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Abstract

Xanthine oxidase inhibitors may serve as therapeutic agents for hyperuricaemia and/or oxidative stress. From our
continuing investigation, we proposed that some inhibitors for reactions catalyzed by xanthine oxidase consisted
of a head portion and a tail portion and that each portion had different functions for inhibition. In a previous
study on the effect of alkyl gallates on the uric acid formation catalyzed by xanthine oxidase it was shown that
the alkyl chain length needs to be longer than Cg4 to exert inhibitory activity. In the current study, compounds
having different head portions, alkyl caffeates, alkyl protocatechuates, alkyl 3,5-dihydroxybenzoates, 3,4-
dihydroxyphenylalkanoates and 3,5-dihydroxyphenylalkanoates were prepared, and their effects on the uric acid
formation were examined. A series of alkyl caffeates (C;-C,o) was demonstrated effective in inhibiting the uric
acid formation, and the inhibitory activity increased by increasing the alkyl chain length. However, none of the
other compounds was effective in inhibiting the uric acid formation. These results indicate that head portions in
these compounds are important for the inhibition of uric acid formation and require further a specific structural
feature to elicit the inhibitory activity.

Keywords: xanthine oxidase inhibition, uric acid formation, alkyl caffeates, cardol, alkyl protocatechuates, alkyl
3,5-dihydroxybenzoates

1. Introduction

Xanthine oxidase (EC 1.1.3.22), a molybdenum-containing enzyme, catalyzes the oxidation of hypoxanthine to
xanthine and ultimately to uric acid. The accumulation of uric acid leads to hyperuricaemia and gout (Hatano et
al., 1990; Nakanishi et al., 1990), so xanthine oxidase inhibitors may serve as therapeutic agents for
hyperuricaecmia and/or gout. Xanthine oxidase also generates superoxide anion, and an excess of superoxide
anion generation leads to peroxidative damage in cells (Fong, McCay, Poyer, Keele & Misra, 1973). So, xanthine
oxidase inhibitors are also useful to prevent postischemic injury (McCord, 1985). In our continuing investigation
of xanthine oxidase inhibitors, it has become evident that the balance of hydrophilic and hydrophobic moieties of
molecules is associated with the inhibitory activity. For example, 5-[8°(Z),11°(Z),14’-pentadecatrienyl]Jresorcinol
(1), isolated from the cashew Anacardium occidentale (Anacardiaceac), commonly known as cardol (C;s.;),
inhibits the generation of the superoxide anion catalyzed by xanthine oxidase, while its parent compound,
resorcinol (2), does not. A similar observation was noted between 5-alk (en) ylresorcinols referred to as cardols
and their parent compound, resorcinol, against tyrosinase (EC 1.14.18.1) (Kubo, Kinst-Hori & Yokokawa, 1994).
These results suggest that the alk (en) yl side chain length in cardol is related to the activity. In the xanthine
oxidase molecule, the active sites of uric acid formation and superoxide anion generation are different. That is,
an inhibitor which binds the xanthine binding site in xanthine oxidase inhibits the uric acid formation by
xanthine oxidase. In the case of 6-[8°(Z),11°(Z),14’-pentadecatrienyl]salicylic acid, commonly known as
anacardic acid (C;s3) (3), it binds to xanthine oxidase and cooperatively inhibits uric acid formation
(IC50=162£10 uM, n=1.740.2) but its parent compound, salicylic acid (4), does not possess this inhibitory
activity. The hydrophobic pentadecatrienyl chain, the tail portion of the inhibitors, is associated with
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hydrophobic binding to the enzyme. To confirm this function, we synthesized a homologous series of alkyl
gallates having different alkyl chain lengths and examined them. The longer hydrophobic alkyl chain (>C¢) of
the alkyl gallates, for example, octyl gallate (5), interacted with the hydrophobic region near the xanthine
binding site in the enzyme and induced binding. However, superoxide anion generation with xanthine oxidase is
equally inhibited by gallic acid (6) and all of the alkyl gallates, and this inhibition is not associated with the alkyl
chain length. This suggested that the inhibition of superoxide anion generation was caused by the binding of the
inhibitor to the FAD binding site followed by a reduction of the enzyme molecule with the pyrogallol moiety, the
head portion of the alkyl gallates (Masuoka & Kubo, 2004; Masuoka, Nihei, & Kubo, 2006).

In the current study, we examined the effect of different head portions in inhibitors on uric acid formation
catalyzed by xanthine oxidase, since the role of the hydrophilic head portion of the inhibitors is still so poorly
understood. The inhibition of the uric acid formation catalyzed by xanthine oxidase using compounds having
some different head portions was examined. The structures of these compounds are shown in Figure 1.
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Figure 1. Chemical structures of compounds having different head portions

2. Materials and Methods
2.1 Chemicals

The cardol (C;s.3) used in this experiment was available from our previous work (Kubo, Komatsu & Ochi, 1986).
Caffeic acid, protocatechuic acid, 3,5-dihydroxybenzoic acid, 1,3,4-trihydroxy-benzene, 1,3,5-trihydroxybenzene
and xanthine were purchased from Aldrich Chemical Co. (Milwaukee, WI) and Sigma Chemical Co. (St. Louis,
MO). The series of alkyl (C; - C;;) protocatechuates and alkyl (C; -Cy,) caffeates were synthesized by one step
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esterification utilizing DCC, as previously reported (Nihei, Nihei, & Kubo, 2003). The 'H NMR (500 MHz) data
for a typical compound, propyl caffeate, in CDCl; are as follows; 6 7.59 (1H, d, J = 15.9 Hz), 7.12 (1H, d, J =
1.8 Hz), 7.00 (1H, dd, J = 8.2, 1.8 Hz), 6.88 (1H, d, /= 8.2 Hz), 6.27 (1H, d, J = 15.9 Hz), 4.17 2H, t, J= 6.7
Hz), 1.73 (2H, sex, J = 6.7 Hz), 0.99 (3H, t, /= 6.7 Hz).

The synthesis of 3,4-dihydroxyphenylalkanoates (Cg- Cj,) was also achieved by one step esterification using
DCC. The 'H NMR (500 MHz) data for a typical compound, 3,4-dihydroxyphenylheptanoate, in CDCl; are as
follows; 6 6.90 (1H, d, J = 8.4 Hz), 6.44 (1H, d, J = 2.7 Hz), 6.38 (1H, dd, J = 8.4, 2.7 Hz), 5.63 (1H, bs), 5.19
(1H, bs), 2.58 (2H, t, J = 7.3 Hz), 1.75 (2H, quin, J = 7.3 Hz), 1.40 (2H, m), 1.26 (4H, m), 0.88 (3H, t, /= 6.4
Hz). Likewise, 3,5-dihydroxyphenylalkanoates (C; - C;3) were prepared via one step esterification utilizing DCC.
The "H NMR (500 MHz) data for a typical compound, 3,5-dihydroxyphenyloctanoate, in CDCl; are as follows; &
6.10 (3H, s), 2.54 (2H, t, J="7.5 Hz), 1.73 (2H, quint, J = 7.5 Hz), 1.32 (8H, m), 0.89 (3H, t, J = 6.7 Hz). Alkyl
(Cs - Cyp) 3,5-dihydroxybenzoates were synthesized from 3,5-dibenzyloxybenzoic acid and alcohol by the
Mitsunobu reaction followed by hydrogenolysis, as previously reported (Nihei et al., 2003).

2.2 Sample Solution
Compounds were dissolved with DMSQO, and for each a 10 mM solution was prepared.
2.3 Assay of Inhibitory Activity of Uric Acid Formation Generated by Xanthine Oxidase

The reaction mixture consisted of 2.76 mL of 40 mM sodium carbonate buffer containing 0.1mM EDTA (pH
10.0), 0.06 mL of 10 mM xanthine and 0.06 mL of sample solution, and was maintained at 25°C. The reaction
was started by the addition of 0.12 mL of xanthine oxidase (0.04 Unit), and the absorbance at 293 nm was
recorded for 60 s. A control experiment was carried out with DMSO as the sample solution. The reaction rate
was calculated from the proportional increase of absorbance.

2.4 Assay and Data Analysis

Each assay was performed in triplicate in separate experiments, and the assay was performed with Sigma plot
2001 (SPSS Inc., Chicago, IL). The inhibition mode and kinetic parameters were analyzed with Enzyme Kinetics
Module 1.1(SPSS Inc.) equipped with Sigma Plot 2001.

3. Results
3.1 Inhibitory Activity of Alkyl Protocatechuates and 3,4-Dihydroxyphenylalkanoates

The effects of the synthesized alkyl protocatechuates (8, 9) and 3,4-dihydroxyphenylalkanoates (10,11) on uric
acid formation catalyzed by xanthine oxidase were examined, and these compounds having a 3,
4-dihydroxybenzene portion exhibited weak inhibitory activity. The inhibitory activity was increased with
increases in the alkyl chain length. The data are summarized in Table 1. However, the data on the alkyl
protocatechuates having more than a Cg alkyl chain length is unclear due to solubility limitations in the
water-based test solution.

Table 1. Inhibition of uric acid formation by compounds having a 3,4-dihydroxybenzene portion. Superscript a
indicates 125 uM, and b indicates 200 uM

Compounds tested

Protocatechuic acid (7) No inhibition®
Propyl protocatechuate (8) No inhibition®
Octyl protocatechuate (9) 22% inhibition®
3,4-Dihydroxyphenyloctanoate (10) 7% inhibition®
3,4-Dihydroxyphenyldodecanoate (11) 27% inhibition”

3.2 Inhibitory Activity of Alkyl Caffeates and Related Compounds

Methyl coumarate (12, methyl 4-hydroxycinnamate), caffeic acid (13) and alkyl caffeates (14 - 20) were also
examined. Methyl coumarates and caffeic acid did not affect uric acid formation, but alkyl (C; — Cy¢) caffeates
exhibited competitive inhibition activity. This shows that the inhibition by alkyl caffeates increased with an
increasing the chain length. As we previously reported for alkyl gallates (Masuoka et al., 2006), the alkyl chain
length of alkyl caffeates (C; - Cyq) plays an important role in the inhibitory activity. Lineweaver-Burk plots of
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uric acid formation in the presence of propyl caffeate (15) are shown in Figure 2. Although alkyl
protocatechuates, 3,4-dihydroxyphenylalkanoates and alkyl caffeates all have a common catechol moiety
(3,4-dihydroxybenzene) and alkyl side chains, the alkyl caffeates have distinctly more potent inhibitory activity.

Table 2. Inhibition by methyl 4-hydroxycinnamate, caffeic acid and alkyl caffeates. Superscript a indicates 200
uM

Compounds tested ICso (LM) K; (uM) Type
Methyl 4-hydroxycinnamate (12) No inhibition® - -
Caffeic acid (13) No inhibition® - -
Methyl caffeate (14) 143+13 38.6+0.5 Competitive
Propyl caffeate (15) 30.242.1 7.810.8 Competitive
Butyl caffeate (16) 26.5+2.0 7.3£0.5 Competitive
Pentyl caffeate (17) 18.0£0.9 4.3+0.4 Competitive
Hexyl caffeate (18) 19.0£1.0 3.610.6 Competitive
Heptyl caffeate (19) 12.540.5 3.540.5 Competitive
Decyl caffeate (20) 10.0+1.0 3.3+0.5 Competitive
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Figure 2. Lineweaver —Burk plot of uric acid formation by xanthine oxidase in the presence of propyl caffeate
(15). @, 0.0 uM; O, 5 uM; V¥, 10 uM; V, 20 uM propyl caffeate

3.3 Inhibitory Activity of Cardol and Related Compounds

Cardol (Cis;3) (1), 3,5-dihydroxybenzoates (22 - 24) and 3,5-dihydroxyphenylalkanoates (25, 26) having the
same aromatic ring (3,5-dihydroxybenzene) and similar alkyl side chain lengths were examined. The
summarized results are shown in Table 3. Cardol did not inhibit uric acid formation up to 400 uM, but, after
preincubation for 3 min, a weak inhibitory activity was observed. Alkyl 3,5-dihydroxybenzoates and
3,5-dihydroxyphenylalkanoates hardly inhibited uric acid formation at all.
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Table 3. Inhibition by cardol and related compounds. Superscript a indicates that cardol (C;s.3) exhibited a week
inhibition after preincubation for 3 min, and the ICsowas 430 = 45 uM (K; =K;s=370 = 30 uM). In comparison,
cardanol (Cs3) exhibited a 25+ 2 % inhibition at 200 pM

Compounds tested At 200 uM
Resorcinol (2) No inhibition
Cardol (Cy53) *(1) No inhibition
3,5-Dihydroxybenzoic acid (22) No inhibition
Hexyl 3,5-dihydroxybenzoate (23) No inhibition
Dodecyl 3,5-dihydroxybenzoate (24) No inhibition
3,5-Dihydroxyphenylheptanoate (25) 10 % inhibition
3,5-Dihydroxyphenyltridecanoate (26) 21 % inhibition

4. Discussion

The xanthine oxidase-catalyzed reaction is known to proceed via transfer of an oxygen atom to xanthine from the
molybdenum center. X-ray crystallographic analysis of bovine milk xanthine oxidase indicated that one can
model the binding of bicyclic substrates, e.g. with Phe 1009 perpendicular to the six-membered ring of xanthine
and Phe 914 stacked flat on top of the substrate’s five-membered ring, which is then able to form a covalent
bond with one of the molybdenum ligands (Enroth et al., 2000). In terms of the inhibitory effect of the head
portion in compounds on the activity, we found that anacardic acid (C;s3) (3), which has a salicylic acid moiety
as the head portion, inhibited uric acid formation, but cardanol (Cis;3) (27), having a 3-hydroxybenzene moiety,
did not (Masuoka & Kubo, 2004).

To study the effect of the head portion in the compounds on their activity, the effect of alkyl protocatechuates
and 3,4-dihydroxyphenylalkanoates were examined (Table 1). Alkyl gallates having more than a Cychain length
were inhibitory (Masuoka et al., 2006), but alkyl protocatechuates and 3,4-dihydroxyphenyl alkanoates exhibited
only a very low inhibitory effect. This shows that a difference in the aromatic ring (3, 4, 5-trihydroxybenzoyl and
3, 4-dihydroxybenzoyl) portions in the inhibitors affected the inhibition of uric acid formation and suggested that
the latter hardly bound the xanthine binding site in xanthine oxidase.

To confirm the effect of the compound head portion on the activity, the effect of methyl coumarate (12) and
methyl caffeate (13) was examined. Methyl coumarate did not display any inhibitory effect for uric acid
formation but methyl caffeate did (Table 2). This result clearly indicated that the head (aromatic ring) portions
are important for the inhibition of uric acid formation.

It was observed that there is a substantial difference in the inhibitory activity of alkyl caffeates and alkyl
protocatechuates, or 3,4-dihydroxyphenylalkanoates. The inhibitory effect of alkyl caffeates was higher than that
of the alkyl protocatechuates and 3,4-dihydroxyphenylalkanoates, even though these compounds have a same
head portion and similar alkyl chains. The only difference between them is the positon of the ester bond. This
suggests that alkyl caffeates having a propionate ester in the connective portion between tail and head portions
have a higher affinity to the xanthine binding site than compounds having benzoyl or benzoxy ester in the
connective portion. As Wang et al. (2009) previously reported that the interaction between the tail portion of
phenethyl caffeate (21) and the hydrophobic area near the xanthine binding site in xanthine oxidase is
considerable, in addition to the head and tail structures, we deduced that the position of the ester group in the
connective portion between the tail and head portions is another important property for the binding to the
xanthine binding site in xanthine oxidase.

Alkyl benzoates Ph-CO - QO - CH,- CH, - (CH,),-H

Phenylalkanoates Ph-O - CO - CH, - CH, - (CH,),-H

Alkyl caffeates Ph-CH=CH-CO -0 - (CH,),-H
Head Connective Tail
portion portion portion

To understand antioxidant activity of cardol (Cis;3) (1), we examined cardol, 3,5-dihydroxybenzoates (22 - 24)
and 3,5-dihydroxyphenylalkanoates (25, 26). Cardol displayed an inhibition (IC5,=115+10 pM, n=5.2+0.2) of
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superoxide anion generation but a weak inhibition of uric acid formation, after preincubation for 3 min (Table 3).
Cardol (C;s3), alkyl 3,5-dihydroxybenzoates and 3,5-dihydroxyphenylalkanoates all scarcely inhibit uric acid
formation. As these compounds, which have the same aromatic ring (3,5-dihydroxybenzene) and alkyl side chain
lengths, hardly bind to the xanthine binding site in xanthine oxidase, we confirmed again that difference in the
aromatic ring portions in the compounds is important for the inhibition of uric acid formation. It was also
deduced that the antioxidant activity of cardol (C;s;3) was due to a binding to the superoxide generation (FAD),
not to binding to the uric acid formation site or a reduction of xanthine oxidase. This suggested that cardol (C;s)
is a specific inhibitor for superoxide anion generation catalyzed by xanthine oxidase. Further study is currently in
progress.
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