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Anthocyanins are potent antioxidants
in model systems but do not reduce
endogenous oxidative DNA damage

in human colon cells

Summary Anthocyanins are
common colored plant flavonoids,
occurring as glycosides of the
respective anthocyanidin-chromo-
phores. Like other flavonoids,
anthocyanidins are also expected
to have antioxidative and anti-
mutagenic propertiem vivo,
although only few data are avail-
able. To gain more knowledge on
possible protective mechanisms in
mammalian cells, we have com-
pared their extracellular and intra-
cellular antioxidative potentiain
vitro and in human colon tumor
cells. We usedAronia melanocarpa
Elliot anthocyanin (AA) con-
centrates, fractions thereof, con-
centrates from Elderberry, Macqui,

(aglycons and glycosides) and
complex plant samples are powerful
antioxidantsin vitro. In fact their
activities by far exceeded those of
Trolox and vitamin C in the FRA
assay. Also, HOz-induced DNA
strand breaks were reduced in cells
treated with the complex plant
extracts. In contrast, endogenous
generation of oxidized DNA bases
was not prevented. In summary, the
intracellular steady state of oxidized
DNA bases is not altered by
anthocyanins or anthocyanidins.
This finding raises questions with
respect to the cancer preventive
potential of anthocyanidins within
specific tissues, such as the colon.
Extracellularly, however, the

and Tintorera fruits, as well as purecompounds are potent antioxidants.

compoundsln vitro, antioxidative
properties of the samples were
studied with the ferric reducing
ability assay (FRA assay). As a
measure of intracellular oxidative/
antioxidative effects, kO»-induced
strand breaks as well as oxidized
DNA bases were determined in

human tumor HT29 clone 19A cells

using a microgelelectrophoresis
assay (comet test). Major results
were that isolated compounds

Introduction

This points to their potential for
providing systemic protectiom
vivo, e.g., by scavenging oxidants
in the blood stream and in the
colon. Notably, both aglycons and
glycosides have equally strong
antioxidant activity.

Key words Anthocyanidins — antho-
cyanins — comet assay — antioxidative
potential — oxidized DNA-bases

many berries, dark grapes, cabbage, and other red colored
plant foods — may contribute to cancer preventive poten-
tials of fruits and vegetables via antioxidant mechanisms,
Flavonoids are implicated in preventing diseases relatatihough the epidemiological evidence is insufficient (3,
to oxidative stress, such as coronary heart afflictions ad)l Some anthocyanidins and other flavonoids of grapes
cancer (1, 2). The glycoside anthocyanins and their aglgre antioxidativein vitro by scavenging reactive oxygen
con anthocyanidins — blue and red flavonoids found &pecies (5, 6), by being involved in metal chelation (7)
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and by inhibiting lipoprotein oxidation (8-10). Thus, Sys_§ubfractions thereof, and the major ingredients cyanidin,

temic antioxidative effects by circulating anthocyanidin@ae'n' and cyanin. Similarly, concentrates of elderberry,

in body fluids are expected to reduce the body’s load §f2cdui, and tintorera grape were investigated. Specifi-

oxidants and ultimately the risk for developing the correc—a”y' human colon tumor cells HT29 clone 19A were in-

sponding diseases. For cancer development, however, i¢{ated with the samples and the formation of these oxi-

not resolved to what extent antioxidative protection e)gl_|zed bases was determined. These intracellular effects

erted by anthocyanins/anthocyanidins is actually presef’Hrfa compared with the basio vitro antioxidant proper-

in the target cell of tumorigenesis. Protection during up_es_(in thg absence of cells) determined with the ferric re-
mor initiation and progression should be enhanced by ifucing ability assay (FRA assay) (22).
tracellular inhibition of oxidative processes leading to
DNA damage. Only a few reports are available for the ac
tivities of anthocyanidins within isolated cells. One studMaterial and methods
by Duthie et al. shows that the flavonoids quercetin and
myrecetin induce DNA damage and inhibit proliferatiofPreparation of anthocyanin concentrates
in various human cell types at concentrations above
100 uM (11). Virtually no information is available on theFruit juices containing anthocyanins and anthocyanidins
bioactivity of the corresponding anthocyanins, which angere prepared from fresh berries of aroniArgnia
the forms present in the plant foods and represent theelanocarpg, elderberry $ambucus nigra), macqui
majority of compounds which are actually ingested. (Aristotelia chilensi}, and the tintorera grape by common
Oxidized bases are a result of the oxidative stress praethods of fruit juice preparation. They were concen-
vailing within cells and are very important types of earlyrated in vacuo and stored until further processing at
genetic damage, which may be involved during carcine#0 °C. For anthocyanin enrichment, these fruit concen-
genesis (12). Both processes of initiation and progressitvates were diluted in demineralized water to° Byix.
are expected to be enhanced as a result of oxidative DNA0 g of the juices were loaded onto a chromatography
damage (13, 14). Recently, a new method was developsalumn (diameter 5 cm/ length 20 cm, filled with 170 g
with which it is possible to determine oxidized DNARPMI18 material). The column was rinsed with 0.5 | wa-
bases within single cells (15, 16). Using this techniquer. The adsorbed materials were released by a mixture of
(the comet assay, or single cell microgelelectrophoresthanol/water (1:1, v/v). The pH of the eluent was ad-
assay), we observed a reduction of oxidized DNA basgssted to two with hydrochloric acid. All solutions were
of approximately 50% in human lymphocytes subsequetwncentratedn vacuo at 60°C to yield the final antho-
to antioxidative vegetable consumption during a humayanin concentrates (Table 1) which were further stored
dietary intervention study (percent intensity of fluoresat -70°C under nitrogen atmosphere until use. The degree
cence in comet tail [%TI] was 21+4 and 91 before andf concentration was twofold, e.g., 2 Kgronia melano-
after intervention, respectively; means + SEM, n=21) (1tarpa fruit containing 16 g anthocyanins/anthocyanidins
18). Recently we have also been able to determine tivere concentrated to yield a volume of 1000 ml antho-
variable levels of oxidized bases in human colon celtyanin concentrate. The samples were analyzed by the
(19, 20). Moreover, preliminary investigations with pri+RA assay and the comet assay.
mary human colon cells isolated from biopsies have
shown that preincubation with a concentrate éfronia Preparations of purified fractions froMronia
melanocarpaELLIOT (black chokeberry) containing an-melanocarpaconcentrates
thocyanidins and anthocyanins was able to reduce the
H202-induced levels of DNA damage by 50% (21). The anthocyanin concentrate from 2 Kgonia melano-
In order to determine intracellular antioxidative capawarpa fruit was further fractionated by preparative col-
ity of these colored flavonoids, we investigated anthatmn chromatography. Analysis of the complex factions
cyanin-enriched concentrates dronia melanocarpa revealed peaks which co-chromatographed with authentic

Table 1 Anthocyanin concentrations in enriched samples from different fruits

Sample BRIX prvalue g 11000) - ceniration mgkg _added 1o i
Aronia 16.7 0.89 0.453 16016 1.56
Macqui 24.4 0.86 0.617 30090 0.83
Elderberry 19.6 3.12 0.526 17745 1.41
Grape 14.3 1.83 0.313 14973 1.67

* This amount gives 25 pg anthocyanins/anthocyanidins in 1 ml
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samples (23). Freeze drying of the aqueous and alcohdbigffer (300 mM), 2.5 ml 2,4,6-tripyridyl-s-triacine
fractions resulted in a yield of 1.7 g of fraction 1 (con{TPTZ, 10 mM, Fluka Chemicals, Switzerland), and
taining mainly phenolic compoundsy max. 320 nm), 2.5 ml FeC} .6H,O (20 mM Merck, Darmstadt, Ger-
1.1 g of fraction 2 (containing mainly anthocyanins/anmany). Aqueous solutions of Feflconcentrations
thocyanidins), and 0.1 g of fraction 3 (containing heterdetween 100-1000 uM were used for calibration. In a 96
geneous other compounds with longer retention timesyell microtiter plate, unknown samples (diluted with
The relative yields were 59%, 38%, and 3% for fractionsacCl to yield 10 pl portions) were added to 30 pp®
1, 2, and 3, respectively. Fraction 2 consisted of botind the reaction was started by further addition of 300 pl
cyanidin-anthocyanins as well as the aglycon cyanidgrewarmed (30 °C) FRA reagent. The reaction mixture
(Table 2). Fractions 1 and 3 were basically anthocyaras incubated for 8 min at 30 °C and absorbance at 585
nidin- and anthocyanin-free. nm was determined in a microtiter plate reader (MWG
Biotech, Ebersberg, Germany)..® instead of sample
Table 2 Anthocyanin and cyanidin content in fraction 2 isolatedserved as reagent blank. Each assay was reproduced inde-
from the anthocyanin concentrate Afonia melanocarpa pendently at least 3 times. Intra- and inter-assay variance
were less than 5%.

Compound Content mg/g
Cyanidin -3-galactosid 166 Treatment of cells with chemicals
Cyanidin-3-glucoside 6
Cyanidin-3-arabinoside 39 C_ompound_s and complex_samples were diluted W|_th or
o ) dissolved in 10% DMSO in 0.9% NaCl. The solutions
Cyanidin-3-xyloside 4

were added in amounts of 1@ per ml cell suspension
Cyanidin 89 containirg 2 x 16 HT29 clone 19A cells (24, 25). The
suspensions were incubated for 15 minutes in a shaking
Dosing of the complex samples for tfie vitro assays Water bath at 3PC or statically on ice at 4 °C, and then
centrifuged. This treatment period had previously been
The doses of the anthocyanidin concentrates were cho§8QWn to be effective in reducing intracellular levels of
to yield multiples of 25 pg anthocyanins/anthocyanidir@xidized bases in primary human colon cells (21). The
in 1 ml. The amounts in the concentrates were estimatBgllet was taken up in agarose, distributed onto slides and
on the basis of absorbance at pH 3. The calculatéien processed according to the protocol for the micro-
amount of concentrate added to 1 ml to give 25 pg/ml g€lelectrophoresis as described below. _
shown in the final column of Table 1. Thus portions of, H202was dissolved in 0.9% NaCl. The treatment with
e.g., 1.56-7.8 pl of the Aronia concentrate are equivalégO2 was performed by incubating the slides covered
to 25-125 pg anthocyanins in 1 ml incubation mixture fopith cells embedded in agarose with $0 of solutions
both the FRA and comet assays. On the basis of an avgpntaining different concentrations of28 (12.5 pM—
age molecular weight of 250, this is very roughly equit00 M) for 5 minutes on an ice cold rack, to avoid re-
valent to 100-500 pM. pair of the rapidly induced oxidative DNA damage (26).
The doses of the isolated fractions were chosen onlf€ cells were then placed in a lysis bath and all other
different basis. In the FRA assay they were investigat§éePs proceeded as described below.
in portions of 10 to 100 pl/ml. For the assays with colon
cells the amounts added to 1 ml cell suspension wePgtermination of genetic damage
based on the relative yield of 58:38:3 for fractions 1, 2,
and 3, respectively. Thus, to test 25 pg anthocyanin/ahen microliter of the cell suspensions (containing 2%10
thocyanidin equivalents, fraction 2 (which consists bdadT29 cells or 3—4 x 1®primary human colon cells) was
sically of 100% anthocyanidins and cyanidin, Table 2Znixed with 75ul 0.7% low melting point agarose and dis-
was added in amounts of 25 pl/ml. Correspondinglyibuted onto microscope slides coated with 0.5% normal
38.63 ug/ml of fraction 1 and 2 pug/ml of fraction 3 weranelting agarose. After solidification of the agarose, slides
added to yield 1 ml final suspension culture. The relatiomere covered with another 78 0.7% low melting point
of 38.63:25:2 ul is equivalent to the relative yields ofgarose and then immersed in a lysis solution (100 mM

58:38:3 % (see above). NaEDTA, 1% Triton X 100, 2.5 M NaCl; 1% N-lauroyl
sarcosin sodium salt, 10% DMSO, 10 mM Tris pH 10) for
Antioxidant activity assay at least 60 minutes. Slides being processed for oxidized

bases were washed and incubated with endonuclease Il
To measure antioxidant activity, the ferric reducing abilr formamidopyrimidine glycosylase in buffer sealed with
ity (FRA) assay was used as described by Benzie aadcover slip for 45 minutes at 37C. All slides were
Strain with minor modifications (22). In brief, FRA rea-placed in an electrophoresis chamber containing alkaline
gent was prepared as required by mixing 25 ml acetatelution (1 mM NaEDTA, 300 mM NaOH, pH 13) for



230 European Journal of Nutrition, Vol. 38, Number 5 (1999)
0 Steinkopff Verlag 1999

DNA unwinding. After 20 minutes the current was A. anthocyanin concentrates
switched on and electrophoresis was carried out at 25 4000- _
300 mA for 20 minutes. The slides were removed fror —=—Aronia
the alkali and washed 3 times 5 minutes with neutraliz _ 30001 :s:cer?j"y
ation buffer (0.4 M TRIS, pH 7.5). Slides were stainetsi _,_Tmfrera
with ethidium bromide (2Qug/ml; 100ul/slide). All steps u_é’ 2000+

beginning with the isolated cells were conducted undr &

red light. For each data point and experiment two ge 1000+
were processed with endonuclease Il (kind gift of A
Collins, Aberd(_aen U K.), two with for_mamldopynmldme PN
glycosylase (kind gift of B. Epe, Mainz, Germany), anc approximated concentrations of
two slides without enzymes for determination of oxidize: anthocyanins (pg/mi)
pyrimidine bases, oxidized purine bases, and DNA stral

breaks, respectively. The experiments were independen

reproduced at least 6 times.

B. isolated fractions
Evaluation of the microgelelectrophoresis assay 750~

Microscopical evaluation of the images was quantifie
using the image analysis system of Perceptive Instrqg3
ments (Halstead, UK). Fifty images were evaluated pé.s
slide and the percentage of fluorescence in the tail (T ﬁ
“tail intensity”) was scored. The “tail intensity yield”
(values of slides treated with endonuclease Il mint
values from corresponding slides without the enzyme) 0 " . : : ,
a reflection of the levels of oxidative DNA damage. 0 25 50 75 100 125
concentration (ug/ml)

Statistical analysis

Prism software (Graph Pad) was used for establishing tv
sided significance levels. As is specified in the figures
based on the means of triplicate parallel determinatior 4% e Trolox

paired and unpairetitestswere calculated as appropriate. 2000 /- Vitamin C

C. pure compounds

—— Cyanidin
——ldaein

—— Cyanin

Miscellaneous other chemicals and reagents 3
2000+
(19

FeClz (uM)

Hydrogen peroxide (Cas No. 7722-84-1) was obtained

a 30% aqueous solution from Merck, Darmstadt, Ge 1000+

many. Protease and collagenase were from Amresco, ¢

lon, Ohio, U.S.A., and Boehringer, Mannheim, German 00 100 200 300 400 sb0 600

respectively. Dulbecco’s modified minimal essential me .

dium (DMEM) was from Gibco BRL, Eggenstein, Ger- concentration (M)

many. All other chemicals were of analytical grade ofig. 1 Activities of anthocyanin concentrates (A), isolated frac-

complied with the standards needed for tissue culture é'bgi)ﬁ_s frt?]m lt:f;zeAamhOcygznélzc)mgimrates (B), and riUéeDCO?sppudnds
H idi H H H idi In the assay . own are means * (0] ndai-

Eﬁlr(l)rngg-tg,5?dy|3|nl,:gl)n5|ggl)(,)r§r?a %/22:2 gp\:g::gg ((gllg?]ligligidual determinations (A, C), with the exception of (B) for which

chloride-3-galactoside) were commercially available frorggzp?ens determination was possible due to fimited supply of

Carl Roth GmbH & Co. KG, Karlsruhe, Germany.

Results of the pure compounds the antioxidant activity was 2- to
5-fold higher than equimolar concentrations of ascorbic
Aronia melanocarpanthocyanidin concentrates and isoacid or the water soluble vitamin E analogue Trolox
lated fractions were potently active @s vitro antioxi- which were both used as reference compounds (Fig. 1C).
dants in the FRA assay (Fig. 1A-B). Also, the pure conFhe antioxidant activity of the aglycon cyanidin was less
pounds were active as well (Fig. 1C). In fact for 100 uMhan that of the glycosides, cyanin, and idaein (Fig. 1C).
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Among the anthocyanin concentrates elderberry e
hibited the strongest antioxidant activity followed next b
tintorea and subsequently by aronia and macq—
(Fig. 1A).

Purification and fractionation oAronia melanocarpa £
concentrates revealed 3 fractions which were also tesi 8
for their antioxidant potential (Fig. 1B). Fraction 2, con
taining anthocyanins and cyanidin, was most effective.

Antioxidant-like effects on human cells were also ok
served for the four anthocyanin concentrates, in that thél
were able to prevent ¥, induced DNA damage in HT29 e
clone 19A colon cells. No significant effects were ob®
served with the isolated, pure compounds, although the
was a trend for an effect with the aglycon cyanidii
(Fig. 2). Also, Fig. 2 shows that under these experiment
conditions a slight genotoxic activity is observed for th
aronia and tintorera samples, which, however, was not re-
producible in another independent set of experimerte
(Fig. 3). Cyanidin and idaein are only marginally genc
toxic at 100 uM (Fig. 3).

Using these dilutions with low genotoxic activity as
maximal concentrations, the complex mixtures and cor'?i
pounds were subsequently investigated for their ability e
reduce endogenous oxidative stress. This was achieved @
incubating the cells with the test substances and then (&
termining endogenously formed oxidized DNA bases u §
ing repair specific enzymes. Figure 4 shows the resu g
for the prevention of oxidation of purine bases. The ai2
thocyanin concentrates do not have a potential to protese
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Fig. 4 Modulation of steady-state levels of oxidized purine bases
in HT29 clone 19A cells following treatment with anthocya-
nin/anthocyanidin concentrates of different fruits (A), the anthocy-

anthocyanins ananidin concentrate of aronia and isolated fractions thereof (B), and

anthocyanidins in HT29 clone 19A cells (*p < 0.05, two tailedvith individual anthocyanins and cyanidin (C; 100 uM); (n.s., two

pairedt-test; n=7).

tailed unpaired-test; n=6).
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the cells against the development of oxidized purina this context, important are recent studies which show
bases. The same is true for the anthocyanidin containititat glycosides of quercetin, consumed with an onion
fraction 2 of the aronia concentrate (Fig. 4B) and for theeal, are indeed well absorbed and present in the blood
major anthocyanins and anthocyanidins present in frastream (33). Therefore, not only aglycons but also gly-
tion 2 (Fig. 4C). All tested samples were also ineffectiveosides are of high physiological relevance.

at modulating oxidized pyrimidine bases, with the excep- Another mode of protecting cells may be the extracel-
tion of the elderberry anthocyanidin-concentrate whidllar reduction of exposure to oxidative and carcinogenic
had a marginal effect (results not shown). Idaein and cyfctors. Thus the finding that the crude plant concentrates
nidin were also investigated at lower concentrations (ZBotect colon cells against,-damage is of importance
and 50 pM; results not shown), but had no effects on thr this respect. This, observation has also been made us-
steady-state level of oxidized DNA bases (results notg primary human cells, which are even more relevant

shown). surrogates of colon tissue than the cultured HT29 clone
19A cell line (21). These antioxidative effects may be due
to the anthocyanidins, since cyanidin did show a trend of

Discussion protection against O, induced damage (Fig. 2). How-

ever, since idaein was ineffective, the protection by the

Flavonoids in particular, and at times also anthocyaniﬁgnmceonlj;adtgsi??Kevigmw?gxbifngeléz o}ﬁe;sntlggédeat?hee
and anthocyanidins, have been a focus for discussio%acﬁamsm is uns ecific%nd therel?ore.will ro)t/)abl b’e of
pertaining to beneficial properties of red wine, and othd} P P y

non-alcoholic beverages and food (8, 27). On account mportancen vivo for virtually any type of tissue. In con-
taast, the group of test samples did not show cell-specific

their antioxidative potentials, they have been implicate . i .
in reducing the risk for coronary heart disease, Canc(!r;podes of protection, since they did not affect steady-state

and macula degeneration (28-30). Our studies ind els of oxidized DNA bases in cultivated colon cells.
point to a particular efficacy of these. compounds to act Ith few exceptions nelth_er oxidized purine nor pyrimid-
antioxidants in body fluids and are in line wiih vivo ine bases were reduced in the cells treated with the test
observations of human studies (31). The results of tﬁgmples.

FRA assay clearly indicate a high potential of plant ex- {':kl Cogf(f:éuc‘;’gn’bmirhaecer:gjtll?rralox:gﬁ?ﬁ rS(:jE;:itslsag?r%-
tracts enriched with these particular compounds to act gaxly y P 9

antioxidants. The mechanisms of antioxidative effecganlns/anthocyamd|ns. However, these compounds are

are, however, not clear. In this FRA test, the antioxidati\)?aOtent ex_tracellular antiog(ida.nts and may alsp protect
' ' | ' ?Ils against external oxidative species. An important

capacity may be a reflection of the compounds’, potentigl’ - . ; :
to chelate FeGl as well as to scavenge free radicals. Inégdé?/geHOfr:;'rseSg:c?eyct'is\'/;h?rt]égetﬁ:eyc:;;j:;n??na:r:gaEtR‘;S

terestingly, whatever the mechanisms, the activities ar
not only due to the aglycon (cyanidin) but more so to tha> >y

corresponding glycosides, cyanin, and idaein. These are

also expected to be the major compounds of the potetdknowledgments We gratefully acknowledge Mr. M. Knoll,
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