Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/16/11

For personal use only.

Free Rad. Res., Vol. 27(4), pp. 429-435
Reprints available directly from the publisher
Photocopying permitted by license only

© 1997 OPA {Overseas Publishers Association)
Amsterdam B.V. Published under license in

The Netherlands under the Harwood

Academic Publishers imprint, part of

The Gordon and Breach Science Publishers Group
Printed in Malaysia

Antioxidant Properties of the Major Polyphenolic

Compounds in Broccoli

GEOFFREY W. PLUMB*, KEITH R. PRICE, MICHAEL J. C. RHODES and GARY WILLIAMSON

Biochemistry Department, Institute of Food Research, Norwich Research Park, Colney, Norwich NR4 7UA, UK

Accepted by Prof. B. Halliwell
{Received 24 April 1997; In revised form 17 June 1997)

We have examined the antioxidant activity of the
major phenolic compounds in Broccoli: two flavonol
glycosides (quercetin 3-O-sophoroside and kaemp-
ferol 3-O-sophoroside) and four hydroxycinnamic
acid esters (1,2’-disinapoyl-2-feruloyl gentiobiose,
1-sinapoyl-2-feruloyl gentiobiose, 1,2,2'-trisinapoyl
gentiobiose and 1,2-disinapoyl gentiobiose). The
Trolox C equivalent antioxidant capacity (TEAC)
and inhibition of iron/ascorbate-induced lipid per-
oxidation of phosphatidyl choline vesicles were mea-
sured. In the aqueous phase TEAC assay, the two
flavonol glycosides were less active than their
respective aglycones. TEAC values for the hydrox-
ycinnamic acid esters were less than the sum of their
constituent hydroxycinnamic acids on a molar basis.
Quercetin 3-O-sophoroside was a potent inhibitor
of lipid peroxidation, in contrast to kaempferol
3-O-sophoroside. The hydroxycinnamic acid esters
were highly effective at preventing lipid damage
with the exception of 1,2,2’-trisinapoyl gentiobiose.
The six compounds analysed herein demonstrate the
antioxidant activity of the major phenolics in broc-
coli and indicate the effect on antioxidant activity of
sugar substitutions in the phenolic B ring.
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INTRODUCTION

The implication of flavonoids and hydroxycin-
namic acids in the diet is receiving much interest
and the biological activity of these polyphenolic
components is of great importance in under-
standing their mode of action in vivo. Interest has
been focused on the health benefits derived from
a diet rich in flavonoids. These compounds can
be found in many fruits and vegetables, and may
play a role in reducing the risk of heart dis-
ease.l'? In addition, individual compounds have
been shown to exhibit high antioxidant activity,”!
anti-mutagenic activity!! and the ability to act as
vasodilators.®!

Broccoli is becoming increasingly popular as a
fresh vegetable and is a significant source of
biologically active dietary components such as
the flavonol glycosides,'” hydroxycinnamic
acids”! and sulphur-containing compounds such
as the glucosinolates.’®! Recent studies have iden-
tified six novel compounds from broccoli florets
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(Figure 1) which represent up to 75% of the phe-
nolic fraction; two flavonol glycosides (quercetin
3-O-sophoroside and kaempferol 3-O-sophoro-
side)! and four hydroxycinnamic acid esters
(1,2’-disinapoyl-2-feruloyl gentiobiose, 1-sina-
poyl-2-feruloyl gentiobiose, 1,2,2"-trisinapoyl
gentiobiose and 1,2-disinapoyl gentiobiose.!'"!
This paper reports the antioxidant properties of
these compounds.

MATERIALS AND METHODS

All chemicals were of the highest grade available
supplied by Sigma Chemical Company (Poole,
UK). Florets of Broccoli were taken from freshly
harvested plants of Brassica oleraceae (cv. Mara-
thon) grown under commercial conditions in the
UK and immediately immersed in liquid nitro-
gen for subsequent freeze-drying.

Preparation of Samples

Four hydroxycinnamic acid esters were isolated
from freeze dried broccoli florets by maceration
with 70% aqueous methanol at room temperature.
The methanolic extract was subjected to prepara-
tive reverse phase high performance liquid chro-
matography (HPLC) using a C18 silica column
and a water:acetonitrile eluate as described by
Price et al."”! Two novel flavonol glycosides were
similarly isolated according to the method of Price
et al.”! Chemical identification of all compounds
was achieved using a combination of NMR spec-
troscopy, U.V. spectroscopy and mass spec-
troscopy.1% Chromatographic techniques such
as HPLC in reversed mode (C18 silica), monitored
by UV absorption using a diode array detector,
and thin layer chromatography in normal phase
mode (silica gel) visualised with sprays specific
for plant glycosides, were used to assess the purity
of these compounds. For quantification purposes,
the HPLC detector was operated at a wavelength
of 270 nm and the purity of each compound was
>95% with the exception of 1-sinapoyl-2-feruloyl

gentiobiose (91%) and 1,2-disinapoyl gentiobiose
(88%) by peak area measurements. The impurities
in each case were identified as either one or more
of the other gentiobiose compounds or the other
flavonol sophoroside respectively.

Lipid Phase Antioxidant Activity

Phospholipid liposomes (final concentration
1 mg/ml) were suspended in 150 mM KCI con-
taining 0.2 mM FeCl; and test compound at a
range of concentrations. Peroxidation was
started as described previously!"!! with ascorbate
(final concentration 0.05 mM), in a final volume
of 0.4 ml. Samples were incubated at 37°C for
40 min and the reactions terminated by the addi-
tion of 0.8 ml of 20% (w/v) trichloroacetic acid
(TCA)/0.4% (w/v) thiobarbituric acid (TBA)/
0.25 N HCI and 0.01 ml of butylated hydroxy-
toluene in ethanol. The production of thiobar-
bituric acid reactive substances (TBARS) was
measured after incubation at 80°C for 20 min."!!
Results are expressed as % inhibition of peroxi-
dation, where 100% inhibition is defined as base-
line peroxidation of liposomes without added
iron/ascorbate, and 0% inhibition is defined as
peroxidation of liposomes with added iron/
ascorbate. Calculation of ICs, values was per-
formed by fitting a third order polynomial curve
to the data.

Aqueous Phase Antioxidant Activity

The Trolox equivalent antioxidant capacity (TEAC)
was measured by the method of Salah et al.l'?
Values are expressed relative to a standard of
Trolox C, the water soluble analogue of vitamin E.
The assay is based on the relative ability of antioxi-
dants to scavenge the radical cation of 2,2-azino-
bis(3-ethyl-benzothiazoline-6-sulphonate (ABTS).
Since the radical is generated by interaction with
activated metmyoglobin and H,O, then the assay
is also influenced by how well the test compound
inhibits formation of the radical. The extent of
quenching of the ABTS radical is measured spec-
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Content in broccoli florets
Compound R, R, ng/g fresh weight
1,2"-disinapoyl-2-feruloyl gentiobiose |  feruloyl sinapoyl 62
1-sinapoyl-2-feruloyl gentiobiose feruloyl H 148
1,2,2'-trisinapoyl gentiobiose sinapoyl sinapoyl 62
1,2-disinapoyl gentiobiose sinapoy! H 64
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Content in broccoli florets
Compound Ry R Ha/g fresh weight
Quercetin 3 - O - sophoroside -OH - sophorose 65
Kaempferol 3 - O - sophoroside -H -sophorose 166
Quercetin -OH -H -
Kaempferol -H -H -

FIGURE1 (A) Structures of the four hydroxycinnamic acid esters isolated from broccoli. (B) Structures of the two flavonol glycosides
isolated from broccoli and their respective aglycones.
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trophotometrically at 734 nm and compared to
standard amounts of Trolox C. Positive controls
were performed as described previously.!!

RESULTS AND DISCUSSION

The TEAC values for the flavonol glycosides and
hydroxycinnamic acid esters (structures shown
in Figure 1) are shown in Table 1. In the case of
the flavonol glycosides, the values for both are
strikingly lower than their corresponding agly-
cones, particularly for quercetin 3-O-sophoro-
side. This is consistent with previous studies
which reported that 3-O-glucosylation or 3-O-
rutinosylation of quercetin decreased the TEAC
value by two fold.*®! For maximum effective-
ness as an antioxidant in this assay, there is a
requirement for a free -OH group at the 3-posi-
tion attached to the 2,3 double bond and adjacent
to the 4-carbonyl in the C-ring.”l Removal of any
of these features drastically reduces antioxidant
activity. Clearly substitution at the 3-position
with a glucose residue affects the ability of the
B ring hydroxyl groups to donate hydrogen.
Substitution with two sugar residues further
decreases TEAC values.

The TEAC values for the hydroxycinnamic acid
esters are compared to their constituent mono-
meric, free hydroxycinnamic acids in Table I.
Caffeic acid (3,4-dihydroxy-cinnamic acid) has a
TEAC value of 1.33 + 0.021. Methylation of the
3-hydroxyl group (ferulic acid) considerably
enhances the TEAC value. Adding a further
methoxy group (sinapic acid) does not increase
the TEAC value appreciably. Of the hydroxycin-
namic acid esters, disinapoyl feruloyl and trisi-
napoyl esters possessed significantly higher
TEAC values than the disinapoyl and sinapoyl
feruloyl esters. For all the esters, the TEAC value
is not simply a sum of component phenolics, i.e.
the TEAC value for the disinapoy] ester is much
less than twice the sinapic acid value.

Esterification of hydroxycinnamates and glyco-
sylation of flavonols modifies partition coeffi-
cients/solubility and radical scavenging.!
3-O-rutinosylation of quercetin either increases or
decreases the antioxidant action depending on
the assay used,"*'%! and so predicting the effect of
glycosylation is difficult. However, the anti-
oxidant activity of phenolics is very approxi-
mately due to the total number of free phenolic
hydroxyl moieties in the moleculel® which affects
both metal binding (depending on location) and

TABLET Trolox C equivalent antioxidant values

Compound Trolox Equivalent Number of
Antioxidant free phenolic
Capacity (TEAC)* -OH groups
Kaempferol 1.35+£0.024 4
Kaempferol 3-O-sophoroside 1.03 +0.025 3
Quercetin 443+£0.027 5
Quercetin 3-O-sophoroside 1.45£0.020 4
1,2-disinapoyl gentiobiose 1.67+£0.016 2
1-sinapoyl-2-feruloy! gentiobiose 1.79+0.025 2
1,2,2'-trisinapoyl gentiobiose 215+0.016 3
1,2’-disinapoyl-2-feruloyl gentiobiose 2.26£0.013 3
Caffeic Acid 1.33+0.021 2
Ferulic Acid 1.96 £ 0.009 1
Sinapic Acid 1.84 +0.009 1

* Relative to the antioxidant activity of Trolox C (mM).P! The values shown are the mean
and standard deviation of at least three determinations. The values obtained for quercetin,
kaempferol, ferulic and caffeic acid are consistent with previous studies.””
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FIGURE 2 (A)Effect of flavonols and flavonol glycosides on the inhibition of iron/ascorbate-induced lipid peroxidation of phos-
phatidyl choline. The peroxidation reaction was performed in the presence of (M) quercetin, ((J) quercetin 3-O-sophoroside,
(@) kaempferol and (O) kaempferol 3-O-sophoroside. (B) Effect of hydroxycinnamic acids on the inhibition of iron/ascorbate-
induced lipid peroxidation of phosphatidyl choline. The peroxidation reaction was performed in the presence of (W) caifeic acid,
(@) ferulic acid, and (A) sinapic acid. (C) Effect of hydroxycinnamic acid esters on the inhibition of iron/ascorbate-induced lipid
peroxidation of phosphatidyl choline. The peroxidation reaction was performed in the presence of (O) 1,2"-disinapoyl-2-feruloyl
gentiobiose, (A) 1-sinapoyl-2-feruloyl gentiobiose, ((J) 1,2,2’-trisinapoyl gentiobiose and () 1,2-disinapoyl gentiobiose. Values
represent the mean and standard deviations of three determinations.
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hydrogen donation (depending on pK,). The
number of hydroxyls in each of the compounds
tested here is indicated in Table I and there is a
trend to increasing TEAC value with the number
of hydroxyls within the flavonol group.

The effect of the flavonols on lipid peroxidation
of phosphatidyl choline is shown in Figure 2a. The
degree of inhibition was measured by obtaining
the ICs, (concentration of test compound which
inhibits peroxidation 50%). As a comparison to the
flavonols under study, the ICsy values for the
antioxidants butylated hydroxytoluene and Trolox
C were 5.0 £ 0.2 and 12.6 + 1.4 uM respectively.
Quercetin 3-O-sophoroside was a potent inhibitor
with ICsy = 9.2 £ 0.3 uM, similar to the quercetin
aglycone (7.7 £ 0.3 uM)."? This is consistent with a
previous study which demonstrated that 3-O-gly-
cosylation of quercetin has only a small effect on
the ability to inhibit lipid peroxidation. In contrast,
kaempferol 3-O-sophoroside was ineffective at
preventing peroxidation in this system, even
though kaempferol is a relatively good inhibitor
(ICs9 = 12.6 £ 0.6 pM). Figure 2b shows the effect of
hydroxycinnamic acids on lipid peroxidation.
Caffeic acid was the most potent inhibitor of lipid
peroxidation (ICsy = 3.9 £ 0.1 uM) followed by fer-
ulic acid (ICsy = 11.6 £ 0.5 uM) and sinapic acid
(ICsp = 26.6 + 0.4 pM). In Figure 2c, three of the
hydroxycinnamic acid esters were also good inhi-
bitors of lipid peroxidation with ICs; values in the
range 12-15 uM. The sinapoyl feruloyl ester was
considerably less effective (ICsp = 23.9 £2.5 uM).

The compounds described herein comprise
approximately 75% of the total phenolics in broc-
coli as analysed by HPLC after methanol extrac-
tion and partial purification using polyamide
chromatography. It is possible to analyse for
flavonols and hyroxycinnamates after acid /alka-
line hydrolysis and to determine total phenolics
as aglycones. However, this does not provide an
appropriate indication of the antioxidant activity
of a plant extract or food, since almost all of these
phenolics are present in the plant tissue in conju-
gated forms. Based on the composition of the
polyphenolic compounds in broccoli (Figure 1), a

theoretical TEAC value of approximately 1.2
would be obtained for the unmodified glycosides
in 100 g fresh weight of broccoli florets (assuming
that the water content is 90%). If the same calcu-
lation is made after the complete hydrolysis of
these compounds (addition of the TEAC values
of the resulting aglycones and free hydroxy-
cinnamic acids), then the TEAC value increases
to approximately 2.6. These data indicate the
importance of measuring the biological activity
of compounds which are actually present in the
tissue rather than the equivalent aglycones
resulting from chemical hydrolysis.

These novel compounds have only recently
been isolated and characterised, and so there is
no information on the uptake and absorption in
animals or human, and no information on the
metabolism. However, comparison with other
flavonol glycosides such as quercetin-4’-gluco-
side, and with other hydroxycinnamate esters
such as chlorogenic acid, suggest that the com-
pounds are absorbed through the small intestine
as glycosides or esters.['*!”] Some portion of the
compounds are not absorbed in the small intes-
tine, and these pass into the colon where they are
broken down by gut microbes. This is supported
by the observation that unidentified flavonoid
glycosides can be observed in human plasma.l'®!
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