
cial role of anthocyanins present in berry extracts in gly-
caemic control during fasting and postprandial states in
mice, and the role of anthocyanins in the regulation of
peripheral tissue gene expression warrants further inves-
tigation. The apparently favourable effects of berry poly-
phenols in animals are extended to human subjects in the
following section.

Human studies

Research investigating the role of polyphenols in carbo-
hydrate digestion and absorption in human subjects is
largely dominated by randomised, placebo-controlled
trials, considered the gold standard in scientific research.
However, the varying types of berries and berry combi-
nations, the methods of administering the treatments
and the specifics of each study design bring a substantial
amount of variation. Details of these studies are outlined
in Table 1.

Edirisinghe et al.(106) tested the effects of a strawberry
extract milk-based drink on plasma glucose and serum
insulin levels. Although no changes in glucose were
observed, insulin levels were significantly higher in the
placebo arm. The lack of effect on glucose levels could
be explained by the presence of milk proteins, which
may compete for polyphenol binding(107,108). Post-
prandial glucose and insulin responses were reduced in

overweight subjects who consumed 0·47 g encapsulated
bilberry extract (equivalent to a 50 g serving of bilberries)
alongside 75 g Polycal liquid as an oral glucose tolerance
test(109). Interestingly, the most significant effects were
observed at later time points (120, 150 and 180 min), in
contrast with other studies(70,72).

Lingonberry and blackcurrant purées significantly
lowered plasma glucose at 15 and 30 min, and increased
plasma glucose after 60 min relative to control, post-
ingestion of 35 g sucrose, and blackcurrant nectar
showed comparable results(70). Similar studies using a
mixed berry purée of blackcurrant, strawberries, cran-
berries and bilberries demonstrated consistent time-
dependent glucose and insulin responses to 35 g sucrose
(reduced 15–45 min, increased at approximately 90
min), together with a borderline increase in plasma
glucagon-like peptide-1 concentrations in the early post-
prandial phase(71,72). Interestingly, these experiments, all
by the same group, consistently demonstrate that berries
inhibit the early phase of postprandial glycaemia, when
sucrose is being hydrolysed by α-glucosidase into glucose
and fructose, and glucose is being rapidly absorbed from
the upper small intestine, whereas there is a compensa-
tory increase in the later postprandial phase relative to
control, suggesting a more protracted glycaemic response
to sucrose ingestion when consumed with berries.

More recently, the same group reported that a
blackcurrant, strawberry, bilberry and cranberry purée
reduced postprandial glycaemia 0–30 min in response
to white wheat bread consumption (50 g starch) by
32 %(110). On the other hand, a study investigating the ef-
fect of blueberries and raspberries found no differences in
postprandial glycaemia compared with control, although
the low participant number, short washout period (1 d),
use of a fingerprick capillary bloods with a portable glu-
cose analyser, and possibly inadequate mastication of the
whole berries are important limitations to consider(111).
Additional studies investigating the effects of anthocya-
nins on glycaemic responses to solid and liquid mixed
meals containing starches and/or sucrose will further elu-
cidate the potential effects of berry polyphenols on meta-
bolic response.

The earlier mentioned studies investigate the acute re-
sponse to the administration of anthocyanins; however,
there may also be a longer-term effect as a consequence
of daily consumption. Obese men and women adminis-
tered a blueberry smoothie (668 mg anthocyanins;
1462 mg total phenolics) twice daily for 6 weeks demon-
strated a positive effect on IR compared with a nutrition-
ally matched blueberry-free smoothie(112). Subjects
followed an ad libitum diet, suggesting the addition of
this amount of blueberries, about two cups fresh blue-
berries per d, even without dietary changes may influence
the current state of IR, although it is possible that other
dietary changes were made in a motivated study
population.

Overall, the evidence base to date indicates an inhibi-
tory effect of berry extracts or purées in the initial post-
prandial glycaemic response, suggesting that berry
components such as anthocyanins and proanthocyani-
dins might be acting in the gut as a ‘brake’ on the rate
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Table 1. Summary of randomised controlled acute and chronic dietary intervention trials using berry meals

References n (sex), status, country

Subjects age

Design Dietary intervention
Food/ACN
(dose/d) Effects

Quality
assessmentMean SD

Stull et al. (112) Thirty two (M + F),
insulin resistant, USA

51 3 DB P; Chronic
(6 week)

freeze-dried BB powder 668 mg ACN − stimulation of IS +

Törrönen
et al.(71)

Twelve (M + F),
healthy, Finland

54 15 SB CO; acute purée of BC, BIB, CB
and SB

150 g − ↓plasma glucose in early stages of
post prandial glucose curve

Æ

Edirisinghe
et al.(106)

Twenty four (M + F),
overweight, USA

51 15 SB CO; acute freeze-dried SB powder 82 mg ACN ↓ insulin at 60 and 180 min post meal
and improved IS in post prandial
state

+

Clegg
et al.(111)

Twelve (M + F),
healthy, Finland

33 13 CO; acute RB- or BB-containing
pancakes

100 g berries − no effect on postprandial glucose
response

+

Törrönen
et al.(72)

Twelve (M + F),
healthy, Finland

58 11 SB CO; acute purée of BC, BIB, CB
and SB

150 g − glucose curve normalised +

Törrönen
et al.(70)

Twenty (F), healthy or
overweight, Finland

57 10 SB CO; acute BB purée and nectar,
LB purée and nectar

150 g − normalised postprandial glucose
curve by purée and less-so by
nectar

+

Hoggard
et al.(109)

Eight (M), T2D, UK 62 5 DB CO; acute BIB extract 169 mg ACN − 18 % ↓plasma glucose iAUC
following OGTT

+

Törrönen
et al.(110)

Study 1 Fifteen (F), healthy,
Finland

48 14 SB CO; acute purée of SB, BIB or LB 150 g − SB purée may improve glycaemic
response

+

Study 2 Thirteen (F), healthy,
Finland

50 12 SB CO; acute purée of RB, CLB or
CHB

150 g − no significant effects on blood
glucose

+

Study 3 Twenty (F), healthy,
Finland

57 12 SB CO; acute purée of SB, BIB, CB +
BC

150 g ↓ early postprandial hyperglycaemia;
↑ glycaemic profile

+

Quality assessment was based on the method recommended by the American Dietetic Association(113). Studies were assessed and given one of the following three scores: Minus (−), indicating that the study
scored poorly on at least six out of ten points; Neutral (Æ), indicating that the study was not exceptionally strong (scores were poor on points relating to validity/reliability of outcomes, whether the intervention was
described in enough detail, whether selection of study participants was free from bias, and whether study groups were comparable and methods of randomisation was described and unbiased); and Plus (+),
indicating that the study was of very high quality, i.e. scores were high on the previous 4 points and also high on at least one other point. ACN, anthocyanins; M, males; F, females; USA, United States of America;
SB CO, single-blind cross-over; SB, strawberry; T2D, type 2 diabetes mellitus; UK, United Kingdom; DB CO, double-blind cross-over; BIB, bilberry; iAUC, incremental area under the curve; OGTT, oral glucose
tolerance test; BB, blueberry; LB, lingonberry; BC, blackcurrant; CB, cranberry; RB, raspberry, CLB, cloudberry; CHB, chokeberry; CO, cross-over. DB P, double-blind parallel; IS, insulin sensitivity.
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of glucose absorption, but not the total amount.
However, the majority of the study designs involve
administering whole berries or berry purées, making it
difficult to pinpoint the relative effects of the polyphenols
v. other components such as fibre, which might delay the
rate of glucose absorption by slowing down gastric
emptying. It is impossible to distinguish the relative con-
tributions of the berry anthocyanins, proanthocyanidins,
ellagitannins, flavonols, and phenolic acids from the
human studies published to date. The in vitro experi-
ments using Caco-2 cells and controlled expression of
glucose transporters in Xenopus oocytes may help to
shed light on these questions in order to optimise the
efficacy of mixed berry extracts intended for nutraceutic-
al or functional food applications. Further randomised
controlled trials using alternative study designs may
also address the relative contributions of anthocyanins
compared with other berry polyphenols, for example
comparing high anthocyanin blackcurrants with low
anthocyanin greencurrants, or using powdered berry
extracts concentrated in polyphenol content and contain-
ing minimal concentrations of other nutrients/
non-nutrients.

Conclusions and future directions

As a whole, it is apparent from these studies that there is
a role for berry anthocyanins, as well as other berry poly-
phenols, in regulating digestion and absorption of carbo-
hydrates. Gastrointestinal interactions, in combination
with post-absorptive effects of anthocyanins and their
metabolites (such as changes in gene expression), would
be expected to result in a sum normalisation of the post-
prandial glucose curve in vivo if berries were habitually
consumed with meals, as suggested by both animal and
human studies. Further mechanistic insights might be
made using additional in vitro studies focussing on struc-
tural relationships between anthocyanins and the enzyme
or transporter in question, and may highlight possible
synergistic effects of different anthocyanins or polyphe-
nols, increasing the potential to exploit these mechanisms
in the improvement of postprandial hyperglycaemia.
Incorporation of individual or blended berry extracts
into novel food or drink products, such as no added
sugar fruit drinks, cereal bars, wholegrain crackers,
breads and pasta, offers a potential avenue of functional
food development that could target consumers (healthy
or with T2D) who are interested in controlling their
blood glucose concentrations. A more gradual and sus-
tained insulinaemic response could potentially increase
satiety during intermeal intervals(4) and a lowered post-
prandial glycaemia is likely to protect the optimum func-
tionality of pancreatic β cells, the vascular endothelium
and hepatic lipid metabolism. However, there may be
significant technical challenges for the food and drink in-
dustry in formulating products with the desired charac-
teristics in terms of physical and chemical stability(114),
bioavailability(107) and palatability(115). Anthocyanin
contents vary among species and cultivars, and are sub-
ject to genetic, agricultural and environmental factors

as well as storage and processing conditions(116–118).
Processing and cooking (freezing, cutting, slicing, heat-
ing, etc.) can alter the cellular structure provoking trans-
formation and/or degradation in the anthocyanin
content(119). Most phenolic compounds are known and
even prized (particularly in the case of tea, coffee and
wine) for their astringency and bitterness, but these
properties are not always desirable in other foods so add-
itional ingredients can sometimes be added to overcome
these sensory challenges, for example, gums and pec-
tins(120). However, it is possible that addition of polysac-
charides would enable the polyphenols to bind to these
instead of the digestive enzymes, thus diminishing their
glycaemia-lowering effects, and considerable efforts
would be required by the food industry to develop ac-
ceptable novel products fortified with berry extracts. In
conclusion, berry anthocyanins and other polyphenols
are not the sole answer to preventing T2D, but a greater
understanding of their potential in controlling blood glu-
cose levels provides nutritionists, dietitians and other
health professionals with another brick in the dam
against the predicted tidal wave of T2D.
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