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Dietary guidelines around the world recommend the increased consumption of fruits and vegetables

as good sources of antioxidant phytochemicals for the prevention of chronic diseases. Red

raspberries are a common and important fruit in the Western diet due to their content of essential

nutrients and beneficial phytochemicals. Anthocyanins and ellagitannins are polyphenolic com-

pounds and the major antioxidant phytochemicals present in raspberries. Whereas individual

phytochemical constituents of raspberries have been studied for their biological activities, human

intervention studies using whole berries are lacking in the literature. The nutritional and phytochem-

ical compositions of red raspberries and their absorption, metabolism, and biological activity are

reviewed. Finally, future directions of research are also identified.
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INTRODUCTION

Dietary guidelines around the world recommend the increased
consumption of fruits and vegetables, as good sources of dietary
fiber, essential nutrients, and beneficial phytochemicals, to im-
prove overall health and reduce chronic disease risk (1,2). Berries,
including raspberries, hold an important position among the
fruits attributable to their high antioxidant phytochemical con-
tents (3). The evidence strongly suggests oxidative stress, as
induced by reactive oxygen species (ROS) generated from normal
metabolic activity and lifestyle exposures, to be an important
etiological factor in the causation of chronic diseases (4-7).
Dietary antioxidants can play an important role in mitigating
the damaging effects of ROS on cellular macromolecules such as
lipids, proteins, and DNA, thereby reducing chronic disease risk.
Additional biological activities of phytochemicals may further
contribute to reducing disease risk, as to be discussed.

In addition to their attractive color and superior flavor, rasp-
berries contain a unique phytochemical profile rich in ellagitannins
and anthocyanins that distinguishes them from other berries and
fruits. Red raspberries (Rubus idaeus) are of economical impor-
tance and widely consumed fresh, frozen, or in processed forms
such as jellies, jams, and juices, whereas black raspberries (Rubus
occidentalis) are less commonly grown and consumed. The main
focus of this review will be on red raspberries.

In recent years several berries such as the strawberry, blue-
berry, cranberry, and black raspberry have been studied for their
beneficial effects on health. These health benefits include preven-
tion of certain types of cancer, cardiovascular diseases, type II
diabetes, obesity, neurodegenerative diseases associated with
aging, and infections. Comparatively, little work has been done
on red raspberries.

This paper will focus on the nutrient and phytochemical
composition of red raspberries, the bioavailability and metabo-
lism of raspberry phytochemicals, and their biological activities.
Red raspberry specific research, aswell asworkdoneonberries or
polyphenolic extracts containing the major red raspberry phyto-
chemicals, will be reviewed. Lastly, promising areas for future
research will be identified, with the need for human intervention
studies emphasized.

COMPOSITION

Red raspberries contain a variety of beneficial compounds,
including essential minerals, vitamins, fatty acids, and dietary
fiber, as well as a wide range of polyphenolic phytochemicals
(flavonoids, phenolic acids, lignans, and tannins). This range of
compounds will be discussed in the following, with specific focus
on the most significant compounds by quantity, primarily the
anthocyanins and ellagitannins.

Nutrients. Reflective of their nutrient profile (Table 1), red
raspberries are a healthy food choice. Raspberries are low in total
calories, with a 100 g serving providing only 52 kcal (8). This and
their sweet flavor make them a delicious snack alternative to
processed foods, as their high dietary fiber (6.5 g/100 g) and
fructose (>50% total sugars) contents both regulate blood sugar
levels by slowing digestion, and the fiber content also contributes
a satiating effect. The fat contained in the oil of raspberry seeds is
97.8% unsaturated fatty acids and has a low ratio of 1.64 n-6/n-3
fatty acids (9), therefore being a source of healthy, essential fats.
Fat-soluble vitamins, including carotenoids and tocopherols, are
also present in the seeds, whereas high levels of the water-soluble
vitamin C are present, in the flesh, at 26.2 mg/100 g of fresh
weight (fw). A diet low in saturated fats and sodium, but rich in
healthy fats, dietary fiber, potassium, andotherminerals, vitamins,
and antioxidant phytochemicals, as to be discussed, all define a
well-balanced diet, to which red raspberries are a healthy addition.
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Phenolic Phytochemicals. Phenolic phytochemicals are the
largest group of phytochemicals and are ubiquitous in plants,
including raspberries. They serve many diverse biological func-
tions including roles in plant growth, development, and defense.
They provide pigmentation, antimicrobial and antifungal func-
tions, insect-feeding deterrence, UV radiation protection, chela-
tion of toxic heavy metals, antioxidant quenching of free radicals
generated during photosynthesis, and much more (10). Polyphe-
nolic structures are characterized by the presence of one or more
six-carbon aromatic rings and two or more phenolic hydroxyl
groups. There are fourmain classes of polyphenols: the flavonoids,
phenolic acids, lignans, and tannins. Structural diversitywithin the
phenolics is dependent on types and oxidation levels of their
heterocyclic ring(s), their substitution patterns of hydroxylation,
their glycosylation by various sugars and/or acylation by organic
and phenolic acids, and by conjugation to form polymers.

The phenolic profiles of berry species are quite diverse and,
therefore, expected to have different biological activities. Rasp-
berry polyphenols primarily consist of anthocyanins and hydro-
lyzable tannins. More specifically, they are a particularly rich
source of cyanidin glycosides and are unique among the berries
for their high ellagitannin content, which when hydrolyzed yields
ellagic acid. Given that raspberries are one of the main dietary
sources of ellagitannins, increasing consumption of raspberries
and raspberry products would make a significant contribution to
ellagitannin intake.

The phytochemical composition of red raspberries, as reported
in the literature, will be discussed. There are numerous factors
thatmake the quantification of phenolic phytochemicals difficult.
Variability occurs not only in the extraction and quantification
methods but also as a result of inherent differences genetically by
cultivar and the influence of environmental factors including
maturity, growing conditions, storage, and processing.

Antioxidant Capacity (AOC). The AOC has been proposed as
an indicator of the presence of beneficial bioactive compounds in
foodstuffs and, therefore, their healthfulness (11). However, vari-
ability in the measurements between foodstuff samples and quan-
tification methods makes the compilation of a phytochemical
index, in a standardized way, very difficult. Several research
groups have published lists of AOC values of numerous foods
using their own food sources andmethodologies (3,12-19).When
results are compared, it is evident that berry fruits are consistently
ranked among the top sources of total phenolics and AOC,
containing levels up to 4 times greater than other fruits, 10 times
greater than vegetables, and 40 times greater than cereals (14). As
well, raspberries have repeatedly been ranked within the top 10
commonly consumed foods tested for their AOC values (15, 20).

Beekwilder et al. (21) published a review on raspberry anti-
oxidants and reported published AOC values for seven common
fruits and vegetables (13-16), which were obtained using differ-
ent analytical methods. Overall, raspberries had the highest AOC
followed by strawberries, kiwi, broccoli, leek, apple, and, finally,
tomato.

The phenolic profile of red raspberries contributes to the AOC
of red raspberries as follows: 50% ellagitannins, 25% anthocya-
nins, and 20% vitamin C (22). Across 17 raspberry cultivars
grown in Finland, the total phenolic content, measured similarly
to AOC using a radical quenching spectrophotometric method,
was significantly correlated with hydrolyzed ellagic acid content
(r = 0.98) and nonsignificantly correlated with quercetin (r =
0.36) and the total anthocyanins (r = -0.46) (23). This is
consistent with the previous study, in which ellagitannins ac-
counted for the majority of the AOC (22). However, the inverse
relationship with the anthocyanin content is unexpected given
that both ellagic acid and anthocyanins have strong antioxidant
potential. This inconsistency might be explained by the research-
ers’ inclusion of yellow cultivars with negligible anthocyanin
content in the statistical model. Other studies have in fact found
relationships betweenAOC and anthocyanin content.When four
Spanish red raspberry cultivars were analyzed, the antiradical
efficiency, a measure of AOC, was significantly correlated with
the total anthocyanin and phenolic contents (r = 0.85 and 0.83,
respectively), but not ellagic acid and vitamin C (r = 0.41 and
0.42, respectively) (24). Similarly, when the AOC of red raspber-
ries, strawberries, and blueberries was analyzed in the same
model, therewas also a strong correlationwith total anthocyanins
(r = 0.90) and phenolics (r = 0.83) (25). However, ellagic acid
was not measured, and the very high anthocyanin content in the
two blueberry cultivars may have strongly contributed to this
association. These relationships demonstrate that AOC is indi-
cative of the total phenolics and, therefore, anthocyanin and
ellagitannin contents in red raspberries. The health-promoting
bioactivities of these compounds, to be discussed, support the
idea that AOC can be useful as a measure of healthfulness.

Ellagitannins. Ellagitannins are hydrolyzable tannins, which
are more stable than the condensed tannins. Ellagitannins have
often been identified as the active principles in medicinal
plants (26). However, they are uncommon in foodstuffs. They
have a wide range of structures and can be present as monomers,
oligomers, and complex polymers. They are defined as hexahy-
droxydiphenoyl (HHDP) esters of carbohydrates and cyclitols,

Table 1. Nutrient Composition of Fresh Red Raspberries (Adapted from Ref 8)

type nutrient per 100 g

proximates water (g) 85.75

energy (kcal) 52

protein (g) 1.20

total lipid (g) 0.65

carbohydrate (g) 11.94

dietary fiber (g) 6.5

sugars (g) 4.42

sucrose (g) 0.20

glucose (g) 1.86

fructose (g) 2.35

minerals calcium (mg) 25

iron (mg) 0.69

magnesium (mg) 22

phosphorus (mg) 29

potassium (mg) 151

sodium (mg) 1

zinc (mg) 0.42

copper (mg) 0.090

manganese (mg) 0.670

selenium (μg) 0.2

vitamins vitamin C (mg) 26.2

thiamin (mg) 0.032

riboflavin (mg) 0.038

niacin (mg) 0.598

pantothenic acid (mg) 0.329

vitamin B6 (mg) 0.055

folate (μg) 21

choline (mg) 12.3

betaine (mg) 0.8

vitamin B12 (μg) 0

vitamin A, RAE (μg) 2

lutein þ zeaxanthin (μg) 136

vitamin E, R-tocopherol (mg) 0.87

tocopherol, β (mg) 0.06

tocopherol, γ (mg) 1.42

tocopherol, δ (mg) 1.04

vitamin K, phylloquinone (μg) 7.8
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but also include compounds derived from additional oxidative
transformations. HHDP is a product of the oxidation of galloyl
groups (26). The most common oligomers in red raspberries
include lambertianin A and sanguiin H-6 (Figure 1), which are
trimers and tetramers, respectively, formed by an ether link
between a galloyl hydroxyl oxygen and an HHDP group. This
characteristic link between one of the hydroxyl groups of a galloyl
group in one molecule and the 4,6-HHDP connected to the
4-position of the glucose core of another molecule is known as
a sanguisorboyl group (26). When ellagitannins are exposed to
acids or bases, their ester bonds are hydrolyzed and hexahydrox-
ydiphenic spontaneously rearranges to yield ellagic acid. Ellagic
acid is a dimer and can be further hydrolyzed to gallic acid, a
derivative of benzoic acid (27).

Most reports of ellagitannin content in plants are determined
as hydrolyzed ellagic acid. Few studies have identified and
quantified the ellagitannin compounds themselves. A group from
Scotland were the first to characterize the ellagitannins in red
raspberries (28). They reported the content in gallic acid equiva-
lents for the cultivar Glen Ample as 76, 31, and 0.11 mg/100 g of
fw sanguiin H-6, lambertianin C, and ellagic acid, respectively.

Information on the content of ellagitannins in foodstuffs is
limited. Over 500 hydrolyzable tannins have been identified in
various plants, with major dietary sources mainly being berries
and nuts (26). Recently, a group from Finland selected 33
commonly consumed foods and screened them for ellagitannin
content (29). They identified only 5 foods, all berries, which
consisted of the cloudberry with 315.1 mg/100 g of fw, the red
raspberry with an average of 297.3 mg/100 g of fw, followed by
rose hip (109.6 mg/100 g of fw), strawberry (average of 77.1 mg /
100 g of fw), and sea buckthorn (1 mg/100 g of fw). Ellagic acid
was mostly present as ellagitannins, and the relative amount of
free ellagic acid was <6% for all fruits and 1.4% in red
raspberries. Another group, from the United States, analyzed
the content of hydrolyzed ellagic acid in various fruits and
nuts (30). Red raspberries and blackberries contained the most,
with 21.4 mg/100 g of fw, followed by strawberries (9.0 mg/100 g
of fw), walnuts (8.4 mg of EA/100 g of fw), pecans (4.7 mg/100 g
of fw), and cranberries (1.7 mg/100 g of fw). Lastly, a group from
Japan also did the same thing, only they analyzed free ellagic acid
content and did not account for contributions from ellagitan-
nins (31). As a result, their values are of little meaning here and
will not be reported. However, they did find small amounts of
ellagic acid in fueijoa, pinapple, and pomegranate fruits, suggest-
ing ellagitanninsmay bemorewidely available in the food supply,
or at least in tropical fruits, than previously thought, warranting
further research.

The ellagitannin content of red raspberries varies among
varieties. Four cultivars (cv.) from Spain showed variation in
hydrolyzed ellagic acid content from 20.7 to 24.4 mg/100 g (32),
whereas the variation among 17 cultivars grown inFinland varied
from 38 (cv. Gatineau and cv. Nova) to 118 mg/100 g of fw (cv.
Ville) of hydrolyzed ellagic acid (23). Another group from Fin-
land reported ellagitannin values for cultivated raspberries (cv.
Muskoka) as 97.7mg/100 g of fw, and these values were higher in
yellow cultivated raspberries (126.2 mg/100 g of fw) and even
higher in wild raspberries (156.0 mg/100 g of fw) (33). This
demonstrates that cultivating techniques and/or cultivar selection
may contribute to lower quantities of ellagitannins, which makes
intuitive sense because the use of pesticides reduces plants’
survival need to produce deterrents, such as ellagitannins.

The large reported variation in ellagitannin content is attribu-
table toboth growing conditions and cultivar, aswill be discussed.
However, methodologies also play a role. The hydrolysis proce-
dure, used to release ellagic acid, also makes the compoundmore
available to destruction in redox reactions. As well, ellagitannins
have a higher weight than their total ellagic acid or gallic acid
composition, also explaining why measures of hydrolyzed ellagic
acid are lower than those for ellagitannins.

Anthocyanins. Anthocyanins are glycosylated polyhydroxy or
polymethoxy derivatives of 2-phenylbenzopyrylium. They con-
tain two benzoyl rings (A and B) separated by a heterocyclic (C)
ring. The deglycosylated or aglycone forms of anthocyanins are
known as anthocyanidins. The six most common forms of
anthocyanidins are cyanidin, delphinidin, pelargonidin,malvidin,
petunidin, and peonidin, with a distribution in nature of 50, 12,
12, 12, 7, and 7%, respectively (34). Overall, cyanidin-3-glucoside
(Figure 2) is the most ubiquitous.

Anthocyanins are a common phytochemical and present in a
large assortment of foodstuffs. Therefore, information on their
quantity in the diet is more readily available than for ellagitan-
nins. Recently published was the U.S.Department of Agriculture
(USDA) Database for the Flavonoid Content of Selected
Foods (35). This reports the distribution of only anthocyanidins,
not their glycosides. Many papers have done similarly. In the
previously mentioned paper from Finland, anthocyanin contents
in the select foodswere alsomeasured (29). The total anthocyanin
content of red raspberries was an average of 79.2 mg/100 g of fw,
mainly being cyanidins, with 2% pelargonidin glycosides. The
highest contents of anthocyanins were found in bilberry (average
of 955.7 mg/100 g of fw), chokeberry (695.3 mg/100 g of fw), and
crowberry (609.6 mg/100 g of fw). Note that these values were
converted to cyanidin-3-glucoside equivalents, because they
were expressed in weight of aglycone.

Anthocyanin contents of commonU.S. fruits and berries were
also analyzed for anthocyanins (36, 37). Red raspberries were

Figure 1. Chemical structure of the ellagitannin sanguiin H-6.

Figure 2. Chemical structure of the anthocyanin cyanidin-3-glucoside.



3874 J. Agric. Food Chem., Vol. 58, No. 7, 2010 Rao and Snyder

reported to contain 92.1 mg/100 g of fw, and similarly to the
previous mentioned report, 98% were cyanidins and 2% pelar-
gonidins. Black raspberries have much higher levels of anthocya-
nins (687 mg/100 g of fw), attributable to their darker coloration,
and the majority of these are also cyanidins. The values in this
study were expressed in weight of anthocyanin glycosides and,
therefore, are expected to have higher values than if anthocyani-
din (aglycones) weights were used for the calculations (29).

However, anthocyanin content can vary greatly by variety.
Four Spanish-grown red raspberry cultivars were analyzed, and
total anthocyanin content ranged from 37.04 to 116.27 mg/100 g
of fw (38). Most red raspberry cultivars are harvested during the
summer and not the spring and fall, like these cultivars. There-
fore, if concentrations are in fact seasonally dependent, it seems
reasonable that values fallwithin this range, as in the previous two
studies. However, analysis of anthocyanins in 12 red raspberry
varieties from Finland found a lower and smaller range from 19
mg/100 g of fw (cv. Preussen) to 51 mg/100 g of fw (cv.
Gatineau) (23). It is interesting to note that these berries also
had higher ellagitannin contents. For 11 varieties grown in Spain
the variability, converted from weight of aglycone to cyanidin-
3-glucoside equivalents, was found to range from 29.5 mg/100 g
of fw (cv. EM 6505/5) to 115.9 mg/100 g of fw (cv. Autumn
Bliss) (39).

As well, the anthocyanin profile can vary by variety. For the
four Spanish-grown cultivars already discussed, not only was
quantity greater in the late harvest cultivars (cv. Zeva and cv.
Rubi), but so was complexity (38). There were nine HPLC
chromatogram peaks in cv. Zeva. Cyanidin-3-sophoroside was
the predominant anthocyanin in three of the four varieties
(53-58%), and cyanidin-3-rutinoside was most predominant in
the other, cv. Autumn Bliss (34%). The next predominant for all
cultivars was cyanidin-3-glucoside (21-36%). The other antho-
cyanins identified were cyanidin-3-glucorutinoside, pelargonidin-
3-sophoroside, pelargonidin-3-glucorutinoside, pelargonidin-3-
glucoside, malvidin-3-glucoside, and delphinidin-3-glucoside,
whereas two varieties grown in the United Kingdom (cv. Latham
and cv. Glen Moy), with mid to low anthocyanin values of 48.6
and 29.7 mg/100 g of fw, respectively, both contained a similar
spectrum of cyanidin glycosides (40). The relative composition
was cyanidin-3-sophoroside>cyanidin-3-glucorutinoside>cya-
nidin-3-glucoside>cyanidin-3-rutinoside>all pelargonidin glu-
cosides combined. The Glen Ample cultivar from Scotland was
found to contain a midrange value of 50 mg/100 g of fw of
anthocyanins, with the main contributor being cyanidin-3-so-
phoroside (54%), followed by cyanidin-3-glucorutinoside (23%)
and then cyanidin-3-glucoside (15%) (28). A host of other
anthocyanins were identified in smaller quantities, including
cyanidin-3,5-diglucoside, cyanidin-3-sambubioside, cyanidin-3-
rutinoside, cyanidin-3-xylosylrutinoside, and pelagonidin 3-gly-
cosides including glucosylrutinoside, glucoside, and rutinoside.

Measuring the total anthocyanin content using a spectro-
photometric method gives no indication of the structure and
reports a less accurate value. For example, 37 mg/100 g of fw was
reported by a spectrophotometric method, compared to 50 mg/
100 g of fw anthocyanins by HPLC (28).

Overall, the total anthocyanin content of red raspberries is
typically<100mg/100 g of fw, immaterial of the method used or
cultivar analyzed, which is similar to other red/orange berries and
fruits; dark blue/red berries, on the other hand, contain levels
>150mg/100 g (29). Cyanidin glycosidesmakeup themajority of
the total anthocyanin content of red raspberries, with pelargoni-
din glycosides sometimes present at levels typically <2% of the
total. The major glycoside moieties in red raspberries include
sophoroside, glucoside, rutinoside, and glucorutinoside. Red

raspberry anthocyanins are typically monoglycosides, nonacyl-
ated. However, it has been proposed that glucorutinoside has
been misidentified and is actually cyanidin-3-sophoroside-
5-rhamnoside (36). The between-study variability ismuch smaller
than for that of ellagitannins, possibly because anthocyanins are
extracted much more easily from the flesh of the fruit, and the
bright red coloration is often selected for during breeding.

Other Phenolics. Red raspberries contain small amounts of
other polyphenolic compounds. In addition to anthocyanins,
they contain other flavonoids. The primary flavonol glycosides
are quercetin-3-glucuronide, present at 1.1 mg/100 g of fw, and
kaempferol-3-glucuronide, present at 0.6 mg/100 g of fw. The
major flavan-3-ol is (þ)-catechin with 2.4 mg/100 g of fw (33).
Proanthocyanidins, similar to ellagitannins, are polymeric tan-
nins. In contrast, they are made up of flavan-3-ol units and are
more specifically classified as condensed tannins. Hellstrom et al.
recently reported that red raspberries from Finland contain 78.8
mg/100 g of fw proanthocyanidins in the form of procyanidins
and propelargonidins, which consist of (epi)catechin and
(epi)afzelechin units, respectively (41). This is a much higher
number than the previously reported value of 30.2 mg/100 g of
fw (42) for red raspberries from theUnitedStates,which have also
had lower reports of ellagitannins than Finland raspberries. Of
the 27.5mg/100 g of fw of phenolic acids found in red raspberries,
about 78% is attributable to the hydroxybenzoic acid derivative,
gallic acid, the precursor for dimeric ellagic acid (43). Other
phenolic acids present in small quantities include p-hydroxyben-
xoic acid and derivatives of the hydroxycinnamic acid class,
including caffeic acid, ferulic acid, sinapic acid, p-coumaric acid,
cinnamic acid, and vanillic acid. Little work has been done on the
lignan content of berry fruits, but small amounts have been
reported. Red raspberries were found to contain 0.02 mg/100 g
of fw secoisolariciresinol (44). Even though small in quantity,
phenolic compounds are an important contributor to the health-
fulness of a diet. A summary of the phenolic content of red
raspberries can be found in Table 2. However, the remainder of
this paper will focus on the two major red raspberry phenolics,
ellagitannins and anthocyanins.

Maturity. The phenolic composition of berries changes
throughout growth and stages of ripening. While the raspberries
are green, levels of tannins are high, and they decrease over the
ripening period. Later, during ripening, when the red fruit fully
matures, sanguiin H-6 levels are not significantly affected but
proanthocyanidins continue to be significantly reduced. In con-
trast, anthocyanins are very low in green fruit, with only cyanidin-
3-glucoside present and some traces of cyanidin-3-rutinoside.
While pink, small amounts of cyanidin-3-sophoroside and cya-
nidin-3-glucosylrutinoside are produced. By the time the fruit is
red, these anthocyanins sharply increase in quantity and pelargo-
nidin glycosides begin to form last (45). Unfortunately, the stage
in which raspberries are picked cannot easily be altered to select
for certain compositions, as raspberries are typically picked once
fully ripe and the berry begins to detach from the cap. However,
this information might give insight into the pathways involved in
phenolic formation and be useful in selective breeding, as to be
discussed.

Storage and Processing Effects. Short-term storage of rasp-
berries, at temperatures >0 �C, results in significant losses of
vitamin C and significant increases in total phenolics (25, 28).
Kalt et al. (25) stored berries at 0, 10, 20, and 30 �C for up to
8 days. The most dramatic increases in phytochemical composi-
tionwere recorded at 20 �C,with total phenolic, anthocyanin, and
AOC increases of 1.5-, 2.5-, and 2.0-fold, respectively. Mullen
et al. (28) compared the phytochemical content of cv.GlenAmple
raspberries after being freshly picked, freshly frozen, stored for
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3 days at 4 �C, or stored for an additional 24 h at 18 �C. There
were no significant differences between the different treatment
conditions for AOC values, flavonol, and individual or total
anthocyanins. However, the total phenol (11%), ellagitannins
(24%), and ellagic acid (5.3-fold) levels were significantly in-
creased by the end of short-term storage compared to fresh. After
8 days at 20 �C, vitamin C suffered decreases of 22%, whereas
after 3 days at 4 �Cand 1 day at 18 �C, it decreased by only 8%. In
both studies vitaminCwasnegatively affected, but the concurrent
increases in either anthocyanins or ellagitannins prevented a
negative impact on AOC.

The process of freezing has no significant effects on the phyto-
chemical content of red raspberries. De Ancos et al. (32,38) froze
berries at -80 �C in liquid nitrogen for 15 min and then thawed
them for 1 h at 7 �C. The only change was a significant increase in
anthocyanins. Mullen et al. (28) froze samples at -30 �C and
prepared extractions for analysis without thawing first. They also
found no significant effects on any parameters measured com-
pared to fresh samples.

Long-term frozen storage of raspberries hasminimal effects on
phytochemical composition. De Ancos et al. (32, 38) froze
samples at -20 �C for 12 months and found no significant
decreases in total phenolic content or AOC. However, there were
significant decreases in hydrolyzed ellagic acid, from 14 to 21%
and in vitamin C, from 33 to 55%, depending on the cultivar (32).
Similarly, in another study, hydrolyzed ellagic acid levels de-
creased 30% over 9 months of storage at -20 �C (46). Storage
effects on anthocyanins were cultivar dependent, with early
cultivars having nonsignificant increases (17% for cv. Heritage
and 5% for cv. Autumn Bliss) and the late cultivars having
significant decreases (-4% for Rubi and a significant -18% for
cv. Zeva). Of all the anthocyanins, cyanidin-3-glucoside suffered
the most from degradation during freezing and storage. Even
though the stability is greater in earlier harvested cultivars, the
resulting concentration of anthocyanins is still greater in the late-
harvest varieties (38). As the phenolic profile changes in frozen

stored fruit it does not seem to affect the total content or the
antioxidant activity of the fruit. It may, however, have implica-
tions on the type of bioactive compounds present.

Genetic and Environmental Factors. The evidence above has
shown that freshly picked commercial and frozen raspberries
all contain similar levels of phytochemicals and antioxidants
per serving. It is the cultivar and growing conditions that
mainly affect the phytochemical content of fruit. Annttonen
and Karjalainen (23) found a coefficient of variation of 4% for
anthocyanins and 8% for ellagic acid, released from acid
hydrolysis, across cultivars. Kassim et al. (40) crossed two
cultivars and assessed the anthocyanin profiles in their progeny
across two growing seasons and two growing conditions, one
open field and the other covered with polytunnel. They found
strongly significant (P < 0.001) differences between growing
seasons, with higher anthocyanin levels present in the year with
more sunlight. They also found a low significant effect on
growing condition, with slightly lower anthocyanin levels in
those grown under polytunnel. Their main objective was to
look at candidate genes and identify genotypes associated with
higher anthocyanin content across all environmental condi-
tions. Even though environmental factors have a large impact
on anthocyanin production, there is a strong genetic compo-
nent involved in the anthocyanin variability with highly sig-
nificant differences (P < 0.001) in each of the eight individual
and total anthocyanins present between progenies. Genetic
information like this can be used for marker-assisted breeding
programs to improve the nutritional value of raspberry fruit by
creating new phytochemical-rich cultivars. Association of
these markers with certain pathways may also enable future
selection of specific compounds. Similar research has not been
conducted on factors affecting ellagitannin content. But first,
to selectively improve the phytochemical profile of raspberries
for health benefits, it is important to understand which
compounds are most bioavailable and bioactive in humans
and, therefore, most beneficial to health.

Table 2. Polyphenolic Composition of Fresh Red Raspberries

class group compound amount (mg/100 g) ref

flavanoids anthocyanins cyanidin-3-sophoroside 25.4 40

cyanidin-3-glucosylrutinoside 7.2 40

cyanidin-3-glucoside 3.9 40

cyanidin-rutinoside 2.3 40

pelargonidin-3-sophoroside 0.06 40

pelargonidin-3-glucosylrutinoside 0.1 40

pelargonidin-3-glucoside 0.12 40

pelargonidin-3-rutinoside 0.005 40

flavan-3-ols (þ)-catechin 2.4 33

flavonols kaempferol-3-glucuronide 0.6 33

quercetin-3-glucuronide 1.1 33

phenolic acids hydroxybenzoic acids gallic acid 21.5 43

p-hydroxybenzoic acid 1.82 43

hydroxycinnamic acids p-coumaric acid 0.8 43

caffeic acid 0.89 43

ferulic acid 0.85 43

sinapic acid 0.27 43

vanillic acid 1.04 43

cinnamic acid 0.27 43

hydrolyzable tannins ellagitannins sanguiin H-6 76 29

lambertianin C 31 29

ellagic acid 0.11 29

condensed tannins proanthocyanidins procyanidin, propelargonidin 30.2-78.8 41 , 42

lignans secoisolaricirensiol 0.02 44
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ABSORPTION AND METABOLISM

Health benefits of many phenolic phytochemicals have been
identified using in vitro methods, which may not be relevant in
vivo, due to poor absorption and metabolism. The levels of these
compounds appearing in the blood or excreted in urine can be at
very low concentrations and in very different forms from those
ingested. Therefore, understanding the pharmacokinetics of po-
tential health-promoting compounds is important before re-
searchers can truly understand their bioactivity.

Ellagitannins. Ellagitannins are partially hydrolyzed in the gut
to release ellagic acid (27). A study byDaniel et al. (47) found that
the hydrolysis of ellagitannins in raspberry extracts was not
catalyzed by any of the enzymes isolated from the rat intestine,
but occurred optimally at pH 8, or after 1 h of exposure to the
microbial content of the rat cecum. Another study found that
ellagic acid can bemetabolized by colonicmicrobiota to yield 3,8-
dihydroxy-6H-dibenzo[b,d]pyran-6-one, also called urolithin
B (48). Both metabolites are absorbed by humans and have been
identified in blood and urine samples (27).

Few studies have looked at the pharmacokinetics of ellagitan-
nins. Only one study was found in the literature looking specifi-
cally at whole red raspberries. Cerda et al. (48) investigated the
excretion of ellagic acid and its derivatives in humans (n = 40)
after the consumption of strawberries (250 g, containing 190 mg
of hydrolyzed ellagic acid), raspberries (225 g, containing 422 mg
of hydrolyzed ellagic acid), walnuts (35 g, containing 191 mg of
hydrolyzed ellagic acid), or oak-aged red wine (300 mL, contain-
ing 5.4 mg of hydrolyzed ellagic acid). Urine samples were
collected at 8, 16, 32, 40, and 56 h after intake. Neither ellagi-
tannins nor ellagic acid was detected in the urine samples. How-
ever, urolithin B conjugated with glucuronic acid was abundant
in all treatment groups, but not controls. Urolithin B in its
aglycone formwas also detected in someurine samples. Excretion
of the metabolite was mostly present in the urine samples after
16 h and lasted during the following 40 h. Therefore, complete
clearance of the ellagitannin metabolites could not be estimated
because the excretion was still high at the final 56 h urine collec-
tion. The maximum excretion values detected were 12 mg in
strawberry group (6.3% excretion), 155 mg in walnut group
(8.1%excretion), 32mg in raspberry group (7.6% excretion), and
0.75 mg in red wine group (7.4% excretion). When some of the
participants were fed double the quantity of their treatment food,
their metabolite excretion was higher but not directly proportio-
nal to the increased amount of ellagitannins consumed. It should
be noted thatwalnuts and redwine contain different ellagitannins
from those present in berry fruits.Walnutsmostly contain pedun-
culagin, valoneic acid dilactone, and casuarictin, and oak-aged
red wine contains vescalagin. Even though they all release ellagic
acid upon hydrolysis, differences in their structure or differences
in the food matrix and other constituents of the food source may
contribute to the differences in bioavailability seen.

There was also considerable interindividual differences in the
quantity of metabolites excreted within groups. High and low
metabolite excretors were identified in each treatment group. The
interindividual values for percent excretion in the raspberry group
ranged from 0.21 to 7.6%. This trend is often observed in studies
analyzing the excretion of colonic metabolites, due to the varia-
bility in type and quantity of microbiota found within the human
digestive tract. Therefore, differences in the ellagitannin bioavail-
ability between foodstuffsmay alsobe the result of interindividual
differences between the groups, as this was not a crossover study.

In another study, Stoner et al. (49) fed 11 volunteers 45 g of
freeze-dried black raspberries (equivalent to 2 cups fresh), con-
taining 90 mg of hydrolyzed ellagic acid, for 7 days. After

consumption, plasma levels of ellagic acid peaked between
1 and 2 h and returned to baseline levels by 8 h. In urine, the
ellagic acid levels were greatest in the 0-4 h postconsumption
collection, and they returned to baseline levels during the 8-12 h
collection. Baseline levels rose by 40% from day 1 to day 7,
indicating slight accumulation of ellagic acid over the daily 7 day
treatment. Recovery in the urine was <1%; however, the
presence of urolithin B metabolite was not measured in this
study. In the previous study (48) ellagic acid was not identified;
however, as this study (49) demonstrates, the majority of the
ellagic acid content has been absorbed and excreted by 8 h, which
was when the first study began urine collections. It appears that
ellagic acid is absorbed and excreted quickly after ingestion,
whereas urolithin B absorption is delayed, occurring from the
colon over many hours postconsumption, and has a much higher
recovery, assuming ellagic acid is the only precursor to urolithin B
being consumed. No conjugates were reported in this study,
possibly due to methodology, as samples were not acidified nor
was an antioxidant added, both processes that would have helped
to stabilize the compounds.

Anthocyanins. Many reviews have recently been published on
the absorption and metabolism of anthocyanins (50, 51). Flavo-
noids generally have low bioavailability, and anthocyanins seem
to have even lower absorption than others. Bioabsorption of
anthocyanins occurs very quickly following consumption. The
maximum plasma concentration is often reached after 15-60
min. When they are consumed with other foods, particularly
high-fat foods, which delay gastric emptying, levels can peak after
up to 4 h (52,53). Reports on the recovery of anthocyanins in the
urine after consumption are often <0.1% (51) and range from
0.03 to 4% (50). Excretion is typically complete within 6-8 h.

The observations above have led to the suggestion that
anthocyanins are absorbed from the stomach and are not
circulated through the bile. Active transport by sodium-glucose
cotransport and hydrolysis of the sugar-linked aglycone at the
brush border are thought to be the two mechanisms by which
anthocyanins are absorbed. In support of the transporter theory,
supplementation of anthocyanins with various sugars has been
observed to reduce their excretion (54). Anthocyanins are stable
under gastric conditions, and their direct absorption from the
stomach into the blood may explain their rapid but transient
increase in serum. Absorption of anthocyanins by animals has
been demonstrated using in situ methods from the stomach (55)
and intestine (56). In vitro methods revealed differences in
absorption between intestinal tissues, with absorption in the
jejunum, slight absorption from duodenal tissue, and none from
the ileum and colon (57,58). Anthocyanins have also been shown
to interact with bilitranslocase (59), providing a plausible me-
chanism for absorption from the stomach (60).

Themost common conjugation reactions of flavonoids include
glucuronidation, methylation, sulfation, and glycation (61). Me-
tabolic pathways can be saturated, so large doses of anthocyanins
may result in large amounts of unconjugated parent compounds
in circulation.

The detection of glucuronide (62-65), methyl (62,64,65), and
sulfoconjugates (63) has been documented, with reports of
68% (65) to 80% (63) of excreted anthocyanins beingmetabolites.
Studies identifying anthocyanins exclusively as unmetabolized
parent compounds probably result from either saturation of
metabolic pathways following megadose interventions, insuffi-
cient extraction procedures, or misidentification as a result of
insufficient detection systems (50).

Exposure to gutmicrobiota results in the rapid deglycosylation
and demethylation of anthocyanins into their corresponding
aglycones. Aglycones are unstable at neutral pH and rapidly
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degrade into their corresponding phenolic acids and aldehydes
through cleavage of the C-ring (66,67). A potential phenolic acid
biomarker for anthocyanin microbial metabolism was identified
in rats by Tsuda et al. (68). They reported a significant increase in
plasma concentrations of protocatechuic acid following intake of
cyanidin glycosides, which was 8-fold higher in plasma concen-
tration than the parent anthocyanin. Further support for proto-
catechuic acid as an anthocyanin metabolite in humans was
reported by Aura et al. (66), who found protocatechuic acid as
a major metabolic byproduct of anthocyanins by human fecal
bacteria. Identification of this compound in humans could open
up another pathway in which anthocyanin consumption may
influence health.

Absorption of anthocyanins is greater than that which is
recovered in the urine, because they are likely deposited into
tissues. Despite anthocyanins’ high water solubility, when cells
are exposed to them, they do cross the cell membrane and are
detected in the interior of the cell. A study byKalt et al. (69) found
that pigs fed a diet supplemented with blueberries for 4 weeks
contained no anthocyanins in their plasma or urine after an
18-21 h fast, but they were found in all tissues tested, including
the liver, eye, cortex, and cerebellum. Malvidin glycosides were
the most abundant in all tissues, possibly because of the stability
of the structure imparted by its two methyloxylations. Different
tissues had different relative abundances of each anthocyanin,
with cyanidinsmore prevalent than delphinidins in the cortex and
in the liver. This suggests either that tissues selectively accumulate
certain anthocyanins or that anthocyanin stability varies between
tissues.

In another study, a single dose of raspberry juice was adminis-
tered to rats, but anthocyanins were not detected in tissue extracts
of the liver, kidney, or brain (70). Therefore, long-term exposure
to these compounds may be needed for tissue accumulation and
bioactivity within tissues.

No human studies on the pharmacokinetics of red raspberry
anthocyanins were found in the literature. However, human
studies on other berries can give insight into the metabolism of
red raspberry anthocyanins. Freeze-dried black raspberries,
which contain some of the same anthocyanins, were fed to 11
volunteers for 7 days (49). The daily serving was 45 g of powder,
which is equivalent to 2 cups fresh and contains 15-20 mg/g of
anthocyanins. After consumption, anthocyanin levels peaked in
the plasma between 1 and 2 h and in urine during the 0-4 and
4-8 h collections. Cyanidin-3-glucoside and cyanidin-3-rutino-
side, the two compounds present in red raspberries, were removed
from the plasma and excreted more quickly than cyanidin-3-
sambubioside and cyanidin-3-xylosylrutinoside. However, no
metabolites were detected, which may be explained by the fact
that bodily fluids were not acidified before storage in order to
stabilize the compounds; therefore, degradation of the conjugates
may have occurred.

The bioavailability and metabolism of whole, unprocessed
strawberries and blackberries, the major anthocyanin of which
is pelargonidin-3-glucoside or cyanidin-3-glucoside, respectively,
were also investigated in humans. Urine samples were acidified
with hydrochloric acid, and in addition to the parent compounds,
metabolites were identified (63, 71). The majority of compounds
recovered were monoglucuronide metabolites; however, methyl-
ated glycosides and sulfoconjugates were also present. Aglycone
structure may play a role in bioavailability, as pelargonidin had a
totalmean recovery of 1.80%and cyanidin had only 0.16%of the
amount ingested.Of the berries investigated byMcGhie et al. (72),
boysenberry’s anthocyanin composition is most relevant to red
raspberries and will therefore be the only results presented from
this study. The acidified urine samples contained cyanidin-3-

glucorutinoside, cyanidin-3-rutinoside, and cyanidin-3-sophoro-
side at concentrations relative to their content in boysenberries.
However, the relative concentration of cyanidin-3-glucoside was
much less. The HPLC chromatogram also showed unidentified
peaks, with longer retention times, which the authors assumed to
be metabolites but were not investigated.

Taken together, these studies indicate that anthocyanin ab-
sorption, metabolism, and recovery are dependent on the struc-
ture of not only the aglycone but also the sugar moiety. However,
the pathways and mechanisms will not fully be understood until
pharmacokinetic studies are done using anthocyanins with a
tracer, to track their entire path throughout the body.

BIOACTIVITY

Fruits, and in particular berries, have been studied for their
biological activity using in vitro, animal, and human intervention
studies. There are a very limited number of red raspberry-specific
studies. However, work on other berries containing some of the
same compounds as red raspberries, in addition to compound-
specific studies, will give insight into thepotential bioactive roles of
red raspberries in human health. All known raspberry-specific
research, as well as other relevant research, will be presented. The
majority of this body of work has been in in vitro systems or
animal models, and there have also been a few small human
interventions. The hypothesized health benefits related to berry
(and red raspberry) consumption that are to be discussed include
their role in the prevention of certain types of cancers, cardiovas-
cular diseases, type II diabetes, obesity,macular degeneration, and
neurodegeneration, as well as inflammation and oxidative stress.

In Vitro Studies. The focus of the available research on red ras-
pberry bioactivity has been on their antioxidant properties in vitro.
Among themanymethods used tomeasure the antioxidant proper-
ties of foods the most common ones are ferric reducing activity of
plasma (FRAP), 2,2-azinobis(3-ethylbenzthiazoline-6-sulfonic acid
(ABTS), and oxygen radical absorbance capacity (ORAC). The
pros and cons of thesemethodologies (73-75) and a comparison of
their values for red raspberries (21) have been reviewed elsewhere.
The antioxidant activities of red raspberry extracts and their
phytochemicals have been demonstrated to reduce induced oxida-
tive damage to macromolecules in vitro (76-79), a hypothesized
mechanism in the pathology of chronic diseases.

Beyond their antioxidant function, raspberry phytochemicals
have been shown to beneficially modulate enzyme activity,
cellular pathways, and gene expression. In addition to reducing
oxidized-LDL formation via their antioxidant activity (80), rasp-
berry phytochemicals have demonstrated antiatherosclero-
tic (81, 82) and anti-inflammatory activities (83, 84), which may
provide protection against cardiovascular diseases.

Many studies have demonstrated raspberry phytochemicals’
ability to reduce cancer cell growth in vitro. Anthocyanins have
been shown to have the ability to down-regulate cyclooxygenase-
II (COX) expression and enzyme activity (78, 85, 86), a mechan-
ism for its antiproliferative actions on many different human
cancer cell lines (87). In contrast, ellagic acid’s mechanism for its
antiproliferative actions across many different human cancer cell
lines (88-90) is via induction of apoptotsis. Despite both com-
pounds observed antiproliferative activities, it is the ellagitannin
fractions that mostly account for this biological effect by red
raspberry extracts (91). In vitro studies have also found raspberry
phytochemicals from black raspberry extracts to be effective in
reducing vascular endothelial growth factor (VEGF) expres-
sion (92, 93), a promoter of angiogenesis, which is a critical step
for tumor metastasis.
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The role of phytochemicals in diabetes and obesity is a new and
interesting area of research. Raspberry phytochemicals have
shown potential to improve glucose control in diabetics by
inhibiting carbohydrate digestion. More specifically, anthocya-
nins have been found to interact with R-amylases (94, 95) and
ellagitannins with R-glucosidase (94,95). Anthocyanins have also
been demonstrated to induce insulin secretion (96), and their role
in improvement of adipocyte function, a factor in obesity, is also
being investigated (97).

Anthocyanins’ role in the prevention of macular degeneration
has long been suggested, but quality research is limited.Cyanidin-
3-glucoside and cyanidin-3-rutinoside, but not the corresponding
delphinidins isolated from bilberries, were found to increase the
regeneration of rhodopson in frog rod outer segment mem-
branes (98).

Berry phenolics have been widely studied as antimicrobials for
use in the food industry and medicine. Even though tannins are
not absorbed in their natural form, they do provide health
benefits to their consumer. The complex phenolic polymeric
structures of ellagitannins have been demonstrated to be effective
in inhibiting growth of Salmonella and Staphylococcus patho-
genic bacteria strains (99-104). Different phenolic compounds
selectively inhibit different intestinal pathogens, as already re-
viewed (105, 106).

Animal Studies. Animal models have been used to identify
various phytochemicals’ and phytochemical-rich foods’ antioxi-
dant activity against oxidative damage in vivo. Many studies have
used a vitamin E depleted rat model. When given physiologically
relevant levels of anthocyanins at 100mg/kg, no effect of cyanidin-
3-glucoside was reported on oxidative stress markers, but plasma
AOCwas not measured (107). However, another study employing
250 mg/kg of a bilberry anthocyanin extract, containing some
raspberry anthocyanins plus many more, did find a significant
increase in plasma AOC (108). As well, a different study, with a
similar model, gave a combination of all five common anthocya-
nidins with 3-glucopyranoside attachments, but at much higher,
pharmaceutical levels of 1 g/kg (109). They found not only was
plasma AOC increased, but markers of lipid and DNA oxidation
in the liver were decreased. At these high levels, 2 g/kg, cyanidin-
3-glucoside was effective in reducing lipid peroxidation (110). A
more comprehensive study was done looking at the effect of an ad
libitum 2 or 10% boysenberry diet on top of a background diet
containing either chow, soybeanoil, or fish oil (111). Boysenberries
contain cyanidin 3-glycosides similar to those found in red rasp-
berries. The soybean oil diet induced themost oxidative stress, and
anthocyanin supplementation significantly decreased protein, li-
pid, and DNA markers of oxidative stress, as well as increased
AOC. The anthocyanins had less of an effect on the chow diet, and
a negative effect of increased lipid peroxidation, on the fish oil diet.
This study reiterates the importance of background diet and
biological environments of heightened oxidative stress for effects
of dietary antioxidant supplementation to be effective. All studies
mentioned, with the exception of the first, which was a 12 week
study, supplemented diets for a maximum of 2 weeks. The long-
term effectiveness at physiological levels is unclear, but the use of
dietary antioxidants to supplement the body’s endogenous anti-
oxidant defenses may be a useful preventative measure against
chronic diseases, warranting future research.

Many studies have investigated the effects of different phenolic
compounds against weight gain in animals. A group from
Japan (112) gave the raspberry ketone, (4-(4-hydroxyphenyl)-
butan-2-one, at levels of 2% in a high-fat diet and found a signifi-
cant reduction inhigh-fat diet inducedweight gain.Another group,
who also fed mice high-fat diets, supplemented their rodents’ diets
with 10% freeze-dried blueberry powder, freeze-dried strawberry

powder, or the equivalent in a blueberry anthocyanin extract. They
found that only the strawberry powder and blueberry antho-
cyanins significantly reduced weight gain (113). However, these
studies are not physiologically relevant, and the safety of high
pharmacological doses of phenolic compounds is questionable.

Protective effects of polyphenolics against cancer extend be-
yond their antioxidant roles. Many groups have been investigat-
ing the antitumor properties of phytochemicals and phyto-
chemical-rich foods. Research on ellagic acid’s anticarcinogenic
activity has been performed for decades. Topical application of
ellagic acid was found to decrease the number of carcinogen-
induced skin (114) and esophageal (115) tumorigenesis. This
research has transformed into work on freeze-dried black rasp-
berries, which in animals has been found to reduce carcinogen-
induced colon (116) and esophageal (117) carcinogenesis, with
human studies by the same group to be discussed. Both cyanidin-
3-glucoside and a bilberry extract, containing a broad spectrumof
anthocyanidins, have been found to reduce carcinogen-induced
colorectal tumorigenesis (118). Even though this work was not
red raspberry specific, red raspberries contain higher levels of
ellagitannins and some of the same anthocyanins as black
raspberries. This evidence supports the protective role of red
raspberry phytochemicals against cancers of the gastrointestinal
tract, because during consumption they come into direct contact
with these tissues. However, besides in vitro work, which also
gives anthocyanins direct contact with cells of interest, there is
little evidence for their protection against other cancers. Even
though these compounds are poorly absorbed, water-soluble, and
quickly excreted, further research on their tissue accumulation
may alter this perspective (114-119).

Anthocyanins have been found to cross the blood-brain
barrier and accumulate in certain regions of the brain. One main
group has been investigating the effects of berry phytochemicals
on neurodegeneration. Supplementing rat diets with 14.3% blue-
berries was found to protect against neuronal loss in the hippo-
campus after induced hypoxia-ischemia (120). A diet of only 2%
blueberries was enough to identify deposits in brain tissues that
were correlated with cognitive spatial learning and memory
performance on the Morris water maze test (121), as well as
improve neuronal functioning and motor performace (122).
When diets were supplemented with other berries such as cran-
berry (122), black currants (122), and strawberries (123), differing
phytochemical profiles seem to influence the location and type of
effect on the brain. However, more research on understanding
these relationships and the effects of other berries, such as red
raspberries, and specific polyphenols are needed.

Most of the reviewed research has not been completed on red
raspberries, although many berries have compounds in common
with each other and red raspberries. It is the combination of
compounds both within the food and the context of the diet, as
well as the physical environment of the person or animal, that
influences bioactivity. Studies on the effects of other berries give
an indication of the potential types of effects of red raspberries,
just like studies on animals give indications of the potential effects
on humans. However, raspberries are unique for their combined
content of both anthocyanins and ellagitannins. Interactions
between these two compounds may have effects different from
both alone and, therefore, the bioactivity of black raspberries is
probably the most similar to that of red raspberries.

Human Studies.As indicated earlier, very few raspberry human
intervention studies have been reported so far, and those reported
studied the effects of black raspberries. In a recent study,
Kresty et al. (124) found that freeze-dried blackberries given
to patients diagnosed with Barrett’s esophagus, a precancer
condition, had a significant decrease in oxidative DNA damage.
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Mallery et al. (125) studied the effect of the frequent (four times
daily) application of a bioadhesive black raspberry gel on
premalignant oral lesions. After 6 weeks, they observed signifi-
cant reductions in COX-II protein levels, suppression of genes
associatedwithRNAprocessing and growth factor recycling, and
inhibition of apoptosis. A subset of patients in this study also
experienced post-treatment decrease in lesion microvascular
density (MVD). In another study, Weisel et al. (126) completed
a 4 week intervention with a red berry juice, containing red
raspberry juice, which improved levels of glutathione and reduced
DNA oxidative damage in healthy adult males. However, when a
dessert made from a similar juice was given to elderly subjects, no
effect was found on oxidative stress status after a lesser duration
of 2 weeks (127). A beverage containing raspberry, black grape,
and red currant concentrates was used to study exercise-induced
oxidative stress in cyclists. Compared to pre-exercise and control
levels, post-exercise levels of protein and DNA oxidation were
significantly decreased in the treatment group receiving the
antioxidant-rich beverage (128). Effects to reduce postprandial
oxidative stress have been demonstrated for numerous studies
using fruits or polyphenolic-rich foodstuffs, none of which were
raspberries (53,129-131). A state of induced oxidative stress, for
example, after consumption of a meal or exercise or in an un-
healthy population with high risk of disease (132-134), improves
the ability to measure significant antioxidant effects of dietary
antioxidants. However, many studies have been on healthy
populations, taken fasting blood samples, been of short duration,
and, not surprisingly, found no significant effects (135-138). How-
ever, a longer term 90 day study, which supplemented healthy
participants with a sea buckthorn berry extract, found a significant
reduction inC-reactive protein levels (139), an inflammatorymarker
associated with cardiovascular risk. Therefore, if studies are to
address long-term health benefits in healthy populations, they must
be of longer duration or else use an at-risk population.

SUMMARY AND FUTURE DIRECTIONS

Fruits, and in particular berries, have been the focus of recent
interest among researchers and health professionals for their role
in human health and prevention of chronic diseases. Raspberries
hold a special position among the berries due to their ideal
nutritional profile of low calories, fat, and saturated fats, high
fiber, presence of several essential micronutrients, and phyto-
chemical composition. They contain a whole range of polyphe-
nolic antioxidant compounds that play a significant role in
mitigating the damaging effects of oxidative stress on cells and
reducing the risk of chronic diseases. Among the polyphenolic
compounds, raspberries contain significant levels of ellagitannins
and anthocyanines. Studies using tissue culture techniques and
animalmodels have been undertaken in the past documenting the
beneficial properties of these individual phytochemicals, present
in red raspberries. However, nutritionists and other health
professionals are of the opinion that consumption of whole foods
due to synergistic and complementary interactions between con-
stituents outweighs the potential benefits of consumption of
individual phytochemical extracts, which may also have safety
concerns. Overall, there is a need for human intervention studies
withwhole red raspberries to confirm the observationsmadewith
individual components of these berries. Although impressive
advances have beenmade over the past decades, several key areas
remain to be explored. These include (1) epidemiological studies
directed at the relationshipbetween the consumption of raspberry
phytochemicals and the incidence of chronic diseases; (2) phar-
macokinetic studies to evaluate the bioavailability, tissue distri-
bution, biological half-lives, and metabolism of the active

phytochemicals present in raspberries using whole raspberries;
(3) isolation and identification of the phytochemical metabolites,
followed by identification of their biological activities; (4) studies
of the interactive synergistic and complementary bioactive rela-
tionships between various phytochemicals present in raspberries
and between other dietary components; (5) studies to investigate
the underlying mechanisms of action, antioxidant and nonan-
tioxidant, of the phytochemicals present in raspberries; (6) short-
term human intervention studies with whole raspberries to
evaluate the early biomarkers of human diseases such as cardi-
ovascular disease, cancer, and diabetes; (7) long-term human
intervention studies using well-defined subject populations and
disease end-points to investigate the role of whole raspberries in
the prevention of chronic diseases; (8) human intervention studies
to establish optimum intake levels of raspberries consistent with
safety, tolerance, and disease prevention; and (9) research to
develop raspberry varieties with high levels of specific beneficial
phytochemicals.

Exploratory research is currently in progress, looking at the
bioactivity, bioavailability, and metabolism of red raspberries in
humans. From this research, potential health benefits will be
identified, and specific promising areas for future investigation
can be recommended.

LITERATURE CITED

(1) Havas, S.; Heimendinger, J.; Reynolds, K.; Baranowski, T.; Nick-
las, T. A.; Bishop, D.; Buller, D.; Sorensen, G.; Beresford, S. A. A.;
Cowan, A.; Damron, D. 5 a day for better health: a new research
initiative. J. Am. Diet. Assoc. 1994, 94, 32–36.

(2) Bazzano, L. A. Dietary intake of fruit and vegetables and risk of
diabetes mellitus and cardiovascular diseases [electronic resource].
In Background Paper of the Joint FAO/WHO Workshop on Fruit
and Vegetables for Health; World Health Organization: Kobe, Japan,
2005; pp 1-65.

(3) Halvorsen, B. L.; Carlsen, M. H.; Phillips, K. M.; Boehn, S. K.;
Holte, K.; Jacobs, D. R., Jr.; Blomhoff, R. Content of redox-active
compounds (ie, antioxidants) in foods consumed in the United
States. Am. J. Clin. Nutr. 2006, 84, 95–135.

(4) Simonian, N. A.; Coyle, J. T. Oxidative stress in neurodegenerative
diseases. Annu. Rev. Pharmacol. Toxicol. 1996, 36, 83-106.

(5) Van’t Veer, P.; Jansen, M. C.; Klerk, M.; Kok, F. J. Fruits and
vegetables in the prevention of cancer and cardiovascular disease.
Public Health Nutr. 2000, 3, 103–107.

(6) Bokov, A.; Chaudhuri, A.; Richardson, A. The role of oxidative
damage and stress in aging.Mech. Ageing Dev. 2004, 125, 811–826.

(7) Madamanchi, N. R.; Vendrov, A.; Runge, M. S. Oxidative stress
and vascular disease. Arterioscler., Thromb., Vasc. Biol. 2005, 25,
29–38.

(8) U.S. Department of Agriculture Agriculture Research Service,
USDA National Nutrient Database for Standard Reference, Re-
lease 21: Fruits and Fruit Juice. InNutrient Data Laboratory Home
Page, SR21 - Page Reports, 2008; pp 719-720, http://www.nal.
usda.gov/fnic/foodcomp/Data/SR21/reports/sr21fg09.pdf.

(9) Parry, J.; Su, L.; Luther, M.; Zhou, K.; Peter Yurawecz, M.;
Whittaker, P.; Yu, L. Fatty acid composition and antioxidant
properties of cold-pressed marionberry, boysenberry, red raspberry,
and blueberry seed oils. J. Agric. Food Chem. 2005, 53, 566–573.

(10) Bravo, L. Polyphenols: chemistry, dietary sources, metabolism, and
nutritional significance. Nutr. Rev. 1998, 56, 317–333.

(11) McCarty, M. F. Proposal for a dietary “phytochemical index”.
Med. Hypotheses 2004, 63, 813–817.

(12) Beer, C.; Myers, R. A.; Sorenson, J. H.; Bucci, L. R. Comprehen-
sive comparison of the antioxidant activity of fruits and vegetables
based on typical serving sizes from common methods. Curr. Top.
Nutraceutical Res. 2004, 2, 227–250.

(13) Miller, H. E.; Rigelhof, F.; Marquart, L.; Prakash, A.; Kanter, M.
Antioxidant content of whole grain breakfast cereals, fruits and
vegetables. J. Am. Coll. Nutr. 2000, 19, 312S–319S.



3880 J. Agric. Food Chem., Vol. 58, No. 7, 2010 Rao and Snyder

(14) Halvorsen, B. L.; Holte, K.; Myhrstad, M. C. W.; Barikmo, I.;
Hvattum, E.; Remberg, S. F.; Wold, A. B.; Haffner, K.; Bauger~A-d,
H.; Andersen, L. F.; Moskaug, O.; Jacobs, D. R., Jr.; Blomhoff, R.
A systematic screening of total antioxidants in dietary plants.
J. Nutr. 2002, 132, 461–471.

(15) Pellegrini, N.; Serafini, M.; Colombi, B.; Del Rio, D.; Salvatore, S.;
Bianchi, M.; Brighenti, F. Total antioxidant capacity of plant
foods, beverages and oils consumed in Italy assessed by three
different in vitro assays. J. Nutr. 2003, 133, 2812–2819.

(16) Proteggente, A. R.; Pannala, A. S.; Paganga, G.; Van Buren, L.;
Wagner, E.; Wiseman, S.; Van De Put, F.; Dacombe, C.; Rice-
Evans, C. A. The antioxidant activity of regularly consumed fruit
and vegetables reflects their phenolic and vitamin C composition.
Free Radical Res. 2002, 36, 217–233.

(17) Vasco, C.; Ruales, J.; Kamal-Eldin, A. Total phenolic compounds
and antioxidant capacities of major fruits from Ecuador. Food
Chem. 2008, 111, 816–823.

(18) Wolfe, K. L.; Kang, X.; He, X.; Dong, M.; Zhang, Q.; Liu, R. H.
Cellular antioxidant activity of common fruits. J. Agric. Food
Chem. 2008, 56, 8418–8426.

(19) Wu,X.; Beecher, G.R.; Holden, J.M.;Haytowitz, D. B.; Gebhardt,
S. E.; Prior, R. L. Lipophilic and hydrophilic antioxidant capacities
of common foods in the United States. J. Agric. Food Chem. 2004,
52, 4026–4037.

(20) Halvorsen, B. L.; Holte, K.; Myhrstad, M. C.; Barikmo, I.;
Hvattum, E.; Remberg, S. F.; Wold, A. B.; Haffner, K.; Baugerod,
H.; Andersen, L. F.; Moskaug, O.; Jacobs, D. R., Jr.; Blomhoff, R.
A systematic screening of total antioxidants in dietary plants.
J. Nutr. 2002, 132, 461–471.

(21) Beekwilder, J.; Hall, R. D.; de Vos, C. H. Identification and dietary
relevance of antioxidants from raspberry. Biofactors 2005, 23, 197–205.

(22) Beekwilder, J.; Jonker, H.; Meesters, P.; Hall, R. D.; van der Meer,
I. M.; Ric de Vos, C. H. Antioxidants in raspberry: on-line analysis
links antioxidant activity to a diversity of individual metabolites.
J. Agric. Food Chem. 2005, 53, 3313–3320.

(23) Anttonen, M. J.; Karjalainen, R. O. Environmental and genetic
variation of phenolic compounds in red raspberry. J. Food Compos.
Anal. 2005, 18, 759–769.

(24) Gonz�alez, E. M.; De Ancos, B.; Cano, M. P. Relation between
bioactive compounds and free radical-scavenging capacity in berry
fruits during frozen storage. J. Sci. Food Agric. 2003, 83, 722–726.

(25) Kalt, W.; Forney, C. F.; Martin, A.; Prior, R. L. Antioxidant
capacity, vitaminC, phenolics, and anthocyanins after fresh storage
of small fruits. J. Agric. Food Chem. 1999, 47, 4638–4644.

(26) Quideau, S., Ed. Chemistry and Biology of Ellagitannins: An Under-
estimated Class of Bioactive Plant Polyphenols; World Scientific
Publishing: Sinapore, 2009.

(27) Clifford, M. N.; Scalbert, A. Ellagitannins - nature, occurrence
and dietary burden. J. Sci. Food Agric. 2000, 80, 1118–1125.

(28) Mullen, W.; Stewart, A. J.; Lean, M. E. J.; Gardner, P.; Duthie, G.
G.; Crozier, A. Effect of freezing and storage on the phenolics,
ellagitannins, flavonoids, and antioxidant capacity of red raspber-
ries. J. Agric. Food Chem. 2002, 50, 5197–5201.

(29) Koponen, J.M.; Happonen, A.M.;Mattila, P. H.; Torronen, A. R.
Contents of anthocyanins and ellagitannins in selected foods
consumed in Finland. J. Agric. Food Chem. 2007, 55, 1612–1619.

(30) Daniel, E. M.; Krupnick, A. S.; Heur, Y. H.; Blinzler, J. A.; Nims, R.
W.; Stoner, G. D. Extraction, stability, and quantitation of ellagic acid
in various fruits and nuts. J. Food Compos. Anal. 1989, 2, 338–349.

(31) Amakura, Y.; Okada,M.; Tsuji, S.; Tonogai, Y. High-performance
liquid chromatographic determination with photodiode array de-
tection of ellagic acid in fresh and processed fruits. J. Chromatogr.,
A 2000, 896, 87–93.

(32) de Ancos, B.; Gonzalez, E.M.; Cano,M. P. Ellagic acid, vitamin C,
and total phenolic contents and radical scavenging capacity af-
fected by freezing and frozen storage in raspberry fruit. J. Agric.
Food Chem. 2000, 48, 4565–4570.

(33) Maatta-Riihinen, K. R.; Kamal-Eldin, A.; Tarranen, A. R. Identi-
fication and quantification of phenolic compounds in berries of
Fragaria andRubus species (family Rosaceae). J. Agric. Food Chem.
2004, 52, 6178–6187.

(34) Clifford, M. N. Anthocyanins - nature, occurrence and dietary
burden. J. Sci. Food Agric. 2000, 80, 1063–1072.

(35) U.S. Department of Agriculture Agriculture Research Service,
USDA Database for the Flavonoid Content of Selected Foods,
Release 2.1; Nutrient Data Laboratory Home Page, Flavonoids,
2007; pp 82-83, http://www.ars.usda.gov/SP2UserFiles/Place/
12354500/Data/Flav/Flav02-1.pdf.

(36) Wu, X.; Prior, R. L. Systematic identification and characterization
of anthocyanins by HPLC-ESI-MS/MS in common foods in the
United States: fruits and berries. J. Agric. Food Chem. 2005, 53,
2589–2599.

(37) Wu,X.; Beecher, G.R.; Holden, J.M.; Haytowitz, D. B.; Gebhardt,
S. E.; Prior, R. L. Concentrations of anthocyanins in common
foods in the United States and estimation of normal consumption.
J. Agric. Food Chem. 2006, 54, 4069–4075.

(38) de Ancos, B.; Ibanez, E.; Reglero, G.; Cano, M. P. Frozen storage
effects on anthocyanins and volatile compounds of raspberry fruit.
J. Agric. Food Chem. 2000, 48, 873–879.

(39) Bononi, M.; Andreoli, G.; Granelli, G.; Eccher, T.; Tateo, F.
‘Cyanidin volumetric index’ and ‘chromaticity coordinates ratio’
to characterize red raspberry (Rubus idaeus). Int. J. Food Sci. Nutr.
2006, 57, 369–375.

(40) Kassim, A.; Poette, J.; Paterson, A.; Zait, D.; McCallum, S.;
Woodhead, M.; Smith, K.; Hackett, C.; Graham, J. Environmental
and seasonal influences on red raspberry anthocyanin antioxidant
contents and identification of quantitative traits loci (QTL). Mol.
Nutr. Food Res. 2009, 53, 625–634.

(41) Hellstram, J. K.; Tarranen, A. R.; Mattila, P. H. Proanthocyani-
dins in common food products of plant origin. J. Agric. Food Chem.
2009, 57, 7899–7906.

(42) Gu, L.; Kelm, M. A.; Hammerstone, J. F.; Beecher, G.; Holden, J.;
Haytowitz, D.; Gebhardt, S.; Prior, R. L. Concentrations of
proanthocyanidins in common foods and estimations of normal
consumption. J. Nutr. 2004, 134, 613–617.

(43) Mattila, P.; Hellstram, J.; Tarranen, R. Phenolic acids in
berries, fruits, and beverages. J. Agric. Food Chem. 2006, 54,
7193–7199.

(44) Mazur, W. M.; Uehara, M.; Wahala, K.; Adlercreutz, H. Phyto-
oestrogen content of berries, and plasma concentrations and
urinary excretion of enterolactone after a single strawberry-meal
in human subjects. Br. J. Nutr. 2000, 83, 381–387.

(45) Beekwilder, J.; Jonker, H.;Meesters, P.; Hall, R. D.; VanDerMeer,
I. M.; De Vos, C. H. R. Antioxidants in raspberry: on-line analysis
links antioxidant activity to a diversity of individual metabolites. J.
Agric. Food Chem. 2005, 53, 3313–3320.

(46) Hakkinen, S. H.; Karenlampi, S. O.; Mykkanen, H. M.; Heinonen,
I. M.; Tarranen, A. R. Ellagic acid content in berries: Influence of
domestic processing and storage.Eur. FoodRes. Technol. 2000, 212,
75–80.

(47) Daniel, E. M.; Ratnayake, 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.

(48) Cerda, B.; Tom�as-Barber�an, F. A.; Esp�n, J. C. Metabolism of
antioxidant and chemopreventive ellagitannins from strawberries,
raspberries, walnuts, and oak-aged wine in humans: identification
of biomarkers and individual variability. J. Agric. Food Chem.
2005, 53, 227–235.

(49) Stoner, G. D.; Sardo, C.; Apseloff, G.; Mullet, D.; Wargo, W.;
Pound, V.; Singh, A.; Sanders, J.; Aziz, R.; Casto, B.; Sun, X.
Pharmacokinetics of anthocyanins and ellagic acid in healthy
volunteers fed freeze-dried black raspberries daily for 7 days. J.
Clin. Pharmacol. 2005, 45, 1153–1164.

(50) Kay, C. D. Aspects of anthocyanin absorption, metabolism and
pharmacokinetics in humans. Nutr. Res. Rev. 2006, 19, 137–146.

(51) McGhie, T. K.; Walton, M. C. The bioavailability and absorption
of anthocyanins: towards a better understanding. Mol. Nutr. Food
Res. 2007, 51, 702–713.

(52) Mullen, W.; Edwards, C. A.; Serafini, M.; Crozier, A. Bioavail-
ability of pelargonidin-3-O-glucoside and its metabolites in humans
following the ingestion of strawberries with and without cream.
J. Agric. Food Chem. 2008, 56, 713–719.



Article J. Agric. Food Chem., Vol. 58, No. 7, 2010 3881

(53) Mazza, G.; Kay, C. D.; Cottrell, T.; Holub, B. J. Absorption of
anthocyanins from blueberries and serum antioxidant status in
human subjects. J. Agric. Food Chem. 2002, 50, 7731–7737.

(54) Mu?lleder, U.; Murkovic, M.; Pfannhauser, W. Urinary excretion
of cyanidin glycosides. J. Biochem. Biophys. Methods 2002, 53,
61–66.

(55) Talavara, S.; Felgines, C.; Texier, O.; Besson, C.; Lamaison, J. L.;
Ramasy, C. Anthocyanins are efficiently absorbed from the sto-
mach in anesthetized rats. J. Nutr. 2003, 133, 4178–4182.

(56) Talavara, S.; Felgines, C.; Texier, O.; Besson, C.; Manach, C.;
Lamaison, J. L.; Ramasy, C. Anthocyanins are efficiently absorbed
from the small intestine in rats. J. Nutr. 2004, 134, 2275–2279.

(57) Matuschek, M. C.; Hendriks, W. H.; McGhie, T. K.; Reynolds, G.
W. The jejunum is the main site of absorption for anthocyanins in
mice. J. Nutr. Biochem. 2006, 17, 31–36.

(58) McDougall, G. J.; Dobson, P.; Smith, P.; Blake, A.; Stewart, D.
Assessing potential bioavailability of raspberry anthocyanins using
an in vitro digestion system. J. Agric. Food Chem. 2005, 53, 5896–
5904.

(59) Passamonti, S.; Vrhovsek, U.; Mattivi, F. The interaction of
anthocyanins with bilitranslocase. Biochem. Biophys. Res. Com-
mun. 2002, 296, 631–636.

(60) Passamonti, S.; Vrhovsek, U.; Vanzo, A.; Mattivi, F. The stomach
as a site for anthocyanins absorption from food. FEBS Lett. 2003,
544, 210–213.

(61) Hollman, P. C. H. Absorption, bioavailability, and metabolism of
flavonoids. Pharm. Biol. 2004, 42, 74–83.

(62) Wu, X.; Cao, G.; Prior, R. L. Absorption and metabolism of
anthocyanins in elderly women after consumption of elderberry or
blueberry. J. Nutr. 2002, 132, 1865–1871.

(63) Felgines, C.; Talavera, S.; Gonthier, M. P.; Texier, O.; Scalbert, A.;
Lamaison, J. L.; Remesy, C. Strawberry anthocyanins are recov-
ered in urine as glucuro- and sulfoconjugates in humans. J. Nutr.
2003, 133, 1296–1301.

(64) Kay, C. D.; Mazza, G.; Holub, B. J.; Wang, J. Anthocyanin
metabolites in human urine and serum. Br. J. Nutr. 2004, 91,
933–942.

(65) Kay, C. D.; Mazza, G.; Holub, B. J. Anthocyanins exist in the
circulation primarily as metabolites in adult men. J. Nutr. 2005,
135, 2582–2588.

(66) Aura, A. M.; Martin-Lopez, P.; O’Leary, K. A.; Williamson, G.;
Oksman-Caldentey, K. M.; Poutanen, K.; Santos-Buelga, C. In
vitro metabolism of anthocyanins by human gut microflora. Eur. J.
Nutr. 2005, 44, 133–142.

(67) Fleschhut, J.; Kratzer, F.; Rechkemmer, G.; Kulling, S. E. Stability
and biotransformation of various dietary anthocyanins in vitro.
Eur. J. Nutr. 2006, 45, 7–18.

(68) Tsuda, T.; Horio, F.; Osawa, T. Absorption and metabolism
of cyanidin 3-O-β-D-glucoside in rats. FEBS Lett. 1999, 449,
179–182.

(69) Kalt, W.; Blumberg, J. B.;McDonald, J. E.; Vinqvist-Tymchuk,M.
R.; Fillmore, S. A. E.; Graf, B. A.; O’Leary, J. M.; Milbury, P. E.
Identification of anthocyanins in the liver, eye, and brain of blue-
berry-fed pigs. J. Agric. Food Chem. 2008, 56, 705–712.

(70) Borges, G.; Roowi, S.; Rouanet, J. M.; Duthie, G. G.; Lean, M. E.;
Crozier, A. The bioavailability of raspberry anthocyanins and
ellagitannins in rats. Mol. Nutr. Food Res. 2007, 51, 714–725.

(71) Felgines, C.; Talavera, S.; Texier, O.; Gil-Izquierdo, A.; Lamaison,
J. L.; Remesy, C. Blackberry anthocyanins are mainly recovered
from urine as methylated and glucuronidated conjugates in hu-
mans. J. Agric. Food Chem. 2005, 53, 7721–7727.

(72) McGhie, T. K.; Ainge, G. D.; Barnett, L. E.; Cooney, J. M.; Jensen,
D. J. Anthocyanin glycosides from berry fruit are absorbed and
excreted unmetabolized by both humans and rats. J. Agric. Food
Chem. 2003, 51, 4539–4548.

(73) Huang, D.; Boxin, O. U.; Prior, R. L. The chemistry behind
antioxidant capacity assays. J. Agric. Food Chem. 2005, 53, 1841–
1856.

(74) Magalhaes, L. M.; Segundo, M. A.; Reis, S.; Lima, J. L. F. C.
Methodological aspects about in vitro evaluation of antioxidant
properties. Anal. Chim. Acta 2008, 613, 1–19.

(75) Prior, R. L.; Wu, X.; Schaich, K. Standardized methods for the
determination of antioxidant capacity and phenolics in foods and
dietary supplements. J. Agric. Food Chem. 2005, 53, 4290–4302.

(76) Heinonen, I. M.; Meyer, A. S.; Frankel, E. N. Antioxidant activity
of berry phenolics on human low-density lipoprotein and liposome
oxidation. J. Agric. Food Chem. 1998, 46, 4107–4112.

(77) Seeram, N. P.; Nair, M. G. Inhibition of lipid peroxidation and
structure-activity-related studies of the dietary constituents antho-
cyanins, anthocyanidins, and catechins. J. Agric. Food Chem. 2002,
50, 5308–5312.

(78) Ding, M.; Feng, R.; Wang, S. Y.; Bowman, L.; Lu, Y.; Qian, Y.;
Castranova, V.; Jiang, B. H.; Shi, X. Cyanidin-3-glucoside, a natural
product derived from blackberry, exhibits chemopreventive and
chemotherapeutic activity. J. Biol. Chem. 2006, 281, 17359–17368.

(79) Viljanen, K.; Kylli, P.; Kivikari, R.; Heinonen, M. Inhibition of
protein and lipid oxidation in liposomes by berry phenolics. J.
Agric. Food Chem. 2004, 52, 7419–7424.

(80) Meyer, A. S.; Heinonen, M.; Frankel, E. N. Antioxidant interac-
tions of catechin, cyanidin, caffeic acid, quercetin, and ellagic acid
on human LDL oxidation. Food Chem. 1998, 61, 71–75.

(81) Serraino, I.; Dugo, L.; Dugo, P.; Mondello, L.; Mazzon, E.; Dugo,
G.; Caputi, A. P.; Cuzzocrea, S. Protective effects of cyanidin-3-O-
glucoside from blackberry extract against peroxynitrite-induced
endothelial dysfunction and vascular failure. Life Sci. 2003, 73,
1097–1114.

(82) Mullen,W.;McGinn, J.; Lean,M. E. J.;MacLean,M.R.; Gardner,
P.; Duthie, G. G.; Yokota, T.; Crozier, A. Ellagitannins, flavo-
noids, and other phenolics in red raspberries and their contribution
to antioxidant capacity and vasorelaxation properties. J. Agric.
Food Chem. 2002, 50, 5191–5196.

(83) Wang, J.; Mazza, G. Effects of anthocyanins and other phenolic
compounds on the production of tumor necrosis factor R in LPS/
IFN-γ-activated RAW 264.7 macrophages. J. Agric. Food Chem.
2002, 50, 4183–4189.

(84) Wang, J.; Mazza, G. Inhibitory effects of anthocyanins and other
phenolic compounds on nitric oxide production in LPS/IFN-γ-
activated RAW 264.7 macrophages. J. Agric. Food Chem. 2002, 50,
850–857.

(85) Seeram, N. P.; Momin, R. A.; Nair, M. G.; Bourquin, L. D.
Cyclooxygenase inhibitory and antioxidant cyanidin glycosides in
cherries and berries. Phytomedicine 2001, 8, 362–369.

(86) Seeram, N. P.; Zhang, Y.; Nair, M. G. Inhibition of proliferation of
human cancer cells and cyclooxygenase enzymes by anthocyanidins
and catechins. Nutr. Cancer 2003, 46, 101–106.

(87) Zhang, Y.; Vareed, S. K.; Nair, M. G. Human tumor cell growth
inhibition by nontoxic anthocyanidins, the pigments in fruits and
vegetables. Life Sci. 2005, 76, 1465–1472.

(88) Edderkaoui, M.; Odinokova, I.; Ohno, I.; Gukovsky, I.; Go, V. L.
W.; Pandol, S. J.; Gukovskaya, A. S. Ellagic acid induces apoptosis
through inhibition of nuclear factor κB in pancreatic cancer cells.
World J. Gastroenterol. 2008, 14, 3672–3680.

(89) Losso, J. N.; Bansode, R. R.; Trappey, Ii, A.; Bawadi, H. A.; Truax,
R. In vitro anti-proliferative activities of ellagic acid. J. Nutr.
Biochem. 2004, 15, 672–678.

(90) Narayanan, B. A.; Geoffroy, O.; Willingham, M. C.; Re, G. G.;
Nixon, D. W. p53/p21(WAF1/CIP1) expression and its possible
role in G1 arrest and apoptosis in ellagic acid treated cancer cells.
Cancer Lett. 1999, 136, 215–221.

(91) Ross, H. A.; McDougall, G. J.; Stewart, D. Antiproliferative
activity is predominantly associated with ellagitannins in raspberry
extracts. Phytochemistry 2007, 68, 218–228.

(92) Huang, C.; Li, J.; Song, L.; Zhang, D.; Tong, Q.; Ding, M.;
Bowman, L.; Aziz, R.; Stoner, G. D. Black raspberry extracts
inhibit benzo(a)pyrene diol-epoxide-induced activator protein 1
activation and VEGF transcription by targeting the phosphotidy-
linositol 3-kinase/Akt pathway. Cancer Res. 2006, 66, 581–587.

(93) Liu, Z.; Schwimer, J.; Liu, D.; Greenway, F. L.; Anthony, C. T.;
Woltering, E. A. Black raspberry extract and fractions contain
angiogenesis inhibitors. J. Agric. Food Chem. 2005, 53, 3909–3915.

(94) McDougall, G. J.; Shpiro, F.; Dobson, P.; Smith, P.; Blake, A.;
Stewart, D. Different polyphenolic components of soft fruits inhibit



3882 J. Agric. Food Chem., Vol. 58, No. 7, 2010 Rao and Snyder

R-amylase and R-glycosidase. J. Agric. Food Chem. 2005, 53, 2760–
2766.

(95) McDougall, G. J.; Stewart, D. The inhibitory effects of berry
polyphenols on digestive enzymes. Biofactors 2005, 23, 189–195.

(96) Jayaprakasam, B.; Vareed, S. K.; Olson, L. K.; Nair, M. G. Insulin
secretion by bioactive anthocyanins and anthocyanidins present in
fruits. J. Agric. Food Chem. 2005, 53, 28–31.

(97) Tsuda, T. Regulation of adipocyte function by anthocyanins;
possibility of preventing the metabolic syndrome. J. Agric. Food
Chem. 2008, 56, 642–646.

(98) Matsumoto, H.; Nakamura, Y.; Tachibanaki, S.; Kawamura, S.;
Hirayama, M. Stimulatory effect of cyanidin 3-glycosides on the
regeneration of rhodopsin. J. Agric. Food Chem. 2003, 51, 3560–3563.

(99) Ryan, T.; Wilkinson, J. M.; Cavanagh, H.M. Antibacterial activity
of raspberry cordial in vitro. Res. Vet. Sci. 2001, 71, 155–159.

(100) Heinonen,M.Antioxidant activity and antimicrobial effect of berry
phenolics - a Finnish perspective. Mol. Nutr. Food Res. 2007, 51,
684–691.

(101) Nohynek, L. J.; Alakomi, H. L.; Kahkonen, M. P.; Heinonen, M.;
Helander, I. M.; Oksman-Caldentey, K. M.; Puupponen-Pimia, R.
H. Berry phenolics: antimicrobial properties and mechanisms
of action against severe human pathogens. Nutr. Cancer 2006, 54,
18–32.

(102) Rauha, J. P.; Remes, S.; Heinonen, M.; Hopia, A.; Kahkonen, M.;
Kujala, T.; Pihlaja, K.; Vuorela, H.; Vuorela, P. Antimicrobial
effects of Finnish plant extracts containing flavonoids and other
phenolic compounds. Int. J. Food Microbiol. 2000, 56, 3–12.

(103) Puupponen-Pimia, R.; Nohynek, L.; Meier, C.; Kahkonen, M.;
Heinonen, M.; Hopia, A.; Oksman-Caldentey, K. M. Antimicro-
bial properties of phenolic compounds from berries. J. Appl.
Microbiol. 2001, 90, 494–507.

(104) Puupponen-Pimia, R.; Nohynek, L.; Hartmann-Schmidlin, S.;
Kahkonen, M.; Heinonen, M.; Maatta-Riihinen, K.; Oksman-
Caldentey, K. M. Berry phenolics selectively inhibit the growth of
intestinal pathogens. J. Appl. Microbiol. 2005, 98, 991–1000.

(105) Puupponen-Pimia, R.; Nohynek, L.; Alakomi, H. L.; Oksman-
Caldentey, K. M. The action of berry phenolics against human
intestinal pathogens. Biofactors 2005, 23, 243–251.

(106) Puupponen-Pimia, R.; Nohynek, L.; Alakomi, H. L.; Oksman-
Caldentey, K. M. Bioactive berry compounds-novel tools against
human pathogens. Appl. Microbiol. Biotechnol. 2005, 67, 8–18.

(107) Duthie, S. J.; Gardner, P. T.; Morrice, P. C.; Wood, S. G.; Pirie, L.;
Bestwick, C. C.; Milne, L.; Duthie, G. G. DNA stability and lipid
peroxidation in vitamin E-deficient rats in vivo and colon cells in
vitro: modulation by the dietary anthocyanin, cyanidin-3-glycoside.
Eur. J. Nutr. 2005, 44, 195–203.

(108) Talavara, S.; Felgines, C.; Texier, O.; Besson, C.; Mazur, A.;
Lamaison, J. L.; Ramasy, C. Bioavailability of a bilberry antho-
cyanin extract and its impact on plasma antioxidant capacity in
rats. J. Sci. Food Agric. 2006, 86, 90–97.

(109) Ramirez-Tortosa, C.; Andersen, O.M.; Gardner, P. T.; Morrice, P.
C.; Wood, S. G.; Duthie, S. J.; Collins, A. R.; Duthie, G. G.
Anthocyanin-rich extract decreases indices of lipid peroxidation
and DNA damage in vitamin E-depleted rats. Free Radical Biol.
Med. 2001, 31, 1033–1037.

(110) Tsuda, T.; Horio, F.; Osawa, T. Dietary cyanidin 3-O-β-D-gluco-
side increases ex vivo oxidation resistance of serum in rats. Lipids
1998, 33, 583–588.

(111) Barnett, L. E.; Broomfield, A. M.; Hendriks, W. H.; Hunt, M. B.;
McGhie, T. K. The in vivo antioxidant action and the reduction of
oxidative stress by boysenberry extract is dependent on base diet
constituents in rats. J. Med. Food 2007, 10, 281–289.

(112) Morimoto, C.; Satoh, Y.; Hara, M.; Inoue, S.; Tsujita, T.; Okuda,
H. Anti-obese action of raspberry ketone. Life Sci. 2005, 77, 194–
204.

(113) Prior, R. L.;Wu, X.; Gu, L.; Hager, T. J.; Hager, A.; Howard, L. R.
Whole berries versus berry anthocyanins: Interactions with dietary
fat levels in the C57BL/6J mouse model of obesity. J. Agric. Food
Chem. 2008, 56, 647–653.

(114) Mukhtar, H.; Das,M.; Del Tito, B. J., Jr.; Bickers, D. R. Protection
against 3-methylcholanthrene-induced skin tumorigenesis in Balb/C

mice by ellagic acid. Biochem. Biophys. Res. Commun. 1984, 119,
751–757.

(115) Mandal, S.; Stoner, G. D. Inhibition of N-nitrosobenzylmethyla-
mine-induced esophageal tumorigenesis in rats by ellagic acid.
Carcinogenesis 1990, 11, 55–61.

(116) Harris, G. K.; Gupta, A.; Nines, R. G.; Kresty, L. A.; Habib, S. G.;
Frankel, W. L.; LaPerle, K.; Gallaher, D. D.; Schwartz, S. J.;
Stoner, G. D. Effects of lyophilized black raspberries on azoxy-
methane-induced colon cancer and 8-hydroxy-2-deoxyguanosine
levels in the Fischer 344 rat. Nutr. Cancer 2001, 40, 125–133.

(117) Chen, T.; Hwang, H.; Rose, M. E.; Nines, R. G.; Stoner, G. D.
Chemopreventive properties of black raspberries in N-nitro-
somethylbenzylamine-induced rat esophageal tumorigenesis:
down-regulation of cyclooxygenase-2, inducible nitric oxide
synthase, and c-Jun. Cancer Res. 2006, 66, 2853–2859.

(118) Cooke, D.; Schwarz, M.; Boocock, D.; Winterhalter, P.; Steward,
W. P.; Gescher, A. J.; Marczylo, T. H. Effect of cyanidin-3-gluco-
side and an anthocyanin mixture from bilberry on adenoma
development in the ApcMin mouse model of intestinal carcinogen-
esis - relationship with tissue anthocyanin levels. Int. J. Cancer
2006, 119, 2213–2220.

(119) Chen, T.; Rose, M. E.; Hwang, H.; Nines, R. G.; Stoner, G. D.
Black raspberries inhibit N-nitrosomethylbenzylamine (NMBA)-
induced angiogenesis in rat esophagus parallel to the suppression of
COX-2 and iNOS. Carcinogenesis 2006, 27, 2301–2307.

(120) Sweeney, M. I.; Kalt, W.; MacKinnon, S. L.; Ashby, J.; Gottschall-
Pass, K. T. Feeding rats diets enriched in lowbuch blueberries
for six weeks decreases ischemia-induced brain damage. Nutr.
Neurosci. 2002, 5, 427–431.

(121) Andres-Lacueva, C.; Shukitt-Hale, B.; Galli, R. L.; Jauregui, O.;
Lamuela-Raventos, R. M.; Joseph, J. A. Anthocyanins in aged
blueberry-fed rats are found centrally and may enhance memory.
Nutr. Neurosci. 2005, 8, 111–120.

(122) Shukitt-Hale, B.; Galli, R. L.; Meterko, V.; Carey, A.; Bielinski, D.
F.; McGhie, T.; Joseph, J. A. Dietary supplementation with fruit
polyphenolics ameliorates age-related deficits in behavior and
neuronal markers of inflammation and oxidative stress. Age
2005, 27, 49–57.

(123) Joseph, J. A.; Shukitt-Hale, B.; Denisova, N. A.; Prior, R. L.; Cao,
G.; Martin, A.; Taglialatela, G.; Bickford, P. C. Long-term dietary
strawberry, spinach, or vitamin E supplementation retards the
onset of age-related neuronal signal-transduction and cognitive
behavioral deficits. J. Neurosci. 1998, 18, 8047–8055.

(124) Kresty, L. A.; Frankel, W. L.; Hammond, C. D.; Baird, M. E.;
Mele, J. M.; Stoner, G. D.; Fromkes, J. J. Transitioning from
preclinical to clinical chemopreventive assessments of lyophilized
black raspberries: interim results show berries modulate markers of
oxidative stress in Barrett’s esophagus patients. Nutr. Cancer 2006,
54, 148–156.

(125) Mallery, S. R.; Zwick, J. C.; Pei, P.; Tong, M.; Larsen, P. E.;
Shumway, B. S.; Lu, B.; Fields, H.W.;Mumper, R. J.; Stoner, G. D.
Topical application of a bioadhesive black raspberry gel modulates
gene expression and reduces cyclooxygenase 2 protein in human
premalignant oral lesions. Cancer Res. 2008, 68, 4945–4957.

(126) Weisel, T.; Baum, M.; Eisenbrand, G.; Dietrich, H.; Will, F.;
Stockis, J. P.; Kulling, S.; Rufer, C.; Johannes, C.; Janzowski, C.
An anthocyanin/polyphenolic-rich fruit juice reduces oxidative
DNA damage and increases glutathione level in healthy probands.
Biotechnol. J. 2006, 1, 388–397.

(127) Carmen Ramirez-Tortosa, M.; Garcia-Alonso, J.; Luisa Vidal-
Guevara, M.; Quiles, J. L.; Jesus Periago, M.; Linde, J.; Dolores
Mesa, M.; Ros, G.; Abellan, P.; Gil, A. Oxidative stress status in an
institutionalised elderly group after the intake of a phenolic-rich
dessert. Br. J. Nutr. 2004, 91, 943–950.

(128) Morillas-Ruiz, J.; Zafrilla, P.; Almar, M.; Cuevas, M. J.; Lopez, F.
J.; Abellan, P.; Villegas, J. A.; Gonz�alez-Gallego, J. The effects of
an antioxidant-supplemented beverage on exercise-induced oxida-
tive stress: results from a placebo-controlled double-blind study in
cyclists. Eur. J. Appl. Physiol. 2005, 95, 543–549.

(129) Prior, R. L.; Gu, L.; Wu, X.; Jacob, R. A.; Sotoudeh, G.; Kader, A.
A.; Cook, R. A. Plasma antioxidant capacity changes following a



Article J. Agric. Food Chem., Vol. 58, No. 7, 2010 3883

meal as a measure of the ability of a food to alter in vivo antioxidant
status. J. Am. Coll. Nutr. 2007, 26, 170–181.

(130) Kay, C. D.; Holub, B. J. The effect of wild blueberry (Vaccinium
angustifolium) consumption on postprandial serum antioxidant
status in human subjects. Br. J. Nutr. 2002, 88, 389–397.

(131) Young, J. F.; Dragsted, L. O.; Haraldsdottir, J.; Daneshvar, B.;
Kall, M. A.; Loft, S.; Nilsson, L.; Nielsen, S. E.; Mayer, B.;
Skibsted, L. H.; Huynh-Ba, T.; Hermetter, A.; Sandstrom, B.
Green tea extract only affects markers of oxidative status post-
prandially: lasting antioxidant effect of flavonoid-free diet. Br. J.
Nutr. 2002, 87, 343–355.

(132) Abidov, M.; Jimenez Del Rio, M.; Ramazanov, A.; Kalyuzhin, O.;
Chkhikvishvili, I. Efficiency of pharmacologically-active antioxi-
dant phytomedicine radical fruits in treatment hypercholesteremia
at men. Georgian Med. News 2006, 140, 78–83.

(133) Erlund, I.; Koli, R.; Alfthan, G.; Marniemi, J.; Puukka, P.;
Mustonen, P.; Mattila, P.; Jula, A. Favorable effects of berry
consumption on platelet function, blood pressure, and HDL
cholesterol. Am. J. Clin. Nutr. 2008, 87, 323–331.

(134) Jenkins, D. J. A.; Nguyen, T. H.; Kendall, C. W. C.; Faulkner, D.
A.; Bashyam, B.; Kim, I. J.; Ireland, C.; Patel, D.; Vidgen, E.; Josse,
A. R.; Sesso, H. D.; Burton-Freeman, B.; Josse, R. G.; Leiter, L. A.;
Singer, W. The effect of strawberries in a cholesterol-lowering
dietary portfolio. Metab., Clin. Exp. 2008, 57, 1636–1644.

(135) Pedersen, C. B.; Kyle, J.; Jenkinson, A. M.; Gardner, P. T.;
McPhail, D. B.; Duthie, G. G. Effects of blueberry and cranberry
juice consumption on the plasma antioxidant capacity of healthy
female volunteers. Eur. J. Clin. Nutr. 2000, 54, 405–408.

(136) Duthie, S. J.; Jenkinson, A. M.; Crozier, A.; Mullen, W.; Pirie, L.;
Kyle, J.; Yap, L. S.; Christen, P.; Duthie, G. G. The effects of
cranberry juice consumption on antioxidant status and biomarkers
relating to heart disease and cancer in healthy human volunteers.
Eur. J. Nutr. 2006, 45, 113–122.

(137) Freese, R.; Vaarala, O.; Turpeinen, A. M.; Mutanen, M. No
difference in platelet activation of inflammation markers after diets
rich of poor in vegetables, berries and apple in healthy subjects.Eur.
J. Nutr. 2004, 43, 175–182.

(138) Moeller, P.; Loft, S.; Alfthan,G.; Freese, R. OxidativeDNAdamage
in circulating mononuclear blood cells after ingestion of black-
currant juice or anthocyanin-rich drink.Mutat. Res. Fundam. Mol.
Mech. Mut. 2004, 551, 119–126.

(139) Larmo, P.; Alin, J.; Salminen, E.; Kallio, H.; Tahvonen, R. Effects
of sea buckthorn berries on infections and inflammation: a double-
blind, randomized, placebo-controlled trial. Eur. J. Clin. Nutr.
2008, 62, 1123–1130.

Received for review October 2, 2009. Revised manuscript received

February 5, 2010. Accepted February 12, 2010.


