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ABSTRACT: Quercetin, a typical dietary flavonoid, is thought to exert antidepressant effects by inhibiting the monoamine
oxidase-A (MAO-A) reaction, which is responsible for regulation of the metabolism of the neurotransmitter S-hydroxytryptamine
(5-HT) in the brain. This study compared the MAO-A inhibitory activity of quercetin with those of O-methylated quercetin
(isorhamnetin, tamarixetin), luteolin, and green tea catechins ((—)-epicatechin, (—)-epicatechin gallate, (—)-epigallocatechin, and
(—)-epigallocatechin gallate) by measuring the formation of the oxidative deamination product of S-HT, S-hydroxyindole
aldehyde (S-HIAL), in mouse brain mitochondria. Quercetin was inferior to luteolin in the inhibition of MAO-A activity, whereas
isorhamnetin, tamarixetin, and tea catechins scarcely exerted inhibitory activity. Quercetin did not affect MAO-A activity in
mouse intestinal mitochondria, indicating that it does not evoke side effects on the metabolism of dietary monoamines in the gut.
These data suggest that quercetin is a weak (but safe) MAO-A inhibitor in the modulation of S-HT levels in the brain.
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B INTRODUCTION

Monoamine oxidase (MAO) is a flavin enzyme (EC 1.4.3.4)
located in the outer membrane of mitochondria in all cells in
the body. It catalyzes the oxidative deamination of biogenic and
xenobiotic amines. MAO plays a crucial part in the metabolism
of neuroactive and vasoactive amines in the central nervous
system (CNS) and peripheral tissues.

There are two forms of MAO: MAO-A and MAO-B. MAO-A
preferentially oxidizes serotonin (S-hydroxytryptamine; S-HT),
norepinephrine, and epinephrine; MAO-B metabolizes dop-
amine. Depression is one of the most frequently occurring
psychiatric disorders. There is some evidence that the activity of
mitochondrial MAO-A is elevated throughout the brain during
major depression.”” Selective MAO-A inhibitors have been
used as antidepressants and for treatment of other common
neurodegenerative diseases.”

Several authors have suggested an essential role of flavonoids
in the antidepressant effects of herbal medicines.*”® It has been
suggested that 3,3',4',5,7-pentahydroxyflavone (quercetin) and
its structurally related flavonoids exert antidepressant-like
effects in rodent models of depression.” '* Several studies
also reported the possibility of dietary quercetin and its
metabolites crossing the blood—brain barrier and accumulating
in the brain."'™"* Our research team confirmed that quercetin
accumulates in brain tissue as conjugated metabolites of
quercetin and O-methylated quercetin (isorhamnetin and
tamarixetin) by dietary intake in rats.'"* Furthermore, in vitro
studies have shown that quercetin and its structurally related
flavonoids exert considerable inhibition on the MAO-A
reaction.'>™"7 Therefore, it is rational to hypothesize that
dietary quercetin exerts its antidepressant-like effect by direct
attenuation of MAO-A activity in the brain.'® Nevertheless, the
mechanism of inhibition of MAO-A by quercetin and related
flavonoids is incompletely understood because authors have
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used diverse methods for the measurement of MAO-A activity.
In our previous study,'” a novel ultraviolet—high-performance
liquid chromatography (UV-HPLC) method was developed for
the direct assay of the deamination product of 5-HT, that is, 5-
hydroxyindole acetaldehyde (S-HIAL), through the MAO-A
reaction (Scheme 1). Using this method, we found that

Scheme 1. MAO-A Reaction
0

/
HO. NH, HO.
+ 0, + H0 MAC-A O‘ + NH; + H0,

Serotonin 5-Hydroxyindole acetaldehyde
(5-HT) (5-HIAL)

quercetin could attenuate the activity of mitochondrial MAO-A
in the mouse brain, whereas metabolic conversion to
glucuronide conjugates abolished this attenuating effect."?
The aim of the present study was to evaluate the importance
of quercetin and structurally related flavonoids on the
modulation of MAO-A activity in the mitochondria of brain
cells in relation to their antidepressant effects. We selected
luteolin, isorhamnetin, and tamarixetin as quercetin-related
flavonoids (Figure 1). Their MAO-inhibitory activities were
evaluated using HPLC for the detection of S-HIAL together
with a conventional method for the detection of an alternative
reaction product, hydrogen peroxide (H,0,). Catechins found
in green tea include (—)-epicatechin, (—)-epicatechin gallate,
(—)-epigallocatechin, and (—)-epigallocatechin gallate), which
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Figure 1. Structures of flavonols, flavone, and tea catechins used in the
present study.

are flavan-3-ol-type flavonoids (Figure 1). These were also
examined because (—)-epicatechin and (—)-epigallocatechin
gallate were recently re{)orted to attenuate the activity of MAO-
B enzymes in rats.”®*! The effectiveness of quercetin in the
MAO-A reaction in the intestinal mitochondria of mice was
also examined to evaluate the possibility of dietary quercetin
integfering with the metabolism of dietary monoamines in the
gut.

B MATERIALS AND METHODS

Ethical Approval of the Study Protocol. This study was
undertaken according to the guidelines for the care and use of
laboratory animals of the University of Tokushima Graduate School
(Tokushima, Japan).

Chemicals and Reagents. Quercetin, isorhamnetin (3'-O-
methylquercetin), tamarixetin (4’-O-methylquercetin), and luteolin
were purchased from Extrasynthese (Genay Cedex, France).
(—)-Epicatechin, (—)-epicatechin gallate, (—)-epigallocatechin, and
(—)-epigallocatechin gallate were obtained from Kurita (Tokyo,
Japan). Flavanone, clorgyline, pargyline, and MAO-A human
recombinant were from Sigma-Aldrich (St. Louis, MO, USA). S-HT
and flavone were obtained from Nacalai Tesque (Kyoto, Japan). All
other reagents were of analytical grade and used without further
purification.

Isolation of Mouse Brain Mitochondria Fractions. Brain
mitochondria fractions were obtained from male C57BL/6j mice (age,
6 weeks; Japan SLC, Shizuoka, Japan). After decapitation, the entire
brain was washed with ice-cold 0.85 M NaCl solution. Homoge-
nization of brain tissue was done using a Potter—Elvehjem
homogenizer (Wheaton, Millville, NJ, USA) in the presence of 9
volumes of 10 mM potassium phosphate-buffered saline (PBS) (pH
7.4) containing 320 mM sucrose. This was followed by centrifugation
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at 1000g for 10 min at 4 °C. Supernatants containing mitochondrial
fractions were subjected to further centrifugation at 15000g for 30 min
at 4 °C. The second supernatants were discarded and mitochondrial
pellets resuspended with the same buffer and stored at —28 °C until
use. Mitochondrial protein concentration was determined using a
bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL,
USA). Mitochondrial fractions were also obtained from the small
intestine of the same mouse simultaneously.

Determination of the Activity of MAO-A by Measuring H,0,
Formation. The amount of H,0, in the reaction mixture was
measured using an Amplex Red Monoamine Oxidase Assay Kit
(Invitrogen, Paisley, UK) with slight modification. The reaction
mixture contained S0 mM PBS (pH 7.4), 100 uM Amplex Red
reagent, 1 U/mL horseradish peroxidase (HRP), 1 mM S-HT as
substrate, and 0.5 U/mL standard MAO-A (human recombinant) or
0.5 mg/mL brain mitochondrial protein. Stock solutions of flavonoids
in dimethyl sulfoxide (DMSO) were added in the reaction mixture to
reach the desired concentration and preincubated for S min at 37 °C
before substrate addition. The final content of DMSO was <5%. The
reaction was done in 96-well black plates at 37 °C for 20 min. To stop
the reaction, 40 yL of Amplex Red/Ultra Red Stop Reagent solution
was added to 200 uL of the reaction mixture. Fluorescence intensity
was measured with Ag, = 550 nm (split = S nm) and Ag, = 590 nm
(split = S nm) by use of a plate spectrophotometer (Varioskan Flash,
Thermo Scientific, Waltham, MA, USA). The remaining MAO-A
activity of the reaction mixture was calculated as a percent of the
control without addition of the inhibitor.

MAO-A Activity Determination by Measuring 5-HIAL
Formation. The oxidative deamination product of S-HT is S-HIAL.
The level of S-HIAL was measured by the UV-HPLC method
according to a procedure developed by our research group.'® Briefly,
the reaction mixture contained 10 mM PBS (pH 7.4), 4 mM S-HT (as
substrate), 0.5 U/mL standard MAO-A (human recombinant), or 0.5
mg/mL brain mitochondrial protein. Stock solutions of flavonoids in
DMSO were added to the reaction mixture to reach the desired
concentration and preincubated at 37 °C for 5 min before the addition
of substrate. The final content of DMSO was <5%. The reaction was
carried out at 37 °C for 20 min. To stop the reaction, 100 L of 1 M
HCI was added to 0.5 mL of the reaction mixture. S-HIAL was
extracted with 1 mL of butyl acetate, evaporated under a vacuum, and
dissolved in S0 uL of methanol. Samples were stored at —28 °C until
injection into the HPLC column (capcell pak C18 MG II (4.6 X 250
mm; Shiseido, Tokyo, Japan). The mobile phase was 10% acetonitrile
and 90% buffer containing 50 mM tartaric acid, 40 mM sodium
acetate, and 0.65 mM 1-octanesulfonic acid sodium acetate. Isocratic
elution was used with a flow rate of 1.0 mL/min. Elution was
monitored with a SPD-20A UV detector (Shimadzu, Kyoto, Japan) at
280 nm. Remaining MAO-A activity was calculated as a percent of the
peak area of S-HIAL in the presence of the inhibitor to that of control
without the inhibitor (accepted as 100%)."

Calculation of clogP. The clogP values of selected flavonoids were
calculated using ChemBioDraw Ultra ver11.0 (PerkinElmer, Waltham,
MA, USA).

B RESULTS

Improvement of the Methodology for Evaluating
Mitochondrial MAO-A Activity. Initially, the method for
measuring H,0, formation was improved for selective
evaluation of mitochondrial MAO-A activity without the
addition of MAO-B inhibitor. Figure 2A shows the fluorescence
response of resorufin that was dependent upon the formation
of H,0, during the MAO reaction in the mitochondria of brain
cells in the presence of specific and nonspecific substrates and
inhibitors for MAO-A and MAO-B. IZJ-Tyramine is a nonspecific
substrate for MAO-A and MAO-B.** p-Tyramine showed the
strongest response, whereas the MAO-A-specific substrate S-
HT** had the weakest response. The response for the MAO-B-
specific substrate benzylamine was similar to that for p-
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Figure 2. Effect of MAO inhibitors on the MAO reaction in the mitochondria of mouse brain cells. (A) Effect of MAO inhibitors on the MAO-A and
MAO-B reaction with different substrates. The reaction mixture contained 0.1 mg/mL mouse brain mitochondrial protein in S0 mM PBS (pH 7.4);
200 4M Amplex Red reagent; 1 U/mL HRP; 1 mM p-tyramine (black), S-HT (gray), or benzylamine (white) as substrate; and S M clorgyline or
pargyline as MAO-A and MAO-B inhibitors, respectively. Values are the means from one experiment undertaken with three replicates of each
sample. (B, C) Dependence of the remaining activity of mitochondrial MAO-A on the concentration of the MAO-A inhibitor clorgyline (open
circle) and MAO-B inhibitor pargyline (black square). The reaction mixture contained 0.05 mg/mL mouse brain mitochondrial protein in 50 mM
PBS (pH 7.4); 200 uM Amplex Red reagent; 1 U/mL HRP; and 1 mM p-tyramine (B) or S-HT (C) as substrate. Values are the percent of control
without inhibitors and means + SD from independent triplicate experiments.

tyramine. Addition of the MAO-B inhibitor pargyline® led to
almost complete disappearance of the fluorescence of resorufin
independent of MAO-A/B substrate type, whereas addition of
the MAO-A inhibitor clorgyline resulted in complete
disappearance of the fluorescence for S-HT and only a partial
decrease in fluorescence for p-tyramine and benzylamine. High
concentrations (>10 M) of the MAO inhibitors clorgyline and
pargyline inhibited the activities of MAO-A and MAO-B in a
nonselective manner (Figures 2B,C). Pargyline was better at
inhibiting MAO than clorgyline when p-tyramine was used as
the substrate (Figure 2B). When S-HT was used as a specific
MAO-A substrate, clorgyline inhibited the reaction effectively at
0.1 uM, whereas pargyline inhibited the reaction effectively at
>S5 uM (Figure 2C). However, the weak inhibitory effect of
pargyline was shown at even 0.1 yM and reached 40%
inhibition at 1.0 #M. These findings suggested that the MAO-B
inhibitor pargyline affected MAO-A activity if it was used to
exclude MAO-B activity in the mitochondria of brain cells.
Therefore, we decided to use 5-HT as the MAO-A-specific
substrate without the addition of pargyline for measuring
mitochondrial MAO-A activity.

Inhibitory Effect of Selected Flavonoids on the
Activity of MAO-A of Mitochondria in Mouse Brain
Cells. In the evaluation of MAO-A inhibitory activity of
selected flavonoids, the method for measuring S-HIAL and that
for measuring H,0, formation were applied. Also, the
relationship between the remaining MAO-A activity and the
concentration of each flavonoid was obtained. In both methods,
5-HT was used as the MAO-A substrate without the addition of
a MAO-B inhibitor on the basis of the results described above.
Figure 3 shows a typical HPLC chromatogram for a reaction
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Figure 3. HPLC chromatogram of the product of oxidative
deamination of S-HT by mouse brain mitochondrial MAO-A: (A) in
the absence of quercetin; (B) in the presence of S00 uM quercetin;
(C) in the absence of mitochondria fractions. The reaction mixture
(final volume, 0.5 mL) contained 0.5 mg/mL mouse brain
mitochondrial protein in 10 mM PBS (pH 7.4) and 4 mM S-HT as
MAO-A substrate. The reaction was carried out for 20 min at 37 °C
and terminated by the addition of 100 uL of 1 M HCI. The product of
deamination of S-HT was extracted and injected into the HPLC
system. Elution of the S-HIAL peak was monitored at 280 nm.

mixture of 5-HT with mouse mitochondria in the presence and
absence of quercetin. In accordance with our previous work,"?
the peak that appeared at a retention time of 15 min was
attributed to S-HIAL. Panels A and B of Figure 4 show the
result of inhibition of mitochondrial MAO-A activity by
quercetin, luteolin, isorhamnetin, tamarixetin, and the positive
control clorgyline. With respect to the method of measuring 5-
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Figure 4. Effect of selected flavonoids on the MAO-A activity of mouse brain mitochondria: (A, C) Measurement of S-HIAL formation by HPLC.
The reaction mixture (final volume, 0.5 mL) contained 0.5 mg/mL mouse brain mitochondrial protein in 10 mM PBS (pH 7.4) and 4 mM S-HT as
substrate. The reaction was carried out for 20 min at 37 °C, and terminated by the addition of 100 uL of 1 M HCL. (B, D) Measurement of H,0,
formation using the Amplex Red assay. The reaction mixture contained 0.5 mg/mL mouse brain mitochondrial protein in S0 mM PBS (pH 7.4); 100
UM Amplex Red reagent; 1 U/mL HRP; and 1 mM S-HT as substrate. The reaction was carried out in black 96-well plates (volume of reaction
mixture, 200 L) for 20 min at at 37 °C. Open circle, clorgyline; open diamond, quercetin; open square, isorhamnetin; open triangle, tamarixetin;
asterisk, luteolin; solid diamond, (—)-epicatechin; solid square, (—)-epicatechin gallate; solid triangle, (—)-epigallocatechin; solid circle,
(—)-epigallocatechin gallate. Values are the percent of control without inhibitors and means + SD from independent triplicate experiments.

HIAL formation, quercetin and luteolin were effective MAO-A
inhibitors at >1 M, and the half-maximal inhibitory
concentrations (IC,) for quercetin and luteolin were estimated
to be 40 and 2 uM, respectively (Figure 4A). Isorhamnetin and
tamarixetin did not show inhibitory effects on the production of
S-HIAL. In the conventional method for the measurement of
H,0,, all flavonoids lowered the remaining activity at >10 uM
(Figure 4B). Panels C and D of Figure 4 show the effects of
catechins found in green tea on MAO-A activity in mouse
mitochondria. None of the tea catechins inhibited MAO-A
activity even at >100 gM. Conversely, (—)-epigallocatechin and
(—)-epigallocatechin gallate at higher concentrations elevated
the production of H,0, (Figure 4D).

Hydrophobicity of Selected Flavonoids As Deter-
mined by clogP. Hydrophobic interactions may have a critical
role in the effectiveness of flavonoids on the inhibition of
mitochondrial MAO-A activity because this enzyme should be
located at the hydrophobic phospholipid bilayers that
constitute the outer membranes. Table 1 shows the calculated
clogP values (which are frequently used as a reliable index of
hydrophobicity of organic compounds). The hydrophobicity of
quercetin, luteolin, isorhamnetin, and tamarixetin were not
particularly different because they gave similar clogP values.
Each tea catechin possesses different hydrophobicities depend-
ing on its structure. (—)-Epicatechin gallate was found to have
the highest hydrophobicity among the four catechins. Little
difference was observed between flavone and flavanone with
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Table 1. Calculated clogP Values of Selected Flavonoids

flavonoid clogP
quercetin 1.50
isorhamnetin 1.95
tamarixetin 1.95
luteolin 2.31
(—)-epicatechin 0.53
(—)-epicatechin gallate 215
(—)-epigallocatechin -0.13
(—)-epigallocatechin gallate 1.49
flavone 3.48
flavanone 3.47

regard to hydrophobicity because their clogP values were
almost identical.

Effect of Flavone and Flavanone on the MAO-A
Activity of Human Recombinant Enzyme Preparations.
To clarify the role of the steric factors of the diphenylpropane
(C¢—C3—Cg) skeleton of flavonoids on their MAO-A inhibitory
activity, we compared the inhibitory effect of flavone with that
of flavanone using MAO-A human recombinant enzyme
preparations. The inhibitory effect of flavone was appreciably
higher than that of flavanone (Figure S). Flavone possesses a
planar structure because of a double bond at the 2—3-position
in the C-ring, which enables the delocalization of 7 electrons
between the B- and C—rings.26 The steric structure of flavanone
is nonplanar because it lacks a double bond at the 2—3-

dx.doi.org/10.1021/jf303055b | J. Agric. Food Chem. 2012, 60, 10270—10277



Journal of Agricultural and Food Chemistry

0O

Flavanone

Remained activity (% of control)
2

0.1 ' 1 100 500

10
Flavonoid (UM)
Figure S. Inhibitory effect of flavone and flavanone on the activity of
standard MAO-A: (A) structures of flavone and flavanone; (B) MAO-
A activity in the presence of flavone or flavanone at different
concentrations. MAO-A activity was measured as S-HIAL formation
by HPLC. The reaction mixture (final volume, 0.5 mL) contained 0.5
U/mL of standard MAO-A in 10 mM PBS (pH 7.4) and 4 mM S-HT
as substrate. The reaction was carried out for 20 min at 37 °C and
terminated by the addition of 100 yL of 1 M HCI The product of
deamination of S-HT was extracted and injected into the HPLC
system. Elution of the S-HIAL peak was monitored at 280 nm.

position.”® It is therefore likely that a planar structure is
required for the effective inhibition of mitochondrial MAO-A
activity by dietary flavonoids.

Lineweaver—Burk Plot of the Inhibition of MAO-A
Activity of Human Recombinant Enzyme Preparations
by Luteolin. Figure 6 shows the Lineweaver—Burk plot for the
inhibition of MAO-A activity by different concentrations of
luteolin using human recombinant enzyme preparations.
Inhibition of MAO-A activity by luteolin was in accordance
with a noncompetitive mechanism, indicating that this
flavonoid binds with the enzyme molecule in a location that
is not the active center.

Effect of Quercetin on Mouse Mitochondrial MAO-A
Activities in the Small Intestine. We compared mouse
mitochondrial MAO-A activity from the small intestine with
that from the brain. MAO-A activity from the small intestine
was about 3-fold higher than that from the brain (Figure 7A).
Mitochondrial MAO-A activities from the brain and small
intestine were inhibited effectively by the MAO-A inhibitor
clorgyline at 0.1 uM (Figure 7B). The inhibitory effect of
quercetin on mitochondrial MAO-A activity from the small
intestine was not observed in the range of 0.1-100 yM, an
effect that was different from that observed in the brain.

B DISCUSSION

A wide variety of methods have been applied to the
measurement of MAO activity in biological samples. A
colorimetric assay based on the formation of H,0, is frequently
considered to be the conventional method.>” To measure the

1 (EM/min)

5 0 5 10 15 20
1B-HT]x 103 (uM)

Figure 6. Lineweaver—Burk plot of the inhibition of the activity of
standard MAO-A by different concentrations of luteolin. H,0,
formation was measured using the Amplex Red assay. The reaction
mixture contained 0.5 U/mL of standard MAO-A (human
recombinant) in 50 mM PBS (pH 7.4); 100 uM Amplex Red reagent;
1 U/mL HRP; 10—1000 M S-HT as substrate; and 0 (times sign), 1
(open diamond), 10 (open square), or 20 (open triangle) #M luteolin.
The reaction was carried out in black 96-well plates (volume of
reaction mixture, 200 L) for 20 min at at 37 °C. Values are the
percent of control without inhibitors and means + SD from
independent triplicate experiments.

specific activity of MAO-A or MAO-B in biological samples,
specific inhibitors of MAO-B and MAO-A (i.e., pargyline and
clorgyline, respectively) are occasionally added to the reaction
mixture”>*® and p-tyramine is used as the substrate for MAO-A
and MAO-B.*>> However, both inhibitors inhibited MAO
activities nonspecifically at higher concentrations (Figure 2).
To focus on MAO-A activity in brain mitochondria fractions,
we used S-HT as a specific MAO-A substrate without the
addition of the MAO-B inhibitor pargyline for the fluorescence
method based on the measurement of H,0O, formation
(Amplex Red assay) together with a HPLC method based on
the conversion of 5S-HT to S-HIAL.

Several studies have been published on the inhibition of
MAO-A activity by quercetin and its structurally related
flavonoids using different assay methods and different
substrates.”>™"7 Our previous study using HPLC based on
the measurement of 5-HIAL demonstrated that quercetin is
effective in the inhibition of brain mitochondrial MAO-A
activity, whereas its conjugated metabolite, quercetin 3-O-f-
glucuronide, scarcely acts as a MAO-A inhibitor."” The HPLC
method in the present study revealed the ICy, value for
quercetin to be ~40 uM (Figure 4A), whereas its ICs, value
obtained from previous works using different methods ranged
between 0.01 and 18 xM.">™'® Although calculation of the ICs,
value is dependent upon experimental conditions, the MAO-A
inhibitory effect of quercetin was much weaker than that of the
antidepressant MAO-A inhibitor clorgyline. Interestingly,
luteolin (which is a flavone-type flavonoid lacking a hydroxyl
group at the 3-position of the C-ring) was a more effective
MAO-A inhibitor than quercetin in our experimental system
(ICsp of luteolin = 2 uM) (Figure 4A). Many flavonoids can act
as enzyme regulators, activating or attenuating their activity by
interacting with active centers or other parts of protein
molecules. However, information about the interactions of
flavonoids with MAO-A is scarce. The results of docking
simulation and dialysis studies suggested that quercetin
interacted with MAO-A in a reversible manner in a place
different from the active center.”” Our results clarified that

dx.doi.org/10.1021/jf303055b | J. Agric. Food Chem. 2012, 60, 10270—10277
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Figure 7. Comparison of the inhibitory effect of quercetin and the
MAO-A inhibitor clorgyline on the activity of mitochondrial MAO-A
from the brain and small intestine of mice. (A) Comparison of MAO-
A activity from brain (black) and small intestine (gray). Values are
means + SD from independent triplicate experiments. The asterisk
indicates significant difference (p < 0.0S; Turkey—Kramer method).
(B) Comparison of the inhibitory effect of quercetin and clorgyline on
MAO-A activity from brain and small intestine. Remaining activity was
calculated as percent of control without an inhibitor. Open diamond,
effect of quercetin on MAO-A activity in the brain; solid diamond,
effect of quercetin on MAO-A activity in the small intestine; open
circle, effect of clorgyline on MAO-A activity in the brain; solid circle,
effect of clorgyline on MAO-A activity in the small intestine. MAO-A
activity was measured as S-HIAL formation by HPLC. The reaction
mixture (final volume, 0.5 mL) contained 0.5 mg/mL of brain or small
intestine mitochondrial protein in 10 mM PBS (pH 7.4) and 4 mM S-
HT as substrate. The reaction was carried out for 20 min at 37 °C and
terminated by the addition of 100 uL of 1 M HCL The product of
deamination of S-HT was extracted and injected into the HPLC
system.

inhibition of MAO-A by luteolin was noncompetitive,
suggesting the interaction of luteolin with proteins at a site
different from the active center. In contrast, inhibition was not
observed by O-methylated quercetin (isorhamnetin and
tamarixetin). This finding suggested that the o-dihydroxy
group in the B-ring (catechol structure) is required for
quercetin to exert its inhibitory action on mitochondrial
MAO-A activity. Correlating differences in inhibitory effects
among quercetin and its structurally related flavonoids with
their hydrophobic properties is difficult because their clogP
values are not very different from each other (Table 1). Taken
together, the 3-hydroxy group in the C-ring lowers the
inhibitory effect of quercetin considerably, and O-methylation
of the catechol structure extinguishes its inhibitory effect on
mitochondrial MAO-A activity in the mouse brain. The

microenvironment of MAO-A located in the outer membranes
of mitochondria may affect the effectiveness of the inhibitory
effect of such flavonoids, in addition to their intrinsic inhibitory
effect on the MAO-A enzyme.

Quercetin is hydrophobic, as suggested by its clogP value
(Table 1). Therefore, it seems to be able to cross mitochondrial
membranes and accumulate within mitochondria, binding to
inner proteins.29 However, our previous study using rats
clarified that a low (but detectable) level of dietary quercetin
accumulated largely as its conjugated derivatives and its O-
methylated derivatives in brain tissues."* Conversely, several
research groups highlighted the possibility of generation of the
quercetin aglycone from its conjugated derivatives due to f-
glucuronidase activity during inflammation.**~** Microglial
cells can deliver the aglycone to nerve cells by deconjugation
of its conjugated derivatives.”> In this way, the quercetin
aglycone can be generated and act as a weak MAO-A inhibitor
by penetrating into the mitochondrial membranes of nerve cells
if inflammation in the CNS occurs. Dietary quercetin is also
subject to ring scission to decomposition products by the action
of intestinal mictoflora.** Vissiennon et al.** recently reported
these decomposition products were responsible for the
anxiolytic effect of quercetin in mice under elevated plus
maze test. Microflora-dependent metabolic conversion may also
participate in the regulation of MAO-A activity when the
decomposition products are introduced into the brain tissue
through blood circulation.

The fluorescence assay used for the detection of H,O,
indicated that quercetin, luteolin, isorhamnetin, and tamarixetin
inhibited H,0, generation at only high concentrations (Figure
4B). This may result from the scavenging activity of the
superoxide anion radical (0,°”) because the MAO-A reaction
accompanies the formation of O,°”, which is then converted to
H,0, by a disproportionation reaction.*® The potential for
H,0, generation during the MAO-A reaction may far exceed
that of other mitochondrial sources. Therefore, MAO-A may be
a major source of H,O, in tissues in ischemia®” and aging38 and
during oxidation of exogenous amines.”® Up-regulation of the
expression of MAO-A and the resulting increased production of
H,0, might be responsible for the mitochondrial damage
observed in mental disorders.*® However, mammalian
mitochondria possess a complex multilevel defense network
against reactive oxygen species (including antioxidative
enzymes and small molecule antioxidants). Therefore,
suppression of H,0, formation by flavonoids through O,°”
scavenging may have a limited role in the prevention of the
oxidative stress derived from increased MAO-A activity in
depression.

The present study using HPLC clarified that tea catechins
did not possess inhibitory effects on MAO-A activity in mouse
brain mitochondria (Figure 4C). This result is interesting
because (—)-epigallocatechin gallate has been reported to be an
effective. MAO-B inhibitor’® and suggested to accumulate
readily in mitochondrial particles if added into cultured cells.*!
Tea catechins are the derivatives of flavan-3-ol, which has a
saturated bond at the 2- and 3-position in the C-ring, and is
thus nonplanar (similar to flavanone). We found that planar
flavone but not nonplanar flavanone was effective in MAO-A
inhibition (Figure S). Hydrophobicity is unlikely to be the
determinant of the lack of MAO-A inhibitory effects in tea
catechins because their clogP values varied independently of
their effect on MAO-A activity. Therefore, a nonplanar
structure may be crucial for the lack of MAO-A inhibition
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activity by tea catechins. That is, a planar structure may be
required for flavonoids to exert MAO-A inhibitory effects.
Further study on structure—activity relationships are needed to
clarify the contribution of the steric factors of flavonoids on
MAO-A inhibition.

The galloyl-type catechins (—)-epigallocatechin and (—)-epi-
gallocatechin gallate at higher concentrations increased H,O,
formation during incubation of brain mitochondria with 5-HT
(Figure 4B). This result is indicative of a pro-oxidant activity of
galloyl-type catechins, through which O,°~ can be generated by
their autoxidation. (—)-Epigallocatechin gallate is known to act
as a pro-oxidant in cellular systems by generating H,0O, through
its autoxidation.*** Therefore, the measurement of H,0,
production for the MAO-A reaction may reflect the pro-
oxidant activity of tested flavonoids at higher concentration.

Drugs that inhibit MAO-A have been used for the treatment
of depression.> However, prolonged intake of MAO-A
inhibitors may lead to undesirable consequences. MAO-A
located in the digestive system has a crucial role in the
detoxification of exogenous amines such as tyramine present in
fermented dairy products. Use of some MAO-A inhibitors
increases the risk of poisoning by exogenous amines. The
mechanism of action of a well-known side effect of MAO
inhibitors, the “cheese reaction”, is based on the inhibition of
intestinal MAO activity during the intake of antidepressants
acting as MAO inhibitors.”* Dietary quercetin is unlikely to
exert this side effect because little inhibition was observed in the
MAO-A reaction in the small intestine (Figure 7). Thus,
quercetin is a weak (but safe) MAO-A inhibitor as compared
with antidepressant drugs. Mild attenuation of MAO-A activity
by dietary quercetin and other flavonoids may be preferable for
the prevention of depression and other elevated MAO activity-
related diseases because daily consumption of fruits and
vegetables rich in flavonoids seems to accelerate the
accumulation of their metabolites in various tissues (including
the brain). However, there are three requirements for the
exhibition of antidepressant activity by dietary flavonoids as
MAO-A inhibitors: (i) high concentrations in the brain or
accumulation in synaptosomal mitochondria; (ii) direct
encounter with MAO-A (i.e., exposure to the outer membranes
of mitochondria); and (iii) release of the aglycone from
conjugated metabolites. Furthermore, there is only limited
evidence on the in vivo effects of dietary flavonoids in relation
to the inhibition of mitochondrial MAO-A in the CNS and the
resulting antidepression effects.** The results of the present
study warrant further investigation of the relationship between
the MAO-inhibitory activity of dietary flavonoids and their
potential as antidepressant remedies, although this study was
limited to in vitro assay using mouse brain mitochondria.

In conclusion, quercetin and its structurally related flavonoid
luteolin can act as weak MAO-A inhibitors if mouse brain
mitochondria are used as enzyme sources. A planar structure
may be essential for flavonoids to inhibit MAO-A activity.
Quercetin can modulate mitochondrial MAO-A activity in brain
cells without side effects in the digestive tract. These data
suggest that dietary quercetin and its related flavonoids are
weak (but safe) MAO-A modulators in the CNS.

B AUTHOR INFORMATION

Corresponding Author

*E-mail: terao@nutr.med.tokushima-u.acjp. Phone: + 81-88-
633-7087. Fax: 81088-6337089.

Funding

This work was supported in part by a Grant-in-Aid for Young
Scientists (B) (to RM.) and a Grant-in-Aid for Scientific
Research (B) (to J.T.) from the Ministry of Education, Culture,
Sports, Science, and Technology and by the Program for the
Promotion of Basic and Applied Researches for Innovations in
Bio-oriented Industry in Japan.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank Dr. Hiroshi Chuman (Department of Theoretical
Chemistry and Drug Discovery, Institute of Health Biosciences,
University of Tokushima Graduate School) for helpful
discussions.

B ABBREVIATIONS USED

CNS, central nervous system; S-HIAL, S-hydroxyindole
acetaldehyde; S-HT, S-hydroxytryptamine; DMSO, dimethyl
sulfoxide; HPLC, high-performance liquid chromatography;
MAO, monoamine oxidase.

B REFERENCES

(1) Meyer, J. H,; Ginovart, N; Boovariwala, A.; Sagrati, S.; Hussey,
D.; Garcia, A.; Young, T.; Praschak-Rieder, N.; Wilson, A. A.; Houle, S.
Elevated monoamine oxidase A levels in the brain: an explanation for
the monoamine imbalance of major depression. Arch. Gen. Psychiatry
2006, 63, 1209—1216.

(2) Huy, Y,; Liu, M,; Liu, P.; Guo, D. H,; Wei, R. B.; Rahman, K.
Possible mechanism of the antidepressant effect of 3,6’-disinapoyl
sucrose from Polygala tenuifolia Willd. J. Pharm. Pharmacol. 2011, 63,
869—874.

(3) Youdim, M. B. H.; Edmondson, D.; Tipton, K. F. The therapeutic
potential of monoamine oxidase inhibitors. Nat. Rev. Neurosci. 2006, 7,
295-309.

(4) Sakakibara, H.; Ishida, K.; Grundmann, O.; Nakajima, J.; Seo, S.;
Butterweck, V.; Minami, Y.; Saito, S.; Kawai, Y.; Nakaya, Y.; Terao, J.
Antidepressant effect of extracts from Ginkgo biloba leaves in
behavioral models. Biol. Pharm. Bull. 2006, 29, 1767—1770.

(5) Sakakibara, H.; Yoshino, S.; Miyazaki, T.; Kawai, Y.,; Terao, J.
Antidepressant-like effect of ginseng (Panax ginseng C.A. Meyer) in
behavioral models. J. Clin. Biochem. Nutr. 2008, 43, 253—258.

(6) Mao, Q. Q;; Ip, S. P,; Ko, K. M,; Tsai, S. H,; Xian, Y. F.; Che, C.
T. Effects of peony glycosides on mice exposed to chronic
unpredictable stress: further evidence for antidepressant-like activity.
J. Ethnopharmacol. 2009, 124, 316—320.

(7) Butterweck, V.; Jurgenliemk, G.; Nahrstedt, A.; Winterhoff, H.
Flavonoids from Hypericum perforatum show antidepressant activity
in the forced swimming test. Planta Med. 2000, 66, 3—6.

(8) Sakakibara, H.; Yoshino, S.; Kawai, Y.; Terao, J. Antidepressant-
like effect of onion (Allium cepa L.) powder in a rat behavioral model
of depression. Biosci,, Biotechnol,, Biochem. 2008, 72, 94—100.

(9) Paulke, A.; Noldener, M.; Schubert-Zsilavecz, M.; Wurglics, M.
St. John’s wort flavonoids ant their metabolites show antidepressant
activity and accumulate in brain after multiple oral doses. Pharmazie
2008, 63, 296—302.

(10) Haleagrahara, N.; Radhakrishnan, A.; Lee, N.; Kumar, P.
Flavonoid quercetin protects against swimming stress-induced changes
in oxidative biomarkers in the hypothalamus of rats. Eur. J. Pharmacol.
2009, 621, 46—52.

(11) Paulke, A.; Schunbert-Zsilavecz, M.; Wurglics, M. Detemination
of St. John’s wort flavonoid-metabolites in rat brain through high
performance liquid chromatography coupled with fluorescence
detection. J. Chromatgr,, B 2006, 832, 109—113.

(12) de Boer, V. C.; Dihal, A. A;; van der Woude, H,; Arts, L. C;
Wolffram, S.; Alink, G. M,; Rietjens, . M. C. M; Kejjer, J.; Hollman, P.

dx.doi.org/10.1021/jf303055b | J. Agric. Food Chem. 2012, 60, 10270—10277



Journal of Agricultural and Food Chemistry

C. Tissue distribution of quercetin in rats and pigs. J. Nutr. 20085, 13§,
1718—1725.

(13) Bieger, J.; Cermak, R.; Blank, R.; de Boer, V. C.; Hollman, P. C,;
Kamphues, J.; Wolffram, S. Tissue distribution of quercetin in pigs
after long-term dietary supplementation. J. Nutr. 2008, 138, 1417—
1420.

(14) Ishisaka, A.; Ichikawa, S.; Sakakibara, H.; Piskula, M. K;
Nakamura, T.; Kato, Y.; Ito, M.; Miyamoto, K; Tsuji, A.; Kawai, Y,;
Terao, J. Accumulation of orally administered quercetin in brain tissue
and its antioxidative effects in rats. Free Radical Biol. Med. 2011, 51,
1329—-1336.

(15) Chimenti, F.; Cottiglia, F.; Bonsignore, L.; Casu, L.; Casu, M.;
Floris, C.; Secci, D.; Bolasco, A; Chimenti, P.; Granese, A.; Befani, O,;
Turini, P.; Alcaro, S.; Ortuso, F.; Trombetta, G.; Loizzo, A.; Guarino, L
Quercetin as the active principle of Hypericum hircinum exerts a
selective inhibitory activity against MAO-A: extraction, biological
analysis, and computational study. J. Nat. Prod. 2006, 69, 945—949.

(16) Saaby, L.; Rasmussen, H. B.; Jiger, A. K. MAO-A inhibitory
activity of quercetin from Calluna vulgaris (L.) Hull. J. Ethnopharmacol.
2009, 121, 178—181.

(17) Han, X. H; Hong, S. S.; Hwang, J. S.; Lee, M. K.; Hwang, B. Y,;
Ro, J. S. Monoamine oxidase inhibitory compounds from Cyratia
japonica. Arch. Pharm. Res. 2007, 30, 13—17.

(18) Dixon-Clarke, S. E; Ramsay, R. R. Dietary inhibitors of
monoamine oxidase A. J. Neural Transm. 2011, 118, 1031—1041.

(19) Yoshino, S.; Hara, A.; Sakakibara, H.; Kawabata, K.; Tokumura,
A.; Ishisaka, A.; Kawai, Y.; Terao, J. Effect of quercetin and glucuronide
metabolites on the monoamine oxidase-A reaction in mouse brain
mitochondria. Nutrition 2011, 27, 847—852.

(20) Lin, S.-M.; Wang, S.-W.; Ho, S.-C.; Tang, Y.-L. Protective effect
of green tea (—)-epigallocatechin-3-gallate against the monoamine
oxidase B enzyme activity increase in adult rat brains. Nutrition 2010,
26, 1195—1200.

(21) Hou, W. C; Lin, R. D,; Chen, C. T.; Lee, M. H. Monoamine
oxidase B (MAO-B) inhibition by active principles from Uncaria
rhyncophylla. J. Ethnopharmacol. 2008, 100, 216—220.

(22) Youdim, M. B. H.; Weinstock, M. Therapeutic applications of
selective and non-selective inhibitors of monoamine oxidase A and B
that do not cause significant tyramine potentiation. Neuro Toxicol.
2004, 25, 243—250.

(23) Goridis, C.; Neff, N. H. Monoamine oxidase in sympathetic
nerves: a transmitter specific enzyme type. Br. J. Pharmacol. 1971, 43,
814—818.

(24) Murphy, D. L.; Redmond, D. E., Jr.; Garrick, N.; Baulu, J. Brain
region differences and some characteristics of monoamine oxidase type
A and B activities in the vervet monkey. Neurochem. Res. 1979, 4, 53—
62.

(25) Coquil, J. F; Goridis, C.; Mack, G.; Neff, N. H. Monoamine
oxidase in rat arteries: evidence for different forms and selective
localization. Br. . Pharmacol. 1973, 48, 590—599.

(26) Crozier, A.; Jaganath, L. B.; Clifford, M. N. Phenols, polyphenols
and tannins; an overview. Plant Secondary Metabolites; Crozier, A.,
Clifford, M. N., Ashihara, H., Eds.; Blackwell Publishing: Oxford, UK,
2006; pp 1—24.

(27) Zhou, M.; Diwu, Z.; Panchuk-Voloshina, N.; Haugland, R. P. A
stable nonfluorescent derivative of resorufin for the fluorometric
determination of trace hydrogen peroxide: applications in detecting
the activity of phagocyte NADPH oxidase and other oxidases. Anal.
Biochem. 1997, 253, 162—168.

(28) Holt, A; Sharman, D. F.; Baker, G. B.,; Palcicc M. M. A
continuous spectrophotometric assay for monoamine oxidase and
related enzymes in tissue homogenates. Anal. Biochem. 1997, 244,
384—392.

(29) Fiorani, M.; Guidarelli, A.; Blasa, M.; Azzolini, C.; Candiracci,
M.; Piatti, E; Cantoni, O. Mitochondria accumulate large amounts of
quercetin: prevention of mitochondrial damage and release upon
oxidation of the extramitochondrial fraction of the flavonoid. J. Nutr.
Biochem. 2010, 21, 397—404.

10277

(30) Shimoi, K; Nakayama, T. Glucuronidase deconjugation in
inflammation. Methods Enzymol. 2008, 400, 263—272.

(31) Kawai, Y,; Nishikawa, T.; Shida, Y.; Saito, S.; Murota, K;
Shibata, N.; Kobayashi, M.; Kanayama, M.; Uchida, K; Terao, J.
Macrophage as a target of quercetin glucuronides in human
atherosclerotic arteries: implication in the anti-atherosclerotic
mechanism of dietary flavonoids. J. Biol. Chem. 2008, 283, 9424—9434.

(32) Galindo, P.; Rodriguez-Gémez, L; Gonzalez-Manzano, S.;
Duefias, M,; Jiménez, R; Menéndez, C.; Vargas, F; Tamargo, J;
Santos-Buelga, C.; Pérez-Vizcaino, F.; Duarte, J. Glucuronidated
quercetin lowers blood pressure in spontaneously hypertensive rats
via deconjugation. PLoS ONE 2012, 7, €32677.

(33) Mukai, R;; Kawabata, K,; Otsuka, S.; Ishisaka, A.; Kawai, Y.; Ji, Z.
S,; Tsuboi, H; Terao, J. Effect of quercetin and its glucuronide
metabolite upon 6-hydroxydopamine-induced oxidative damage in
Neuro-2a cells. Free Radical Res. 2012, Epub ahead of print.

(34) Jaganath, I. B; Mullen, W.; Lean, M. E. J.; Eawards, C. A;
Crozier, A. In vitro catabolism of rutin by human fecal bacteria and the
antioxidant capacity of its catabolites. Free Radical Biol. Med. 2009,
471180—1189.

(35) Vissiennon, C.; Nieber, K; Kelber, O.; Butterweck, V. Ruote of
administration determined the anxiolytic activity of the flavonoids
kaempferl, quercetin and myricetin — are they prodrug? J. Nutr.
Biochem. 2012, 23, 733—740.

(36) Carvalho, F.; Duarte, J. A; Neuparth, M. J; Carmo, H;
Fernandes.,, E.; Remido, F.; Bastos, M. L. Hydrogen peroxide
production in mouse tissues after acute D-amphetamine admin-
istration. Influence of monoamine oxidase inhibition. Arch. Toxicol.
2001, 75, 465—469.

(37) Loschen, G.; Flohé, L.; Chance, B. Respiratory chain linked
H(2)O(2) production in pigeon heart mitochondria. FEBS Lett. 1971,
18, 261-264.

(38) Maurel, A; Hernandez, C.; Kunduzova, O.; Bompart, G;
Cambon, C.; Parini, A; Francés, B. Age-dependent increase in
hydrogen peroxide production by cardiac monoamine oxidase A in
rats. Am. . Physiol. Heart Circ. Physiol. 2003, 284, 1460—1467.

(39) Carvalho, F.; Duarte, J. A; Neuparth, M. J; Carmo, H,;
Fernades, E.; Remiao, F.; Bastos, M. L. Hydrogen peroxide production
in mouse tissues after acute D-amphetamine administration. Influence
of monoamine oxidase inhibition. Arch. Toxicol. 2001, 75, 465—469.

(40) Hermida-Ameijeiras, A.; Méndez-Alvarez, E.; Sanchez-Iglesias,
S.; Sanmartin-Suarez, C.; Soto-Otero. Autoxidation and MAO-
mediated metabolism of dopamine as a potential cause of oxidative
stress: role of ferrous and ferric ions. Neurochem. Int. 2004, 45, 103—
116.

(41) Schroeder, E. K; Kelsey, N. A;; Doyle, J.; Breed, E.; Bouchard,
R. J; Loucks, F. A; Harbison, R. A; Linseman, D. A. Green tea
epigallocatechin 3-gallate accumulates in mitochondria and displays a
selective antiapoptotic effect against inducers of mitochondrial
oxidative stress in neurons. Antioxid. Redox Signal. 2009, 11, 469—480.

(42) Hong, J.; Meng, X;; Ryu, J.-H,; Hara, Y.; Yang, C. S. Stability
cellular uptake, biotransformation, and efflux of tea polyphenol
(—)-epigallocatechin-3-gallate in HT-29 human colon adenocarcinoma
cells. Cancer Res. 2002, 62, 7242—7246.

(43) Lambert, J. D.; Sang, S.; Yang, C. S. Possible controversy over
dietary polyphenols: benefits vs risks. Chem. Res. Toxicol. 2007, 20,
583—58S.

(44) Bladt, S.; Wagner, H. Inhibition of MAO by factions and
constituents of hypericium extract. J. Geriatr. Psychiatry Neurol. 1994,
s1, s57—s59.

dx.doi.org/10.1021/jf303055b | J. Agric. Food Chem. 2012, 60, 10270—10277



