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Abstract—Light emission (chemiluminescence; CL) was observed by exciting phenolic compounds with hydrogen
peroxide (H,0,) or hydroxyl radical (HO), formed from H, 0, and FeCl, by the Fenton reaction. The intensity of the
CL of benzoic acid derivatives in the presence of H,O, was in the order of gallic acid > caffeic acid > 3,5-
dimethoxy-4-hydroxycinnamic acid > isovanillic acid = syringic acid. The CL intensity of flavonoids and related
compounds, measured in the presence of HO- was in the following order; rutin > myricetin = isoquercit-
rin > quercetin > kaempferol > isorhamnetin, for the major flavonols; nasunin > rubrobrassicin > delphinidin
> cyanidin = malvin > malvidin, for anthocyanins. These results indicated that CL increased with increasing
number of vicinal hydroxyl groups to that at C-4 of benzoic acid or its derivatives, and at C'-4 of flavonoids. The data
further indicated that glycosylation at C-3 of quercetin enhanced the CL of flavonoids, and that this was dependent on
the nature of the sugar moiety, rhamnosylglucose being more effective than glucose. The order of the CL intensity of
flavonoids agreed well with that of the radical scavenging activities of these compounds, as determined by ESR and by

using a linoleic acid—f-carotene-lipoxygenase system.

INTRODUCTION

It has been reported that soybean seedling exhibits weak
light emission (chemiluminescence, CL) characteristics
and that this is significantly enhanced by the addition of
various aldehydes [1,2]. In living organisms, chloro-
phyll, peroxidase or a-oxidase can generate excited triplet
carbonyls through the degradation of hydroxyperoxide,
formed by the oxygenation of aldehydes with enzym-
atically-activated oxygen. Such an excited state of car-
bonyl is able to transfer energy to produce light from CL
compounds [3]. However, CL also occurs non-enzym-
atically; for example in an autoclaved extract of soybean
seedlings mixed with aldehyde and oxygen. H. Watanabe
et al. [2] postulated that the CL in the soybean extracts
resulted from the formation of radical derived hy-
droperoxide intermediates. Therefore, the measurement
of CL when compounds are examined in the presence of
aldehyde and hydrogen peroxide (H,O,) or hydroxyl
radical (HO-) has been suggested to be the most effective
method for detection of the scavengers. In all cases, both
the occurrence and the intensity of CL were closely
related to the radical reaction and the radical scavenging
activity of the compounds present in the reaction mix-
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ture. In general, ESR spin-trapping and enzymatic
measurements have been used for the determination of
the radical scavenging activity in foodstuffs.

It has been reported that flavonoids occurring widely
in the plant kingdom exhibit antioxidant properties in
lipid peroxidation systems [4, 5]. Such compounds have
also been shown to inhibit the enzyme, lipoxygenase, and
to act as superoxide anion (O5) and hydroxyl radical
(HO") scavengers and singlet oxygen quenchers [6-10].
The HO-, easily generated by UV photolysis of H,O,, is
highly reactive and can cause damage to biomolecules
including proteins and DNA [11,12]. It is generally
thought that HO- is produced in vivo by Fenton-type
reactions, in which ferrous ions react with H,O,;

H,0, + Fe?* - HO- + OH™ + Fe~.

Damage caused by the toxic effects of HO- can often
be suppressed by the scavengers such as flavonoids.
Flavonoids widely used as therapeutic agents may, there-
fore, be expected to act as strong HO- scavengers.

In this paper, the CL of flavonoids and related com-
pounds were measured in the presence of aldehyde and
H,0O; or HO-, generated by the Fenton reaction. The
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relationship between the chemical structures of the
flavonoids and their CL intensities and/or radical scav-
enging activities has also been examined.

RESULTS AND DISCUSSION

The intensity of CL of gallic acid in the presence of
H,0, or HO" and aldehyde system (50 mM phosphate
buffer containing acetaldehyde, pH 7.0, 23°) was found to
be dependent on the concentration of gallic acid; CL
increased quantitatively until 25 mM (less 20 ul of injec-
tion volume) as shown in Fig. 1. The CL of gallic acid
increased more than six-fold in the presence of Fenton
reaction-derived HO- as compared with that measured in
the presence of H,0,. These results indicated that
measurement of CL intensity could be used for purpose
of quantitative comparison. Gallic acid is similar in
chemical structure to the B-ring of flavonoids or an-
thocyanins. Therefore, the CL intensity (50 counts of
photon sec™ !, attn.128) of 5 mM gallic acid (10 1) in the
presence of H,O, was arbitrarily set at 1000 units to
compare the CL intensity of flavonoids or other related
compounds,

The CL intensities of aromatic carboxylic acids which
show chemical similarities to gallic acid, were measured
and are presented in Table {. When compared with gallic
acid, neither isovanillic acid (the C-4 methyl ethel of
gallic acid) nor syringic acid (the C-3, C-5 dimethyl ethel
of gallic acid) exhibited CL in the presence of H,O, or
HO-. This clearly indicates that the presence of a hy-
droxyl group vicinal to the hydroxyl group at C-4 is
required for CL.

When the CL of cinnamic acid derivatives was com-
pared in the presence of H,O,, that of caffeic acid was
stronger than that of 3,5-dimethoxy-4-hydroxycinnamic
acid. This suggested that the hydroxyl groups at C-3 and
C-4 of cinnamic acid were necessary for reaction with
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Fig. 1. Chemiluminescence intensity of gallic acid in the pres-

ence of hydrogen peroxide or hydroxyl radical and aldehyde

system. Hydroxyl radicals were generated by adding 10 ul of
25 mM FeCl, (Fenton reaction).

H,0, or HO-. Furthermore, 3',4'-dihydroxyphenylacetic
acid did not exhibit CL, suggesting that CL required the
carbon of the carboxyl group to be directly or conjuga-
tionally attached to the benzene-ring (B-ring).

The CL of flavonoids which, on oxidative degradation
produce benzoic acids corresponding to their B-rings,
was measured (Table 2). In the presence of H,O,, CL
could either not be observed or was very weak, when
compared to that of gallic acid and the anthocyanins (see
below); in contrast, in the presence of HO- strong CL was
observed, with the intensity decreasing in the order of
rutin > myricetin > isoquercitrin > quercetin > isor-
hamnetin  3-O-glucoside > dihydroquercetin > dios-
metin 7-O-glucoside > kaempfero! > rhamnetin > astil-
bin > isorhamnetin > luteolin 4’-0-glucoside. When the

Table 1. Chemiluminescence intensity of gallic acid and its related compounds in the presence of hydrogen
peroxide and hydroxyl radical

Substituent at CL
in the presence of

Name C-1 C-3 C-4 C-5 HOOH HO-
Gallic acid COOH OH OH OH 1000* 6275
Isovanillic acid COOH OH OMe H 0 0
Syringic acid COOH OMe OH OMe 0 0
Caffeic acid COOH-CH=CH OH OH H 5 30
3,5-Dimethoxy-4-hydroxy-

cinnamic acid COOH-CH=CH OMe OH OMe 2 0
3,4-dihydroxyphenylacetic COOH-CH, OH OH H 4] 0

acid

*Arbitrarily set at 1000. 3

1
In the chemical structure of 4@—1{ , C-1 (R), C-3, C-4 and C-5 are substituted as shown above.

5 6
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Table 2. Chemiluminescence intensity of flavonoids in the presence of hydrogen peroxide and hydroxyl radical

Substituent at CL
- in the presence of

Name C-3 C-5 Cc-7 Cc-3 C-4 Cc-5 HOOH HO-
Flavonol or flavanonol:

Kaempferol OH OH OH H OH H 2 243

Quercetin OH OH OH OH OH H 3 612

Myricetin OH OH OH OH OH OH 75 1197

Dihydroguercetin OH OH OH OH OH H 2 529

Astilbin ORha OH OH OH OH H 0 181

Isoquercitrin OGlc OH OH OH OH H 5 1155

Rutin ORha-Gic OH OH OH OH H 16 7101

Isorhamnetin OH OH OH OMe OH H 0 125
Isorhamnetin 3-O-glucoside  OGic OH OH OMe OH H 0 584

Rhamnetin OH OH OMe OH OH H 0 194
Flavone:

Apigenin H OH OH H OH H 90 273

Flavone H H H H H H 23 52

Luteolin 4'-O-glucoside H OH OH OH OGlc H 0 97

Diosmetin 7-0-glucoside H OH 0OGlc OH OMe H 0 368
Flavanol:

{ + )-Catechin OH OH OH OH OH H 0 140
Anthocyanin:

Nasunin ORha Glc-p-coumaric

acid OGlc OH OH OH OH 2347 891

Delphinidin OH OH OH OH OH OH 794 313

Rubrobrassicin OGle-Gle OGlc OH OH OH H 33 424

Cyanidin OH OH OH OH OH H 588 111

Malvin OH OGlc OH OMe OH OMe 110 111

Malvidin OGlc OH OH OMe OH OMe 77 83

C-3,C-5, C-7, C-3', C—4' and C-5' are substituted as above.

CL of kaempferol, quercetin and myricetin were com-
pared in the presence of HO-, the ranking, kaempferol
(243) < quercetin (612) < myricetin (1197) was observed,
indicating that an increase of CL with increasing number
of hydroxyl groups vicinal to that at C-4". CL decreased
following methylation of the hydroxyl groups in the
B-ring (quercetin vs isorhamnetin), indicating that
a vicinal hydroxyl group in the B-ring is important for
CL. Such results are in good agreement with those re-
ported by Husain et al. [9]. Comparison of the CL inten-
sities of quercetin and that of dihydroquercetin showed
that the presence of a double bond between C-2 and C-3
contributed only slightly to the stronger CL. When the

CL intensities of quercetin, isoquercitrin and rutin, which
contain the same flavonoid nucleus excepting the C-3
substituent, were compared, the observed intensity in-
creased with increasing size of the C-3 sugar chain: hy-
droxyl (quercetin) < glucose (isoquercitrin) < rham-
nosylglucose (rutin). On the other hand, in the presence
of H,0, or HO-, nasunin which contains a rhamnosyl-
glucose moiety at C-3 exhibited more intense CL than
that of rubrobrassicin which has a glucosyl glucose moi-
ety in the same position. These results suggest that
a rhamnosylglucose moiety is important for CL. The
higher CL intensity of isoquercitrin and isorhamnetin
3-O-glucoside, compared to that of their respective



228 Y. YOSHIKI et al.

aglycones, shows that the only glucose attached to 3-
hydroxyl group of the aglycone also enhances the CL.
The presence of a hydroxyl group at C-3 may not be
necessary for CL, since kaempferol and apigenin exhib-
ited almost the same intensity in the presence of HO-.

In contrast to the behaviour of flavonoids, the CL of
anthocyanins excepting rubrobrassicin, malvin and mal-
vidin was greater in the presence of H,O, than HO-. The
reason for this phenomenon is, as yet, unknown. The
difference in reactivity between flavonoids and an-
thocyanins in the presence of H,0, or HO-, especially
the higher CL of anthocyanins in the presence of H,0,,
may suggest that anthocyanins having a pyrylium nu-
cleus, which can be easily hydrated to produce carbinol
forms under aqueous neutral condition (pH 7.0, phos-
phate buffer) have higher reactivity to H,0,, than the
flavonoids having a y-pyrone ring. It may be necessary,
however, to clarify the mechanism for the reaction of
anthocyanins with H,O,, elsewhere. In the presence of
H,0, or HO-, the CL intensity of delphinidin, which
possesses hydroxyl groups at C'-3, C'-4 and C’-5 was
greater than that of cyanidin (hydroxyl groups at C'-3
and C’-4), suggesting that an increasing number of hy-
droxyl groups vicinal to that at C'-4 is important for CL,
as was found for the flavonoids.

It is well known that the hydroxyl radical scavenging
activity of flavonoids is closely related to the number and
the position of hydroxyl groups on the B-ring [9, 10].
The results obtained here clearly demonstrate that the
CL intensity of the flavonoids in the presence of HO- was
also influenced by the number and the position of hy-
droxyl groups on the B-ring, analogously to that anti-
oxidative activity of flavonoids measured on liptd peroxi-
dation. The CL intensity of flavonoids in the presence of
HO- may also be influenced by the electro-negativity of
carboxyl group moiety because the order of CL intensity
of aromatic carboxylic acids was found to be
COOH- > COOH-CH =CH- > COOH-CH,-.

Although the mechanism and radical species involved
in the formation of CL have not been elucidated, bi-
oluminescence has already been observed in luciferase
[13-15] and soybean seedling [1, 2, 16], a finding which
suggests that CL may occur through the same mecha-
nism. The CL of flavonoids may occur through the
degradation of hydroperoxide, as an intermediate of the
radical reaction in the presence of H,0, or HO-. The
direct measurement of CL in the presence of aldehyde
and H,0, or HO, as reported here, with complement of
existing ESR spin-trapping and enzymatic technique
facilitate further investigation in this complex and chal-
lenging area.

EXPERIMENTAL

Reagents. Gallic acid was purchased from Nakarai
tesque Co. Isovanillic acid, quercetin, myricetin, apigenin
and flavone were purchased from Sigma. 3,5-Dimeth-
oxy-4-hydroxy-cinnamic acid and 3.4-dihydroxyphen-
ylacetic acid were purchased from Aldrich. Caffeic acid,

rutin and catechin were supplied by Tokyo Kasei and
syringic acid supplied by Kanto Chem. Isorhamnetin and
rhamnetin were synthesized as described by Jurd [23].
Rhamnetin was also prepared by the methylation of the
C-7 hydroxyl group of quercetin with diazomethane.
Isorhamnetin 3-glucoside, isoquercitrin, and diosmetin
7-0-glucoside were isolated from leaves of red turnip, red
clover, and carrot, respectively. Nasunin, rubrobrassicin,
and malvin were isolated from eggplant, red turnip and
wild grapes, respectively [24-26]. Delphinidin, cyanidin
and malvidin were prepd by hydrolysing nasunin, ru-
brobrassicin and malvin with 18% HCI, respectively.
Luteolin 4'-0O-glucoside and astilbin were gifts from Dr
M. Yasue (Yamagata Univ., Japan) and Dr K. Mizutani
(Mazuzen Pharmaceuticals Co., Japan), respectively.
Dihydroquercetin was synthesized according to the
method of Geissman etal. [27]. Flavonoids were
solubilized in 50% MeOH by sonification prior to use.
Chemiluminescence (CL) measurements. The CL of
flavonoids and other compounds were measured by a fil-
ter-equipped photon counting-type spectrometer (CLD-
110, Tohoku Electronic Ind.), connected to a Waters
Model 510 pump and U6K injector. A solution of 50%
MeOH diluted with SO mM phosphate buffer containing
1.5% H,0, and 5% Me CHO (pH 7.0) was used as
a mobile phase; the flow rate of 1 mlmin~! and temp. of
23° were according to the method of Watanabe et al.
[15]. The dispersed light at the grating was simulta-
neously detected on the photocathode with the image
sensor set at wavelengths from 300 to 650 nm. The
photons counted at the respective wavelengths were com-
puted totally as spectral intensities (10 count sec™ ).
Hydroxyl radical (HO-) was generated via the Fenton
reaction by adding 25 mM FeCl, to the sample injector.
Ten ul of sample was also directly injected into the
sample injector with or without FeCl,. The scavenging
activities of benzoic and cinnamic acids, and flavonoids
(5 mM, 10 ul) were measured by comparing with the CL
intensity of gallic acid (5 mM, 10 ul), respectively.
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