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Abstract—Anthocyanins are secondary plant metabolites responsible for the blue, purple, and red color of many plant
tissues. The phenolic structure of anthocyanins conveys marked antioxidant activity in model systems via donation of
electrons or hydrogen atoms from hydroxyl moieties to free radicals. Dietary intakes of anthocyanins may exceed 200
mg/day, however, little is known about their antioxidant potency in vivo. Consequently, the aim of this study was to
establish whether anthocyanins could act as putative antioxidant micronutrients. Rats were maintained on vitamin
E-deficient diets for 12 weeks in order to enhance susceptibility to oxidative damage and then repleted with rations
containing a highly purified anthocyanin-rich extract at a concentration of 1 g/kg diet. The extract consisted of the
3-glucopyranoside forms of delphinidin, cyanidin, petunidin, peonidin, and malvidin. Consumption of the anthocyanin-
repleted diet significantly improveg (< .01) plasma antioxidant capacity and decreagee (.001) the vitamin E
deficiency-enhanced hydroperoxides and 8-Oxo-deoxyguanosine concentrations in liver. These compounds are indices
of lipid peroxidation and DNA damage, respectively. Dietary consumption of anthocyanin-rich foods may contribute to
overall antioxidant status, particularly in areas of habitually low vitamin E intake. © 2001 Elsevier Science Inc.
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INTRODUCTION However, epidemiological studies inversely relating in-
takes of flavonols and flavones with the incidence of
heart disease (for recent review, see ref. [4]) may indicate
a putative role for certain polyphenols in the prevention
of chronic diseases that involve oxidative processes.
Countries in Northern latitudes generally have the
greatest number of premature deaths from chronic dis-
eases such as coronary heart disease and strokes [5]. This
is ascribed, in part, to a habitually low consumption of
foods rich in antioxidant micronutrients [6]. For exam-
ple, in such countries more than 95% of the population
may not achieve the U.S. recommended daily allowance
for vitamin E [7]. This may be due to traditional dietary
patterns and the expense and lack of availability of fresh
fruit and vegetables. For such populations, a potentially
important source of antioxidant-rich food may be locally
Address correspondence to: Dr. Garry G. Duthie, Rowett Research grown soft fruits (e.g., raspberries, blueberries, cranber-
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sari.ac.uk. which are glycosidic-linked flavonoids responsible for

Many polyphenolic products of the phenylpropanoid bio-
synthetic pathway in plants have considerable antioxi-
dant ability in vitro. This is due to the ease with which an
H-atom from an aromatic hydroxyl group of polyphenols
can be donated to a free radical, and the ability of the
aromatic group to then support the unpaired electron via
delocalization around ther-electron system [1]. In ad-
dition, many polyphenols can bind transition metal ions
thus preventing the formation of reactive species by
Fenton chemistry [2]. There are no known deficiency
states resulting from lack of plant polyphenols. There-
fore, even though dietary intakes may exceed 1 g/day [3],
they have generally been regarded as non-nutritive.
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Fig. 1. HPLC profile of the purified anthocyanin sample from Abies procera detected at 520 = 20 nm. The structures of the
anthocyanins are also shown: 1-5. Dp = delphinidin; Cy = cyanidin; Pt = petunidin; Pn = peonidin; Mv = malvidin and glc =
glucose. Measurement was performed on a HP-1050 modul e system (Hewlett Packard) using an ODS Hypersil column (200 X 4.6 mm,
5 wm) and diode array detection. The two solvents used for elution were: (A) HCO,H-H,0 (1: 9, v/v) and (B) MeOH-HCO,H-H,O
(5: 1: 4, viv). Theelution profilewas 0—4 min, 10% B in A (isocratic); 4—21 min, 10-100% B in A (linear gradient), 100% B (isocratic)

for the next 4 min followed by linear gradient back to 10% B in 1 min. The flow rate was 1.2 ml min

~!, and aliquots of 15 ul were

injected. Prior to injection the samples were filtered through a 0.45 um Millipore membrane filter. UV-VIS absorption spectra were
recorded on-line using a photodiode array detector (HP 1050, Hewlett-Packard).

thered, violet, purple, and blue colors of many plants[8].
As with other plant polyphenols, many anthocyanins
have marked antioxidant activity in vitro [9,10]. Some
anthocyanins are bioavailable, as they have been de-
tected in human plasma, however, little is known about
their potential antioxidant properties in vivo [11,12].
Consequently, in order to ascertain whether anthocyanins
can act as putative antioxidant nutrients, we have re-
pleted rats previously maintained on vitamin E deficient
rations with either a highly purified anthocyanin extract
or da-tocopherol. The aim was to assess the ability of the
anthocyanin extract to modify the elevated indices of
oxidative damage induced by vitamin E deficiency.

MATERIALS AND METHODS

Anthocyanin extract

To prepare the anthocyanin extract, the scraped sur-
face material from the cones of Abies koreana (800 Q)
was extracted with 1l of 90% MeOH containing 0.1%
HCl 0.5 M citric acid. The procedure was repeated five
times and the combined extracts were then filtered, con-
centrated under reduced pressure at 25°C, partitioned
against ethyl acetate, and applied to an Amberlite XAD-7
column [13]. The column was washed with water and the

sample was eluted with MeOH 0.1% HCI. The eluant
was dried under reduced pressure. The purity of the
sample (10.9 g) was checked by HPLC using simulta-
neous detection at 520 = 20 and 280 + 10 nm (for
conditions, see legend of Fig. 1). Both chromatograms
revealed only previously identified anthocyanins [14],
which were the 3-glucosides of delphinidin, cyanidin,
petunidin, peonidin, and malvidin, respectively (Fig. 1),
their relative proportions in the extract being 30, 10, 32,
2, and 26%, respectively.

Animals and diets

Individually housed weanling male rats of the Rowett
Hooded Lister strain were offered, ad libitum, a semi-
synthetic diet containing less than 0.5 mg/kg vitamin E
[15]. After 10 weeks, the rats were then offered the diet
containing either da-tocopheral or the dried anthocyanin
extract at a concentration of 1 g/kg diet for a further 2
weeks (six rats in each group). The extract was finely
ground and mixed to an even distribution in the diets. Six
rats continued to be offered the vitamin E deficient ration
and six the vitamin E adequate ration throughout the
trial. Diets were stored at —40°C until use.

Rats were anesthetized with halothane and blood re-
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Table 1. Effect of Vitamin E Deficiency and then 2 Weeks Repletion with the Anthocyanin Extract or Vitamin E on Rat Weight, Plasma, and
Liver da-Tocopherol Concentrations and Plasma Antioxidant Capacity

Vitamin Vitamin Vitamin E-deficient Vitamin E-deficient
Parameter E-sufficient diet E-deficient diet diet + anthocyanin extract diet + da-tocopherol
Weight (g) 3827 389 + 8 394 + 10 398 + 6
Plasma da-tocopherol (wg/ml) 87x03 nd nd 81+05
Liver da-tocopherol (ug/g protein) 370+ 34 nd nd 334 + 62
Plasma antioxidant capacity 46 + 2 R +22 38+ 1° 46 + 1°

(% radicals reduced)

aSignificant effect of vitamin E deficiency, p < .001; ° significant effect of repletion with da-tocopherol, p < .001; © significant effect of repletion

with anthocyanin, p < .01. Data as mean = SEM, 6 rats/group. nd = not detectable.

moved by cardiac puncture into heparinized evacuated
tubes (Becton Dickinson, Oxford, UK). Plasma was ob-
tained by centrifugation (2500 X g, 10 min, 4°C) and red
cells were washed twice prior to being resuspended to
the original volume in NaCl (0.9%). Livers were per-
fused in situ with chilled 0.15 M KCI and hepatic mi-
crosomes were prepared by the method of Lim et al. [16].
Plasma and the remaining liver tissue were immediately
snap frozen in liquid nitrogen and stored at —70°C.

Biochemical analysis

Vitamin E concentrations in plasma and liver were
determined by reverse phase HPLC with fluorimetric
detection [17] under the auspices of the U.S. National
Ingtitute of Standards Quality Assurance Scheme for
fat-soluble vitamins. The antioxidant capacity of plasma
was estimated by its ability to donate a hydrogen atom or
electron to the synthetic free radical, potassium nitroso-
disulphonate (Fremy’'s salt) detected by electron spin
resonance (ESR) spectroscopy [18]. In brief, 50 wl of a
10-fold dilution of plasma was mixed with an equal
volume of Fremy’s salt [0.05 mM in 10 ml phosphate-
buffered saling(PBS)] and the spectrum of the low field
resonance of the Fremy’s radical was recorded after 5
min. Spectrawere obtained at 21°C on aBruker ECS 106
spectrometer working at ca. 9.5 GHz (X-band frequency)
and equipped with a cylindrical (TM;;, mode) cavity.
The microwave power and modulation amplitude were
set at 2 mW and 0.01 mT, respectively. The number of
Fremy’s radicals reduced by the plasma was compared
with that of a control reaction using PBS instead of
diluted plasma. Endogenous hydroperoxide concentra-
tions in liver homogenates were determined by the fer-
rous orange xylenol method as described in Jiang et al.
[19]. DNA damage in the liver was estimated from the
amount of 8-Oxo-deoxyguanosine (8-Oxo-dG) present.
This was determined by HPLC using €electrochemical
detection following extraction procedures designed to
minimize artifactual oxidation of the DNA [20]. The
susceptibility of hepatic microsomal preparations to ox-

idation in vitro was assessed by the production of thio-
barbituric acid reactive substances (TBARS) following
incubation (4 min, 37°C) with 30 uM FeSO4.7H,0,
2mM ADP and 0.5 mM L-ascorbic acid [21]. Suscepti-
bility of washed erythrocytes to peroxidation was also
estimated by the formation of TBARS following 20 min
incubation at 37°C with 0.1 M hydrogen peroxide [21].

Results are presented as mean = SEM. Data was
initially analyzed by one-way analysis of variance and
comparison of groups was made using the Bonferroni
Multiple Comparison test. A p value of less than .05 was
considered significant.

RESULTS

Final rat weights in all groups were similar and un-
affected by the tocopherol or anthocyanin contents of the
diets. Following consumption of vitamin E-deficient di-
ets for 10 weeks, plasma and liver da-tocopherol con-
centrations were below detectable levels (< 0.5 wg/ml
and < 5 ug/g protein for plasmaand liver, respectively).
In the rats repleted for 2 weeks with diet containing
da-tocopherol, concentrations were similar to those an-
imals maintained throughout the trial on the vitamin
E-sufficient rations (Table 1). Vitamin E deficiency was
also associated with a 30% decrease (p < .001) in plasma
antioxidant capacity. Repletion with diet containing the
anthocyanin-rich extract significantly enhanced (p < .01)
plasma antioxidant capacity, but to alesser extent thanin
those rats repleted with vitamin E (Table 1). Consump-
tion of vitamin E deficient rations for 10 weeks was also
associated with an increase of hydroperoxides (p < .001)
and 8-Oxo-dG (p < .001) in liver, an effect which was
markedly less in rats repleted with either the anthocya-
nin-rich extract or da-tocopherol (Fig. 2). However,
analogous protection against oxidative damage was not
observed when microsomes and red cells from rats con-
suming the anthocyanin-rich extract were incubated with
Fe/ADP and H,0,, respectively. This contrasted with the
highly protective effect observed as a result of repletion
with da-tocopherol (Table 2).
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Fig. 2. Effect of vitamin E depletion and 2 weeks repletion with the
anthocyanin extract or vitamin E on liver concentrations of 8-Oxo-dG
and lipid hydroperoxides.

DISCUSSION

It has long been known that vitamin E deficiency
resultsin increased indices of lipid peroxidation in blood
and tissues of animals. Moreover, repletion with vitamin
E can rapidly reverse the biochemical and clinical symp-
toms of vitamin E deficiency, provided that the defi-
ciency state is not excessively prolonged. However, as
far as we can ascertain, this is the first report to demon-
strate that vitamin E deficiency also increases oxidative
damage to DNA as estimated by concentrations of

8-Ox0-dG, and that basal levels can be subsequently
restored by reintroduction of vitamin E to the diet. Such
damage to DNA may produce mutations that cause per-
manent aterations in the genetic message when the cell
replicatesits DNA and thus increases risk of carcinogen-
esis. These results therefore support recent epidemiol og-
ical studies implicating low intakes or blood levels of
vitamin E with the subsequent risk of cancers at various
sites [22-25)].

Consumption of the anthocyanin-rich extract also
moderated elevated indices of oxidative DNA damage in
liver. Whether this effect is ascribed to free radical
scavenging, upregulation of DNA repair mechanisms
and antioxidant enzymes, or the formation of protective
anthocyanin-DNA co-pigmentation complexes [26] is
unclear. However, analogous effects on concentration of
hydroperoxides in liver and on plasma antioxidant ca-
pacity also suggest that the anthocyanin-rich extract pos-
sesses antioxidant activity in vivo. The apparent ability
of the strongly polar anthocyanins to substitute for the
lipophilic antioxidant, vitamin E, may be analogous to
the ability of vitamin C to protect biomembranes from
peroxidation by efficiently trapping peroxyl radicals in
the cytosol [27]. Alternatively, the antioxidant effect
may reflect, in part, the ability of polyphenols, including
anthocyanins, to chelate transition metal ionsinvolved in
radical-forming processes such as Fenton reactions [28].

Direct intestinal absorption of anthocyanins in the
intact glycoside form and subsequent biotransformation
to methylated derivatives in the liver has been observed
in therat [11]. This suggests that the anthocyaninsin the
highly purified extract are also bioavailable. However,
tissue concentrations of anthocyanins and related metab-
olites were not measured in the present study and there-
fore it is unclear which of the compounds in the extract
has the most marked antioxidant effect in vivo.

The possibility that the marked in vivo antioxidant
effects of this highly-purified extract are due to the
presence of other unidentified compounds apart from the
anthocyanins is unlikely but cannot be excluded. The
HPLC profile (Fig. 1) is detected at 520 = 20 nm. The
HPLC profile detected simultaneously at 280 = 10 nm

Table 2. Susceptibility of Red Cells and Hepatic Microsomal Preparations from Rats Maintained on Vitamin E-Deficient Rations, then Repleted
for 2 Weeks with the Anthocyanin Extract or Vitamin E or Maintained on a Vitamin E-Sufficient Ration throughout the Trial

Vitamin Vitamin Vitamin E-deficient Vitamin E-deficient
Parameter E-sufficient diet E-deficient diet diet + anthocyanin extract diet + da-tocopherol
Red cells (nmol TBARS/g Hb) 83+7 809 + 33* 801 =+ 40 79+ 7°
Hepatic microsomes (nmoles 13*+04 25.8 = 0.4% 231+ 05 0.9 +0.2°

TBARS/mg protein)

aGignificant effect of vitamin E deficiency, p < .001; P significant effect of repletion with da-tocopherol, p < .001. Data as mean + SEM, 6
rats/group. TBARS = thiobarbituric acid reactive substances; Hb = hemoglobin.
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shows exactly the same pattern. This suggests that there
are no compounds present other than the anthocyanins,
although there is the possibility that there are compounds
which are not absorbing light in the region between 270
and 600 nm. However, the extract did not contain de-
tectable amounts of vitamin E, vitamin C, or carotenoids,
which are generally recognized as important antioxidant
micronutrients.

Unlike vitamin E repletion, consumption of the an-
thocyanin-rich extract did not decrease the susceptibility
of microsomal preparations or washed red cells to oxi-
dize ex vivo. This may indicate that anthocyanins are less
strongly intercalated in the cell membranes than vitamin
E and were therefore lost during the preparation of the
microsomes and red cells. Similar effects have been
reported during the preparation of low-density lipopro-
tein from plasma of polyphenol-supplemented human
volunteers [29], and indicates that in intervention trials
important biological effects may be lost through manip-
ulation of samples ex vivo.

In conclusion, an anthocyanin-rich extract containing
the 3-glucopyranoside forms of delphinidin, cyanidin,
petunidin, and malvidin markedly decreased vitamin E
deficiency-induced elevations in DNA damage and hy-
droperoxides in liver and increased plasma antioxidant
capacity. As anthocyanins are widespread in many fruit
and vegetable species, both wild and horticultural culti-
vars may be an important source of antioxidant phyto-
chemicals in populations with habitually low intakes of
the recognized antioxidant micronutrients.
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