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ARTICLE INFO ABSTRACT

Oxidative coupling reactions of several flavonoids with a cysteine ester (a radicalic and
nucleophilic biochemical) were carried out and the abilities of the coupling products against
xanthine oxidase (XO) were screened. One of the products, derived from luteolin, showed a
notable inhibitory effect. A potent XO inhibitory compound was isolated from the complex
mixture of the product of the coupling of luteolin and cysteine ethyl ester, and its structure was
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determined by NMR and MS analysis. The compound has a unique 1,4-thazine ring unit on the
luteolin B-ring and is inhibited XO 4.5 times more strongly than it did luteolin.

Polyphenols have attracted considerable attention because
they have various beneficial effects on human health." Note that
most polyphenols are not very stable under oxidizing conditions.
This ability of polypohenols to be easily oxidized is responsible
for their potent antioxidant activities® and for activating cell
response systems to oxidative stress.* Chemically, oxidation of
polyphenols produces new products that will have not only
different chemical structures but also different functionality. We
have recently found that an oxidation product of rosmarinic acid
strongly inhibits for tyrosinase® and that an oxidation product of
resveratrol strongly inhibits lipoxygenase.® The oxidative
conversion of polyphenols, particularly a polyphenol with a
catechol structure, proceeds via the semiquinone radical and
subsequent orthoquinone before the final stable product is
formed. Therefore, radicalic or nucleophilic molecules
surroundings the polyphenol should react with the oxidizing
polyphenols. Such coupling reactions afford new products having
new functions.

Recent increases in the occurrence of lifestyle-related diseases
are causing serious social problems. Gout has now been
recognized as a lifestyle-related disease, although it was
historically referred to as “the king of diseases.” The number of
patients with gout and related hyperuricemia in Japan has
increased by a factor of three in the last 20 years because of
dietary changes and the increased occurrence of metabolic
diseases.” Gout is an inflammatory disease that is caused by
elevated concentrations of uric acid crystals in serum. Uric acid

is the final metabolite produced from the catabolism of purine in
humans, and it is produced by the oxidation of xanthine and
hypoxanthine by a key enzyme, xanthine oxidase (XO).
Therefore, potent inhibitors of XO are believed to be good
candidates for treating gout.

Flavonoids are widely distributed polyphenols that are easily
obtained from plants. Cysteine is an amino acid found in proteins
that is strongly reactive because of its thiol and amino groups.
The thiol group has not only potent nucleophilcity but also the
potential to form a reactive thiyl radical in the presence of f-
amino or carboxylate anions.® Therefore, cysteine has the ability
to react with oxidized polyphenols through both nucleophilic and
radicalic reactions at the thiol group.
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Figure 1 Structures of luteolin and oxidative coupling product
with cysteine ester. (Each position numbering is based on that of
luteolin)

We carried out oxidative coupling reactions between several
flavonoids (kaempferol, quercetin, myricetin, taxifolin, luteolin,
morin, and catechin) and cysteine ethyl ester, and the degrees to
which the product mixtures that were obtained inhibited XO were
determined. The oxidative coupling reaction between a flavonoid
and cysteine ester was carried out as follows. An acetonitrile
solution comprising flavonoid (1.25 mmol L), cysteine ethyl
ester hydrochloride (1.25 mmol L), and triethylamine (1.25
mmol L) was prepared, and 2,2-diphenyl-1-picrylhydrazyl
(DPPH) powder (4 eq.) was added to the solution (at 23 °C) with
stirring. The mixture was allowed to stand for several minutes,
and passed through a short octadecyl silica gel (1.5 mL) column
to remove the reduced DPPH (DPPH-H). The column was eluted
with 1% acetic acid in a H,O—CH3;CN mixture (between 50:50
and 40:60 v/v). The eluate was collected until just before the
DPPH-H was eluted, and was evaporated under a reduced
pressure. The abilities of the residues that were obtained to
inhibit XO were measured using a previously reported method.’
Some flavonoids have been found to inhibit XO.* We found that
XO was strongly inhibited (> 50% inhibition) by kaempferol,
luteolin, myricetin, and quercetin at concentrations of 33 and 100
umol L™ (Fig. S1 in supporting information). The oxidation of
most of the flavonoids that we examined resulted in a decrease in
their abilities to inhibit XO. Only the ability of luteolin (1) to
inhibit XO was not decreased when it had been oxidized in the
presence of cysteine ester. These results indicate that one or more
potent XO inhibitors were present in the product mixture when
luteolin reacted with cysteine ester (Fig. 1).

The product mixture produced by the oxidation reaction
between luteolin and cysteine ester was analyzed by HPLC, and
one of the several product peaks was dominant. This peak was
not observed in the DPPH oxidation product mixture when only
luteolin was used as a substrate. These results indicated that the
dominant product (2) must play an important role in the
inhibition of XO. Next, we isolated 2 and determined its
structure. A solution of luteolin (100 mg) and one equivalent of
cysteine ethyl ester hydrochloride was prepared in CH5;CN, and
triethylamine (50 pL) and DPPH (550 mg) were subsequently
added to the solution (at 23 °C), with stirring. The solution was
allowed to stand for several minutes and evaporated to dryness
under a decreased pressure. The residue was suspended in ca. 1
mL of chloroform containing 0.02 mL of acetic acid, and the
resulting suspension was removed by centrifugation at 2000 rpm
for 5 min. The supernatant was purified by preparative HPLC
using a Cosmosil 5SP-Il (250 mm long, 10 mm i.d.) column,
using a mixture of n-hexane and 1% acetic acid in ethyl acetate
(70:30 v/v) as the mobile phase at a flow rate of 7 mL/min. The
chromatographic peaks were detected at a wavelength of 350 nm.
The eluate that contained a peak that eluted at 28 min was
collected, and this contained compound 2 (30 mg). The HR-ESI-
MS of 2 (m/z 412.0474 [M—H]) revealed that the molecular
formula of 2 was C,H4,NO,S, which indicated that 2 was an
equimolar coupling product of luteolin and cysteine ester. One
proton signal (H-2) was missing from the ‘H-NMR spectrum of
2 compared with the spectrum of luteolin, but all of the other
proton signals on the A- and C-rings were almost the same in the
spectra of luteolin, indicating that the cysteine reacted with the 2-
position of the B-ring of luteolin. The detailed structure around
the 2-position was deduced from the correlations that were found
in the HMBC of 2 (Table 1 and Fig. 2). The results showed that 2

has a unique structure, with a 1,4-thiazine ring formed at the 2'-
position via sulfur and at the 3'-position via nitrogen, as is shown
in Fig. 2. Similar thiazine compounds have also identified as a
model of an intermediate of pheomelanin biosynthesis by
Naoliano et al.'* Catechol structure found in luteolin and Dopa
may afford these thiazine in the presence of cysteine under
oxidation conditions.

Table 1 *°C and 'H NMR Data for 2 (acetone-dg, 400 MHz)

position C Correlated Hin ~ H (mult., Jin
HMBC Hz)

2 164.7 H-3, H-6'

3 109.3 6.39 (s)

4 182.7 H-3

4a 105.2 H-3, H-6, H-8

5 163.6° H-6

6 100.0 H-8 6.29 (d, 1.6 Hz)

7 165.2 H-8

8 94.7 H-6 6.44 (d, 1.6 Hz)

8a 158.7 H-8

1 1225 H-3

2 127.8 H-6', H-3"

3 157.5°  H-&

4 157.5°  H-5, H-6’

5’ 113.8 6.97 (d, 8.8 Hz)

6’ 132.6 7.73 (d, 8.8 Hz)

1" 163.4° 1"-OCH;

2" 149.0 H-3"

3" 229 3.64 (s)

1"-0CH,CH, 63.0 1"-OCH,CHjs 4.40 (q, 7.2 Hz)

1"-OCH,CHs 14.4 1"-OCH;, 1.37 (t, 7.2 Hz)

2 These values are interchangeable. ® Both or one side may have this value.
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Fig. 2 HMBC correlations around B-ring of 2.

The proposed mechanism through which the unique structure
of 2 is produced is illustrated in Fig. 3. First, DPPH abstracts
hydrogens from the 3'- or 4’-hydroxy groups because the bond
dissociation energies are lower in these groups than in all of the
other hydroxyl groups in luteolin.”*** A thiyl radical, which is
produced from the reaction between cysteine ester and DPPH,
reacts at the 2'-position, a captodative position, through a very
fast radical coupling reaction to produce 5. In an alternative
route, quinone 4 is produced by an additional equivalent of



DPPH; then, the cysteine thiol moiety reacts at the 2'-position of
the quinone as the nucleophile to produce adduct 5. Although the
reason for the selectivity of the reactions occurring at the 2’- and
5'-positions is unclear, LUMO of 2, which was calculated using
MOPAC, indicates that the most reactive positions are the ortho-
positions of carbonyl groups in quinone 4 (Fig. S2 in supporting
information). After the coupling has occurred, the a-amino group
of the cysteine moiety condenses with the 3'-oxo group of 5 to
produce a thiaza ring system, as shown in structure 6. The ene-
amino-alcohol structure seen at the 3'- and 4'-positions of 7 is
very easily oxidized, so the excess DPPH that is present oxidizes
7 to produce 8, which then gives the stable compound 2 as the
final product.

. DPPH
Radical Coupling/RS <——— RS Nucleophilic Addition

DPPH (2 eq.)
(fast)
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Fig. 3. Proposed formation mechanism of 2

The ability of 2 to inhibit XO was determined using a
previously reported procedure.” Compound 2 inhibited XO in a
concentration-dependent manner at between 1 and 10 pmol L%
and its 1Csy was found to be 1.7 umol L% Luteolin is recognized
as being a strong XO inhibitor that is found in various medicinal
herbs,*® and using our method, its 1Cs, value was found to be 7.8
umol L™ Therefore, the coupling reaction between luteolin and
cysteine ethyl ester produced a product that inhibited XO 4.5
times more effectively than luteolin.

Luteolin is a widely distributed flavonoid in the plant
kingdom, and it has been found to have various biological
activities, including as an XO inhibitor, an antioxidant, an anti-
inflammatory agent, and a chemopreventive agent for cancer
treatments.™ Expectations of improving on the various beneficial
activities of flavonoids themselves have prompted medicinal
chemists to produce many derivatives of flavonoids. Derivatives
of luteolin that have been synthsized have included glycosides
for use as anti-inflammatory agents®, and alkyl ethers for use as
dopamine transporter activators'® and antibacterial agents."” An
oxathiolane derivative of quercetin was found to inhibit XO more
than quercetin itself." In this communication we have reported a
new luteolin derivative that inhibits XO more effectively than
luteolin itself. The derivative is formed through an oxidative
coupling reaction, and this could be a useful method for
preparing efficient bioactive derivatives of polyphenolic
flavonoids.
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