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Polyphenol-rich extracts from a range of berries were tested for their ability to inhibit pancreatic lipase
activity in vitro. Blackcurrant and rowan extracts had no effect, blueberry caused slight inhibition, whilst
lingonberry, Arctic bramble, cloudberry, strawberry and raspberry were considerably more effective.
Inhibition by the cloudberry extract showed a saturation effect with an apparent EC50 of around 5 lg phe-
nols/ml.

The inhibitory components from cloudberry were retained in a tannin-rich fraction prepared by sorp-
tion to Sephadex LH-20. Comparison of the polyphenol composition of the active and inactive fractions
using liquid chromatography–mass spectrometry (LC–MS) strongly suggested that the active compo-
nents were ellagitannins. Similarly prepared fractions from raspberry and strawberry were also effective
inhibitors. Direct infusion mass spectra (DIMS) of the raspberry tannin and cloudberry tannin fractions
were very similar, with minor differences in the abundance of certain ellagitannin components, whereas
the strawberry tannin fraction was enriched in a mixture of ellagitannin and proanthocyanidin compo-
nents. The effective inhibition of lipase by the lingonberry extract may have been due to proanthocyandin
components. The nature, mechanism and possible physiological relevance of lipase inhibition by berry
components are discussed.

Crown Copyright � 2008 Published by Elsevier Ltd. All rights reserved.
1. Introduction (Birari & Bhutani, 2007) but there is also evidence that polyphenols
According to a recent World Health Organisation report, there is
an epidemic of obesity threatening the health of Western nations
(Anon, 2003). In the United Kingdom, 1 in 4 adults can be termed
obese (Anon, 2007) with all projections suggesting an increasing
trend over the next decades (Zaninotto et al., 2006). As well as
being a debilitating condition in its own right, obesity is a key con-
tributing risk factor for cardiovascular disease, certain cancers, dia-
betes and the combination of risk factors known as Metabolic
Syndrome (Lean, Lara & O’Hill, 2006). An imbalance between calo-
rie intake and metabolic expenditure is a central factor in many
cases of obesity and reductions in intake of energy dense fats
may be useful to reduce weight (Mulvihill & Quigley, 2003). The
suppression of energy intake by inhibiting the action of pancreatic
lipase, which splits triglycerides into absorbable glycerol and fatty
acids (Lowe, 1997), by drugs such as Orlistat (Sjöström et al., 1998),
has been employed to treat obesity.

There have been reports that naturally-occurring polyphenols
can inhibit pancreatic lipase and thereby influence fat digestion
and affect energy intake (McDougall & Stewart, 2005). Many stud-
ies have focused on polyphenols from teas and herbal sources
008 Published by Elsevier Ltd. All r
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from fruit sources can also inhibit this enzyme (e.g., Moreno, Ilic,
Poulev, Brasaemleet, Fried, & Raskin, 2003). This paper screens a
range of polyphenol-rich berry extracts and their sub-fractions
for effects on pancreatic lipase that could be relevant to fat diges-
tion, energy intake and obesity. By comparing the phytochemical
diversity of the berry extracts with their anti-lipase effectiveness,
key structural components may be identified.
2. Materials and methods

2.1. Extraction of berries

Blackcurrants (Ribes nigrum L. variety 8982-6) were obtained
from Bradenham Hall, Norfolk, UK and blueberries (Vaccinium cor-
ymbosum variety, Berkeley) were grown at SCRI. Cloudberries (Ru-
bus chamaemorus), Arctic bramble (Rubus stellatus � R. arcticus),
lingonberries (Vaccinium vitis-idaea) and rowan berries (Sorbus
aucuparia variety Sahharnaja) were obtained from Dr. Harri Kokko,
University of Kuopio. Strawberries (Fragaria ananassa variety
Elsanta) and raspberries (Rubus idaeus variety Glen Ample) were
obtained from local farmers. All fruit were picked at full ripeness
and frozen within a day of picking and, where required, then trans-
ported frozen to SCRI.

These were extracted by the protocol outlined previously
(Ross, McDougall, & Stewart, 2007). Briefly, the berries were
ights reserved.
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Fig. 2. Inhibition of lipase activity by cloudberry extract. Values are means of
triplicate assays ± standard error.
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homogenised in an equal volume to weight of 0.2% (v/v) formic
acid in water using a Waring blender (5 times for 15 s on full
power). The extract was filtered through tripled muslin then
centrifuged at 4000 rpm for 10 min at 4 �C to remove suspended
polysaccharides and pulp.

The extracts were applied to C18 solid phase extraction (SPE)
units (Strata C18-E, GIGA units, 10 g capacity; Phenomenex Ltd.,
Macclesfield, UK) pre-washed in 0.2% (v/v) formic acid in acetoni-
trile 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 then with 2 volumes
of ultra-pure water. The polyphenol-enriched bound extracts
eluted with acetonitrile. The C18-bound extracts were evaporated
to dryness in a SpeedVac (Thermo Scientific, Waltham, MA).

A second cloudberry extract was prepared by extracting 400 g
cloudberry puree in 400 ml of 0.2% (v/v) formic acid, as above.
The cloudberry puree was produced in Kuopio using a Robot Coupe
C200 machine which separates the seeds from the berries. The bulk
of this extract was applied to C18 SPE units, as described above.

A portion of the new cloudberry extract was freeze dried and re-
dissolved in 50% (v/v) ethanol and centrifuged to remove insoluble
material (as above) then applied to chromatography on Sephadex
LH-20, using the method outlined in the Tannins Handbook (at
www.users.muohio.edu/hagermae/tannin.pdf). Briefly, Sephadex
LH-20 was swollen in 50% (v/v) ethanol/water, poured into a glass
column, washed with 50% (v/v) acetone/water before being equil-
ibrated with three volumes of 50% ethanol.

The run-through material plus a column volume of 50% ethanol
was collected as the unbound fraction. The wash sample was ob-
tained when the column was washed with three column volumes
of 50% ethanol. The bound fraction was eluted with three volumes
of 50% acetone. The unbound and wash samples were rotary evap-
orated to remove ethanol and applied to C18 SPE units, as described
above. This ensured that they were enriched in polyphenols and
comparable to the original extract.

Strawberry and raspberry extracts were fractionated on Sepha-
dex LH-20 in essentially the same way, to prepare bound tannin-
rich samples.
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Fig. 1. Screen for inhibition of lipase inhibition by berry extracts. All extracts were
tested at 50 lg phenol content (GAE). BC = blackcurrant; ROW = rowan; BB = blue-
berry; LB = lingonberry; AB = Arctic bramble; CB = cloudberry; SB = strawberry;
RB = raspberry. A representative experiment is shown and values are means of
triplicate assays ± standard error.
Phenol content was measured using a modified Folin–Ciocalteu
method (Deighton, Brennan, Finn, & Davies, 2000) and quantified
as gallic acid equivalents (GAE). All samples were dried in aliquots
of suitable phenol content in a Speed-Vac prior to assay.

2.2. Hexane extraction

Cloudberry extract containing 500 lg phenols (GAE) was dis-
solved in 500 ll distilled water; then 1 ml n-hexane was added
and shaken for 10 min at 100 rpm at room temperature. After cen-
trifugation for 2 mins at 16,000 rpm in a microcentrifuge, the
upper (hexane) phase was removed into a new tube. The procedure
was repeated and the hexane phases combined. The water phase
and hexane phase were dried using a SpeedVac. The water phase
was resuspended in 500 ll of distilled water and checked for phe-
nol content. The hexane phase was dried and stored in the freezer.
The water phase and hexane phase were tested for enzyme inhibi-
tion at different concentrations.

2.3. Lipase assay

This assay was adapted from previous reports (Gilham & Leh-
ner, 2005; Lin, Chiou, Yeh, & Tsai, 1996). Lipase from porcine pan-
creas Type II (Sigma product L3126) was dissolved in ultra-pure
water at 10 mg/ml; then the supernatant was used after centrifu-
gation at 16,000 rpm for 5 min. The assay buffer was 100 mM Tris
buffer (pH 8.2) and p-nitrophenyl laurate (pNP laurate) was used
as the substrate. The substrate stock was 0.08% w/v pNP laurate
dissolved in 5 mM sodium acetate (pH 5.0) containing 1% Triton
X-100 and was heated in boiling water for 1 min to aid dissolution,
mixed well, then cooled to room temperature.
Table 1
Effect of fractionation of cloudberry extracts using lipophilic Sephadex on lipase
inhibition.

% Control lipase % Control pancreatin

Samples 25 lg 50 lg 50 lg
Original extract 2.8 ± 0.4 0.1 ± 0.4 22.9 ± 2.1
Puree extract* 14.3 ± 1.2 1.7 ± 0.5 54.1 ± 4.3
LH-20 unbound* 95.6 ± 1.8 95.0 ± 1.3 98.0 ± 1.6
LH-20 bound* 16.5 ± 0.9 7.1 ± 0.8 43.8 ± 1.3

* The LH-20 fractionation was carried out on the cloudberry puree extract.
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Fig. 3. LC–MS traces of cloudberry extracts. Each trace is from 20 lg GAE. (a) Is the original extract; (b) is the cloudberry puree extract; (c) is the LH-20 unbound fraction and
(d) is the LH-20 bound fraction. Peaks annotated with asterisks are examples of peaks that are unlikely to contribute to lipase inhibition.
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Table 2
Putative identities of cloudberry LC–MS peaks.

Peak PDA m/z [M–H] MS2 Putative identity

1 275 1567.1, 934.2, 783.3, 633.1, 301.2 1264.9, 1234.9, 1102.8, 932.9, 897.0 Sanguiin H6 isomer
2 275 1567.1, 934.2, 783.3, 633.1, 301.2 1264.9, 1234.9, 1102.8, 932.9, 897.0 Sanguiin H6 isomer
3 275 1401.3, 1868.8, 1566.9, 934.2, 633.1, 301.2 1866.9, 1566.9, 1250.2, 1234.9, 897.1 Lambertinian C
4 275 1868.9, 1566.9, 1234.9, 934.2, 633.2, 301.2 1566.8, 1234.9, 933.0 Sanguiin H10
5 370 301.2, 275.1 275.1 Ellagic acid
6 275 1085.2, 633.2, 451.2, 301.2 633.2, 451.2 Unknown ellagitannin
7 275 1868.9, 1234.9, 935.2, 633.2, 301.2, 275.1 Multiple Sanguiin H10 isomer
8 260–290 Multiple Multiple Ellagic acid conjugates and ellagitannins

The peak annotations refer to LC–MS data on Figure 3. Figures in bold are the main m/z signals and those underlined are the major MS2 products.
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Fig. 4. Berry tannin fractions show differential inhibition of lipase CB = cloudberry;
RB = raspberry and SB = strawberry. Values are means of triplicate assays ± standard
error.
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The control assay contained 400 ll assay buffer, 450 ll sub-
strate solution and 150 ll lipase. Berry extracts were dissolved in
ultra-pure water and added in 50 ll total volume. The buffer, en-
zyme and berry extracts were added and then substrate was added
to start the reaction. The samples were incubated at 37 �C for 2 h.
Then samples were centrifuged at 16,000 rpm for 2.5 min and read
at 400 nm in a UV spectrophotometer. All samples were assayed in
triplicate and an inhibitor blank was prepared for each sample.

2.4. Liquid chromatography–mass spectrometry (LC–MS) analysis

Berry samples containing 20 lg phenols (gallic acid equiva-
lents; GAE) were analysed on an LCQ-Deca system, comprising Sur-
veyor autosampler, pump and photodiode array detector (PDAD)
and a ThermoFinnigan ion-trap mass spectrometer. The PDAD
scanned discrete channels at 280 nm, 365 nm and 520 nm. The
samples were applied to a C18 column (Synergi Hydro C18 with po-
lar endcapping, 4.6 mm � 150 mm, Phenomenex Ltd.) and eluted
using a gradient of 5% acetonitrile (0.5% formic acid) to 30% aceto-
nitrile (0.5% formic acid) over 60 min at a rate of 400 ll/min. The
LCQ-Deca LC–MS was fitted with an ESI (electrospray ionisation)
interface and analysed the samples 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 using collision
energies (source voltage) of 45%. The capillary temp was set at
250 �C, with sheath gas at 60 psi and auxiliary gas at 15 psi.

2.5. Direct infusion mass spectrometry (DIMS)

Direct infusion mass spectrometry (DIMS) analysis of samples
was carried out on an LCQ-Deca (ThermoFinnigan) controlled by
the Xcalibur software (Version 1.4, ThermoFinnigan). The mode
of ionisation was ESI in negative ion mode, scanning from m/z
80–2000. The sample was injected into the LC–MS mobile phase
(200 ll/min of 50% acetonitrile containing 0.1% (v/v) formic acid)
and then directly into the ESI source. Data was acquired for 2 mins
and each sample was followed by three blank injections (solvent
only) to ensure no carry-over between samples. The following
parameters were used: capillary temperature: 275 �C, capillary
voltage: 20 V, spray voltage: 5 kV, tube lens: –5 V, sheath gas: 70
arbitrary units and auxiliary gas: 15 arbitrary units. The autosam-
pler (Surveyor AS, ThermoFinnigan) tray temperature control was
set at 4 �C. Triplicate injections were made in a randomised fashion
and the peak heights of the relevant spectral peaks averaged. The
peaks heights in blank spectra were subtracted.

3. Results

Polyphenol-rich extracts of berries and other fruits at 50 lg/ml
GAE phenols were tested for their ability to inhibit pancreatic li-
pase in vitro (Fig. 1). The extracts had different effects; blackcurrant
and rowan had no effect, the blueberry extract caused slight but
significant inhibition whilst lingonberry, Arctic bramble, cloud-
berry, strawberry and raspberry were particularly effective.

The inhibition by the cloudberry extract was saturatable with
an EC50 (concentration for half maximal activity) of around 5 lg/
ml phenols (Fig. 2). The cloudberry extract was extracted with hex-
ane to remove lipid-like components and this sample was as effec-
tive as the original sample (results not shown). This strongly
suggests that the inhibition was not due to lipid derivatives in
the cloudberry extract.

The original cloudberry sample was more effective than the ex-
tract prepared from cloudberry puree and this difference in effec-
tiveness was also apparent in the inhibition of the lipase activity
in the crude pancreatin mixture (Table 1). The inhibition of lipase
in the crude pancreatin mixture may be closer to physiological
conditions in the small intestine where interactions of the poly-
phenols with other proteins, mucins and cell surfaces may protect
lipase activity. The difference in effectiveness between the two
cloudberry extracts is probably due to differences in the polyphe-
nolic composition arising from the presence of seeds in the original
extract.

Indeed, the original cloudberry extract gave a different polyphe-
nol composition on LC–MS trace than the cloudberry puree sample
(compare traces Fig. 3a and b). It is apparent that the original ex-
tract contained comparably higher amounts of peaks 1–3 and 5–
7 and smaller amounts of other polyphenol components (Table
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2). The abundance of these ellagitannin derivatives may explain
the enhanced inhibitory effectiveness of the original cloudberry ex-
tract over the puree extract. It has been previously noted that
ellagitannin components are enriched in seeds (e.g., Hager, How-
ard, Liyanage, Lay, & Prior, 2008).

The fractionation on Sephadex LH-20 split the polyphenolic
components in the cloudberry puree sample (Fig. 3b) between
the unbound (Fig. 3c) and bound samples (Fig. 3d). As the lipase
inhibitory activity remained in the bound sample (Table 1), certain
peaks which fractionate into the unbound sample can be dis-
counted (see Fig. 3, marked with asterisks). The bound sample is
composed of peaks that can be identified as ellagitannins and ella-
gic acid by comparison with previous work (Hager et al., 2008;
McDougall, Martinussen, & Stewart, 2008; Mullen, Yokota, Lean,
& Crozier, 2003; Ross et al., 2007) (Table 2).

Lipase activity was also effectively inhibited by tannin-rich ex-
tracts of raspberry and strawberry (Fig. 4), prepared by chromatog-
raphy on Sephadex LH-20. The raspberry and strawberry tannin
extracts were more effective than cloudberry, which follows the
pattern of the whole berry extracts (Fig. 1). The diversity of the pol-
yphenol composition of these tannin-rich extracts can be displayed
by their direct infusion mass spectra (DIMS) (Fig. 5). The raspberry
and cloudberry spectra contain similar signals (m/z 1868.9, 1566.9,
935.1, 783.1 and 301.2), which can be assigned to ellagitannin
structures. They differ mainly in the greater abundance of the m/
z signal at 1401.2 in cloudberry, which can be assigned to the pres-
ence of Lambertinian C (Hager et al., 2008; McDougall, Ross, Ikeji, &
Stewart, 2008; Mullen et al., 2003; Ross et al., 2007). The straw-
berry tannin sample showed signals characteristic of ellagitannin
structures previously identified in strawberry (i.e., m/z 1868.9,
1566.9, 935.1, 783.1 and 301.2) but also had signals at m/z
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Fig. 5. Direct infusion mass spectra (DIMS) of berry tannin fractions (a) is the cloudberry
fraction. In each case, 2 lg phenols (GAE) was injected. Annotated masses are discussed
1729.2, 1441.0, 1153.1, 865.1 and 577.1 (in bold), which are char-
acteristic of procyanidin proanthocyanidins (Gu et al., 2003). In
addition, there are signals at m/z 1425.0, 1409.0, 1137.0, 1121.1
and 849.1 (noted in gray), which are characteristic of propelargon-
idin proanthocyanidins also previously identified in strawberry
(Gu et al., 2003).

4. Discussion

Polyphenol-rich extracts from certain berries are effective
inhibitors of pancreatic lipase in vitro. The most effective berry
types were three members of the Rubus family (raspberry, Arctic
bramble and cloudberry) and strawberry. Published polyphenolic
compositions of these berry types (Hakkinen, Heinonen, Karen-
lampi, Mykkanen, Ruuskanen, & Törrönen, 1999; Kahkonen, Hopia,
& Heinonen, 2001; Maatta-Riihinen, Kamal-Eldin, Matiila, Gonz-
alez-Paramas, & Törrönen, 2004; Machiex & Billot, 1990) suggest
that ellagitannins could be important for lipase inhibition. In addi-
tion, the effective inhibition caused by raspberry and cloudberry
extracts suggests that anthocyanins, which are present in only
small amounts in cloudberry (Maatta-Riihinen et al., 2004), are
not necessary for lipase inhibition. Nevertheless, it is possible that
synergistic interactions between polyphenols occur, even in terms
of protecting the stability of the active components.

The importance of ellagitannins was borne out by the retrieval
of lipase inhibitory activity in the cloudberry tannin-rich bound
fraction after fractionation on Sephadex LH-20 (Table 1 and
Fig. 3) and the effectiveness of raspberry and strawberry tannin-
rich fractions (Fig. 4). The greater effectiveness of the raspberry
tannin extract over the cloudberry tannin extract (Fig. 5) suggests
that Lambertinian C, which is more abundant in the cloudberry ex-
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tract, may not be a particularly effective lipase inhibitor. If we as-
sume that the protein-binding affinity of the ellagitannins is
important to lipase inhibition (which is suggested by the lower
inhibition of lipase in the crude pancreatin sample), it may be that
different ellagitannin structures have different lipase binding affin-
ities. However, although differences in protein-binding affinity
have been noted for certain purified ellagitannins (e.g., Deaville,
Green, Mueller-Harvey, Willoughby, & Frazier, 2007), further work
on berry ellagitannins is required to confirm this possibility.

The inhibition caused by the strawberry extract and the straw-
berry tannin fraction may have been influenced by proanthocyani-
dins, which have previously been reported as effective lipase
inhibitors in grape seed extracts (Moreno et al., 2003). In addition,
oligomeric proanthocyanidins from apple have been shown to be
the main active components responsible for inhibition of pancre-
atic lipase in vitro and for the prevention of triglyceride absorption
in humans and in mice models (Sugiyama et al., 2007). Therefore, it
also seems likely that proanthocyanidin components present in
lingonberry extracts (McDougall et al., 2008) are responsible for
their lipase inhibition.

Polyphenols from red wine can delay the absorption of dietary
fat in humans (Pal, Naissides, & Mamo, 2004) and reduce obesity
in rats (Vadillo et al., 2006). Similar effects on obesity have been
identified for tea polyphenols (Kurihara et al., 2006; Wolfram,
Wang, & Thielecke, 2006) and they have also been reported to in-
hibit pancreatic lipase in vitro (Kurihara et al., 2006; Juhel et al.,
2000; Nakai et al., 2005). Other reports have highlighted the possi-
bility that dietary anthocyanins could regulate adipocyte function
and influence obesity (Tsuda, 2008; Tsuda, Horio, Uchida, Aoki, &
Osawa, 2003) or reduce weight gain and obesity in mice models
Prior et al., 2008; Jayaprakasam, Olson, Schutzki, Tai, & Nair, 2006).

Model in vitro digestion studies (McDougall, Dobson, Fyffe, Shp-
iro, & Stewart, 2007) and studies with colostomy patients (Karle
et al., 2006) have confirmed that berry polyphenols would be avail-
able in the small intestine at concentrations that inhibit pancreatic
lipase in vitro. However, inhibition of lipase is only one of many
mechanisms whereby polyphenols could influence obesity (Hsu &
Yen, 2007) and it is possible that inhibition of lipase would be over-
come by compensatory increases in lipase secretion, as seen in
studies on condensed tannins in rats (Griffiths, 1986). Indeed, cer-
tain studies have suggested that high polyphenol intake does not
increase faecal lipid excretion, which would be expected if lipase
was inhibited (Tsuda, 2008). Further work is required to confirm
that berry components can inhibit lipase in vivo, prevent fat intake
and do so at levels achievable from normal diets. This is particularly
relevant as whole berries did not prevent fat gain in model
mice when isolated berry polyphenols were effective (Prior et al.,
2008).
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