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Inhibition of Lipid Peroxidation and Structure—Activity-Related
Studies of the Dietary Constituents Anthocyanins,
Anthocyanidins, and Catechins
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The antioxidant activities of a series of commonly consumed and biogenetically related plant phenolics,
namely, anthocyanidins, anthocyanins, and catechins, in a liposomal model system have been
investigated. The antioxidant efficacies of the compounds were evaluated on their abilities to inhibit
the fluorescence intensity decay of an extrinsic probe, 3-[p-(6-phenyl)-1,3,5-hexatrienyl]phenylpropionic
acid, caused by free radicals generated during metal ion-induced peroxidation. Distinct structure—
activity relationships were revealed for the antioxidant abilities of these structurally related compounds.
Whereas antioxidant activity increased with an increasing number of hydroxyl substituents present
on the B-ring for anthocyanidins, the converse was observed for catechins. However, substitution by
methoxyl groups diminished the antioxidant activity of the anthocyanidins. Substitution at position 3
of ring C played a major role in determining the antioxidant activity of these classes of compounds.
The anthocyanidins, which possess a hydroxyl group at position 3, demonstrated potent antioxidant
activities. For the cyanidins, an increasing number of glycosyl units at position 3 resulted in decreased
antioxidant activity. Similarly, the substitution of a galloyl group at position 3 of the flavonoid moiety
resulted in significantly decreased antioxidant activity for the catechins. Among catechins, cis—trans
isomerism, epimerization, and racemization did not play a role in overall antioxidant activity. The
antioxidant activities of test compounds (at 40 uM concentrations) were compared to the commercial
antioxidants tert-butylhydroquinone, butylated hydroxytoluene, butylated hydroxyanisole, and vitamin
E (all at 10 uM concentrations).

KEYWORDS: Fluorescence spectroscopy; lipid peroxidation; antioxidants; catechins; anthocyanidins;
anthocyanins; SAR

INTRODUCTION weight @). Tea flavonoids have been reported to exhibit
anticarcinogenic, antimutagenic, and cardioprotective effects that
are generally associated with their antioxidant (free radical
scavenging and metal chelation) propertiés Tea is one of

are categorized into major groups consisting of flavones, the most popular ar_1d highly consum_ed beverages_m the worl_d,
isoflavones, flavanones, flavanonols, flavonols, flavanols or and its health benefits have been attributed to the high flavonoid

catechins, and anthocyanidins and their glycosides. These naturafontent of its leaves and extrac®.(
antioxidant polyphenols are ubiquitously present in foods of ~ Anthocyanins are pigments primarily responsible for the
plant origin, and it is estimated that the intake of total flavonoids attractive colors in fruits, fruit juices, wines, flowers, and
by humans consuming fruit and vegetable diets can reach up tovegetables. Anthocyanins have been implicated with beneficial
1 g per day2, 3). There has been an increased public awarenessactivities as food ingredients and as promoters of human health,
of health-protective characteristics attributable to the flavonoid and their antioxidant activities have been well establistiaed (
content of leaves, fruits, and vegetables. 5, 6). Previous studies in our laboratory have shown that the
Catechins and anthocyanins, the glycosides of anthocyanidins anthocyanins isolated from tart cherries and their major antho-
contribute to a sizable proportion of total flavonoid consumption cyanidin, cyanidin, exhibit in vitro antioxidant and anti-
by humans. Catechins, although widely distributed in plants, inflammatory activities, comparable to those of commercial
are of highest yield in tea leaves, constituting up to 30% dry products §, 6). The “French paradox”, the low incidence of
cardiovascular diseases coupled with a high-fat diet and red wine
* Author to whom correspondence should be addressed [telephone CONSUMPtion of inhabitants of some regions of France, is a
(517) 353-2915; fax (517) 432-2310; e-mail nairm@msu.edul. subject of constant discussion. A recent study has suggested

Flavonoids are a group of4000 polyphenolics implicated
with beneficial health effects due to their antioxidant properties
and inhibitory role in the processes of carcinogenegisTihey
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Catechins Symbol Configuration Ry R X
Anthocyanidins & Anthocyanins Ry R; Rs3
(+)- catechin +)-C 2R, 3S OH H
Pelargonidin H H H
(+)- epicatechin (+)-EC 2S, 3R OH H
Cyanidin OH H H
(-)-catechin (-)-C 25, 3R OH H
Delphinidin OH OH H
(-)-epicatechin (-)-EC 2R, 3R OH H
Peonidin OMe OH H
(3)-catechin *-C 2R, 3S; 25, 3R OH H
Malvidin OMe OMe H
(-)-epigallocatechin (-)-EGC 2R, 3R OH OH
Pelargonidin-3-galactoside H H galactose
(-)-gallocatechin (-)-GC 2S5, 3R OH OH
Cyanidin-3-galactoside OH H galactose
(-)-epicatechin gallate (-)-ECG 2R, 3R GA
Cyanidin-3-rutinoside OH OH rutinose
(-)-catechin gallate (-)-CG 2S, 3R GA
Cyanidin-3-glucosylrutinoside OH OH glucose-rutinose
(-)-epigallocatechin gallate (-)-EGCG 2R, 3R GA OH
Delphinidin-3-galactoside OH OH galactose
(-)-gallocatechin gallate (-)-GCG 2S, 3R GA OH

Figure 2. Structures of anthocyanidins and anthocyanins that were studied

Figure 1. Structures of catechins that were studied for antioxidant activity. for antioxidant activity.

that these health benefits may be attributed to phenolic anti- MATERIALS AND METHODS
oxidants, WhICh are abundant in red.wmes and' are not related | ,-.crials. The lipid substrate 1-stearoyl-2-linoleagiglycero-3-
to alcohol intake §). Red wines contain substantial amounts of  yosphocholine (SLPC) was obtained from Avanti Polar Lipids
flavonoids, mostly anthocyanins, reaching concentrations as highajabaster, AL). The fluorescent probe DPH-PA was obtained from
as 3200 mg/L 3). Molecular Probes (Eugene, OR). Positive controls, TBHQ, BHA, BHT,
Natural antioxidants may function as reducing agents or and vitamin E ¢-tocopherol), were purchased from Sigma-Aldrich
donors of hydrogen atoms. Hence, they act as free radical Chemical Co. (St. Louis, MO). Malvidin and peonidin were obtained
scavengers and chain breakers, complexers of pro-oxidantfrom Chromadex (Laguana Hills, CA). Cyanidin 3-rutinoside and
; i cyanidin 3-glucosylrutinoside were isolated from Balaton tart cherries
metals, and quenchers of the formation of singlet oxyggn (¢ ! T 4
The mechanism of the protective action of flavonoids is a subject 'r:' g”rl laboratory, _andlthelr agtgl)écoq_,hcy:mdlm,twa}z preﬁc)areld by acid
of considerable debate, but metal chelation may play a larger "YArolysis as previously reporte€)(The 3-galactosides of pelargoni-
le in det inin th tioxidant activiti fth d din, cyanidin, and delphinidin were isolated from fruits of dogwood,
role in determining the antioxidant activities ot tnese compounas ¢,y ;g mascommonly known as Cornellian cherries, as previously
than previously reported). In the present study, we assessed

= ) ! > reported 10). Pelargonidin and delphinidin aglycons were prepared
the ability of a series of flavonoids, which are commonly

consumed by humans, to inhibit lipid peroxidation induced by
Fe(ll) ions in a liposomal model. The antioxidant activities of
the compounds were compared to the commercial stantiatds
butylhydroquinone (TBHQ), butylated hydroxytoluene (BHT),
butylated hydroxyanisole (BHA), and vitamin E. The fluorescent

from their respective galactosides similar to the preparation of cyanidin
(6). (+)-Catechin [{+)-C], (+)-epicatechin [¢)-EC], (—)-catechin [¢)-

C], (—)-epicatechin [{)-EC], (£)-catechin [&)-C], (—)-epigallocat-
echin [(~)-EGC], (—)-gallocatechin [{)-GC], (—)-epicatechin gallate
[(—)-ECG], (—)-catechin gallate [{)-CG], (—)-epigallocatechin gallate
[(—)-EGCG], and {-)-gallocatechin gallate {{)-GCG] were purchased

assay described by Arora and Strasburg was used to evaluatd®™ Sigma-Aldrich Chemical Co.

the antioxidant efficacy of the compound3).(In this assay,
the peroxidative degradation of the fluorescent probe-®f
phenyl)-1,3,5-hexatrienyl]phenylpropionic acid (DPH-PA), in-

Antioxidant Assay. Antioxidant assays were conducted by analysis
of model liposome oxidation using fluorescence spectrosc@pybie
lipid, SLPC, and fluorescent probe, DPH-PA, were combined in DMF
and dried at room temperature under vacuum. Large unilamellar

dicated by a decay in its fluorescence, is used to monitor the |iposomes (LUVs) were produced by resuspension of theipibe
sensitivity of the phospholipid membrane toward oxidative mixture (0.15 M NaCl, 0.1 mM EDTA, and 0.01 M MOPS maintained
stress. Our study represents the first time that catecRigsre over chelating resin Chelex 100) followed by 10 freeteaw cycles
1) are being evaluated for antioxidant activity using analysis of in a dry ice/EtOH bath and extrusion (29 times) through a 100 nm
model liposome oxidation by fluorescence spectroscopy. This Pore size membrane (Avestin Inc., Ottawa, ON, Canada). The final
is also the first comparison of the antioxidant activities of asl\jlaliglgEQZan?OZmTAL'TrﬁgnSﬁt;n8)0fzolg_nocf)f1H|v||EZiglbLljfg SI?
anthocyanidins Kigure 2) in a liposomal model system. In ' s -
addition, this is the first comparative evaluation of the strueture %Nz-sparged water, 20L of test sample or DMSO (control), and a
L . . . uL aliquot of liposome suspension. Peroxidation was initiated by
aCtNIty.relatlonShlpS (SAR). of thes_e two major Clas_ses (_)f addition of 20uL of FeCh-4H,O (0.5 mM) for positive controls and
flavonoids as related to their antioxidant activities using this test samples. Fluorescence was measured at 384 nm and monitored at
model system. Because anthocyanidins enter the diet as glycoq, 1, 3 min and every 3 min thereafter up to 21 min using a Turner

sides, several anthocyaninsigure 2) were also included in  model 450 digital fluorometer (Barnstead Thermolyne, Dubuque, 1A).
the study as the naturally occurring forms of their aglycons. The decrease of relative fluorescence intensity with time indicated the
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Figure 3. Effects of catechins, vitamin E, and synthetic antioxidants on
rates of Fe(ll)-induced peroxidation in the LUVs. The rate of peroxidation
was monitored by a decrease in fluorescence intensity as a function of
time. Relative fluorescence represents the fluorescence intensity at time
= 21 min over the fluorescence intensity at time = 0 min. Results are
expressed as the mean percent inhibition of triplicate measurements +
one standard deviation.

0 10 20 30 90

rate of peroxidation. Relative fluorescenda/fo) was calculated by
dividing the fluorescence value at a given poiff) (by that att = 0

min (Fo). All compounds were tested in triplicate, and results are
reported as the meas one standard deviation after 21 min of
incubation Figures 3and4).

RESULTS

The rates of Fe(ll)-induced lipid peroxidation of the catechins,
anthocyanidins, and anthocyanins are illustrate&igures 3
and4. The antioxidant efficacies of the test compounds were
evaluated by their abilities to inhibit the fluorescent decay of
the extrinsic probe DPH-PA. Antioxidant activities varied among
the compounds tested, and distinct SAR were observed.

The presence of the',@,5-trihydroxyl groups attached to
the B-ring of the anthocyanidin skeleton elevated their ability
to inhibit the rate of Fe(ll)-induced lipid peroxidation. Del-
phinidin was the most active under these conditions and inhibited
lipid oxidation by 70.3+ 1.1%. The commercial synthetic
antioxidants TBHQ, BHT, and BHA and vitamin E showed
antioxidant activities of 75.2- 1.4, 80.1+ 1.7, 70.0+ 1.3,
and 10.2+ 1.5%, respectively. Cyanidin and pelargonidin with
3, 4'-dihydroxyl and 4-hydroxy! groups, respectively, exhibited
considerably less antioxidant activity with 6G£11.3 and 40.4
+ 0.8% inhibition, respectively. In contrast, th€,8B5-
trinydroxyl groups on the B-ring of the flavan skeleton of the
catechins diminished their inhibitory efficiency in comparison
to those with 34'-dihydroxyl groups. Hence,~)-EGC (34.2
+ 1.2%) and {)-GC (33.7+ 1.6%) showed lower activities

Seeram and Nair
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Figure 4. Effects of anthocyanidins and anthocyanins, vitamin E, and
synthetic antioxidants on rates of Fe(ll)-induced peroxidation in the LUVSs.
Results are expressed as the mean percent inhibition of triplicate
measurements + one standard deviation.

than ¢)-C, (—-)-C, (1)-C, (+)-EC, and ¢)-EC (61.3+ 0.98,
65.4 £ 1.8, 60.0+ 1.3, 59.2+ 1.7, and 62.5+ 0.8%,
respectively). Substitution of the hydroxyl groups of the B-ring
with methoxyl groups also resulted in a decrease in antioxidant
activity. The anthocyanidins malvidin (43.& 0.9%) and
peonidin (45.14+ 1.5%), which have '¥%'-dimethoxyl and 3
methoxyl substituents, respectively, showed lesser antioxidant
activities than their '34',5-trihydroxylated counterpart, del-
phinidin (70.3+ 1.1%).

From an SAR perspective, substitution at position 3 of ring
C played a major role in the ability of catechins and anthocya-
nidins to inhibit the rate of Fe(ll)-induced lipid peroxidation.
A galloyl substituent at position 3 of the catechin moiety resulted
in diminished inhibitory activities as observed for )fECG,
(—)-CG, and ()-EGCG (13.0+ 1.6, 10.3+ 1.3, and 11.6+
0.75%, respectively). However, the antioxidant activity fo){
GCG was higher at 29.% 1.3%. Similarly, substitution of
glycosidic moieties of the anthocyanidins at C-3 of ring C
resulted in a decrease in antioxidant activity. This trend was
evident in the superior activities of the anthocyanidins (aglycons)
compared to their respective anthocyanins (glycosides). Also,
the antioxidant activity decreased as the number of sugar
residues increased. The monogalactosides of pelargonidin,
cyanidin, and delphinidin showed antioxidant activities of 27.3
+ 1.4, 35.1+ 1.6, and 43.6+ 1.7%, respectively. Cyanidin
3-glucoserhamnose and cyanidin 3-glucoserhamnoseglucose
inhibited lipid oxidation only by 29.3: 1.3 and 25.Gt 0.75%,
respectively.

DISCUSSION

Catechins and anthocyanidins are biogenetically derived from
a common C-15 tetrahydroxychalcone precursor, naringenin,
formed by a condensation reaction between 4-coumaroyl-
coenzyme A and malonyl coenzyme A in the pivotal step of
flavonoid biosynthesis 1(1). This is the first report of the
comparative efficacy of these two major classes of flavonoids
to inhibit metal ion-induced peroxidation by analysis of model
liposome oxidation monitored by fluorescent decay. It is well
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established that flavonoids act as antioxidants by a free radicala bulkier galloyl group or sugar residues could increase the
scavenging mechanism to form less reactive flavonoid phenoxyl torsion angle of ring B with the rest of the molecule, causing a
radicals (2, 13). However, through their abilities to chelate loss of coplanarity and decreased conjugation. Hence, the
transition metal ions, flavonoids can complex and inactivate iron anthocyanidins are better antioxidants than their corresponding
ions, thus suppressing the superoxide-driven Fenton reactiongglycosidic forms, the anthocyanins. For the cyanidin glycosides,
that are thought to be the most important route to the formation the number of sugar residues seems to play an active role in

of active oxygen specied4). Flavonoids are reported to be
more effective at inhibiting Fe(ll) and Fe(lll) ion-induced
peroxidations than free radical-induced peroxidatid)s Qur

antioxidant activity by decreasing activity with an increase in
the number of sugar moieties. Also, a reduction in antioxidant
activity was observed when a galloyl group was conjugated at

aim was to measure and conduct SAR studies of the antioxidantposition 3 of the catechins. However, an anomaly was observed
activities of flavonoids, which are commonly consumed by in this trend for the activity of GCG as compared to ECG, CG,
humans, by a liposome model oxidation where peroxidation was and EGCG. The slight increase in the activity of GCG compared

initiated by the addition of Fe(ll) ions. We have not investigated
structural diversity in ring A of the flavonoids. It has been
proposed that the A-ring has poor reactivity toward peroxyl
radicals and is not a significant contributor to antioxidant activity
(13 15).

The presence of hydroxyl groups on the B-ring of the
flavonoids greatly influenced antioxidant activity as observed
for all of the compounds of this study. Evidence for the highly
significant contribution of the'34'-dihydroxyphenyl (catechol)
substitution pattern on the B-ring to antioxidant activity was

provided by epicatechin and catechin (cis and trans isomers,

respectively) and their various epimers. Similarly, cyanidin
exhibited outstanding antioxidant activity. Theedihydroxy
structure of the B-ring is an important determinant for antioxi-
dative potential because it confers a higher degree of stability
to the flavonoid phenoxyl radicals by participating in electron
delocalization 16). The antioxidant activity of flavonoids have

to its epimer, EGCG, could probably be attributed to the change
in stereochemistry.

In summary, our SAR studies have shown that'g'3
dihydroxyphenyl B-ring is a critical criterion for antioxidant
activity of catechins. However, for the anthocyanidins, activity
increased with the number of hydroxyl groups on the B-ring,
where the flavylium ion of ring C contributed to overall
stabilization of the resulting phenoxyl radical. In addition,
susbstitution of the B-ring hydroxyls with methoxyl groups
significanty decreased antioxidant activity. Another important
determinant of antioxidant activity was the conjugation of
various substituents at position 3 of ring C, which decreased
the antioxidant activity for all compounds. For anthocyanidins,
antioxidant activity decreased as the number of sugar residues
at position 3 increased. It is important to note that-dians
isomerization, epimerization, and racemization did not influence
the antioxidant activity among catechins. Anthocyanins, cya-

also been reported to be governed by the position and numbemidin, and catechins have significant popularity in the consumer

of hydroxyl groups on the B-ring8( 13). It should be noted
that the conversion of the',@-dihydroxyphenyl B-ring to a
3,4 5 -trihydroxyphenyl ring increased activity for the antho-
cyanidins but reduced activity for the catechins. Hence, del-
phinidin was the most effective antioxidant in this system. EGC
and GC, however, showed lower activities than théjd'3
dihydroxyl-substituted analogues. This could possibly be at-
tributed to contributions of the flavylium ion of anthocyanidins
to the overall stability of the flavonoid phenoxyl radicals when
theo-dihydroxy structure is affected. It is noteworthy that<is
trans isomerization, epimerization, and racemization were not
significant contributors to antioxidant activity in the case of the
catechins.

Substitution of the hydroxyl groups of the B-ring with
methoxyl groups also resulted in a decrease in antioxidant
activity. The reduction potential of phenols is reported to be
influenced by the presence of electron-donating or electron-
withdrawing groups 17). The altered redox potential could
affect the ability of the flavonoids to scavenge deleterious oxy
radicals by limiting the lipid peroxidation reactions in which
they can participate. The anthocyanidins malvidin and peonidin,
which have 35-dimethoxyl and 3methoxyl substituents,
respectively, showed significantly lower antioxidant activities
than the 34',5'-trihydroxylated analogue, delphinidin.

We have also observed that antioxidant activity was influ-
enced by susbstitution of the hydroxyl group at the C-3 position.
Derivatization of this group could probably reduce the potential

of these compounds to chelate metal ions and thus prevent iron-

induced peroxidation. In addition, substitution of the hydroxyl
group at this position could affect the planarity of the molecule,
causing ring B to lose coplanarity to rings A and &). (It has
been determined that the torsion angle of ring B with the rest
of the flavonoid molecule can be correlated with its overall
scavenging activityX4). Substitution of the 3-OH group with

market for their powerful antioxidant activity and their ability

to reduce cardiovascular diseases. On the basis of our SAR
studies, delphinidin, cyanidin, EC, and C may have useful
biological applications as antioxidants.
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