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ABSTRACT: Polyphenol-rich extracts from a range of berries inhibited R-amylase in vitro, but the most effective were from
raspberry and rowanberry (IC50 values of 21.0 and 4.5 μg/mL, respectively). The inhibitory components were examined by different
approaches. Extracts from yellow and red raspberries were equally able to inhibit R-amylase. Because the yellow raspberry extracts
effectively lacked anthocyanins, this suggested that they were not crucial for amylase inhibition. Notably, however, higher levels of
other phenolic components in yellow raspberries (particularly, ellagitannins) did not increase amylase inhibition. Amylase inhibition
in rowanberry was recovered in a fraction enriched in proanthocyanidins (PACs). Inhibition was ameliorated by bovine serum
albumin, suggesting that PACs acted by binding to amylase. Co-incubation of rowanberry PACs with acarbose reduced the
concentration of acarbose required for effective amylase inhibition. Such synergistic interactions could have implications for the
current clinical use of acarbose for postprandial glycaemic control in type-2 diabetics.
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’ INTRODUCTION

Over the past decade, the theory that the health benefits
associated with a diet rich in fruits and vegetables may be derived,
in part, from the intake of natural antioxidants1 has gained
popularity. The main antioxidants in fruits are vitamin C and
polyphenols.2 The polyphenols are a diverse range of chemical
classes that share the ability to act as chain-breaking antioxidants,
which are proposed to protect against the damage caused by free
radicals to DNA, membrane, and cellular components.3 How-
ever, it is becoming clear that different classes of polyphenol
compounds differ greatly in their bioavailability.4 Components,
such as anthocyanins, which are abundant in berries,5 have low
serum bioavailability and/or poor stability under serum condi-
tions in vivo6 and are therefore unlikely to provide protection at
the cellular level. The major part of the ingested polyphenol dose
from berries is not taken up into the circulation and passes
through the upper gastrointestinal tract (GIT) to the large
intestine, where they may be biotransformed or broken down
by the indigenous microbiota.7 As a result, the health benefits
derived from a diet rich in polyphenol antioxidants may be partly
delivered through effects carried out within the GIT. Polyphe-
nols or their metabolites may influence health by preventing
damage caused by free radicals generated in the GIT from foods,8

modulating intestinal inflammatory responses,9 influencing the
development of cancers in intestinal cells in direct contact with
the gut contents,10 or beneficially modulating the colonic
microbiota.11 In addition, it has become clear that polyphenols
may be able to modulate nutrient availability through the
inhibition of digestive enzymes involved in lipid and starch
breakdown, which could lead to beneficial effects on calorie
intake and obesity12 and blood glucose control,13 respectively. In

previous work, we observed that polyphenol-rich extracts from
berries could inhibit the two main enzymes involved in starch
digestion, R-amylase and R-glucosidase, in vitro but at levels
easily achievable in the GIT.14 Indeed, inhibition of these
enzymes is the target of drugs, such as acarbose (known as
Glucobay and Precose), which are used therapeutically to control
blood glucose levels in type-2 diabetics after starch-containing
meals.15 Since this work, other groups have confirmed the ability
of berry extracts to inhibit these enzymes in vitro and some have
begun to rank cultivars on this potential health benefit.16

In this study, we focused on the ability of polyphenol-rich
extracts from a range of berries to inhibit R-amylase in vitro.
Using a range of berry extracts with characteristic and different
polyphenol compositions, we hope to identify candidate compo-
nents responsible for the inhibition. We used two different
approaches to identify the active inhibitory components in the
two most effective berry extracts. We have examined the possi-
bility that berry polyphenols can act in concert with the
therapeutically used R-amylase inhibitor, acarbose, to reduce
the dose required for effective glycaemic control.

’MATERIALS AND METHODS

Plant Material and Extraction. Most fruits were obtained in the
summer of 2008. Black currants (Ribes nigrum L. variety 8982-6) were
obtained from Bradenham Hall, Norfolk, U.K., and blueberries
(Vaccinium corymbosum, variety Berkeley) were grown at SCRI.
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Cloudberries (Rubus chamaemorus), Arctic bramble (Rubus stellatus �
Rubus arcticus), lingonberries (Vaccinium vitis-idaea), and rowanberries
(Sorbus aucuparia, variety Sahharnaja) were obtained from Dr. Harri
Kokko, University of Kuopio, Finland. Strawberries (Fragaria ananassa,
variety Elsanta) and raspberries (Rubus idaeus, variety Glen Ample) were
obtained from local farmers. All fruits were picked at full ripeness, frozen
within a day of picking, and then, where required, transported frozen to
SCRI. Blackberries (Rubus fruticosus L.), pomegranates (Punica grana-
tum L.), and red wine (Echo Falls, a Merlot variety wine from Mission
Bell Winery, Madera, CA) were purchased from a local supermarket.
Red wine was concentrated by rotary evaporation to remove alcohol.

Yellow raspberries (SCRI accession number 97134B1) were obtained
from the SCRI breeding program in the summer of 2009 as a kind gift
from Dr. Nikki Jennings. Fruits were extracted by the protocol outlined
previously.17 Briefly, the frozen fruits were homogenized in an equal
volume to weight of 0.2% (v/v) formic acid in ultra-pure water (UPW)
using a Waring blender (5 times for 15 s on full power). The extracts
were filtered through tripled muslin and then centrifuged at 4000 rpm
for 10 min at 4 �C to remove suspended polysaccharides and pulp. All
extracts were applied to individual C18 solid-phase extraction (SPE)
units (Strata C18-E, GIGA units, 10 g capacity; Phenomenex, Ltd.,
Macclesfield, U.K.) prewashed in 0.2% (v/v) formic acid in acetonitrile
and then pre-equilibrated in 0.2% (v/v) formic acid in water. The
unbound material, which contained the free sugars, organic acids, and
vitamin C, was collected. The SPE units were washed with a unit volume
of 0.2% (v/v) aqueous formic acid and then with 2 volumes of UPW.
The polyphenol-enriched bound extracts eluted with 80% acetonitrile/
UPW. These C18-bound extracts were evaporated to dryness in a
SpeedVac (Thermo Scientific, Waltham, MA).
Fractionation on Sephadex LH-20. Sorption to Sephadex LH-

20 in aqueous ethanol and stepwise elution with solutions of aqueous
ethanol and acetone are an established method for polyphenol compo-
nents. The method was adapted from the Tannins Handbook (kindly
made available at www.users.muohio.edu/hagermae/tannin.pdf). Briefly,
a column of Sephadex LH-20 was washed in 80% (v/v) ethanol/water
and then 80% (v/v) acetone/water before being equilibrated with three
volumes of 5% ethanol. Rowanberries were extracted in 50% ethanol/
water as above and then rotary-evaporated to remove ethanol. After
filtration through Whatman GF/C paper, the rowanberry extract was
diluted 1:1 with 10% ethanol. This extract was applied to the column,
and various fractions were collected (see Figure S1 of the Supporting
Information). Fractions 1 and 2 were eluted as unbound run through
and by further application of 5% ethanol, respectively. Fractions
3-5 were eluted successively by application of 25% ethanol, and fraction
6 was eluted with 50% ethanol. Fractions 7 and 8 were eluted with 50%
acetone, and fraction 9 was eluted using 80% acetone.
Anthocyanin and Phenol Assays. The total anthocyanin con-

centration was estimated by a pH differential absorbance method.18 The
absorbance value was related to the anthocyanin content using the molar
extinction coefficient calculated for cyanidin-3-O-glucoside (purchased
from ExtraSynthese, Ltd., Genay, France). The phenol content was
measured using a modified Folin-Ciocalteau method.18 Phenol con-
tents were estimated from a standard curve of gallic acid. Samples were
dried in aliquots to a constant phenol content using a SpeedVac.
Amylase Assay. This assay was conducted as described previously.14

Briefly, stock starch solution was prepared by suspending 1% (w/v)
soluble potato starch (Sigma Chem. Co., Ltd., product S-2360) in
synthetic saliva buffer and gelatinizing the mixture for 15 min at 90 �C.
Porcine pancreatic R-amylase (Sigma Chem. Co., Ltd., product
A-3176) was dissolved in synthetic saliva buffer at 380 mg/L. The
control assay contained 800 μL of synthetic saliva buffer, 100 μL of R-
amylase, and 100 μL of UPW or extract, and the reaction was started
by the addition of 500 μL of starch solution. The positive extract assays
contained various amounts of extracts in the 100 μL volume. To estimate

IC50 values (the amount of phenols that gave 50% inhibition of
amylase), assays were carried out with a range of phenol contents.
Acarbose (Sigma Chem. Co. Ltd., product number A8980) was dis-
solved at 1 mg/mL in UPW. Bovine serum albumin (BSA, Sigma Chem.
Co. Ltd., product number A4503) was dissolved at 5 mg/mL in UPW.
Assay for Reducing Termini Using PAHBAH. A 5% (w/v)

stock solution of p-hydroxybenzoic acid hydrazide (PAHBAH) in 0.5 M
HCl was diluted 1:4 with 0.5 M NaOH to give the working PAHBAH
reagent. Triplicate samples (50 μL) of assays were taken at fixed times
and added to 1 mL of PAHBAH reagent in a 1.5 mL tube. After heating
for 10 min at 100 �C, the absorbance at 410 nm was measured. Controls
lacking enzyme were used as blanks. An assay time of 5 min was taken as
the standard because the rate of production of reducing termini was
linear up to this point. The percent of control amylase activity was
calculated as the difference between the control and the plus extract
reactions divided by the control reaction.
Liquid Chromatography-Mass Spectrometry (LC-MS).

Samples (containing 20 μg of gallic acid equivalents by the Folin assay)
were analyzed on a LCQ-DECA system, comprising a Surveyor auto-
sampler, pump, photodiode array detector (PDAD), and a Thermo-
Finnigan mass spectrometer ion trap. The PDAD scanned three discrete
channels at 280, 365, and 520 nm. Samples were eluted with a gradient of
5% acetonitrile (0.1% formic acid) to 40% acetonitrile (0.1% formic
acid) on a C18 column (Synergi Hydro C18 with polar end-capping,
4.6� 150 mm, Phenomenex, Ltd.) over 60 min at a rate of 400 μL/min.
The LCQ-DECA liquid chromatography-mass spectrometer was fitted
with an electrospray ionization interface, and the samples were analyzed
in positive- and negative-ion mode. There were two scan events: full-
scan analysis, followed by data-dependent MS/MS of the most intense
ions. The data-dependent MS/MS used collision energies (source
voltage) of 45% in wide-band activation mode. The MS detector was
tuned against cyanidin-3-O-glucoside (positive mode) and against
ellagic acid (negative mode). Polyphenol components were detected
and identified using their PDA, MS, and MS2 properties using data
gathered in-house and from the literature (raspberry10,19-22 and
rowanberry23). The relative content of polyphenols in yellow and red
raspberry extracts was determined by comparing the peak areas for
triplicate samples using the Xcalibur software (Thermo, Ltd., U.K.).

’RESULTS

A range of polyphenol-rich extracts from berries inhibited R-
amylase activity in vitro (Figure 1) with various levels of effec-
tiveness. The order of effectiveness was largely maintained when
re-assayed at lower concentrations and indicated that extracts
from raspberries and rowanberries were particularly effective.
Indeed, the rowanberry and raspberry extract gave IC50 values of
4.5 and 21.0 μg of gallic acid equivalent (GAE)/mL, respectively,
suggesting that they contained potent inhibitors.

The identity of the R-amylase inhibitors in raspberry and
rowanberry extracts was examined by two different approaches.
First, extracts were prepared from a red raspberry (Glen Ample)
and from a yellow raspberry accession from SCRI’s breeding
program and then tested for their ability to inhibit amylase. Both
the polyphenol-rich extracts caused complete inhibition of
activity at 50 μg/mL, and the red raspberry extract gave an
IC50 value of 13.5 μg/mL, which is slightly lower than the original
raspberry extract. However, the yellow extracts gave an IC50

value of ∼16.5 μg/mL, which is essentially similar to the red
extracts (Figure 2).

As could be expected, the yellow raspberries effectively lacked
anthocyanins and had approximately 25-fold lower total antho-
cyanin content (results not shown) than the red raspberry
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extracts. However, the yellow extracts had a higher content of
other polyphenol components, including ellagitannins, flavonols,
and hydroxycinnamate derivatives (Figure 3 and Table S1 of the
Supporting Information) as assessed by LC-MS. However,
there was a general increase in the levels of non-anthocyanin
components, but there were differences within polyphenol
groups. For example, the relative content of the ellagitannin,
Lambertinian C, was increased 7-fold over the red raspberry, but
Sanguiin H6 was only increased 4-fold. Also, within the flavonols,
the relative content of quercetin-3-glucuronide was increased
over 7-fold, whereas the levels of quercetin rutinosides were
effectively similar.

Therefore, the absence of anthocyanins did not markedly
reduce amylase inhibition, and the presence of relatively higher
amounts of ellagitannins did not substantially improve the
inhibition of amylase. This suggests that ellagitannins are not
solely responsible for amylase inhibition. This confirms the

finding of the screening process in which raspberry extracts were
more effective inhibitors than cloudberry extracts, which have
similar polyphenol composition, except for the very low levels of
anthocyanins in cloudberry extracts.5

In another approach, the rowanberry extracts were fractio-
nated using step elution chromatography on Sephadex LH-20
(see Figure S1 of the Supporting Information). The fractions
were obtained by elution with increasingly less polar solvents,
and the main constituents were identified by LC-MS. The
original rowanberry extract had a similar composition to previous
work23 containing hydroxycinnamic acids (mainly chlorogenic
acids), flavonols, and anthocyanins. The fractionation of the
main components could be readily followed. Fraction 1 was
mainly composed of chlorogenic acids. Fractions 2 and 3
contained chlorogenic acids and anthocyanins in varying
amounts. Fraction 4 contained mainly quercertin hexoses. Frac-
tion 5 contained as yet unidentified phenolic components.

Figure 2. Amylase inhibition by extracts from red and yellow raspberries. Extracts were assayed at a range of phenol contents. The percent control
activity was assessed for each set of assays. The values shown are averages of triplicate assays ( standard error. The trend lines were fitted using Excel
software.

Figure 1. Inhibition ofR-amylase activity in vitro by berry extracts. Extracts were assayed at 50 and 100 μg of GAE/mL. The percent control activity was
assessed for each set of assays. The values shown are averages of triplicate assays ( standard error.

http://pubs.acs.org/action/showImage?doi=10.1021/jf1045359&iName=master.img-000.jpg&w=300&h=198
http://pubs.acs.org/action/showImage?doi=10.1021/jf1045359&iName=master.img-001.jpg&w=300&h=189
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Fraction 6 contained low levels of unidentified phenolics. Frac-
tion 7 mainly contained quercetin coumaroyl hexoses, and
fraction 8 was mainly composed of proanthocyanidins (PACs)
(Figure 4). As noted previously,17 PACs do not separate well on
reverse-phase LC but the fraction gave an MS spectra character-
istic of A- and B-type PACs composed of epicatechin units
(Figure 5B24) known to be present in rowanberry.23,25 For
example, there are signals at both 1151 and 1153, which are
characteristic of the A- and B-type tetramer of epicatechin,
respectively.

Only the PAC-rich fraction 8 caused substantial inhibition of
amylase at 20 μg/mL (Figure 4). Indeed, this fraction gave an
IC50 value of∼5 μg/mL for amylase inhibition compared to 4.5
μg/mL for the unfractionated rowanberry extract. Therefore, the

purified rowanberry PACs were as effective as the whole rowan-
berry extract, even though the concentration of PACs in the
whole rowanberry extract must have been considerably lower
than that in the PAC-enriched fraction.

The addition of BSA was protective against inhibition by
PACs (Figure 6), which suggests that PACs may operate by
binding to amylase and preventing interaction with the starch
substrate, as suggested previously.14 However, the protective
effect was maximal at 100 μg/mL when the assay contained 28.5
μg/mL amylase (and 4.5 μg/mL PACs), with no increase in
protective effect at up to 250 μg/mL BSA. A slight but significant
increase in the control amylase activity with BSA addition
suggested that part of the apparent protection against inhibition
by PACs may have been due to improved amylase activity.

Figure 4. Amylase inhibition by rowanberry fractions separated by Sephadex LH-20. The percent control activity was assessed for each set of assays. The
values shown are averages of triplicate assays( standard error, with each fraction added at 20 μg of GAE/mL. The whole rowanberry extract was assayed
as a positive control.

Figure 3. Relative contents of selected phenolic components in yellow and red raspberry extracts. Contents were estimated from peak areas at m/z
values characteristic of the various components and calculated using Xcalibur software. Further details are available in Table S1 of the Supporting
Information. Each value represents themean of peak areas from triplicate injections( standard error. The peak areas for the yellow raspberry extracts are
expressed as ratios of the peak areas for the red raspberry extracts. The component with [M-H] = 1717 was identified as an ellagitannin equivalent to
Sanguiin H6 minus a gallic acid group.20 GlcA denotes a glucuronide group.

http://pubs.acs.org/action/showImage?doi=10.1021/jf1045359&iName=master.img-002.jpg&w=315&h=189
http://pubs.acs.org/action/showImage?doi=10.1021/jf1045359&iName=master.img-003.jpg&w=305&h=206


2328 dx.doi.org/10.1021/jf1045359 |J. Agric. Food Chem. 2011, 59, 2324–2331

Journal of Agricultural and Food Chemistry ARTICLE

If the order of addition of components was changed and the
reaction started by the addition of the amylase rather than the
starch, then the rowanberry PACs were less effective. Not
preincubating amylase with PACs reduced inhibition at the
original IC50 value from ∼50% to around 70% control activity
(see Figure S2 of the Supporting Information). This suggests that
PACs interact directly with the amylase.

Assays were carried out to assess the effects of co-incubation
of rowanberry PACs with the known R-amylase inhibitor
acarbose.26 The IC50 value for acarbose was determined in the
in vitro assay system, and it was confirmed at 0.8 μg/mL or 1.24
μM, similar to previous reports.27 The effect of PACs and
acarbose were tested at various combinations of their IC50 values.
Combining PACs and acarbose at 100% of their IC50 values
expectedly gave considerable inhibition around 15% control
activity (Figure 7). Combining them at 50% of their individual
IC50 values gave inhibition lower than 50% control activity
(∼30% control), which suggests some additive or synergetic
effects between the two treatments. Adding them at 75% of the
IC50 value for PACs and 25% of the IC50 value for acarbose gave
greater inhibition than the 50:50 addition or, indeed, the

inhibition caused by the addition of 75% acarbose/25% PACs.
Taken together, this indicates that the combination with PACs
could reduce the effective dose of acarbose required for
inhibition.

’DISCUSSION

This study confirms previous work14 and recent studies16 that
polyphenol-rich extracts from berries can inhibit R-amylase in
vitro at low concentrations. Previous work strongly suggested
that ellagitannins (ETs) in raspberry were the main active com-
ponents for amylase inhibition.14 Purified ETs from strawberry
have also been shown to have amylase inhibitory activity.28

However, red raspberry extracts were considerably more effective
than cloudberry extracts, despite the higher relative content of
ETs in cloudberry extracts.5 Therefore, on this basis, one could
propose that the presence of anthocyanins potentiated amylase
inhibition by ETs. However, yellow raspberry extracts, which
were relatively enriched in ETs, were no more effective than red
raspberry extracts. However, other studies have suggested that
red raspberries were more effective amylase inhibitors than

Figure 5. LC-MS trace and MS spectra of rowanberry fraction 8. (A) UV trace (at 280 nm) of rowanberry fraction 8. (B) MS spectrum for the same
sample from 10 to 60 min. The values in the top right corner represent the full scale.

http://pubs.acs.org/action/showImage?doi=10.1021/jf1045359&iName=master.img-004.png&w=444&h=405
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yellow raspberries.29 In addition, the finding that red currants
were more effective in inhibiting amylase than black currants,30

which generally have higher anthocyanin content, does not
suggest that anthocyanins play a major role in the inhibition of
amylase.

Amylase inhibition was mainly recovered in a fraction en-
riched in PACs after fractionation of rowanberry extracts on
Sephadex LH-20, and PACs have been identified as potent
inhibitors of amylase in previous studies.31,32 The MS results
suggested that the rowanberry PACs were mainly of a low degree
of polymerization, but more detailed structural characterization
would be useful.33 Although the rowanberry PACswere as potent
inhibitors as the whole rowanberry extract (with IC50 values∼ 5
μg/mL), it is clear that this fraction must have been, at least, 10-
fold enriched in PACs compared to the original rowanberry
extract. This suggests that the presence of the other non-PAC
components may have influenced amylase inhibition. Synergism

of components may also partly explain the great difference in
effectiveness between the rowanberry extracts and the lingon-
berry extracts, which also contain PACs but differ considerably in
their polyphenolic composition.5,17,33

The protection of amylase inhibition by BSA and the order of
addition studies suggest that PACs influence amylase activity
through their protein-binding activity, as suggested previously,34

and reduce the ability of the enzyme to interact with the starch.
Given their astringency, it seems very likely that ETs also operate
by this mechanism.35 Therefore, although ETs in raspberry and
PACs in rowanberry obviously contribute greatly to the inhibi-
tion of amylase, it seems that the presence of other phenolic
components may potentiate the inhibition. This could occur by
stabilizing the ETs/PACs (thus, maintaining their inhibition), by
more subtly affecting the propensity of amylase to interact with
the tannin components or directly inhibiting amylase.

Flavonols and flavone aglycones have been found to inhibit
R-amylase in vitro,36 with IC50 values at micromolar levels
(equivalent to approximately 6 μg/mL for quercetin). Modeling
studies suggested that these components act by binding at the
active site,36 which could be synergistic with inhibition by the
protein-binding effect of PACs or ETs. Flavonol aglyones are rare
in berries,2 but glycosylated flavonols are common37 and were
present in the raspberry (Figure 3) and rowanberry extracts22

used in this study. However, an initial report suggested that
glycosylated flavonols were considerably less effective than their
aglycones;38 therefore, their ability to inhibit in these berry
extracts may be limited. The potential additive or synergistic
effect of phenolic components, such as flavonols or anthocyanins,
needs to be examined. In the first instance, studies that examine
the effect of recombination of fractions (such as tannin-rich,
flavonol-enriched, and anthocyanin-rich fractions) on amylase
inhibition are warranted.

The co-addition of acarbose and rowanberry PACs also
suggested that these components had an additive or synergistic
effect. The potent inhibition achieved by the addition of PACs
and acarbose at 75:25% of their IC50 values suggests that PACs
could be used to reduce the dose of acarbose required for
glycaemic control. Also, these results suggest that acarbose and

Figure 7. Effect of co-incubation with acarbose and rowanberry PACs. The percent control activity was assessed for each set of assays. The values shown
are averages of triplicate assays ( standard error. Acarbose and rowanberry PACs were added at various defined ratios of their IC50 values: e.g., 100/
100 = each at 100% of their IC50 values, and 75/25 = 75% IC50 value of rowanberry and 25% IC50 value of acarbose. Three replicate assays are shown, run
on different days.

Figure 6. Effect of BSA on the inhibition of amylase by rowanberry
PACs. The percent control activity was assessed for each set of assays.
The values shown are averages of triplicate assays( standard error. Two
repeat experiments are shown. Rowanberry PACs were added at 3.5 μg
of GAE/mL, and BSA was added at 100 μg/mL. Control assays without
PACs but with BSA were run to assess any protective effect of BSA on
amylase activity.

http://pubs.acs.org/action/showImage?doi=10.1021/jf1045359&iName=master.img-005.jpg&w=304&h=188
http://pubs.acs.org/action/showImage?doi=10.1021/jf1045359&iName=master.img-006.jpg&w=240&h=148
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PACs operate by binding at different sites, which prevents
competition and potentiates overall inhibition. Acarbose acts in
a mixed non-competitive manner and binds to a site other than
the active site.26

Acarbose is an effective treatment for modulating glycaemic
control in subjects with type-2 diabetes mellitus,15 but it has side-
effects mainly concerning gastrointestinal discomfort. Co-appli-
cation with PACs may have the potential to reduce the dose of
acarbose required and reduce side-effects. It is intriguing that
cyanidin-3-glucoside at low levels has also been found to
potentiate amylase inhibition in vitro by acarbose.39 Indeed,
studies have suggested that cyanidin-3-glucoside binds to
R-amylase and may alter its tertiary structure.40

Studies41 indicate that berry polyphenols could be available in
the small intestine at concentrations that cause inhibition of
amylase in vitro. The components identified as important in-
hibitors in this study (PACs in rowanberry and ETs in raspberry)
have been reported to undergo partial breakdown under real or
simulated gastrointestinal conditions,42-44 but initial studies
suggest that berry extracts subjected to in vitro digestion also
retain amylase inhibitory activity to a large degree (results not
shown).

Animal model studies have shown that polyphenol-rich berry
extracts can ameliorate hyperglycaemia,45 and there are indica-
tions that berry componentsmay be effective in humans.46,47 The
limited studies on berry components build on a wealth of
evidence that other polyphenol-rich extracts can influence gly-
caemic control in animal models, often as a result of inhibition of
starch digestion (such as grape pomace polyphenols48). In
summary, these in vitro results indicate that berry polyphenols
inhibit R-amylase at levels easily achieved in the GIT through
normal dietary intake of fruits or juices. Considering that similar
berry extracts have been shown to inhibitR-glucosidase in vitro,49

there is obvious potential for synergy in the inhibition of starch
digestion in the GIT. Finding a balance between R-amylase and
R-glucosidase inhibition may be important to limit gastrointest-
inal side-effects associated with undigested starch reaching the
colon. However, there are a number of foreseeable problems. For
example, the presence of other dietary components, such as
proteins, polysaccharides,34 and bile secretions, may protect
against inhibition by polyphenols. Ultimately, further human
studies will be required to discover if these effects can be
transferred to the In Vivo situation.

’ASSOCIATED CONTENT

bS Supporting Information. Illustration of the rowanberry
fractionation (Figure S1), data on the effect of changing the order
of the addition of amylase assay components (Figure S2), and
identification of phenolic components in red and yellow rasp-
berry extracts (Table S1). This material is available free of charge
via the Internet at http://pubs.acs.org.

’AUTHOR INFORMATION

Corresponding Author
*Telephone:þ44-1382-562731. Fax:þ44-1382-562426. E-mail:
gordon.mcdougall@scri.ac.uk.

Present Addresses
†Division of Plant Sciences, University of Dundee at SCRI, Errol
Road, Invergowrie, Dundee DD2 5DA, U.K.

Funding Sources
We acknowledge funding from the Scottish Government
Rural and Environment Research and Analysis Directorate
(RERAD).

’ACKNOWLEDGMENT

We thank Nikki Jennings for the supply of yellow raspberries
and Dr. Harri Kokko, University of Kuopio, Finland, for the kind
gift of Scandinavian berries.

’REFERENCES

(1) Basu, T. K.; Temple, N. J.; Garg, M. L. Antioxidants in Human
Health and Disease; CABI Publishing: Wallingford, U.K., 1999.

(2) Macheix, J. F. A.; Billot, J. Fruit Phenolics; CRC Press: Boca
Raton, FL, 1990.

(3) Halliwell, B. Antioxidants in human health and disease. Ann. Rev.
Nutr. 1996, 16, 33–50.

(4) Manach, C.; Williamson, G.; Morand, C.; Scalbert, A.; Remesy,
C. Bioavailability and bioefficacy of polyphenols in humans. I. Review of
97 bioavailability studies. Am. J. Clin. Nutr. 2005, 81, 230S–242S.

(5) K€ahk€onen, M. P.; Hopia, A. I.; Heinonen, M. Berry phenolics
and their antioxidant activity. J. Agric. Food Chem. 2001, 49, 4076–
4082.

(6) Kay, C. D.; Kroon, P. A.; Cassidy, A. The bioactivity of dietary
anthocyanins is likely to bemediated by their degradation products.Mol.
Nutr. Food Res. 2009, 53, S92–S101.

(7) Williamson, G.; Clifford, M. N. Colonic metabolites of berry
polyphenols: The missing link to biological activity? Br. J. Nutr. 2010,
104, S48–S66.

(8) Gorelik, S.; Lapidot, T.; Shaham, I.; Granit, R.; Ligumsky, M.;
Kohen, R.; Kanner, J. Lipid peroxidation and coupled vitamin oxidation
in simulated and human gastric fluid inhibited by dietary polyphenols.
J. Agric. Food Chem. 2005, 53, 3397–3402.

(9) Romier, B.; Schneider, Y. J.; Larondelle, Y.; During, A. Dietary
polyphenols can modulate the intestinal inflammatory response. Nutr.
Rev. 2009, 67, 363–378.

(10) Coates, E. M.; Popa, G.; Gill, C. I. R.; McCann, M. J.;
McDougall, G. J.; Stewart, D.; Rowland, I. Colon-available raspberry
polyphenols exhibit anti-cancer effects on in vitro models of colon
cancer. J. Carcinog. 2007, 6, 1–11.

(11) Parkar, S. G.; Stevenson, D. E.; Skinner, M. A. The potential
influence of fruit polyphenols on colonic microflora and human gut
health. Int. J. Food Microbiol. 2008, 124, 295–298.

(12) McDougall, G. J.; Kulkarni, N. N.; Stewart, D. Berry polyphe-
nols inhibit pancreatic lipase activity in vitro. Food Chem. 2009,
115, 193–199.

(13) McDougall, G. J.; Kulkarni, N. N.; Stewart, D. Current devel-
opments on the inhibitory effects of berry polyphenols on digestive
enzymes. BioFactors 2008, 33, 1–8.

(14) McDougall, G. J.; Shpiro, F.; Dobson, P.; Smith, P.; Blake, A.;
Stewart, D. Different polyphenolic components of soft fruits inhibit R-
amylase and R-glucosidase. J. Agric. Food Chem. 2005, 53, 2760–2766.

(15) Santeusanio, F.; Compagnucci, P. A risk-benefit appraisal of
acarbose in the management of non-insulin-dependent diabetes melli-
tus. Drug Saf. 1994, 6, 432–444.

(16) Cheplick, S.; Kwon, Y.-I.; Bhowmik, P; Shetty, K. Phenolic-
linked variation in strawberry cultivars for potential dietary management
of hyperglycemia and related complications of hypertension. Bioresour.
Technol. 2010, 101, 404–413.

(17) McDougall, G. J.; Ross, H. A.; Ikeji, M.; Stewart, D. Berry
extracts exert different anti-proliferative effects against cervical and colon
cancer cells grown in vitro. J. Agric. Food Chem. 2008, 56, 3016–3023.

(18) Deighton, N.; Brennan, R.; Finn, C.; Davies, H. V. Antioxidant
properties of domesticated and wild Rubus species. J. Sci. Food Agric.
2000, 80, 1307–1313.



2331 dx.doi.org/10.1021/jf1045359 |J. Agric. Food Chem. 2011, 59, 2324–2331

Journal of Agricultural and Food Chemistry ARTICLE

(19) Mullen, W.; Yokota, T.; Lean, M. E. J.; Crozier, A. Analysis of
ellagitannins and conjugates of ellagic acid and quercetin in raspberry
fruits by LC-MSn. Phytochemistry 2003, 64, 617–624.
(20) Gasperotti, M.; Masuero, D.; Vrhovsek, U.; Guella, G.; Mattivi,

F. Profiling and accurate quantification of Rubus ellagitannins and ellagic
acid conjugates using direct UPLC-Q-TOF HDMS and HPLC-DAD
analysis. J. Agric. Food Chem. 2010, 58, 4602–4616.
(21) McDougall, G.; Martinussen, I.; Stewart, D. Towards fruitful

metabolomics: High throughput analyses of polyphenol composition in
berries using direct infusion mass spectrometry. J. Chromatogr., B: Anal.
Technol. Biomed. Life Sci. 2008, 871, 362–369.
(22) Maatta-Riihinen, K. R.; Kamal-Eldin, A.; Torronen, R. Identi-

fication and quantification of phenolic compounds in berries of Fragaria
and Rubus species (family Roseaceae). J. Agric. Food Chem. 2004,
52, 6178–6187.
(23) Kylli, P.; Nohynek, L.; Puupponen-Pimi€a, R.; Westerlund-

Wikstr€om, B.; McDougall, G.; Stewart, D.; Heinonen, M. Rowanberry
phenolics: Compositional analysis and bioactivities. J. Agric. Food Chem.
2010, 58, 11985–11992.
(24) M€a€att€a-Riihinen, K. R.; K€ahk€onen, M. P.; T€orr€onen, A. R.;

Heinonen, I. M. Catechins and procyanidins in berries of Vaccinium
species and their antioxidant activity. J. Agric. Food Chem. 2005,
53, 8485–8491.
(25) Olszewska, M. A.; Michel, P. Antioxidant activity of inflores-

cences leaves and fruits of three Sorbus species in relation to their
polyphenolic composition. Nat. Prod. Res. 2009, 23, 1507–1521.
(26) Ferey-Roux, G.; Perrier, J.; Forest, E.; Marchis-Mouren, G.;

Puigserver, A.; Santimone, M. The human pancreatic R-amylase iso-
forms: Isolation, structural studies and kinetics of inhibition by acarbose.
Biochim. Biophys. Acta 1998, 1388, 10–20.
(27) Desseaux, V.; Kouliekolo, R.; Moreau, Y.; Santimone, M.;

Marchis-Mouren, G. Mechanism of porcine pancreatic R-amylase:
Inhibition of amylase and maltopentaose hydrolysis by various inhibi-
tors. Biologia 2002, 57, 163–170.
(28) Pinto, M. D.; de Carvalho, J. E.; Lajolo, F. M.; Genovese, M. I.;

Shetty, K. Evaluation of anti-proliferative, anti-type 2 diabetes, and anti-
hypertension potentials of ellagitannins from strawberries (Fragaria x
ananassa Duch.) using in vitro models. J. Med. Food 2010, 13, 1027–
1035.
(29) Cheplick, S.; Kwon, Y. I.; Bhowmik, P.; Shetty, K. Clonal

variation in raspberry fruit phenolics and relevance for diabetes and
hypertension management. J. Food Biochem. 2007, 31, 656–679.
(30) Pinto, M. D.; Kwon, Y. I.; Apostolidis, E.; Lajolo, F. M.;

Genovese, M. I.; Shetty, K. Evaluation of red currants (Ribes rubrum
L.), black currants (Ribes nigrum L.), red and green gooseberries
(Ribes uva-crispa) for potential management of type 2 diabetes and
hypertension using in vitro models. J. Food Biochem. 2010,
34, 639–660.
(31) Kawakami, K.; Aketa, S.; Nakanami, M.; Iizuka, S.; Hirayama,

M. Major water-soluble polyphenols, proanthocyanidins, in leaves of
persimmon (Diospyros kaki) and their R-amylase inhibitory activity.
Biosci., Biotechnol., Biochem. 2010, 74, 1380–1385.
(32) Loo, A. E. K.; Huang, D. Assay-guided fractionation study of

R-amylase inhibitors from Garcinia mangostana pericarp. J. Agric. Food
Chem. 2007, 55, 9805–9810.
(33) Hellstrom, J. K.; Torronen, R.; Mattila, P. H. Proanthocyani-

dins in common food products of plant origin. J. Agric. Food Chem. 2009,
57, 7899–7906.
(34) Gonc-alves, R.; Mateus, N.; de Freitas, V. Inhibition of

R-amylase activity by condensed tannins. Food Chem. 2011, 125, 665–
672.
(35) Kandra, L.; Gyemant, G.; Zajacz, A.; Batta, G. Inhibitory effects

of tannin on human salivary R-amylase. Biochem. Biophys. Res. Commun.
2004, 319, 1265–1271.
(36) Lo Piparo, E.; Scheib, H.; Frei, N.; Williamson, G.; Grigorov,

M.; Chou, C. J. Flavonoids for controlling starch digestion: Structural
requirements for inhibiting human R-amylase. J. Med. Chem. 2008,
51, 3555–3561.

(37) Hakkinen, S.; Heinonen, M.; Karenlampi, S.; Mykkanen, H.;
Ruuskanen, J.; Torronen, R. Screening of selected flavonoids and
phenolic acids in 19 berries. Food Res. Int. 1999, 32, 345–353.

(38) Bode, L. M.; Homann, T.; Rawel, H. M.; Kulling, S. Molecular
modelling of the R-amylase inhibition by flavonoids based on experi-
mental data. Abstracts of the Euro Food Chemistry XV—Food for the
Future Conference; Copenhagen, Denmark, July 5-8, 2009; p 160.

(39) Akkarachiyasit, S.; Charoenlertkul, P.; Yibchok-anun, S.;
Adisakwattana, S. Inhibitory activities of cyanidin and its glycosides
and synergistic effect with acarbose against intestinal R-glucosidase and
pancreatic R-amylase. Int. J. Mol. Sci. 2010, 11, 3387–3396.

(40) Wiese, S.; Gartner, S.; Rawel, H. M.; Winterhalter, P; Kulling,
S. E. Protein interactions with cyanidin-3-glucoside and its influence on
R-amylase activity. J. Sci. Food Agric. 2009, 89, 33–40.

(41) Karle, K.; Kraus, M.; Scheppach, W.; Ackermann, M.; Ridder,
F.; Richling, E. Studies on apple and blueberry fruits constituents: Do the
polyphenols reach the colon after ingestion?Mol. Nutr. Food Res. 2006,
50, 418–423.

(42) McDougall, G. J.; Dobson, P.; Fyffe, S.; Shpiro, F.; Stewart, D.
Assessing bioavailability of soft fruit polyphenols in vitro. Acta Hortic.
2007, 744, 135–148.

(43) Daniel, E. M.; Ratanayake, S.; Kinstle, T.; Stoner, G. D. The
effects of pH and rat intestinal contents on the liberation of ellagic acid
from purified and crude ellagitannins. J. Nat. Prod. 1991, 54, 946–952.

(44) Rios, L. Y.; Bennett, R. N.; Lazarus, S. A.; R�em�esy, C.; Scalbert,
A.; Williamson, G. Cocoa procyanidins are stable during gastric transit in
humans. Am. J. Clin. Nutr. 2002, 76, 1106–1110.

(45) Takikawa, M.; Inoue, S.; Horio, F.; Tsuda, T. Dietary antho-
cyanin-rich bilberry extract ameliorates hyperglycemia and insulin
sensitivity via activation of AMP-activated protein kinase in diabetic
mice. J. Nutr. 2010, 140, 527–533.

(46) T€orr€onen, R.; Sarkkinen, E.; Tapola, N.; Hautaniemi, E.; Kilpi,
K.; Niskanen, L. Berries modify the postprandial plasma glucose
response to sucrose in healthy subjects. Br. J. Nutr. 2010, 103, 1094–
1097.

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

(48) Hogan, S.; Zhang, L.; Li, J. R.; Sun, S.; Canning, C.; Zhou, K. Q.
Antioxidant rich grape pomace extract suppresses postprandial hyper-
glycemia in diabetic mice by specifically inhibiting R-glucosidase. Nutr.
Metab. 2010, 7, 71.

(49) Whitson, J.; McDougall, G. J.; Ross, H. A.; Lund, V. A.;
Hamilton, C. A.; Dominiczak, A. F.; Stewart, D. Bioactive berry
components: Potential modulators of health benefits. Funct. Plant Sci.
Biotechnol. 2010, 4, 34–39.


