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The antioxidant activity of phenolic compounds present in berries was investigated by two copper-
catalyzed in vitro oxidation assays: human low-density lipoproteins (LDL) and lecithin liposomes.
The amount of total phenolics varied between 617 and 4350 mg/kg in fresh berries, as gallic acid
equivalents (GAE). In LDL at 10 µM GAE, berry extracts inhibited hexanal formation in the
order: blackberries > red raspberries > sweet cherries > blueberries > strawberries. In lecithin
liposomes, the extracts inhibited hexanal formation in the order: sweet cherries > blueberries >
red raspberries > blackberries > strawberries. Red raspberries were more efficient than blueberries
in inhibiting hydroperoxide formation in lecithin liposomes. HPLC analyses showed high antho-
cyanin content in blackberries, hydroxycinnamic acid in blueberries and sweet cherries, flavonol in
blueberries, and flavan-3-ol in red raspberries. The antioxidant activity for LDL was associated
directly with anthocyanins and indirectly with flavonols, and for liposome it correlated with the
hydroxycinnamate content. Berries thus contribute a significant source of phenolic antioxidants
that may have potential health effects.
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INTRODUCTION

Epidemiological studies showed that the consumption
of fruits and vegetables is related with reduced risk of
cancer and cardiovascular disease (Steinmetz and Pot-
ter, 1991; Criqui and Ringel, 1994). The flavonoid
content of foods is a major dietary factor responsible for
this protective effect (Hertog et al., 1993, 1994, 1995;
Knekt et al., 1996, 1997). The consumption of onions,
apples, tea, and red wine was associated with reduced
risk of cardiovascular disease. The consumption of
apples was inversely associated with lung cancer inci-
dence and was not due to the consumption of vitamin
C or E or â-carotene (Knekt et al., 1997). However, the
food compositional data used in these studies were
limited mainly to flavonols and flavanones and were
restricted in the number of food items. The importance
of berries may have thus been underestimated in these
epidemiological studies.

Berries are rich in flavonoids and phenolic acids.
Most fresh berries contain up to 100 mg/kg flavan-3-
ols, up to 300 mg/kg flavonols, up to 200 mg/kg hy-
droxycinnamates, and relatively high amounts of an-
thocyanins, especially in the strongly colored blueberries,
black currants, crowberries, and sweet cherries (up to
5000 mg/kg) (Herrmann, 1989; Macheix et al., 1990).
Higher amounts of flavan-3-ols are found in strawber-
ries, up to 550 mg/kg (Pilando et al., 1985), and
blueberries are rich in hydroxycinnamic acid deriva-
tives, up to 2110 mg/kg (Stöhr and Herrmann, 1975).
The most abundant hydroxycinnamates are caffeic acid

derivatives amounting to 17-41% of the total hydroxy-
cinnamates in black currants, 42-48% in red currants,
90-100% in blueberries, and 35-87% in sweet cherries
(Macheix et al., 1990).

Data on the antioxidant activity of berries and fruits,
their juices, and berry wines vary widely partly due to
the use of different oxidation systems and methods to
analyze extracts for phenolic compounds. Extracts of
berries of several cultivars of blackberries, black and
red currants, blueberries, and black and red raspberries
showed a remarkably high scavenging activity toward
chemically generated superoxide radicals (Costantino
et al., 1992). Black currants were highly active toward
xanthine oxidase, possibly due to their high content of
anthocyanins and polyphenols. By using an artificial
peroxyl radical model system, the extract of fresh
strawberries had the highest total antioxidant capacity
compared to extracts of plum, orange, red grape, kiwi
fruit, pink grapefruit, white grape, banana, apple,
tomato, pear, and honeydew melon (Wang et al., 1996).
By using an ascorbate/iron induced lipid peroxidation
assay in cell and liver microsomes, a plum extract was
the most effective antioxidant followed by peach, grape-
fruit, apple, and pear (Plumb et al., 1996).

The antioxidant activity of berries and fruits was
comparable to that of their juices and wine. Phenolic
compounds in fresh grapes were as effective in inhibit-
ing oxidation of human low-density lipoproteins (LDL)
as those in red wine (Meyer et al., 1997). Grape juice
was shown to exert antioxidant activity in various
hydrophilic oxidation models (Kanner et al., 1994;
Lanningham-Foster et al., 1995; Abu-Amsha et al.,
1996; Wang et al., 1996; Frankel et al., 1998). Antho-
cyanins were apparently responsible for the antioxidant
activity in LDL oxidation both in red wine (Ghiselli et
al., 1998) and in grape juice (Frankel et al., 1998). In
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apple juice most of the antioxidant capacity was re-
ported to be due to chlorogenic acid (32%) or added
ascorbic acid (94%) (Miller et al., 1995). Berry and fruit
wines made of raw materials such as black currants,
crowberries, bilberries, apple, arctic bramble, cowber-
ries, cranberries, red currants, and rowanberries pos-
sessed antioxidant activity comparable to that of red
wine in inhibiting methyl linoleate hydroperoxide for-
mation (Heinonen et al., 1998a).

The purpose of this work was to study the antioxidant
activity of phenolic compounds present in berry extracts
using two copper-catalyzed oxidation systems: human
low-density lipoprotein in vitro and lecithin liposome.
These oxidation models were chosen since LDL oxida-
tion is an early event in coronary disease and liposome
oxidation is relevant to oxidation in food systems.
Different organic solvents and enzymatic pretreatment
prior to extraction were tested for the efficient extraction
of phenolic compounds from berries.

MATERIALS AND METHODS

Chemicals. Caffeic acid, chlorogenic acid, catechin, epi-
catechin, gallic acid, rutin (quercetin 3-rutinoside), hexanal,
and Folin and Ciocalteu’s phenol reagent were obtained from
Sigma Chemical Co., St. Louis, MO. Malvin (malvidin 3,5-
diglucoside) was purchased from Pfaltz and Bauer (Waterbury,
CT) and L-ascorbic acid from Aldrich Chemical Co. (Milwaukee,
WI). Neochlorogenic acid and 3-p′-coumaroylquinic acid were
gifts from Department of Viticulture and Enology at University
of California, Davis. Copper sulfate and HPLC buffers made
of ammonium phosphate and orthophosphoric acid were from
Fisher Scientific (Fairlawn, NJ), and cupric acetate monohy-
drate was from EM Science (Cherry Hill, NJ). L-R-Phosphati-
dylcholine (lecithin from soybean), with phosphatidylcholine
content of ca. 40%, was purchased from Sigma Chemical Co.
(St. Louis, MO). Pectinex USP was obtained from Novo
Nordisk A/S (Bagsværd, Denmark). Grade ACS acetone and
methanol and HPLC-grade acetonitrile from Fischer Scientific
(Fair Lawn, NJ) were used.

Sample Preparation and Extraction of Phenolics.
Blackberries (Rubus fructicosus, v. Chester), highbush blue-
berries (Vaccinium corymbosum, v. Jersey), red raspberries
(Rubus idaeus, v. Tulameen), strawberries (Fragaria anan-
assa, v. Chandler), and two varieties of sweet cherries (Prunus
avium, v. Bing and v. Burlat) were purchased (2-5 kg) fresh
directly from Californian producers. Only the edible part of
the fresh berry was used. Berries were homogenized with a
Waring blender. The phenolic compounds were extracted from
the aliquot (2 g) with 60% aqueous methanol (10 mL) or with
70% aqueous acetone (10 mL) for 2 min using a biohomog-
enizer rod (Biospec Products Inc., Bartlesville, OK). The
efficiency of enzymatic extraction using pectinase was tested
with blueberries, strawberries, and sweet cherries. Pectinase
was added in concentrations of 1% (also 0.5% to strawberries)
of the wet weight of the berry homogenate, and the enzymatic
extraction in aqueous, N2 gassed solution (3-4 mL) was
performed at 37 °C for 30 min prior to extraction with the
organic solvent. After filtration (Whatman no. 1), the organic
solvent was removed by rotary evaporation under vacuum. The
extracts were then diluted with double-distilled water to a final
volume of 5.0 mL and filtered through a 0.45-µm PTFE filter
prior to HPLC and oxidation analysis. All extractions were
done in duplicate.

Analyses of Phenolics. The concentration of total phe-
nolics in berry extracts was determined by the Folin-Ciocalteu
procedure (Singleton and Rossi, 1965) and is expressed as mg/L
gallic acid equivalents (GAE). The phenolic composition of
berry extracts was analyzed by HPLC as described by La-
muela-Raventos and Waterhouse (1994). The phenolic com-
pounds were divided into five classes, identified according to
their spectral properties, and quantified as follows: flavan-3-
ols as catechin equivalents and benzoic acid derivatives as

gallic acid equivalents at 280 nm; hydroxycinnamates as caffeic
acid equivalents at 316 nm; flavonols as rutin equivalents at
365 nm; anthocyanins as malvin equivalents at 520 nm (Meyer
et al., 1997). In addition, ascorbic acid was determined at 280
nm together with the flavan-3-ols and benzoates.

Isolation of Human LDL. Blood from five normolipidemic
people was collected in ethylenediaminetetraacetic acid (EDTA)
and centrifuged at 1500g at 4 °C to obtain plasma. Plasma
LDL was then prepared by sequential ultracentrifugation (Orr
et al., 1991) in the presence of 0.01% EDTA and was exhaus-
tively dialyzed and diluted to a standard lipoprotein concen-
tration of 1.0 mg/mL prior to oxidation as described previously
(Frankel et al., 1992).

Inhibition of Human LDL Oxidation. The copper-
catalyzed (80 µM) oxidation of human LDL was assayed by
measuring hexanal by static headspace gas chromatography
according to a method developed by Frankel et al. (1992).
Aqueous berry extracts extracted with 70% acetone were tested
at concentrations of 10 and 20 µM GAE. The results obtained
after duplicate analyses were expressed as percent relative
inhibition: % In ) [(C - S)/C] × 100, where C is the amount
of hexanal formed in control and S is the amount of hexanal
formed in sample.

Liposome Oxidation Assay. The liposomes were pre-
pared to a final concentration of 0.8 wt % lecithin containing
40% phosphatidylcholine, and the oxidation was followed as
described by Huang and Frankel (1997). The average particle
size of liposomes was 0.1 µm measured with a Microtrac
ultrafine particle analyzer (Leeds & Northrup, North Wales,

Figure 1. Formation of (a) hydroperoxides and (b) hexanal
during lecithin liposome oxidation in the presence of berry
extracts at 10 µM GAE: 0, control; 9, blackberry; 4, blueberry;
/, strawberry; O, sweet cherry, Bing.
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PA). The aqueous berry extracts extracted with 70% acetone
were added at concentrations of 20 and 10 µM GAE. The
liposome samples were oxidized by addition of cupric acetate
(3.0 µM) and shaking at 37 °C in the dark. Duplicate samples
for measurements of conjugated diene hydroperoxides and
hexanal were taken at 24-h intervals for 5 days. Antioxidant
activity was calculated as inhibition: % In ) [(C - S)/C] ×
100, where C is the amount of conjugated diene hydroperoxides
or hexanal formed in control and S is the amount of conjugated
diene hydroperoxides or hexanal formed in sample. Inhibition
values were calculated at the propagation phase of oxidation,
i.e., at day 2 for hydroperoxides and at day 3 for hexanal
(Figure 1).

Statistical Analysis. Differences in antioxidant activities
and correlations between phenolic composition of berry ex-
tracts and their antioxidant activity were tested by one-way
analysis of variance and regression analysis, respectively,
using Minitab Statistical Software (Addison-Wesley, Reading,
MA). Significance level was P < 0.05 unless otherwise
indicated.

RESULTS

Antioxidant Activity. LDL oxidation was inhibited
by 53.9-83.9% by berry phenolics extracted by acetone.
At 10 µM GAE the percentage inhibition of LDL
oxidation as measured by the formation of hexanal
decreased in the following order: blackberries > red
raspberries > sweet cherries > blueberries > strawber-
ries (Table 1). At 20 µM GAE, all the berry extracts
except strawberries and blueberries completely inhib-
ited LDL oxidation. Order of the antioxidant activity
remained the same with some changes in the levels of
inhibition of hexanal formation in the berry extracts
pretreated with pectinase (Table 2). The berry extracts
were less active antioxidants than catechin (93.4%
inhibition), used as a standard compound at 10 µM.

On the basis of the liposome oxidation system, the
antioxidant activities of the berries showed different

trends compared to the LDL system. At 10 µM GAE,
berry extracts inhibited hydroperoxide formation by
27.4-68.8% and hexanal formation by 60.5-92.6%. At
10 µM GAE, the inhibition of hydroperoxides decreased
in the following order: sweet cherries (v. Bing) > sweet
cherries (v. Burlat) > red raspberries > blackberries
> blueberries > strawberries (Table 1). Inhibition of
hexanal decreased in the following order: sweet cherries
(v. Bing) > sweet cherries (v. Burlat) > blueberries >
red raspberries > blackberries > strawberries. At 20
µM GAE, the activity of red raspberries in inhibiting
hydroperoxide formation did not increase, but the
activity of strawberries in inhibiting hexanal formation
improved significantly compared to the other berries.
As with the LDL oxidation, the order of the antioxidant
activity remained the same in the berry extracts pre-
treated with pectinase (Table 2). Strawberry extracts
pretreated with pectinase (1.0%) inhibited hexanal
formation significantly less and blueberry extracts
pretreated with pectinase more than acetone extracts.
Ascorbic acid either had no effect or was a prooxidant
in the liposome system.

Total Phenolics and Phenolic Composition. The
berries were extracted with either 70% acetone or 60%
methanol, in the presence or absence of pectinase. The
amount of total phenolics in the fresh berries varied
between 617 and 4350 mg GAE/kg, with the highest
amount found in blackberries and the lowest amount
in the Burlat variety of sweet cherries (Table 3). With
acetone extraction, the yield of total phenolics was
always higher although the difference varied between
different berries. Also the yields of benzoates, hydroxy-
cinnamates, flavan-3-ols, flavonols, and anthocyanins
were usually the highest with acetone extraction. In
strawberries the yield of flavan-3-ols and in both Burlat
variety of sweet cherries and blackberries the yield of

Table 1. Inhibition of Formation of Hexanal in in Vitro LDL Oxidation and Inhibition of Formation of both
Hydroperoxides (ROOH) and Hexanal in Liposome Oxidation with Phenolic Berry Extracts (70% Acetone) Tested at
Concentrations of 10 and 20 µM GAEa

LDL oxidation liposome oxidation

berry extract dilution factor inh% of hexanal inh% of ROOH inh% of hexanal

blackberry, 10 µM 39.3 83.9 ( 0.2 a 41.8 ( 0.1 d 67.8 ( 0.2 e
blueberry, 10 µM 31.5 64.8 ( 1.0 d 38.1 ( 1.7 d 77.1 ( 1.1 c
red raspberry, 10 µM 27.4 78.8 ( 0.2 b 51.8 ( 0.4 c 74.2 ( 2.8 d
strawberry, 10 µM 26.6 53.9 ( 4.1 e 27.4 ( 0.7 e 60.5 ( 0.6 f
sweet cherry, Bing, 10 µM 7.3 70.0 ( 4.5 c 68.8 ( 0.2 a 92.6 ( 0.1 a
sweet cherry, Burlat, 10 µM 7.3 72.7 ( 2.8 c 63.6 ( 1.3 b 82.9 ( 0.3 b
catechin, 10 µM 93.4 ( 0.6 57.4 ( 0.6 41.1 ( 0.2
ascorbic acid, 10 µM 45.2 ( 2.5 -7.4 ( 4.8 2.5 ( 2.9
blackberry, 20 µM 19.7 98.1 ( 0.1 a 66.8 ( 0.7 b 89.3 ( 0.1 b
blueberry, 20 µM 15.8 89.0 ( 0.1 b 41.2 ( 3.1 e 76.7 ( 3.3 d
red raspberry, 20 µM 13.7 98.0 ( 0.1 a 51.5 ( 0.7 d 76.6 ( 2.1 d
strawberry, 20 µM 13.3 86.1 ( 3.8 b 42.8 ( 0.3 e 80.3 ( 0.1 c
sweet cherry, Bing, 20 µM 3.7 99.7 ( 0.2 a 71.6 ( 0.7 a 97.7 ( 0.0 a
sweet cherry, Burlat, 20 µM 3.7 99.9 ( 0.1 a 63.3 ( 0.1 c 88.8 ( 0.3 b

a Values in the same column at the same concentration followed by the same letter are not significantly different at P < 0.05.

Table 2. Inhibition of Formation of Hexanal in in Vitro LDL Oxidation and Inhibition of Formation of both
Hydroperoxides (ROOH) and Hexanal in Liposome Oxidation with Blueberry, Strawberry, and Sweet Cherry Extracts
(70% Acetone) Pretreated with Pectinase Tested at Concentrations of 10 and 20 µM GAE

LDL oxidation liposome oxidation

berry inh% of hexanal inh% of ROOH inh% of hexanal

blueberry, 10 µM 60.6 ( 1.9 33.5 ( 0.9 86.1 ( 2.7
strawberry, 10 µM 42.5 ( 3.4 32.0 ( 1.4 24.7 ( 1.5
sweet cherry, Bing, 10 µM 80.7 ( 4.2 73.7 ( 0.3 96.3 ( 0.1
blueberry, 20 µM 83.8 ( 0.3 59.8 ( 1.6 93.2 ( 0.8
strawberry, 20 µM 84.4 ( 2.8 47.7 ( 1.4 64.5 ( 0.5
sweet cherry, Bing, 20 µM 96.7 ( 1.5 75.3 ( 0.4 97.2 ( 0.1
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flavonols was slightly higher in the methanolic extract
compared to in the acetone extract.

Pectinase is a commonly used enzyme in the macera-
tion of berries in the juice-making process. Treatment
of the mash with enzymes is expected to increase yield,
reduce processing time, and improve the extraction of
important or valued components of the fruit (McLellan,
1996). Pectolytic enzyme preparations can also destroy
anthocyanins in raspberry, strawberry, and cherry
juices (Jiang et al., 1990). In this study, use of pectinase
not only resulted in lower yields of phenolic compounds
but also caused losses of flavan-3-ols and anthocyanins
in sweet cherries and blueberries (Tables 3 and 4). More
hydroxycinnamates and flavonols in blueberries and
more flavonols and anthocyanins in strawberries were
extracted with methanol after an enzyme treatment
compared to methanolic extraction alone. In strawber-
ries rutin was cleaved to quercetin suggesting that the
enzyme contained â-glucosidase activity. The concen-
tration of pectinase used in relation to the amount of
pectin in the berries is also of importance. Pectinase
treatment could be better applied to strawberries where
the content of soluble fiber including pectin is higher
compared to that in the other berries (Rastas et al.,
1993). Treatment with less pectinase (0.5%) resulted
in higher yields of strawberry flavan-3-ols compared to
acetone extract alone. Moreover, pectinase improved
the yield of strawberry anthocyanins. Extraction of
strawberries with methanol yielded extracts with a high
pectin content making them difficult to handle, concen-
trate, and filter for HPLC analysis, as reported previ-
ously by Gil et al. (1997).

Small amounts of benzoates (1.8-4.7 mg/kg) were
identified in blueberries, strawberries, and sweet cher-
ries (v. Bing) but were not found in the extracts of
blackberries, red raspberries, and sweet cherries (v.
Burlat). Blueberries contained up to 316 mg/kg and

sweet cherries up to 234 mg/kg hydroxycinnamates. As
determined from the spectral evaluation of the HPLC
data, chlorogenic acid (5′-caffeoylquinic acid) predomi-
nated in blueberries, as reported previously (Stöhr and
Herrman, 1975; Gao and Mazza, 1994), while neochlo-
rogenic acid (3′-caffeoylquinic acid) was present in
blackberries. In the early variety of sweet cherries (v.
Burlat) 3′-p-coumaroylquinic acid accounted for 75% and
neochlorogenic acid for 16.5% of the hydroxycinnamates.
In the sweet cherries v. Bing the total amount of
hydroxycinnamates was approximately one-half that of
the early variety with 60% neochlorogenic acid and 40%
3′-p-coumaroylquinic acid. Red raspberries contained
approximately 4 times more flavan-3-ols (up to 480 mg/
kg), tentatively identified as procyanidins and epicat-
echin, than the other berries. This high content of
flavan-3-ols could be due to the presence of seeds
housing the flavan-3-ols, as also observed with other
seed-containing berries such as strawberries and black-
berries. Significant amounts of flavonols such as quer-
cetin glucosides (up to 194 mg/kg) were present in
blueberries, blackberries, and strawberries. The pre-
dominant group of phenolic compounds in all berries but
sweet cherries was anthocyanins, with the highest
amount found in blackberries (7650 mg/kg). The
amounts of anthocyanins in blackberries and blueber-
ries exceeded that of the measured amount of total
phenolics, due to the poor response of anthocyanins in
the Folin-Ciocalteu’s assay used for analysis of total
phenolics. According to Singleton (1974) the response
of anthocyanins in the Folin-Ciocalteu’s assay is only
0.40 compared to the 1.00 and 0.99 responses of gallic
acid and catechin, respectively. Ascorbic acid was only
detected in strawberries (590 mg/kg).

Antioxidant Activity vs Phenolic Composition.
In the LDL oxidation, the antioxidant activity of berry
extracts at 10 µM GAE was related to the presence of

Table 3. Total Phenolics as GAE (mg/kg) and Classes of Phenolic Compounds (mg/kg) in Berries Extracted with 70%
Acetone or 60% Methanol

berry extraction total phenolics
benzoates

(as gallic acid)
hydroxycinnamates

(as caffeic acid)
flavan-3-ols
(as catechin)

flavonols
(as rutin)

anthocyanins
(as malvin)

blackberry 70% Ac 4350 ( 215 15 ( 0.6 108 ( 6 83 ( 0.1 7650 ( 41
60% MeOH 3610 ( 83 14 ( 0.6 96 ( 5 87 ( 0.0 7430 ( 40

blueberry 70% Ac 3480 ( 343 316 ( 0.9 70 ( 3 139 ( 0.2 4840 ( 28
60% MeOH 2700 ( 63 226 ( 0.8 63 ( 3 115 ( 0.1 3970 ( 24

red raspberry 70% Ac 3030 ( 75 3.0 ( 0.6 480 ( 37 19 ( 0.3 2200 ( 16
60% MeOH 2650 ( 295 2.9 ( 0.6 470 ( 36 20 ( 0.3 2210 ( 16

strawberry 70% Ac 2940 ( 300 2.1 ( 1.6 27 ( 0.6 126 ( 8 78 ( 0.1 786 ( 10
60% MeOH 1610 ( 112 19 ( 0.6 184 ( 11.3 6.1 ( 0.3 768 ( 10

sweet cherry, Bing 70% Ac 805 ( 70 2.5 ( 1.3 133 ( 0.7 18 ( 0.2 40 ( 6
60% MeOH 784 ( 60 2.3 ( 1.6 115 ( 0.7 10 ( 0.7 31 ( 6

sweet cherry, Burlat 70% Ac 839 ( 70 233 ( 0.6 25.2 ( 0.0 15 ( 0.2 146 ( 7
60% MeOH 788 ( 13 234 ( 0.6 26.3 ( 0.5 23 ( 0.2 96 ( 7

Table 4. Total Phenolics as GAE (mg/kg) and Classes of Phenolic Compounds (mg/kg) in Blueberries, Strawberries, and
Cherries Extracted with 70% Acetone or 60% Methanol with Pectinase Pretreatment

berry extraction total phenolics
benzoates

(as gallic acid)
hydroxycinnamates

(as caffeic acid)
flavan-3-ols
(as catechin)

flavonols
(as rutin)

anthocyanins
(as malvin)

blueberry 70% Ac+pa 2720 ( 95 4.7 ( 1.5 156 ( 0.8 18 ( 1 129 ( 0.1 2220 ( 16
60% MeOH+p 2800 ( 65 251 ( 0.8 194 ( 0.4 2990 ( 25

strawberry 70% Ac+p 2880 ( 11 1.9 ( 1.6 25 ( 0.6 165 ( 1 74 ( 0.1 829 ( 10
70% Ac+0.5pb 2900 ( 12 22 ( 0.6 180 ( 12 25 ( 0.2 840 ( 10
60% MeOH+p 2640 ( 68 1.8 ( 1.6 21 ( 0.6 169 ( 12 28 ( 0.2 844 ( 10
60% MeOH+0.5p 2540 ( 35 2.9 ( 1.6 21 ( 0.6 180 ( 12 29 ( 0.2 820 ( 10

sweet cherry, Bing 70% Ac+p 725 ( 45 95 ( 0.7 1.4 ( 0.3
60% MeOH+p 753 ( 57 101 ( 0.7

sweet cherry, Burlat 70% Ac+p 636 ( 3 182 ( 0.6 7.8 ( 0.2
60% MeOH+p 617 ( 25 171 ( 0.6 9.5 ( 0.2

a Extraction after treatment with 1.0% pectinase. b Extraction after treatment with 0.5% pectinase.
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anthocyanins (correlation coefficient, r ) 0.45) and the
absence of flavonols (r ) -0.60), but not with flavan-
3-ols or hydroxycinnamates. In the liposome oxidation
model, the antioxidant activity of the berry extracts
correlated with the amount of hydroxycinnamates (r )
0.71 for hydroperoxide and 0.74 for hexanal formation)
and was inversely associated with anthocyanins (r )
-0.47 and -0.39) and flavonols (r ) -0.42 for hydrop-
eroxides). The amount of flavan-3-ols did not correlate
with the antioxidant activity of berries in the liposome
system.

DISCUSSION

All berries reported in this paper inhibited both LDL
and liposome oxidation. However, the relative antioxi-
dant activity of berry extracts was different as deter-
mined by the two oxidation model systems used. In the
LDL oxidation, extracts of blackberries (10 µM GAE)
were significantly more active than those of red rasp-
berries, sweet cherries, or blueberries. In the liposome
oxidation, extracts of sweet cherries (10 µM GAE) were
more active compared to those of other berries. In both
oxidation systems strawberries exerted the weakest
antioxidant activity. To explain the differences in
antioxidant activity of berries when tested under dif-
ferent conditions, differences in the activities of the
phenolic compounds and their antagonistic and syner-
gistic reactions with phenolics and other compounds
present in berries may be of importance. However, at
present, the interpretation is hampered by the fact that
while phenolic compounds exist in berries principally
either bound to sugars or as esters (Macheix et al.,
1990), most of the phenolic antioxidants were tested as
their free forms.

Our compositional data on berry phenolics (Table 3)
is generally in agreement with earlier reports (Stöhr and
Herrmann, 1975, 1976; Möller and Herrmann, 1983;
Herrmann, 1989; Costantino et al., 1992; Hertog et al.,
1992; Gao and Mazza, 1994, 1995). Acetone was
superior to methanol in extracting phenolic compounds
from the berry material. Pretreatment with pectinase
was applicable for extraction of phenolic compounds in
strawberries, but not with the other berries. Except for
sweet cherries, the berries were rich in anthocyanins.
However, use of acidified solvents (Gao and Mazza,
1995) with the extraction of cherry phenolics most likely
would have resulted in higher yields of anthocyanins.

In this study, the presence of anthocyanins and the
absence of flavonols in the berries were the best cor-
related with antioxidant activity toward LDL oxidation.
Pure flavonols, such as quercetin, quercetin 3-rutinoside
(rutin), and myricetin, almost completely inhibited LDL
oxidation when tested at 7.5 and 10 µM (Teissedre et
al., 1996; Meyer et al., 1998). However, in this study
the flavonol content does not account for the antioxidant
activity of berries. Although the most active blackber-
ries contained relatively high amounts of flavonols, the
amount of flavonols was 4 times less in the next active
red raspberries. In addition, there is no antioxidative
synergism between quercetin and cyanidin or quercetin
and caffeic acid in the LDL system (Meyer et al., 1998).

Aglycones of anthocyanins were shown to effectively
inhibit LDL oxidation (Tamura and Yamagami, 1994;
Teissedre et al., 1996; Wang et al., 1997; Satué-Gracia
et al., 1997). In red wine, the anthocyanin fraction was
the most effective in inhibiting LDL oxidation (Ghiselli
et al., 1998). Also the antioxidant activity of grape

(Concord) juice samples in preventing LDL oxidation
was related to their anthocyanin levels (Frankel et al.,
1998). By the same LDL oxidation assay used in the
present study, the order of antioxidant activity de-
creased in the order: delphinidin > cyanidin > malvidin
> pelargonidin (Satué-Gracia et al., 1997). This order
is consistent with the high antioxidant activity toward
LDL for blackberries, which contain the highest amount
of cyanidin glycosides (Macheix et al., 1990). The order
is also consistent with the low antioxidant activity of
strawberries, which are rich in pelargonidin 3-glucoside
(Gil et al., 1997), and ascorbic acid, which was also a
weak antioxidant in the LDL system.

In the liposome oxidation system, hydroxycinnamic
acids present in berries were shown to be the best
predictors of the antioxidant activity of berry phenolics.
Anthocyanins, flavan-3-ols, and hydroxycinnamic acids
were shown to inhibit liposome oxidation (Huang and
Frankel, 1997; Satué-Gracia et al., 1997; Heinonen et
al., 1998b). The activity of anthocyanins in liposome
oxidation is different from that in LDL oxidation. Thus,
malvidin is an active antioxidant, whereas delphinidin,
cyanidin, and pelargonidin show prooxidant activity
(Satué-Gracia et al., 1997). These results may explain
why extracts of sweet cherries, which are low in antho-
cyanins and high in hydroxycinnamates, were the most
active in the liposome system compared to blueberries,
which are high in both anthocyanins and hydroxycin-
namates.

According to Costantino et al. (1992), the activities
of black raspberries, black currants, highbush blueber-
ries, blackberries, red currants, and red raspberries
toward chemically generated superoxide radicals were
greater than those expected on the basis of anthocyanins
(200-7000 mg/kg) and polyphenols (2500-12100 mg/
kg) present in the berries. Compared to pure delphini-
din 3-chloride 8 times less black raspberry or black
currant extract was required to cause a 50% inhibition
of nitroblue tetrazolium reduction.

To better understand the antioxidant activity of
berries, additional data are needed on the activity of
phenolic compounds as they occur naturally in bound
forms and on their interactions with other compounds
present in berries. The present study confirms that
berries contribute a significant source of phenolic an-
tioxidants that may have potential health effects.
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