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a b s t r a c t

We employed 1,1-diphenyl-2-picrylhydrazyl hydrate (DPPH)– and 5,5-dimethyl-1-pyrroline-

N-oxide (DMPO)–electron spin resonance (ESR) to study the effects of suppression of reactive

oxygen species (ROS) by eight selected coumarin derivatives under oxidative conditions.

Esculetin was the most potent radical scavenger among the eight tested compounds. Our

results suggest that the number of hydroxyl groups on the ring structure of coumarins is

correlated with the effects of ROS suppression. We also investigated the effect of the

derivatives on the inhibition of xanthine oxidase (XO) activity, and the structure–activity

relationships (SARs) of these derivatives against XO activity were further examined using

computer-aided molecular modeling. All determined derivatives competitively inhibited

XO. The results of the structure-based molecular modeling exhibited interactions between

coumarins and the molybdopterin region of XO. The carbonyl pointed toward the Arg880,

and the ester O atom formed hydrogen bonds with Thr1010. Esculetin, which bears two

hydroxyl moieties on its benzene rings, had the highest affinity toward the binding site of

XO, and this was mainly due to the interaction of 6-hydroxyl with the E802 residue of XO.

The hypoxanthine/XO reaction in the DMPO-ESR technique was used to assess the com-

bined effect on enzyme inhibition and ROS suppression by these coumarins, and the results

showed that esculetin was the most potent agent among the tested compounds. We further

evaluated the effects of the test compounds on living cells, and esculetin was still the most

potent agent at protecting cells against ROS-mediated Ab-damage among the tested cou-

marins.
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1. Introduction

A redox imbalance in a healthy living system leads to

malfunctioning of cells that ultimately results in various

diseases, including cancer, neurological degeneration, and

arthritis as well as accelerating the aging process. These

consequences become even more harmful when genetic

variations impair the normal degradation of these altered

proteins. Therefore, therapeutic strategies should aim at

reducing free-radical formation and scavenging free radicals

[1]. The toxicity ascribed to the superoxide radical is believed

to be caused by superoxide’s direct interaction with biological

targets. Reactive oxygen species (ROS) can initiate a wide

range of toxic oxidative reactions [2]. ROS released by

phagocytic cells are involved in the link between inflamma-

tion and cancer. Excessive and persistent formation of ROS by

inflammatory cells is thought to be a key factor in their

genotoxic effects. Intracellular ROS production is associated

with a number of cellular events including activation of

NAD(P)H oxidase, xanthine oxidase (XO), and the cellular

mitochondrial respiratory chain [3].

XO is an important source of free radicals and has been

reported in various physiological and pathological models. XO

causes gout and is responsible for oxidative damage to living

tissues. This enzyme reduces molecular oxygen, leading to the

formation of O2
�� and hydrogen peroxide. Regulation of XO

activity is important during inflammation [4]. Treatment with

an XO inhibitor largely prevented the development of

endothelial dysfunction and atherosclerosis in mice [5]. XO

catalyses the oxidation of hypoxanthine and xanthine to uric

acid yielding superoxide radicals and raises the oxidative level

in an organism. Hydroxylation takes place at the molybdop-

terin center (Mo-pt) via an Mo–OH oxygen which forms a bond

with a carbon atom of the substrate such that the oxygen atom

is derived from water rather than molecular oxygen [6]. The

active form of XO is as a homodimer with a molecular weight

of 290 kDa, with each of the monomers acting independently

during catalysis. Each subunit contains one molybdopterin

cofactor, two distinct [2Fe–2S] centers, and one FAD cofactor.

The co-crystal structure of salicylate–XO was first reported by

Enroth et al. [7] and was provided for structure-based docking

studies.

Natural polyphenols can be divided into several different

classes depending on their basic chemical structure which

ranges from simple molecules to highly polymerized com-

pounds. Coumarin (known as 1,2-benzopyrone), consisting of

fused benzene and a-pyrone rings, is an important group of

low-molecular weight phenolics [8] and has been widely used

for the prevention and treatment of venous thromboembo-

lism, myocardial infarction and strokes [9]. Coumarins acting

to inhibit XO inhibition have been reported [10]. The structure–

activity relationships (SARs) of coumarins interacting with

this enzyme have also been discussed [11,12]. However, the

influences of enzyme–substrate binding by coumarins and the

stereochemistry on XO have not been characterized. In this

study, the protective effect of some coumarins against ROS

and their influence on binding to the active site of XO by

various substitution groups and positions on coumarins were

investigated. We also combined the ROS-scavenging and XO-

inhibition roles of coumarins in order to identify which
compounds are more vital to therapeutic applications. We

eventually applied our results to living cells to confirm the

conclusions drawn from the in vitro experiments.
2. Materials and methods

2.1. Materials

Coumarin, 4-hydroxycoumarin, 7-hydroxycoumarin, escule-

tin, scopoletin, dihydrocoumarin, 4-methylesculetin, and 7-

hydroxy-4-methylcoumarin were purchased from ACROS

(Geel, Belgium) (Fig. 1). XO (XO, EC 1.2.3.2.), xanthine, and

allopurinol were purchased from Sigma (St. Louis, MO). All of

the solvents used in this study were from E. Merck (Darmstadt,

Germany). Minimum essential medium (MEM), fetal bovine

serum (FBS), penicillin, and streptomycin were obtained from

Gibco BRL (Grand Island, NY). b-Amyloid peptide (Ab25–35

fragment) was purchased from Jerini Peptide Technologies

(Berlin, Germany).

2.2. Cell culture

Neuro-2A neuroblastoma cells (BCRC 60026) were purchased

from CCRC (Culture Collection and Research Center, Hsinchu,

Taiwan). Cells were grown in MEM containing 10% FBS, 1%

nonessential amino acid, and 100 mg/ml penicillin–strepto-

mycin. Conditions were maintained in humidified 95% air/5%

CO2 incubator at 37 8C.

2.3. DPPH radical-scavenging assay

The reaction was performed in 3 ml of methanol containing

250 mM of freshly prepared 1,1-diphenyl-2-picrylhydrazyl

hydrate (DPPH). The reaction mixtures were protected from

light and incubated for 90 min at room temperature, after

which the absorbance of the remaining DPPH was deter-

mined colorimetrically at 517 nm. The scavenging activities

of coumarins (100 mM) were measured as the decrease in

absorbance of DPPH expressed as a percentage of the

absorbance of a control DPPH solution without coumarins

[13].

2.4. XO activity assay

The enzyme activity was measured spectrophotometrically by

continuously measuring uric acid formation at 295 nm with

xanthine as the substrate. The XO assay consisted of a 500-ml

reaction mixture containing 7.5 mM phosphate buffer, 20 mM

3-(cyclohexylamino)-1-propanesulfonic acid (CAPS), 38 mM

EDTA (pH 7.0), 3 U/l XO, and 50 mM xanthine as the substrate.

The assay was initiated by adding the enzyme to the reaction

mixture without or with inhibitors. The assay mixture was

incubated for 3 min at 37 8C, and absorbency readings were

taken every 5 s [14]. The extent of inhibition was expressed as

the chemical concentration required to inhibit 50% of the

enzyme activity (IC50). The inhibition type was determined by

the Lineweaver–Burk plot. The substrate concentrations were

20, 40, and 60 mM, respectively, in the reaction mixture without

or with inhibitors. All data obtained from the enzyme assays



Fig. 1 – Chemical structures of the coumarin derivatives.
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and plotting was carried using Excel (Microsoft Office 2003,

Microsoft, Taiwan).

2.5. Computational molecular docking

To explore the probable binding interactions of the inhibitors

with XO, we performed molecular modeling studies using the

docking program AutoDock (vers. 3.0) [15]. AutoDock can dock

conformationally flexible ligands into a protein, while keeping

the protein fixed. The X-ray crystal structure of bovine XO in a

complex with salicylate (PDB ID code 1FIQ, Protein Data Bank:

http://www.rcsb.org/pdb) [7] was used for the docking studies.

The A- and B-chains of the protein and all small molecules

were removed except for the two structural waters, Wat176

and Wat196, at the active site. The Wat176 water molecule was

found to be H-bonded to the carboxylate group of salicylate. In

addition, an oxygen atom single-bonded to the Mo ion was

replaced with a water molecule to mimic the water supply

during enzyme catalysis. After adding polar hydrogens, the

protein atoms were assigned Kollman united-atom partial

charges. The 3D structures of the inhibitor molecules were

built and optimized by energy minimization using the Tripos

force field in the software package SYBYL 6.5 (Tripos, St. Louis,

MO). The partial atomic charges were calculated using the

Gasteiger–Marsili method [16]. Rotatable bonds in the ligands

were assigned with AutoTors implemented in the AutoDock

program. To carry out docking simulations, a grid box was

defined to enclose the active site with dimensions of

22.5 Å � 22.5 Å � 22.5 Å and a grid spacing of 0.375 Å. The grid

maps for energy scoring were calculated using AutoGrid.

Docking calculations were performed using the Lamarckian

genetic algorithm (LGA) and the pseudo-Solis and Wets local

search method. Default parameters were used except for the

maximum number of energy evaluations (1 � 106) and docking

runs (100). From the docking results, the best-scoring (i.e., with

the lowest docking energy) docked model of a compound was

chosen to represent its most favorable binding mode predicted

by AutoDock. In the present study, all computer simulations

were performed on a Silicon Graphics Octane workstation

(R12000 270-MHz dual processor) or a Silicon Graphics O2

workstation (R5000 180-MHz single processor).
2.6. ESR trapping assay

Inhibition of iron-induced �OH formation was determined

using the ESR trapping technique in combination with 5,5-

dimethyl-1-pyrroline-N-oxide (DMPO). The signal intensity of

DMPO–OH (an adduct of DMPO and a hydroxyl radical) was

obtained from the Fenton reaction system containing 60 mM

DMPO, 2 mM H2O2, and 50 mM ferrous ammonium sulfate with

(20, 50, and 100 mM, respectively) or without the test

coumarins. This mixture was transferred to a flat quartz cell,

and the ESR spectrum was measured 40 s after the addition of

ferrous ammonium sulfate. The signals generated in the

reaction system were detected using a Bruker ER070 spectro-

meter (Karlsruhe, Germany) at room temperature [17]. The

intensity of the DMPO–OH spin adduct was evaluated by

comparing the peak height of the signal. Instrumental

conditions were as follows: a central magnetic field of

3475 G, an X-band modulation frequency of 100 kHz, power

of 6.4 mW, a modulation amplitude of 5 G, a time constant of

655.4 ms, and a sweep time of 83.9 s. ESR spectra were

measured at room temperature.

Combined ROS-scavenging and XO-inhibition activities

were measured using the DMPO spin adduct generated in

the hypoxanthine (HPX) and XO reaction system by the spin-

trapping method [18]. Specifically, 20 ml of a sample solution

was mixed with 30 ml of 5 mM HPX, after which 20 ml of 5.5 mM

diethylenetriaminepentaacetic acid (DTPA), 10 ml of 9 M

DMPO, and 20 ml of 0.4 U/ml XO solution were added to the

reaction solution in a test tube. The measurement was taken

immediately after quickly stirring the mixture. A 200-ml

aliquot of the mixture was placed into a flat cell.

2.7. MTT cell viability assay

The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-

lium bromide] assay was described by Hansen et al. [19] to test

the cytotoxicity of reagents and cell viability. Cells (5000 cells

per well) were grown on a 96-well plate supplemented with

MEM medium (with 1% FBS) for 24 h. Cells were treated with

aggregated Ab25–35 (15 mM), and the viability was determined

by the reduction of MTT. For determining the protective effects

http://www.rcsb.org/pdb
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of coumarins on Ab-induced neurotoxicity, Neuro-2A cells

were co-treated with Ab25–35 (15 mM) for 24 h in the presence of

coumarins (3.0 mM). An MTT stock solution (5 mg of MTT/ml of

phosphate-buffered saline; PBS) was added to growing

cultures (at a final concentration of 0.5 mg/ml). The OD was

measured with a spectrophotometer (Thermo Varioskan

Flash, Vantaa, Finland) at 560 nm. A blank with DMSO alone

was measured and subtracted from all values.
Fig. 2 – Antioxidative activities of coumarins on the DPPH radic

Effect of coumarin derivatives on the DPPH radical. The reaction

90 min at room temperature, after which the absorbance of the re

The scavenging activity of coumarins (100 mM) was measured a

percentage of the absorbance of a control DPPH solution without

DMPO–OH formation. ESR spectra of the DMPO–OH signal obtai

concentrations of esculetin (left panel) and 4-methylesculetin (r

50 mM Fe(II), and 2 mM H2O2 (control) or various concentration (
2.8. Measurements of intracellular ROS

Levels of cellular oxidative stress were measured using the

fluorescent probe, dihydrorhodamine 123 (DHR123), as

described previously [20]. The DHR123 dye enters mitochon-

dria and fluoresces when oxidized by ROS. After treatment

with 15 mM of the Ab25–35 fragment or co-treatment with

esculetin (3.0 mM) for 24 h, cells were stained with 10 mM
al and in the electron spin resonance (ESR) spectrum. (A)

mixtures containing 250 mM DPPH were incubated for

maining DPPH was determined colorimetrically at 517 nm.

s the decrease in absorbance of DPPH expressed as a

coumarins. (B) Effect of esculetin and 4-methylesculetin on

ned from the Fenton reaction system with various

ight panel). Reaction mixtures contained 60 mM DMPO,

20, 50, and 100 mM) of the respective test compounds.
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DHR123 for 30 min, and washed with PBS. Cells were imaged

using a confocal microscope (Leica TCS SP5, Bensheim,

Germany). Cells were located under bright-field optics and

then scanned once with the laser (488 nm for excitation and

510 nm for emission).
3. Results

3.1. Antioxidative activities of coumarins

The extents of inhibition of DPPH– and DMPO–OH by the

various test compounds were assessed to determine their

antioxidant activities. Fig. 2A shows that esculetin and 4-

methylesculetin were the two most potent agents in reducing

DPPH radicals (with IC50 values of 5.42, and 5.91 mM,

respectively, compared to ascorbic acid with an IC50 value

of 9.95 mM) among the coumarins tested. 4-Hydroxylcoumar-

ine displayed a less-potent effect with an IC50 value of

79.76 mM. Other selected coumarins had no significant effect

in scavenging DPPH radicals.

ESR in combination with spin trapping techniques was

utilized to further verify that the tested compounds possess

the ability to scavenge hydroxyl radicals, and the results are

shown in Fig. 1B. DMPO is the spin trapping reagent that reacts

with hydroxyl radicals to generate the spin resonance signal,

and this spin resonance signal can be quantified with ESR. The

hydroxyl radical scavenger competes with DMPO for hydroxyl

radicals; thus, the ESR signal will diminish. In the absence of

an antioxidant, 2 mM of H2O2 and 50 mM of FeSO4 generated an

ESR signal with a peak height of 90, but under the same

conditions, the peak heights of ESR signals were reduced to 32

in the presence of 100 mM esculetin (Fig. 2B, left panel). The IC50

(determined as the chemical concentration to reduce 50% of
Fig. 3 – Kinetic assays of xanthine oxidase inhibition by

esculetin. A Lineweaver–Burk double-reciprocal plot was

constructed for the inhibition of xanthine oxidase by

esculetin. The plot is expressed as 1/velocity vs. 1/

xanthine (mMS1) without or with an inhibitor in the

reaction solution.
the peak height without the antioxidant) of esculetin was

72.83 mM, while that of 4-methylesculetin was 94.84 mM

(Fig. 2B, right panel). The results were combined with prior

results of the DPPH radical experiments, which suggested that

esculetin and 4-methylesculetin are the two most effective

radical scavengers among the tested coumarins.

3.2. Competitive inhibition of XO by coumarins

The xanthine/XO (X/XO) reaction is an important biological

source of ROS generators, and this reaction is known to be

involved in many pathological processes. An inhibitor of XO

has the potential to be a therapeutic agent for hyperuricemia

and ROS-induced diseases. Allopurinol, a potent inhibitor of

XO, is clinically used for gout treatment to prevent urate from

accumulating in joints. XO has been reported to be inhibited by

coumarins. Since the compounds tested herein are structural

analogues of coumarins, we were also interested in studying

the effects of these compounds on XO activities. Thus, we

assayed the test compounds with XO, and the results were

analyzed by Lineweaver–Burk plots. The Lineweaver–Burk plot

revealed that esculetin competitively inhibited XO (Fig. 3) with

an IC50 of 10.84 mM compared to an IC50 of 1.07 mM for

allopurinol (Table 1). 4-Methylesculetin and 4-hydroxycou-

marins were also competitive inhibitors with IC50 values of

75.79 and 78.13 mM, respectively. In contrast, coumarin,

dihydrocoumarin, 7-hydroxycoumarin, scopoletin, and 7-

hydroxy-4-methylcoumarin showed lower inhibitory activ-

ities (IC50 values of >100 mM) in this assay. Esculetin was the

most potent inhibitor against XO among the tested com-

pounds. These results indicated that all determined coumarin

analogues were competitive inhibitors (Suppl. Fig. 1) of XO and

they inhibited XO activities through a substrate binding

blockade.

3.3. 3D modeling of the docking of coumarin derivatives on
XO

We were interested in visualizing the effects of coumarins on

XO in order to gain insights into the observed activities and

elucidate the SARs; a 3D molecular model was created to

evaluate the docking of selected compounds on XO. From prior

kinetic assays, we learned that the test compounds were

competitive inhibitors; therefore, we focused coumarin dock-

ings on the active site, the molybdopterin domain of XO. All

coumarins bind to the molybdopterin domain of XO, which

forms several hydrogen bonds with the polypeptide residues.

The carbonyl closely interacts with the guanidinium group of

Arg880. The O atom of the pyrone ring forms hydrogen bonds

with the hydroxyl side chain of Thr1010. Esculetin (Fig. 4A) and

4-methylesculetin (Fig. 4B) exhibited potent affinities toward

the molybdopterin domain which is due to an interaction of

the 6-hydroxyl with the E802 residue of XO. Methyl substitu-

tion of the 6-hydroxyl group of esculetin hampered the

interaction with the E802 residue resulting in lower XO-

inhibition activity of scopoletin (Fig. 4C). The 7-hydroxyl group

forms a hydrogen bond with the H atom of the residue S876

(Fig. 4D). Coumarin (Suppl. Fig. 2A) and dihydrocoumarin

(Suppl. Fig. 2B), both of which lack a hydroxyl group connected

to the benzene ring, displayed a very low affinities to the



Table 1 – Inhibition of xanthine oxidase by coumarins

Compound Inhibition (%)a IC50 (mM)b Inhibition type

Coumarin 1.59 � 5.61 >100 ND

4-Hydroxycoumarin 37.18 � 3.80 78.13 � 3.11 Competitive

7-Hydroxycoumarin 8.67 � 3.05 >100 Competitive

Esculetin 83.44 � 2.76 10.84 � 0.14 Competitive

Scopoletin 4.55 � 3.46 >100 Competitive

Dihydrocoumarin 5.32 � 3.90 >100 ND

7-Hydroxy-4-methylcoumarin 4.65 � 2.93 >100 Competitive

4-Methylesculetin 37.35 � 2.20 75.79 � 1.98 Competitive

Allopurinol 99.43 � 2.23 1.07 � 0.01 Competitive

ND: not determined.
a The percent (%) inhibition was calculated according to the formula: [(product formation of the uninhibited control � product formation of

50 mM coumarin)/(product formation of the uninhibited control)] � 100%.
b The IC50 value was determined as the chemical concentration which inhibited 50% of the enzyme activity with 3 U/l xanthine oxidase and

50 mM xanthine as substrate.
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enzyme. The interaction between 4-hydroxyl and a water

molecule was important for coumarin binding (Suppl. Fig. 2C).

The docking interaction energies of various test compounds

(Suppl. Table 1) reflected the affinities and were consistent

with the IC50 values to a certain extent.
Fig. 4 – Molecular models of the binding of coumarins to the act

the coumarins: (A) esculetin, (B) 4-methylesculetin, (C) scopolet
3.4. Total activities of reducing ROS formation and ROS
scavenging by coumarins in the hypoxanthine/XO reaction

In addition to possessing ROS-scavenging activity, coumarins

also inhibit XO activity leading to a reduction in ROS
ive site of xanthine oxidase. A three-dimensional model of

in, and (D) 4-methyl-7-hydroxycoumarin.



Table 2 – Total activities of reduced ROS formation and
ROS scavenging by coumarins in the hypoxanthine/
xanthine oxidase reaction using electron spin resonance
(ESR) combined with the DMPO trapping assay

Compound Inhibition of the
DMPO–OOH
signals (%)

Coumarin 10.88 � 0.81

4-Hydroxycoumarin 70.9 � 1.73

7-Hydroxycoumarin 15.14 � 1.97

Esculetin 89.16 � 0.91

Scopoletin 37.48 � 5.45

Dihydrocoumarin 20.52 � 8.89

7-Hydroxy-4-methylcoumarin 32.64 � 16.51

4-Methylesculetin 81.18 � 1.09

Allopurinol 46.16 � 2.83

The abilities of 200 mM coumarins or allopurinol to scavenge

superoxide radicals produced from 0.6 mM hypoxanthine and

0.0018 U XO were measured by ESR spectroscopy as described in

Section 2. Data represented as the mean � S.D., n = 4. The percent

(%) inhibition was calculated according to the formula: [(peak

height of the control � peak height of coumarin)/(peak height of

the control)] � 100%.
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formation. From above experimental results, esculetin was

the most potent inhibitor of XO and ROS scavenger among the

tested compounds. We used ESR combined with the DMPO

trapping assay with xanthine/hypoxanthine in the presence or

absence of coumarins to evaluate their total activities for ROS

scavenging and reducing ROS formation, and the results are

shown in Table 2. Esculetin (89.16% inhibition) was the most

potent agent competing with DMPO on ESR signals compared

with 4-methylesculetin and allopurinol (81.18 and 46.16%

inhibition, respectively). Supplemental Fig. 3 shows the dose-

dependent manner of suppression of the ESR peak heights

with esculetin and 4-methylesculetin treatments. Scopoletin

(37.48% inhibition) and 7-hydroxy-4-methylcoumarin (32.64%

inhibition) displayed weaker effects, whereas dihydrocou-

marin (20.52% inhibition), 7-hydroxycoumarin (15.14% inhibi-

tion), coumarin (10.88% inhibition), and 4-hydroxycoumarin

(7.09% inhibition) exhibited substantially weaker effects.

3.5. Coumarins inhibited ROS-associated Ab-induced
cytotoxicity in living cells

The b-amyloid peptide (Ab) is a cytotoxic agent against

neurons cells. The formation of Ab is closely correlated with

the intracellular oxidative stress which causes the peroxida-

tion of membrane lipids and ultimately leads to cell death.

Since the above results showed that coumarins are effective

agents in reducing oxidative stress, we further evaluated the

rescue effects of coumarins on Neuro-2A cells under oxidative

stress. Neuro-2A cells were treated with Ab25–35 (15 mM) for

24 h in the presence or absence of coumarins, and the results

of cell viability were determined by measuring the metabolism

of the tetrazolium substrate, MTT as shown in Fig. 5A. Cell

viability upon Ab treatment for 24 h was about 50%, which was

rescued by esculetin (3.0 mM) to about 70%. The protective

effects were calculated according to the reduced cytotoxicity

with coumarin treatments (3.0 mM). Esculetin was more potent

than other coumarins at a concentration of 3.0 mM. The order
of the protective effects for the tested coumarins was

esculetin > 4-methylesculetin 6 scopoletin > coumarin 6 4-

hydroxycoumarin, 7-hydroxycoumarin, dihydrocoumarin,

and 7-hydroxy-4-methylcoumarin (Fig. 5A). In an attempt to

identify coumarin inhibition on ROS-associated cytotoxicity

upon Ab-treatment, cells were incubated with DHR123. This

nonfluorescent compound selectively accumulates in mito-

chondria, where it can be oxidized by mitochondria-derived

ROS to a fluorescent rhodamine derivative. As demonstrated

in Fig. 5B, Ab-treatment (b) resulted in a significant increase in

DHR123 fluorescence compared to the untreated control (a),

while the fluorescence intensity was reduced by co-treatment

of Ab and esculetin (c). These results show that esculetin was

effective in reducing the Ab-induced rise in ROS levels.
4. Discussion

Our study demonstrates that selected coumarins are compe-

titive inhibitors of XO, and they are also potent superoxide-

suppressive agents. Natural and synthetic coumarins have

been determined to have antioxidant, anti-inflammatory,

anticoagulation, and anticancer activities. In various in vivo

experiments, rats with ameliorated hepatotoxicity treated

with coumarins showed a significant reduction in oxidative

stress [21]. Our results in Fig. 2 demonstrate that the chemical

structures of both esculetin and 4-methylesculetin bear two

hydroxyl moieties on the benzene rings, and these were the

two most effective radical scavengers among the tested

compounds. All other selected coumarins only carried one

hydroxyl group or no free hydroxyl group in their chemical

structure. This suggests that the radical-scavenging effects of

coumarins are correlated with the number of hydroxyl groups.

A similar correlation was also reported for flavonoids [22] and

cinnamic acids [23]. Methoxy-substituted scopoletin exhibited

lower effectiveness in scavenging radicals compared to

esculetin. The result is consistent with a previous report that

the scavenging capacity was higher for caffeic acid bearing OH

groups than the methoxy-substituted derivatives [24]. We

suggest that the resonance structures of the radical derived

from esculetin and 4-methylesculetin are especially stable

because of the ortho-quinone form of the resonance structure.

There are more resonance structures in esculetin and 4-

methylesculetin than in the other coumarins tested.

In general, orally administered phenolic compounds

undergo hydroxylation and/or glucuronide and sulfate con-

jugation primarily by intestinal microflora and secondarily in

the liver and other tissues. It is well known that phenolic

methoxyl groups of coumarins are demethylated in the liver

[25]. It has been reported that consuming a diet containing

coumarin affects aflatoxin B1 metabolism which enhances

aflatoxin B1 detoxification through the suppression of P450

enzyme activity in the liver and enhancement of GST activity

in the intestine [26]. The flavonoid silybin contains five

hydroxyl groups and has been shown to have hepatoprotec-

tive properties as well as anticarcinogenic effects in animal

models, and this may be related to its ability to inhibit some

P450 isoforms, whereas flavonoids without hydroxyl groups

seem to stimulate P450 activity [27]. Esculetin, which can

reduce tissue edema and inflammation, has been reported to



Fig. 5 – Coumarin derivatives inhibited Ab-induced cytotoxicity and ROS production in living cells. (A) Coumarins protected

Neuro-2A cells from Ab-induced cytotoxicity. Neuro-2A cells were treated with the Ab25–35 fragment for 24 h in the

presence or absence of various coumarins. Cell viability was measured by the MTT assay. Neuro-2A cells without Ab

treatment served as a control. (B) ROS amounts in a confocal image of Ab-treated Neuro-2A cells with DHR123 fluorescence.

(a) Control, (b) at 24 h following 15 mM Ab addition, and (c) at 24 h following 15 mM Ab with 3.0 mM esculetin addition.

Bars = 20 mm.
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have multiple biological activities [8]. The metabolic roles of

hydroxyl moieties on coumarins remain to be further

investigated.

The crystalline structure of XO was first reported by Enroth

et al. [7]. Chang et al. reported that phenylpropanoids [24] bind

to the active site of XO and prevent substrate entrance toward

the Mo-pt center. The chemical structures of both esculetin

and 4-methylesculetin are comprised of two hydroxyl groups

on the benzene moiety which were more effective in

scavenging radicals compared to other selective compounds,

and they were also the most potent inhibitors against XO. In

our enzyme kinetic assay experiments, we found that

esculetin was a more-potent inhibitor than 4-methylesculetin.

We speculated according to the results of the molecular

docking experiments that the additional methyl group of 4-

methylesculetin generates a repulsive force with a water

molecule in XO and leads to 7-hydroxyl apart from S876. We

learned from the molecular docking results that both esculetin
and 4-methylesculetin interacted favorably with the active

site of XO through the formation of a hydrogen bond by the 6-

hydroxyl group of the inhibitors with the Glu802 residue. The

chemical structure of scopoletin is similar to that of esculetin

with the only difference being a methoxy substituted for 6-

hydroxyl, and this modification of the chemical structure

results in diminished inhibition potency of scopoletin against

XO. This further implies that the H atom of the 6-hydroxyl

plays a more important role than the O atom.

The coumarins tested herein were potent ROS scavengers,

and they were also effective inhibitors against XO’s reduction

of ROS production. Intracellular ROS production is associated

with a number of cellular events including activation of

NADPH oxidase, XO, and the cellular mitochondrial respira-

tory chain [28]. ROS thus formed are potent activators of

inflammatory signal transduction pathways, such as the

MAPK cascade which triggers a series of responses in which

IkB is phosphorylated to free NF-kB from IkB inhibition [29,30].
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Esculetin with its potent antioxidant actions may suppress

NF-kB activation, and lead to suppression of COX-2 expres-

sions. In the in vitro experiment, esculetin was the most potent

agent inhibiting XO activity and scavenging ROS (Table 2). The

fact that esculetin exhibits more-potent effects in reducing

ROS-associated Ab-toxicity in neuron cells reflects the con-

clusion made in the in vitro experiments. Because there are

numerous ROS sources in addition to XO, esculetin inhibits not

only XO but can also block NADPH oxidase and maintain

mitochondrial function to reduce ROS amounts, whereas

allopurinol has only a single role of xanthine oxidase

inhibition.
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