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Abstract Anthocyanins are a group of natural

occurring pigments responsible for the red-blue

colour of many fruits and vegetables. Anthocyanins

are of interest for two reasons because they cannot

only be used in the technological field as natural

colorants but also have important implications in the

field of human health. Numerous studies indicate the

potential effect that this family of flavonoids may

have in reducing the incidence of cardiovascular

disease, cancer, hyperlipidemias and other chronic

diseases through the intake of anthocyanin-rich

foods. This review examines existing literature in

this area: from plant content and distribution to health

implications, including the effect of agronomic and

genetic modifications on the anthocyanin content of

plants as well as other biotechnological factors and

food processing. The bioavailability, metabolism,

bioactivity, and epidemiology of anthocyanins will

also be reviewed.
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Introduction

The term anthocyanin is derived from the Greek

words meaning flower and blue. Anthocyanins are

natural pigments belonging to the flavonoid family.

They are responsible for the blue, purple, red and

orange colour of many fruits and vegetables. More

than 500 different structures have been identified

(Andersen 2001; Andersen and Markham 2006;

Harborne 1993; Mazza and Miniati 1993). Anthocy-

anins are interesting for two reasons. The first being

technological, namely, their impact on the organo-

leptic characteristics of food which may influence

their technological behaviour during food processing

and the second reason being anthocyanin implication

in human health through different pathways, as it will

be reviewed in the present article.

Anthocyanins are present in nature mainly in the

form of heterosides. The aglycon form of anthocy-

anins, also called anthocyanidin, is structurally based

on the flavilium ion or 2-phenylbenzopyrilium, and

presents hydroxyl and methoxyl groups in different

positions. Depending on the number and position of

the hydroxyl and methoxyl substituents some dozen

different anthocyanidins have been described in

publications, of which six are commonly found in

fruits and vegetables (Fig. 1).

Anthocyanidins are present in fruits and vegeta-

bles linked to one or more glycosidic units. Sugars

may be linked as mono, di or triglycosides and may,

in addition, be acylated with different organic acids.
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The glycosidic units may be linked to the anthocy-

anidin by a or b linkage, and always in position 3 of

the aglycon. When additional sugars are present in

the anthocyanin molecule, they are linked to positions

5 and 7, and less frequently to 30 and 50. Glucose and

galactose, in hexoses, and rhamnose, arabinose and

xylose, as pentoses, are the sugars most commonly

encountered forming part of the anthocyanin. The

most common acylating agents are cinnamic acids,

frecuently p-cinnamic or caffeic acid, but also ferulic

and sinapic acid. Acetic, malic, malonic, oxalic and

succinic acid are found in aliphatic acids (Clifford

2000).

Anthocyanins are highly soluble in water and

alcoholic solutions. When in water they are more

stable at low pH. However, in aqueous solution they

co-exist as four main equilibrium species: the flavy-

lium cation, the quinonoidal base, the carbinol or

pseudobase, and the chalcone C (Fig. 2). Depending

on the pH of the solution and the structure of a

particular anthocyanin the relative amounts of each

equilibrium form vary. This characteristic is an

important issue when analysing anthocyanins and

should be considered when interpreting bibliograph-

ical data both, from the technological point of view

and with respect to health related studies. At low pH

the predominant form of the anthocyanin is the

flavylium cation which is red in colour. As pH

increases most of the flavylium ions change into other

anthocyanin forms some of them blue in colour

(quinonoidal forms) and others colourless (pseudo-

bases and chalcones) (Brouillard and Dangles 1993).

In general acylation of the anthocyanidin produces an

increase in the relative proportion of the flavylium

cation and thus protect the red colour at higher pH,

increasing anthocyanin stability.

Anthocyanins are relatively unstable and easily

oxidised. They are sensitive to many factors, apart

from pH, that may affect their stability and colour

such as temperature and UV radiation. They are also

affected by the presence in the medium of sulphur

dioxide, ascorbic acid or methal ions among other

food components and additives (Rivas-Gonzalo

2003).

Many studies in recent years have focused on the

study of the health properties of anthocyanins from

different perspectives. However it is important to

note that anthocyanins levels in food products may be

modified at different stages in the food production

chain. These modifications could be introduced

intentionally or not, by changes in agronomic and

environmental conditions; hours of sun, kind of soil

and humidity, among other factors, and would clearly

affect the anthocyanin composition of fruits and

vegetables. Biotechnology and postharvest treatments

may increase the levels of this group of flavonoids in

plant foods. Food processing and storage conditions

may also have an effect on anthocyanins. In the

present work we will analyse the effect of all these

processes on anthocyanidin levels in the final prod-

uct. In this way this review is aimed at helping us to

understand what technology is available for designing

functional foods enriched in this group of food

components which in turn will have a beneficial

effect on human health.

If anthocyanins are to be effective in preventing or

treating a range of diseases, they must be bioavailable.

In the present review we will analyse the factors which

may alter anthocyanin bioavailability. Additionally,
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we will briefly review the available bibliography on

anthocyanins bioactivity, from antimutagenicity stud-

ies to anticancer and cardioprotective activities.

Plant content and distribution

Anthocyanins are present in different plant organs,

such as fruits, flowers, stems, leaves and roots

(Brouillard 1982). These pigments are normally

found dissolved uniformly in the vacuolar solution

of epidermal cells. However, in certain species, the

anthocyanins are localized in discrete regions of the

cell vacuole, called anthocyanoplasts (Pecket and

Small 1980). The main sources of anthocyanin

(Table 1) are red fruits, mainly berries and red

grapes, cereals, principally purple maize, vegetables

and red wine among drinks (Harbone 1993; Escrib-

ano-Bailón et al. 2004).

Anthocyanin content may vary from fruit to fruit

of the same type due to different external and internal

factors, such as genetic and agronomic factors,

intensity and type of light, temperature, processing

and storage. For example, anthocyanin concentrations

in red grapes are specially variable being able to

reach values of up to 250 mg/100 g, while in red

wines the concentrations vary in accordance with the

varieties of grapes employed as well as with the type

of vinification and, specially, with aging. However, a

medium value could be established of around

500 mg/l anthocyanins in young wines. Moreover,

it is important to note that anthocyanins are used as

food additives in beverages, fruit fillings, snacks and

dairy products.

The most common anthocyanidins in higher plants

are: delphinidin, cyanidin, petunidin, pelargonidin,

peonidin and malvidin. The glycosides of the three

non-metylated anthocyanidins (delphinidin, cyanidin

and pelargonidin) are the most abundant in nature,

which represent 80% of leaf pigments, 69% in fruits

and 50% in flowers. The distribution of the six most

common anthocyanidins in the edible parts of plants

is cyanidin (50%), pelargonidin (12%), peonidin

(12%), delphinidin (12%), petunidin (7%) and mal-

vidin (7%). The most widespread anthocyanin in

most fruit is cyanidin-3-glucoside (Kong et al. 2003).

However, malvidin glycosides are the most charac-

teristic anthocyanins in red grape and derived

products (wine, juice, etc.) (Mazza and Miniati 1993).

Agronomic modifications and biotechnology

The development of agronomic techniques to

enhance production of useful secondary metabolites

provides an opportunity to optimize currently avail-

able cultivars. Environmental conditions are known

to induce the accumulation of anthocyanin pigments

in the major groups of higher plants, light and

temperature factors being the most studied. There-

fore, agronomic manipulation by the application of

mild stress at defined points during the growing

season may have generic effects on anthocyanin

accumulation. Work with apples has shown the

effectiveness of covering the orchard floor with foil

and metalized film thus increasing light penetration

into the canopy, which in turn correlates with an

increase in anthocyanin concentration in fruit peel (Ju

et al. 1999). Moreover, in the fruit of many crops

such as grape, peach, strawberry, eggplants and

lychee, anthocyanin synthesis is enhanced by sunlight

(Dokoozlian and Kliewer 1996; Tyas et al. 1998;

Matsuzoe et al. 1999; Bergqvist et al. 2001; Spayd

et al. 2002; Jia et al. 2005). Likewise, the position of

the fruit on the tree affects anthocyanin accumulation

due to sunlight intensity. The skin of the apples from

the top of the canopy contained the highest levels of

cyanidin 3-galactoside, followed by fruit from the

outside of the canopy, and then those from the canopy

interior (Awad et al. 2001). Shading bunches of

Cabernet Sauvignon, at veraison, reduced light

intensity during the daytime and the resulting antho-

cyanin content (Jeong et al. 2004). Opaque boxes

applied to bunches of Shiraz grapes prior to flowering

had little effect on berry development, ripening and

the accumulation of anthocyanin (Downey et al.

2004) and insignificant differences in anthocyanin

content were also observed in Pinot clusters (Cortell

and Kennedy 2006). However, this treatment reduced

the levels of delphinidin, cyanidin, petunidin, and

malvidin and increased peonidin glucosides (Cortell

and Kennedy 2006). Likewise, in Reliance, a seedless

Vitis hybrid, 95% shading decreased the percentage

of delphinidin and cyanidin and increased the

percentage of peonidin, malvidin, and acylated

cyanidin derivatives compared to 55% shading or

unshaded controls (Gao and Cahoon 1994).

Low temperatures have long been considered to

promote, and high temperatures to reduce, anthocyanin

synthesis (Saure 1990; Leng et al. 2000). Long-term
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seasonal changes in temperature affect anthocyanin

levels. Thus, habitats with cool weather were associ-

ated with a rapid anthocyanin accumulation in the skin

of ‘Starkrimson’ and ‘Golden Delicious’ apple,

whereas the warm weather was associated with slower

anthocyanin accumulation (Li et al. 2004). Cooling by

microsprinkler irrigation in apples increased their red

colour and anthocyanin content especially when

applied at sunset and at sunrise (Iglesias et al. 2002).

In grapes, Mori et al. (2005) showed that anthocyanin

synthesis, L-phenylalanine ammonia-lyase (PAL)

activity and chalcone synthase 3 (CHS3) transcript

Table 1 Concentration of anthocyanins in foods

Food Anthocyanin (mg/100g) References

Apple, Red Delicious 1.7 Koponen et al. 2007

Bilberry 300–698 Mazza and Miniati 1993

Black Bean 24.1–44.5 Macz-Pop et al. 2006

Black Currant 130–476 Timberlake 1988; Wu et al. 2006

Black Olives 42–228 Mazza and Miniati 1993

Black Rice 10–493 Ryu et al. 1998

Blackberry 82.5–325.9 Torre and Barrit 1977; Wang and Lin 2000

Blueberry 25–495 Ballinge et al. 1972; Makus and Ballinger 1973

Bog whortleberry 154 Koponen et al. 2007

Cherry 2–450 Harbone and Hall 1964; Mazza and Miniati 1993; Gao and Mazza 1995

Chokeberry 410–1480 Wu et al. 2006; Koponen et al. 2007

Cranberry 67–140 Wu et al. 2006; Koponen et al. 2007

Crowberry 360 Koponen et al. 2007

Eggplant 8–85 Wu et al. 2006; Koponen et al. 2007

Elderberry 200–1816 Kaack and Austed 1998; Wu et al. 2006

Gooseberry 2.0–43.3 Wu et al. 2006; Pantelidis et al. 2007

Grapefruit 5.9 Koponen et al. 2007

Lettuce 2.2–5.2 Wu et al. 2006; Koponen et al. 2007

Nectarine 2.4 Koponen et al. 2007

Peach 4.2 Koponen et al. 2007

Pear 5–10 Mazza and Miniati 1993

Plum 2–25 Wu et al. 2006

Pomegranate (juice) 600–765 Kriventsov and Arendt 1981

Port Wine 14–110 Timberlake 1988

Purple Corn 1642 Cevallos-Casals and Cisneros-Zevallos 2003

Raspberry 20–687 Wang and Lin 2000; Wu et al. 2006

Red apple 1.3–12 Mazza and Velioglu 1992; Wu et al. 2006

Red Cabbage 322 Wu et al. 2006

Red currant 22 Koponen et al. 2007

Red Grape 30–750 Lamikanra 1989

Red Onion 23.3–48.5 Ferreres et al. 1996; Wu et al. 2006

Red Radish 100–154 Giusti and Wrolstad 1996; Wu et al. 2006

Red Wine 16.4–35 Bakker and Timberlake 1985; Teissedre and Landrault 2000; Frankel et al. 1995

Rhubarb 4–200 Timberlake 1988; Koponen et al. 2007

Rowanberry 14 Koponen et al. 2007

Saskatoon berry 234 Koponen et al. 2007

Strawberry 19–55 Lopez-da-Silva et al. 2007
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levels were markedly higher in berries grown under

low night temperatures.

Nutrient deficiencies, especially of phosphorus (P)

and nitrogen (N), commonly induce the accumulation

of anthocyanin in many plant species (Cobbina and

Miller 1987; Hodges and Nozzolillo 1996; Close

et al. 2000). The anthocyanin formation in Spirodela

polyrhiza is mainly a response to the perturbed C:N

ratio in plants, an apparent consequence of N

depletion in the nutrient medium (Kumar and Sharma

1999). In bean plants cultured on P-deficient media,

the higher concentrations of anthocyanins found in

leaves could protect the plant from oxidative stress

(Juszczuk et al. 2004). In tomato, in addition to

increasing flavonoid content, N stress also produces

differential effects on expression of genes encoding

anthocyanin biosynthetic enzymes (Bongue-Bartels-

man and Phillips 1995). By contrast, an increased

application of nitrogen in cranberry resulted in a

decreased content of red pigments (Eaton 1971), and

Eck (1976) detected a significant decrease in antho-

cyanin content as a response to increased N

application every third year. Similar results were

observed in black chokeberry when a combined

nitrogen-phosphorus-potassium fertilizer was used

(Jeppsson 2000).

Preharvest benzothiadiazole (BTH) treatment of

grapevine not only increased the content of trans-

resveratol and anthocyanins significantly, but also

induced systemic acquired resistance to Botrytis

cinerea infection (Iriti et al. 2004). BTH triggers a

significant increase in anthocyanin content, including

five monoglucosides of the anthocyanidins (delphin-

idin, cyanidin, petunidin, peonidin, and malvidin) as

well as the corresponding acetylated and p-coumaroyl

derivatives (Fumagalli et al. 2006). These changes in

BTH-treated berry skins are closely accompanied by

a significant improvement in the NO-releasing capac-

ity of berry skin extracts.

Plant hormones also affect anthocyanin biosyn-

thesis. McGlasson et al. (1978) suggested that

abscisic acid (ABA) promotes biosynthesis of antho-

cyanin. Poor coloration of fruit is improved by the

application of ABA, which increases the anthocyanin

content in grape skin (Jeong et al. 2004; Peppi et al.

2007) and cherry skin (Kondo and Inoue 1997).

Ethylene has been shown to influence the biosynthe-

sis of light-induced anthocyanin formation (Craker

and Wetherbe 1973; Faragher and Brohier 1984).

Application of ethephon, an ethylene-generating

compound, improves colour development in apples

and increases anthocyanin content (Larrigaudiere

et al. 1996; Awad and de Jager 2002; Li et al.

2002). Preharvest foliar application of AVG, an

inhibitor of ethylene synthesis, in apple (Malus

domestica Borkh.) fruit retards several key matura-

tion events but does not affect the levels of

anthocyanin (Silverman et al. 2004).

Genetic engineering techniques, by introduction of

genes encoding novel anthocyanin enzyme activities

and transcription factors or inactivation of endoge-

nous genes, have been used to modify flower colour

and plant coloration as well as to analyze the

potential of the anthocyanin pathway in plant defence

response (Fig. 3). Several important structural genes

and regulatory elements required for anthocyanin

biosynthesis have been cloned and characterized in a

variety of plant species over the past few years,

including some with direct practical applications.

With the generation of transgenic petunia plants

using a dihydroflavonol-4-reductase (DFR) gene

from maize a novel flower colour was created by

genetic engineering for the first time (Meyer et al.

1987). DFR which converts dihydrokaempferol

(DHK) to leucopelargonidin enables the production

of pelargonidin in petunia and leads to a change in

flower colour from pale pink to brick red. Similar

results have been observed in petunia by overexpress-

ing heterologous DFR genes from gerbera (Helariutta

et al. 1993) and rose (Tanaka et al. 1995). An

approach involving the co-suppresion of the CHS

gene has been used to prevent the formation of flower

pigments in petunia and tobacco (van der Krol et al.

1988), gerbera (Elomaa et al. 1993) and lisianthus

(Deroles et al. 1998). However, by contrast, overex-

pression of the CHS gene has been used to reduce

flower pigments in petunia (Napoli et al. 1990) and

chrysanthemum (Couryney-Gutterson et al. 1994).

White and blue-white transgenic varieties of Torenia

hybrida taken from the blue variety cv. Summerwave

were obtained by cosuppressing the expression of

both the CHS and DFR genes (Suzuki et al. 2000).

Flavonoid 30-hydroxylase (F30H) and flavonoid

30,50-hydroxylase (F3050H), members of the cyto-

chrome P450 family, play a key role in determining

the pattern of anthocyanin. Whereas F30H is necessary

for the synthesis of 30-hydroxylated anthocyanins (e.g.,

cyanidin), F3050H participates in the synthesis of
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3050-hydroxylated anthocyanins (e.g., delphinidin).

Overexpression of F3050H produced purple to violet

transgenic flower colours due to the induction of the

synthesis of delphinidin-derivatives (Fukui et al.

2003; reviewed in Tanaka et al. 2005) and a

dramatic change of flower colour from pink to

magenta with a high content of 3,50-hydroxylated

anthocyanins was observed in petunia (Shimada

et al. 1999). However, transgenic torenia expressing

F30H cDNA exhibited redder flower colour due

to the increase in 30-hydroxylated anthocyanins

(Ueyama et al. 2002).

Another useful strategy for introducing or increas-

ing anthocyanin production in target ornamental

species is the alteration of the balance between

flavonoid enzyme activities by genetic modification.

The dihydroflavonols are the direct substrates for

colourless flavonol and coloured anthocyanin biosyn-

thesis. Thus, the introduction of a DFR sense transgene

in white-flowered lines of petunia, which accumulates

flavonol, resulted in a pink-flowered phenotype. Fur-

thermore, inhibition of flavonol biosynthesis by

cosupression of the flavonol synthase (FLS) also led

to anthocyanin production and a pink-flowered
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phenotype (Davies et al. 2003). In torenia the inacti-

vation of the DFR gene by genetic transformation

caused the accumulation of flavones, possible copig-

ments, resulting in a copigmentation likely to make the

torenia flowers bluer (Aida et al. 2000).

Advances are also being made in understanding

the action mechanisms of regulators in anthocyanin

biosynthesis. A general role for the basic-helix-loop-

helix (bHLH) MYB, and WD40 repeat proteins as

regulators of the anthocyanin pathway has been

conserved in a wide variety of species (reviewed in

Winkel-Shirley 2001). The overexpression of the R

gene, encoding a bHLH, from maize enhanced the

expression of anthocyanin in Arabidopsis, petunia,

tobacco and Caladium bicolor (Lloyd et al. 1992;

Quattrocchio et al. 1993; Li et al. 2005). Overex-

pression of bHLH from Antirrhinum and Perilla

frutescens also increased pigmentation in the whole

tomato plant and in the tobacco flower (Mooney et al.

1995; Gong et al. 1999). A recent study shows that

mutation of PH4, which encodes a MYB domain

protein, results in a bluer petunia flower colour,

increased pH in petal extracts, and, in certain genetic

backgrounds, the disappearance of anthocyanins and

fading of the flower colour (Quattrocchio et al. 2006).

Transgenic approaches uncovered a strong rela-

tionship between structural and/or regulatory

anthocyanin gene expression and plant defence

response levels. It has been suggested that anthocy-

anin functions as photoprotective pigments (Li et al.

1993) and that its accumulation can reportedly be

induced in many plants by biotic and abiotic stresses,

such as UV-B radiation, pathogen infection or low

temperature (Mancinelli 1983; Winkel-Shirley 2001;

Treutter 2006). Anthocyanin accumulation appears to

be a general response to cold stress (Christie et al.

1994). However, evidence suggests that anthocyanin

itself is not essential for freezing tolerance (Leyva

et al. 1995), although some responses essential to

freezing tolerance may be governed by a regulatory

pathway or biochemical level that is also involved in

the anthocyanin response (McKown et al. 1996).

Different studies using transgenic plants showed

the implication of anthocyanin pathway in plant

response to pathogen attack. A transgenic line of

Arabidosis thaliana constitutively expressing a con-

served MYB transcription factor resulted in purple

leaves showing increased anthocyanin accumulation

and resistance to leaf feeding by insects (Spodptera

frugiperda) (Johnson and Dowd 2004). Transgenic

maize plants carrying the C2 (coloured-2, encoding

chalcone synthase) gene under the control of the

maize Ubiquitin promoter were generated and pre-

liminary studies revealed an increase in resistance to

the rice blast fungus Magnaporthe grisea (Gandikota

et al. 2001).

The ectopic expression of anthocyanin 5-O-glucosyl-

transferase (5-UGT) cDNA in potato increased

anthocyanin diglucoside levels and improved the

resistance of transgenic lines to Erwinia carotovora

subsp. Carotovora. An increase in starch as well as a

decrease in sucrose levels were also detected in

transgenic tubers (Lorenc-Kukuła et al. 2005). Like-

wise, simultaneous expression of genes encoding

CHS, chalcone isomerase (CHI), and DFR in potato

resulted in a significant increase in trisaccharide

derivatives of pelargonidin and petunidin. However,

transgenic lines showed a decrease in starch levels,

accompanied by an increase in sucrose levels

(Lukaszewicz et al. 2004), suggesting that the limi-

tation of flavonoid synthesis might depend on the

availability of carbohydrates for phenolic compounds

synthesis.

Tomato fruits (Lycopersicum esculentum) are not

usually reported to contain anthocyanin. However,

tomato accession LA1996 with the Anthocyanin fruit

(Aft) gene has elevated anthocyanin levels in the skin

and outer pericarp tissues of the fruit produced by the

glycosylated anthocyanidins of petunidin, malvidin,

and delphinidin (Jones et al. 2003). These authors

proposed that the introduction of the Anthocyanin

fruit characteristic into carotenoid-rich tomatoes

would provide the opportunity for developing new

cultivars rich in water- and lipid-soluble antioxidants.

Effect of postharvest treatments, food

processing and storage

Anthocyanins are unstable and especially sensitive to

changes in pH, temperature or atmospheric composi-

tion. Another characteristic anthocyanin reaction is

the ability to chelate metals such as Fe, Cu, Al, and

Sn, present in the media or packaging, this is generally

undesirable since it result in a change of pigment

colour. The rate of anthocyanin destruction is pH

dependent, being greater at higher pH values. This

chemical instability characteristic of anthocyanins has
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to be kept in mind when analysing the effect of

postharvest and processing treatments in anthocyanin-

containing foods.

The goal of postharvest storage technology is to

manipulate fruit and vegetable metabolism during

storage so as to extend product shelf life. Postharvest

treatments such as low temperatures, high CO2

concentrations, controlled atmosphere (CA) and mod-

ified atmosphere packaging (MAP) involve slowing

down the velocity of many metabolic processes which

leads to a natural deterioration and loss of quality.

However, some of these treatments affect the antho-

cyanin content adversely, with negative consequences

in fruit colour and nutritional value. It is already

known that anthocyanin synthesis continues after

harvest and also during long-term cold storage, but it

is inhibited in fruits stored with high CO2 concentra-

tions. An increase in anthocyanin content by low

temperature postharvest storage has been reported for

different fruit, such as strawberries (Gil et al. 1997;

Kalt et al. 1999), cranberries (Kalt et al. 1999),

blueberries (Connor et al. 2002), cherries (Gonçalves

et al. 2005), oranges (Lo Piero et al. 2005) and grapes

(Sanchez-Ballesta et al. 2007). However, in the case

of apple fruit the levels of anthocyanins do not appear

to be stable throughout low temperature storage (Ju

et al. 1996). In pomegranates, the increase in antho-

cyanin content was correlated with the activity of

anthocyanin biosynthetic pathway enzymes: PAL and

UDPglucose:flavonoid-3-O-glucosyltransferase (UFGT)

(Holcroft et al. 1998). In red oranges stored at 4�C for up

to 75 days, the expression of anthocyanin biosynthetic

genes, including PAL, CHS, DFR, and UFGT was

strongly induced, parallel to the accumulation of

anthocyanin (Lo Piero et al. 2005).

Different studies showed that treatment of har-

vested fruit with CO2 applied as CA or MAP inhibits

the increase of anthocyanin by affecting its biosyn-

thesis, degradation or both (Holcroft et al. 1998;

Holcroft and Kader 1999; Artés-Hernández et al.

2003; Remon et al. 2004). In strawberry, a remark-

able decrease in internal anthocyanin content was

observed, particularly at 20 and 40% CO2 but not in

external tissues suggesting that most of the anthocy-

anin degradation takes place in the internal tissues

(Gil et al. 1997). The colour loss of strawberry fruit

has been related to the degradation of anthocyanin

pigments by condensation with quinones, formed

from endogenous phenolics due to the action of

polyphenol oxidase (PPO) (Wesche-Ebeling and

Montgomery 1990). In red raspberry cultivars CA

storage did not affected anthocyanin content (Haffner

et al. 2002). Nevertheless, Veazie and Collins (2002)

reported that total monomeric anthocyanin in Navaho

blackberries held in CA storage at 2�C increased

during the first 3 days, but decreased thereafter.

Application of a 3 days high CO2 pre-treatment at

0�C in table grapes increased the anthocyanin content

when fruits were transferred to air at a lower

temperature (Romero et al. 2007).

Heat treatments, such as air oven, vapour, water

immersion, and hot water rinsing and bruising, can

control insect pests, prevent pathogen infection,

induce resistance to chilling injury, slow fruit ripen-

ing, extend postharvest shelf life in different fruit

(reviewed in Lurie 1998) and also affect the antho-

cyanin content. Heat treatments at 42 and 48�C for 3 h

prevented fungal development and reduced anthocy-

anin content and PAL activity in strawberries (Civello

et al. 1997) and a residual effect of heat treatment on

anthocyanin accumulation was still present after

7–14 days of refrigerated storage (Vicente et al.

2002). In contrast, prestorage heat treatments (hot

water bath immersion) inhibited postharvest anthocy-

anin synthesis and retained the overall quality of white

asparagus spears (Siomos et al. 2005). Some increases

in total anthocyanin content were detected in cycles of

intermittent warming applied to reduce chilling

symptoms in pomegranate, due mainly to cyanidin

and pelargonidin 3-glucoside (Artés et al. 2000).

Chitosan, a high molecular weight polymer coat-

ing had the potential to prolong storage life and

control decay of many fruits (El Ghaouth et al. 1991;

Romanazzi et al. 2003). Although anthocyanin levels

decreased in chitosan treated and non-treated litchis

during storage at low temperature, the decrease was

lower in chitosan treated fruit (Zhang and Quantick

1997). Maintaining the skin colour of the litchi fruit

by chitosan coating may account for the higher levels

of anthocyanin content in the skin resulting from the

inhibition of PPO activity (Jiang et al. 2005). El

Ghaouth et al. (1991) have observed retention of

firmness, higher titratable acidity and a reduced rate

of anthocyanin production in chitosan coated

strawberries.

Minimal processing of fruits and vegetables may

affect anthocyanidins by affecting their chemical

stability or by inducing or inhibiting their
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biosynthesis. It has been shown that refrigerated

storage of shredded red onion for up to 7 days

produces a decrease in anthocyanin levels. This loss

of pigments depends on the anthocyanin structure,

acylated derivatives being more stable than the non-

acylated glycosides (Ferreres et al. 1996).

Ngo et al. (2007) have studied the effect of

processing and storage on strawberry anthocyanins.

Freezing strawberries (-37�C followed by 1 month

storage at -23�C) produced a slight increase in the

anthocyanin content. This is in agreement with the

results obtained by de Ancos et al. (2000) who also

found an increase of total anthocyanins in raspberries

after frozen storage at -24�C for one year. Canning

of strawberries with sucrose syrup at 95�C and

subsequent immersion of the cans in boiling water for

15 min. resulted in losses of around 70% of antho-

cyanin content after 60 days storage at room

temperature (Ngo et al. 2007). Processing strawberry

jams under different conditions produced losses of

40–70% of the initial anthocyanin content (Garcia-

Viguera et al. 1999; Ngo et al. 2007). In jams,

storage temperature has proved to be crucial for

anthocyanins stability. Storage of strawberry jams for

up to 9 weeks at 38�C doubled anthocyanin losses

when compared with those at 21�C for the same

length of time.

In general, high hydrostatic pressure has a negative

effect on anthocyanins, when compared with unpro-

cessed fruit. However, it has a protective effect on

anthocyanins during storage under refrigeration when

fruit is processed at 400 MPa in the case of black-

urrant and at 200 or 800 MPa for raspberries

(Kouniaki et al. 2004; Suthanthangjai et al. 2005).

The effect of gamma irradiation on anthocyanin

content in packed grape pomace has been studied by

Ayed et al. (1999). Irradiation in the presence of SO2

gave, in every case, better results when compared

with air packaging. The highest anthocyanin content

was obtained by irradiation at a dose of 6 kGy.

It is generally accepted that ascorbic acid has a

negative effect on anthocyanin stability, and the

same happens with Maillard reaction products and

sugars (Wrolstad et al. 2005). Kaack and Austed

(1998) have studied the effect of vitamin C on

flavonoid degradation under conditions similar to

those applied for Sambucus nigra juice processing.

Under conditions where high concentrations of

oxygen were present anthocyanin content decreased

dramatically during juice processing and storage.

However, when oxygen was eliminated from the

atmosphere, by nitrogen purging, anthocyanins were

protected against degradation by the presence of

ascorbic acid in the media.

If there is a product in which anthocyanin modifi-

cations have been studied in deep, this is wine. Wine

making has a crucial effect on the final anthocyanin

composition of red wine. The initial content on

anthocyanins of the grape is also a pivotal aspect and

may be modified by agricultural, environmental and

genetic modifications. The use of different varieties of

grapes is already being used in wine industry in order to

enhance the quality of the wine by modifying the

starting anthocyanin composition of the must (Mona-

gas et al. 2006). However, during red wine aging, there

is a loss of anthocyanins and other pigments are formed

through various mechanisms (Mateus et al. 2002).

This change in anthocyanin composition may cause

quality changes. In many cases these new formed

molecules have the property of stabilising the red wine

colour. In others, the new molecules are pigments

them-selves that will contribute to the changes in

colour characteristics of red wine aging.

The social trend toward the consumption of natural

products instead of synthetic ones has increased the

interest in the development of colorants from natural

sources in the food industry. Anthocyanins are among

this group of natural colorants one of the groups with

more applicability. The production of anthocyanin

extracts may, however, modify the anthocyanin

composition of the original anthocyanin-rich source.

By instance, it as been shown that alcoholic extrac-

tion at medium to high temperatures may accelerate

the formation of new pigments by acylation of the

original anthocyanin (de Pascual-Teresa et al. 2002).

This modification in the structure of anthocyanins

will have an influence in the stability of the natural

colorant through out the food processing process and

later during the storage time. Moreover structure

modifications will also influence the bioavailability,

metabolism and biological properties of the pigments.

Intake, bioavailability and metabolism

Until very recently the only available data on

anthocyanin intake by humans was that of Kuhnau

(1976). In the aforementioned study the intake of
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anthocyanins in humans was estimated to be 180–

215 mg/day in the United States. More recently Chun

et al. (2007) have calculated the mean daily antho-

cyanidin intake based on 24-h dietary recalls and the

USDA database for the ‘‘Flavonoid content of

Selected Foods’’ (Agricultural Research Service

2003), and have arrived at a much lower figure of

3 mg/day. This is in accordance with the value

obtained by Wu et al. (2006) also for the US

population of 12 mg/day. However, since anthocya-

nins are restricted to berries, red fruits and wine it

should be assumed that there are big variations

between individuals due to differences in the intake

of these anthocyanin-rich products. In Finland, where

the consumption of berries is widely extended, the

average intake of anthocyanins has been estimated to

be 82 mg/day (Heinonen 2001). In any case, the

intake of anthocyanins can be considered to be

between a few milligrams and 100 mg.

As recently reviewed by Manach et al. (2005),

existing literature in the field of anthocyanin bioavail-

ability shows that this group of pigments is less well

absorbed than other flavonoids. However it should be

noted that until now most studies have focused on the

analysis in plasma and urine of anthocyanin metabo-

lites derived from glucuronidation and sulphation

metabolism. It has been suggested that anthocyanins

may be metabolised by intestinal microflora producing

a set of new products that have not yet been totally

identified, not to mention quantified. This fact, together

with the difficulties inherent in anthocyanin analysis

may explain the low bioavailability encountered in the

different studies performed until now.

Anthocyanins are rapidly absorbed, with maximum

plasma concentration (Cmax) of between 1.4 and

200 nM for doses of 10–720 mg of anthocyanins. The

Cmax is reached from between 45 min to 4 h after

ingestion of an anthocyanin containing meal, depend-

ing on the conditions of the trial. When the

anthocyanins are ingested alone and after an overnight

fast the Cmax is reached after only 1 h (Matsumoto

et al. 2001; Cao et al. 2001; Nielsen et al. 2003).

However, when anthocyanins are ingested together

with other food items absorption is retarded by up to

1.5 h (Nielsen et al. 2003), and even 4 h in the case of

meals with a very high fat content (Mazza et al. 2002).

Plasma half-life for anthocyanins is from between 2 h,

for cyanidin glucoside and sambubioside, to around

3.3 h for the rutinosides of cyanidin and delphinidin.

In urine the maximum concentration of anthocy-

anins is reached after 1.5–6 h of ingestion (Felgines

et al. 2003, 2005; Frank et al. 2005). The percentage

of anthocyanins encountered in urine represents

between 0.004 and 0.2% of the quantity ingested.

Only in the case of two published studies is this

percentage of anthocyanins in urine substantially

higher, reaching 5% in the study by Lapidot et al.

(1998) and around 2% in that of Felgines et al.

(2003).

The nature and position of the glycosidic groups in

the molecule of anthocyanins may influence their

absorption. It has been shown that the 3-monogluco-

sides of anthocyanidins are less bioavailable than

their corresponding rutinosides (McGhie et al. 2003;

Nielsen et al. 2003; Matsumoto et al. 2001).

The structure of the anthocyanidin may also have

an influence on anthocyanin absorption. Nielsen et al.

(2003) did not find any difference in the bioavail-

ability of delphinidin and cyanidin. However,

McGhie et al. (2003) did find differences between

the galactosides of malvidin and petunidin and that of

delphinidin in terms of absorption, suggesting that an

increase in the number of hydroxyl groups in the

molecule decreases its bioavailability. Felgines et al.

(2003, 2005) have shown that the relative quantity of

anthocyanins recuperated in urine after 24 h is

10 times higher for glycosides of pelargonidin than

for those of cyanidin. However it should be noted that

there were substantial differences in the quantity of

anthocyanidins ingested in both studies, cyanidin

ingestion being almost six times that of pelargonidin.

In line with this, Kurilich et al. (2005) have postu-

lated the existence of a saturation effect in the

absorption mechanisms of anthocyanins.

Acylation of the anthocyanin molecule produces a

decrease in its absorption (Kurilich et al. 2005;

Mazza et al. 2002). The ingestion of anthocyanins

with alcohol accelerates their absorption, while sugar

has the opposite effect (Bub et al. 2001; Bitsch et al.

2004; Mülleder et al. 2002).

Anthocyanins have been described in human

plasma not only as the original glycosides, but also

as glucuronidated and methylated metabolites. And

only in one study has the presence of the aglycon

cyanidin been reported in plasma (Cao et al. 2001).

The presence of the parent compounds, the

glycosides, together with methylated and glucuroni-

dated metabolites have been reported in human urine
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(Wu et al. 2002). Kay et al. (2004) showed that after

ingestion of a high dose of cyanidin glucosides, the

original anthocyanins represented 75% of the total

anthocyanins excreted in the urine, methylated metab-

olites 10% and the remaining 15% was eliminated as

glucuronidates. However, Felgines et al. (2005)

obtained totally different results after ingestion of

cyanidin glycosides. In this study monoglucuronides

represented 64% of the total anthocyanins excreted in

urine, 19% as glycosides, 10% as aglycons and 1.2%

as diglucuronides.

As has been mentioned before, there is a second via

of metabolism for anthocyanins involving the action of

intestinal microflora. In vitro studies have shown that

anthocyanin monoglucosides (3 glucosides of cyani-

din, malvidin and peonidin) and diglucosides (3,5-

diglucosides of cyanidin and malvidin, and cyanidin

rutinoside) are de-glycosilated by the action of colonic

microflora in a 20 min to 2 h period, depending on

their structure (Aura et al. 2005; Keppler and Humpf

2001). The aglycons are further degradated and their

degradation products, mainly phenolic acids, appear

after 20 min of incubation with intestinal microflora.

Due to the high structural similarity of the anthocy-

anidin ring-A between the different anthocyanidins,

their degradation produces the phenolic acid corre-

sponding to the anthocyanidin ring-B together with the

aldehyde phloroglucinol (Fleschhut et al. 2006).

Anthocyanin distribution in animal tissues has also

been described. The presence of pelargonidin and some

of its metabolites have been described in stomach,

kidney, liver, brain and lung of rats after 2 h of ingestion

(El Mohsen et al. 2006). Furthermore, Matsumoto et al.

(2006) have reported the presence of intact anthocyanins

in several ocular tissues after administration of a

blackcurrant extract to rats or rabits.

Biological activity

Many beneficial activities have been attributed to

anthocyanins and the majority of work investigating

these activities focuses on the antioxidant character-

istics of anthocyanin rich diets and the enhancement

of cardiovascular health. Most of them are in vitro

studies and a few of them were carried out in vivo, in

general by measuring total antioxidant capacity

in plasma after consumption of a source rich in

anthocyanins.

Anthocyanins are able to prevent oxidative damage

to DNA, proteins, lipids and other macromolecules

caused by reactive oxygen species (ROS). It has been

postulated that anthocyanins act on two levels. They

have a systemic action, since they are absorbed and

circulate in the blood, and it is in this circulating form

that they act upon different target tissues in the human

body. Anthocyanins may also act locally, in the gut, if

they are not absorbed by intestinal mucosa. Finally,

they may also act as topical agents, for example by

protecting the skin from UV radiation.

In the case of the gut, it is not yet clear if these

local effects are caused by the original anthocyanin or

by the metabolites formed by the colonic microflora.

The formation of these degradation products may be

involved in the protective action of anthocyanins

against colon and rectum cancer.

Even if anthocyanins are excreted mainly in their

intact form, i.e., as glycosides; it has been shown that

once absorbed, anthocyanins are metabolised generat-

ing sulphates, glucuronides and methylated derivatives.

Up to now, the biological effects of these anthocyanin

metabolites in humans are largely unknown. Moreover,

it has been reported that the gut microflora plays an

important role in the biotransformation of anthocyanins.

Free radical damage contributes to the aetiology of

many chronic diseases and thus antioxidants may have

beneficial effects on human health at different levels.

Anthocyanins have shown to be potent antioxidant and

free radical scavengers in different in vitro models.

Within the assayed anthocyanins the 3 glucoside of

delphinidin, which is the only anthocyanin containing

the 30, 40 and 50-hydroxy group (gallocatechol struc-

ture) in the B-ring, has shown the highest antioxidant

capacity (Garcia-Alonso et al. 2005).

The biological activity of isolated anthocyanins

and anthocyanidins, or of anthocyanin rich foods can

be manifested at different levels:

Prevention of cardiovascular disease: This is

possibly the most studied effect and the one for which

a great quantity of epidemiological evidence exists.

Anthocyanins are capable of acting on different cells

involved in the development of atherosclerosis, one of

the leading causes to cardiovascular dysfunction. The

chemokine monocyte chemotactic protein 1 (MCP-1)

is known to mediate in the recruitment of macrophages

to sites of infection or inflammation, and direct

involvement of MCP-1 on atherogenesis has been

established. Anthocyanins have been shown to have a
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protective effect against TNF-a induced MCP-1

secretion in primary human endothelial cells (Garcia-

Alonso et al. 2004). Vascular endothelial growth

factor (VEGF) is a major pro-angiogenic and pro-

atherosclerotic factor but anthocyanins have been

shown to prevent the expression of VEGF in vascular

smooth muscle cells (Oak et al. 2006). In macro-

phages, blackberry anthocyanins inhibit LPS induced

nitric oxide biosynthesis (Pergola et al. 2006). Antho-

cyanins also inhibit TRAP-induced platelet

aggregation but do not influence platelet reactivity

when faced with strong agonists such as collagen and

ADP (Rechner and Kroner 2005). Anthocyanin

extracts from chokeberry, bilberry, and elderberry

have shown endothelium-dependent relaxation capac-

ity in porcine coronary arteries (Bell and Gochenaur

2006). Moreover, anthocyanins have an effect on

cholesterol distribution, protecting endothelial cells

from CD40-induced proinflammatory signalling (Xia

et al. 2007).

Anticancer, antitumor and antimutagenic activity:

It has been suggested that anthocyanins possess

antiinflammatory as well as chemopreventive proper-

ties. Distinct cell growth and cell cycle related

pathways have already been identified as targets for

anthocyanins in in vitro and laboratory animal studies.

It has been shown that the anthocyanin-containing

fraction of red wines is capable of suppressing

proliferation of HCT-15 human colon cancer cells

and gastric adenocarcinoma (AGS) cells (Kamei et al.

1998; Shih et al. 2005). Administering purple corn,

with a high anthocyanin content, to rats decreases the

incidence and multiplicity of colorectal adenomas and

carcinomas induced by 1,2-dimethylhydrazine (DMH)

and 2-amino-1-methyl-6-phenylimidazo(4,5-b)pyri-

dine (PhIP) (Hagiwara et al. 2001). Liu et al. (2002)

have shown that the proliferation of human hepato-

cellular liver carcinoma cells (HepG2) is inhibited by

raspberry extracts, containing among other flavonoids

anthocyanins. Marko et al. (2004) have reported an

inhibitory effect of the anthocyanidins, delphinidin,

cyanidin, petunidin, pelargonidin, peonidin and mal-

vidin on cell proliferation in human vulva carcinoma

cells (A431) and human colon carcinoma cells

(HT29). Moreover the authors showed that depending

on the substitution pattern of their B-ring, anthocy-

anidins may interfere with different signalling

cascades involved in the regulation of cell growth.

It has been shown that cyanidin-3-glucoside, as well

as different anthocyanin-rich extracts induce apopto-

sis in different human leukaemia cell lines

(Fimognari et al. 2004). This same effect has been

reported in liver hepatoma cells treated with (Yeh and

Yen 2005).

Angiogenesis plays a critical role in the develop-

ment of cancer. Liu et al. (2005) have found that

anthocyanins from black raspberry can reduce tumour

development by inhibiting angiogenesis.

Mutagenicity is closely related to carcinogenicity.

Yoshimoto et al. (1999) have observed that mutage-

nicity of certain carcinogenic compounds, such as

heterocyclic amines, in Salmonella typhimurium TA

98, is decreased by aqueous extracts of the roots of

different varieties of coloured sweetpotates (Ipomoea

batatas). Juices from anthocyanin rich fruits such as

strawberry, blueberry, and raspberry significantly

inhibited mutagenesis caused by the direct-acting

mutagen methyl methanesulfonate and the metabol-

ically activated carcinogen benzo(a)pyrene (Hope

Smith et al. 2004).

Sarma and Sharma (1999) have observed that

co-pigmentation between cyanidin derivatives and

DNA had a protective effect on both molecules

against the action of hydroxyl radicals generated by

the Fenton reaction. Russo et al. (2005) have shown

that the treatment of human fibroblasts with cyanidin-

3-glucoside prevents ochratoxin A-induced DNA

damage.

Beneficial effects in diabetes: Basically anthocya-

nins may have a beneficial effect on diabetes at two

levels. On one hand they can interfere with glucose

absorption and on the other hand they may have a

protective effect on pancreatic cells. It has been

shown that the simultaneous and daily administration

to rats of anthocyanins from red wine together with

streptozotocin, a diabetogenic compound with beta-

cytotoxic effects, decreases glucose concentration in

urine and serum. Additionally, anthocyanins from red

wine prevent the generation of free oxygen radicals,

and decreases lipid peroxidation (reviewed by Kong

et al. 2003). Jayaprakasam et al. (2005) have shown

that anthocyanins are also able to stimulate insulin

secretion from rodent pancreatic beta-cells. Of all the

anthocyanins the 3 monoglucosides of cyanidin and

delphinidin are the most potent stimulators and in

anthocyanidins, pelargonidin.

Protective effect against hepatic damage: Antho-

cyanins from Hibiscus sabdariffa L. have shown to
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protect rat liver from hepatotoxicity induced by tert-

butyl hydroperoxide (t-BHP) by lowering the serum

levels of alanine and aspartate aminotransferase and

reducing oxidative liver damage (Wang et al. 2000).

In rats in which hepatic injury was induced by the

administration of D-galactosamine red potato extracts

had a protective effect (Han et al. 2006).

Gastric effects: The protective effect of anthocy-

anins on gastric damage is closely related with the

capacity of this group of flavonoids to prevent or

ameliorate the inflammatory process. Inflammation is

implicated, at least initially, in processes of gastric

injury and in this regard, it has been shown that

cyanidin protects gastric mucosa from the damage

caused by aspirin (Galvano et al. 2004).

Ocular effects: Consumption of black currant-

based extracts or concentrates of anthocyanins has a

positive effect on night vision, i.e., dark adaptation

(Nakaishi et al. 2000), though the positive effect on

human vision of Vaccinium myrtillus (bilberry)

extracts is controversial and still needs to be clarified

(reviewed by Canter and Ernst 2004). However,

recent studies in animal models suggest that long-

term supplementation with bilberry extracts is effec-

tive in the prevention of macular degeneration and

cataract (Fursova et al. 2005).

In subjects with myopia, it has been shown that the

administration of anthocyanins for 4 weeks improved

subjective symptoms and objective contrast sensitiv-

ity (Lee et al. 2005).

Antimicrobial and antiviral activity: Even though

many studies have shown that isolated anthocyanins or

plant extracts rich in this group of flavonoids have an

effect on microbial growth, results are not yet conclu-

sive. Puupponen-Pimia et al. (2001) showed that

extracts from different berries had an inhibitory effect

on gram-negative bacterial growth, but had no effect

on gram-negative bacteria. Moreover, they showed

that blackcurrant extracts stimulated the growth

of different strains of Lactobacillus rhamnosus and

Lactobacillus paracasei but inhibited those of Esch-

erichia coli. Recent studies have demonstrated that

blackcurrant concentrates inhibit the growth of differ-

ent strains of Staphylococcus aureus, Escherichia coli

and Enterococcus faecium but stimulate the growth of

Saccharomyces cerevisiae (Werlein et al. 2005).

The effect of anthocyanins on microbial pathogens

has not been studied in depth up to now. Some few

studies exist, however, on the effect of berry extracts

on pathogens. Among the berries and bacteria

assayed by Puupponen-Pimia et al. (2005), cloud-

berry and raspberry were the best inhibitors, and

Staphylococcus and Salmonella the most sensitive

bacteria. In another study by Nohynek et al. (2006),

they showed that of all the pathogens assayed the

most sensitive bacteria to berry phenolics were

Helicobacter pylori and Bacillus cereus.

Different cyanidin glycosides present in extracts of

Ribes nigrum L. have shown antiviral properties

towards influenza A and B viruses and herpes-1 virus

(Knox et al. 2003; Suzutani et al. 2003).

Effects on neurodegenerative processes: Joseph

et al. (1999) have shown that anthocyanin-rich fruits

may be beneficial in reversing the course of neuronal

and behavioural aging. Moreover, by using transgenic

mice as a model for Alzheimer’s disease Joseph et al.

(2003) have reported on the beneficial effect of

blueberry extracts on the outcome of this neurode-

generative illness.

Conclusions

As reviewed, a lot of work has been done in the field

of anthocyanins up to now. Much of it has been on

their analysis, which, as it has been briefly outlined

presents many difficulties due to the lack of stability

of anthocyanins. These difficulties in analysis may be

the cause of many of the limitations in intake,

bioavailabilty and metabolism analysis. Studies on

absorption and distribution are still needed; espe-

cially those targeted to study the effect of intestinal

microflora on anthocyanin structure and to identify

gut flora metabolites. The effect of long term

exposure to anthocyanins is still largely unknown.

The existing literature on biological activities gives

enough evidences to think that anthocyanin rich

products, such as berries or red wine, may have a

protective effect on human health, especially by

preventing cardiovascular diseases and some types of

cancer. However more studies are needed in order to

establish the real implications of anthocyanins in

these health promoting properties, since most studies

have been done by using fruit extract or wine and

thus other substances may be totally or partially

responsible for the mentioned biological activities.

Biotechnology seems a promising tool in order to

increase anthocyanin levels in starting products. A lot
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has been done in flowers and other non-edible plant

tissues, however very few studies have been aimed to

study the effect of genetic engineering on anthocyanin

composition in plant foods. The selective activation of

those metabolic pathways conducting to the synthesis

of more stable or bioactive final products will open a

promising perspective for the design of functional

foods or new foods with health related claims.

Acknowledgments This work was supported by grants from

the Spanish Ministry of Education and Science (AGL2006–

05453) and Comunidad Autonoma de Madrid (200670M050).

References

Agricultural Research Service (2003) Database for the flavo-

noid content of selected foods. USDA

Aida R, Yoshida K, Kondo T et al (2000) Copigmentation

gives bluer flowers on transgenic torenia plants with the

antisense dihydroflavonol-4-reductase gene. Plant Sci

160:49–56

Andersen ØM (2001) Anthocyanins. In: Encyclopedia of life

sciences. John Wiley & Sons, Ltd., Chichester

Andersen ØM, Markham KR (2006) Flavonoids: chemistry,

biochemistry, and applications. CRC Taylor & Francis,

Boca Raton

Artés F, Tudela JA, Villaescusa R (2000) Thermal postharvest

treatments for improving pomegranate quality and shelf

life. Postharvest Biol Technol 18:245–251

Artés-Hernández F, Artés F, Tomás-Barberán FA (2003)

Quality and enhancement of bioactive phenolics in Cv.

Napoleon table grapes exposed to different postharvest

gaseous treatments. J Agric Food Chem 51:5290–5295

Aura AM, Martin-Lopez P, O’Leary KA et al (2005) In vitro
metabolism of anthocyanins by human gut microflora. Eur

J Nutr 44:133–142

Awad MA, de Jager A (2002) Formation of flavonoids, espe-

cially anthocyanin and chlorogenic acid in ‘Jonagold’

apple skin: influences of growth regulators and fruit

maturity. Sci Hortic 93:257–266

Awad MA, Wagenmakers PS, de Jager A (2001) Effects of

light on flavonoid and chlorogenic acid levels in the skin

of ‘Jonagold’ apples. Sci Hortic 88:289–298

Ayed N, Yu HL, Lacroix M (1999) Improvement of anthocy-

anin yield and shelf-life extension of grape pomace by

gamma irradiation. Food Res Int 32:539–543

Bakker J, Timberlake CF (1985) The distribution of anthocy-

anins in grape skin extracts of port wine cultivars as

determined by high performance liquid chromatography.

J Sci Food Agric 36:1345–1324

Ballinge WE, Maness EP, Kushman LJ et al (1972) Anthocy-

anins of ripe fruit of a pink-fruited hybrid of highbush

blueberries, Vaccinium corymbosum L. J Am Soc Hortic

Sci 97:381

Bell DR, Gochenaur K (2006) Direct vasoactive and vaso-

protective properties of anthocyanin-rich extracts. J Appl

Physiol 100:1164–1170

Bergqvist J, Dokoozlian N, Ebisuda N (2001) Sunlight expo-

sure and temperature effects on berry growth and

composition of Cabernet Sauvignon and Grenache in the

central San Joaquin Valley of California. Am J Enol Vitic

52:1–7

Bitsch R, Netzel M, Frank T et al (2004) Bioavailability and

biokinetics of anthocyanins from red grape juice and red

wine. J Biomed Biotechnol 2004:293–298

Bongue-Bartelsman M, Phillips DA (1995) Nitrogen stress

regulates gene expression of enzymes in the flavonoid

biosynthetic pathway of tomato. Pl Physiol Biochem

33:539–546

Brouillard R (1982) Chemical structure of anthocyanins. In:

Markakis P (ed) Anthocyanins as food colors. Academic

Press, New York

Brouillard R, Dangles O (1993) Flavonoids and flower colour.

In: Harborne JB (ed) The flavonoids. Advances in

research since 1986. Chapman & Hall, London

Bub A, Watzl B, Heeb D et al (2001) Malvidin-3-glucoside

bioavailability in humans after ingestion of red wine,

dealcoholized red wine and red grape juice. Eur J Nutr

40:113–120

Canter PH, Ernst E (2004) Anthocyanosides of Vaccinium
myrtillus (bilberry) for night vision-a systematic review of

placebo-controlled trials. Surv Ophthalmol 49:38–50

Cao G, Muccitelli HU, Sanchez-Moreno C et al (2001) Antho-

cyanins are absorbed in glycated forms in elderly women: a

pharmacokinetic study. Am J Clin Nutr 73:920–926

Cevallos-Casals BA, Cisneros-Zevallos L (2003) Stoichiome-

tric and kinetic studies of phenolic antioxidants from

Andean purple corn and red-fleshed sweetpotato. J Agric

Food Chem 51:3313–3319

Christie PJ, Alfenito MR, Walbot V (1994) Impact of low-

temperature stress on general phenylpropanoid and

anthocyanin pathways: enhancement of transcript abun-

dance and anthocyanin pigmentation in maize seedlings.

Planta 194:541–549

Chun OK, Chung SJ, Song WO (2007) Estimated dietary fla-

vonoid intake and major food sources of U.S. Adults. J

Nutr 137:1244–1252

Civello PM, Martı́nez GA, Chaves AR et al (1997) Heat

treatments delay ripening and postharvest decay of

strawberry fruit. J Agric Food Chem 45:4589–4594

Clifford MN (2000) Anthocyanins––nature, occurrence and

dietary burden. J Sci Food Agric 80:1063–1072

Close DC, Beadle CL, Brown PH et al (2000) Cold-induced

photoinhibition affects establishment of Eucalyptus nitens
(Deane and Maiden) Maiden and Eucalyptus globulus
Labill. Trees 15:32–41

Cobbina J, Miller JE (1987) Purpling in maize hybrids as

influenced by temperature and soil phosphorus. Agron J

79:576–582

Connor AM, Luby JJ, Hancock JF et al (2002) Changes in fruit

antioxidant activity among blueberry cultivars during

cold-temperature storage. J Agric Food Chem 50:893–898

Cortell JM, Kennedy JA (2006) Effect of shading on accu-

mulation of flavonoid compounds in (Vitis vinifera L.)

Pinot Noir fruit and extraction in a model system. J Agric

Food Chem 54:8510–8520

Couryney-Gutterson N, Napoli C, Lemieux C et al (1994)

Modification of flower color in florist’s chrysanthemum:

294 Phytochem Rev (2008) 7:281–299

123



production of a white-flowering variety through molecular

genetics. Biotechnol 12:268–271

Craker LE, Wetherbe PJ (1973) Ethylene, carbon-dioxide, and

anthocyanin synthesis. Plant Physiol 52:177–179

Davies KM, Schwinn KE, Deroles SC et al (2003) Enhancing

anthocyanin production by altering competition for sub-

strate between flavonol synthase and dihydroflavonol

4-reductase. Euphytica 131:259–268

de Ancos B, Ibanez E, Reglero G et al (2000) Frozen storage

effects on anthocyanins and volatile compounds of rasp-

berry fruit. J Agric Food Chem 48:873–879

de Pascual-Teresa S, Santos-Buelga C, Rivas-Gonzalo JC

(2002) LC-MS analysis of anthocyanins from purple corn

cob. J Sci Food Agric 82:1003–1006

Deroles R, Bardley J, Schwinn KE et al (1998) An antisense

chalcone synthase gene leads to novel flower patterns in

lisianthus (Eustoma grandiflorum). Mol Breed 4:59–66

Dokoozlian NK, Kliewer WM (1996) Influence of light on

grape berry growth and composition varies during fruit

development. J Am Soc Hortic Sci 121:869–874

Downey MO, Harvey JS, Robinson SP (2004) The effect of

bunch shading on berry development and flavonoid

accumulation in Shiraz grapes. Aust J Grape Wine Res

10:55–73

Eaton GW (1971) Effect of N, P and K fertilizer application on

cranberry leaf nutrient composition, fruit color and yield

in a mature bog. J Am Soc Hortic Sci 96:430–433

Eck P (1976) Relationship of nitrogen nutrition of ‘Early

black’ cranberry to vegetative growth, fruit yield and

quality. J Am Soc Hortic Sci 101:375–377

El Ghaouth A, Arul J, Ponnampalam R et al (1991) Chitosan

coating effect on storability and quality of strawberries.

J Food Sci 56:1618–1620

El Mohsen MA, Marks J, Kuhnle G et al (2006) Absorption,

tissue distribution and excretion of pelargonidin and its

metabolites following oral administration to rats. Br

J Nutr 95:51–58

Elomaa P, Honkanen J, Puska R et al (1993) Agrobacterium-

mediated transfer of antisense chalcone synthase cDNA to

Gerbera hybrida inhibits flower pigmentation. Biotechnol

11:508–511

Escribano-Bailón MT, Santos-Buelga C, Rivas-Gonzalo JC

(2004) Anthocyanins in cereals. J Cromatogr A 1054:

129–141

Faragher JD, Brohier RL (1984) Anthocyanin accumulation in

apple skin during ripening-regulation by ethylene and

phenylalanine ammonia-lyase. Sci Hortic 22:89–96
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in the concentration of phenolic compounds and exudation

induced by phosphate deficiency in bean plants (Phaseo-
lus vulgaris L.). Plant Soil 267:41–49

Kaack K, Austed T (1998) Interaction of vitamin C and

flavonoids in elderberry (Sambucus nigra L.) during juice

processing. Plant Foods Human Nut 52:187–198

Kalt W, Forney CF, Martin A et al (1999) Antioxidant

capacity, vitamin C, phenolic, and anthocyanins after

fresh storage of small fruits. J Agric Food Chem 47:

4638–4644

Kamei H, Hashimoto Y, Koide T et al (1998) Anti-tumor effect

of methanol extracts from red and white wines. Cancer

Biother Radiopharm 13:447–452

Kay CD, Mazza G, Holub BJ et al (2004) Anthocyanin metab-

olites in human urine and serum. Br J Nutr 91:933–942

Keppler K, Humpf HU (2001) Metabolism of anthocyanins and

their phenolic degradation products by the intestinal

microflora. Bioorg Med Chem 13:5195–5205

Knox YM, Suzutani T, Yosida I et al (2003) Anti-influenza

virus activity of crude extract of Ribes nigrum L. Phyt-

other Res 17:120–122

Kondo S, Inoue K (1997) Abscisic acid (ABA) and 1-amino-

cyclopropane-1-carboxylic acid (ACC) content during

growth of ‘Satohnishiki’ cherry fruit, and the effect of

ABA and ethephon application on fruit quality. J Hortic

Sci 72:221–227

Kong JM, Chia LS, Goh NK et al (2003) Analysis and bio-

logical activities of anthocyanins. Phytochem 64:923–933

Koponen JM, Happonen AM, Mattila PH et al (2007) Contents

of anthocyanins and ellagitannins in selected foods con-

sumed in Finland. J Agric Food Chem 55:1612–1619

296 Phytochem Rev (2008) 7:281–299

123



Kouniaki S, Kajda P, Zabetakis L (2004) The effect of high

hydrostatic pressure on anthocyanins and ascorbic acid in

blackcurrants (Ribes nigrum). Flavour Frag J 19:281–286

Kriventsov VI, Arendt NK (1981) Anthocyanins of pome-

granate juice. T Gos Nikits Bot Sad 83:110–116

Kuhnau J (1976) The flavonoids: a class of semi-essential food

components. Their role in human nutrition. World Rev

Nutr Diet 24:117–191

Kumar V, Sharma SS (1999) Nutrient deficiency-dependent

anthocyanin development in Spirodela polyrhiza L.

Schled Biol Pl 42:621–624

Kurilich AC, Clevidence BA, Britz SJ et al (2005) Plasma and

urine responses are lower for acylated vs nonacylated

anthocyanins from raw and cooked purple carrots. J Agric

Food Chem 53:6537–6542

Lamikanra O (1989) Anthocyanins of Vitis rotundifolia hybrid

grapes. Food Chem 33:225–237

Lapidot T, Harel S, Granit R (1998) Bioavailability of red wine

anthocyanins as detected in human urine. J Agric Food

Chem 47:67–70

Larrigaudiere C, Pinto E, Vendrell M (1996) Differential

effects of ethephon and seniphos on color development

of ‘Starking Delicious’ apple. J Am Soc Hortic Sci 121:

746–750

Lee J, Lee HK, Kim CY et al (2005) Purified high-dose

anthocyanoside oligomer administration improves noc-

turnal vision and clinical symptoms in myopia subjects.

Br J Nutr 93:895–899

Leng P, Itamura H, Yamamura H et al (2000) Anthocyanin

accumulation in apple and peach shoots during cold

acclimation. Sci Hortic 83:43–50

Leyva A, Jarillo JA, Salinas J et al (1995) Low temperature

induces the accumulation of phenylalanine ammonia-

lyase and chalcone synthase mRNAs of Arabidopsis tha-
liana in a light-dependent manner. Plant Physiol 108:

39–46

Li J, Ou-Lee T, Raba R et al (1993) Arabidopsis flavonoid

mutants are hypersensitive to UV-B irradiation. Plant Cell

5:171–179

Li SJ, Deng XM, Mao HZ et al (2005) Enhanced anthocyanin

synthesis in foliage plant Caladium bicolour. Plant Cell

Rep 23:716–720

Li XJ, Houa JH, Zhangb GL et al (2004) Comparison of

anthocyanin accumulation and morpho-anatomical fea-

tures in apple skin during color formation at two habitats.

Sci Hortic 99:41–53

Li ZH, Gemma H, Iwahori S (2002) Stimulation of ‘Fuji’ apple

skin color by ethephon and phosphorus-calcium mixed

compounds in relation to flavonoid synthesis. Sci Hortic

94:193–199

Liu M, Li XQ, Weber C et al (2002) Antioxidant and anti-

proliferative activities of raspberries. J Agric Food Chem

50:2926–2930

Liu Z, Schwimer J, Liu D et al (2005) Black raspberry extract

and fractions contain angiogenesis inhibitors. J Agric

Food Chem 53:3909–3915

Lloyd AM, Walbot V, Davis RW (1992) Arabidopsis and

Nicotiana anthocyanin production activated by maize

regulators R and C1. Science 258:1773–1775

Lo Piero AR, Puglisi I, Rapisarda P et al (2005) Anthocyanins

accumulation and related gene expression in red orange

fruit induced by low temperature storage. J Agric Food

Chem 53:9083–9088

Lopes-da-Silva F, Escribano-Bailón MT, Perez-Alonso JJ et al

(2007) Anthocyanin pigments in strawberry. LWT-Food

Sci Technol 40:374–382

Lorenc-Kukuła K, Jafra S, Oszmianä J et al (2005) Ectopic
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