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ABSTRACT: The components adsorbed onto activated charcoal following the fermentation process of the Japanese rice wine
“sake” have been studied with the aim of identifying suitable applications for this industrial food waste product. The absorbed
materials were effectively extracted from the charcoal, and inhibited the activity of several mammalian DNA polymerases (pols).
Subsequent purification of the extract afforded tyrosol [4-(2-hydroxyethyl)phenol] as the active component, which selectively
inhibited the activity of 11 mammalian pols with IC, values in the range of 34.3—46.1 uM. In contrast, this compound did not
influence the activities of plant or prokaryotic pols or any of the other DNA metabolic enzymes tested. Tyrosol suppressed both
anti-inflammatory and antiallergic effects in vivo, including 12-O-tetradecanoylphorbol-13-acetate-induced inflammatory mouse
ear edema, and immunoglobulin E-induced passive cutaneous anaphylactic reaction in mice. These results suggested that this
byproduct formed during the sake-brewing process could be used as an anti-inflammatory and/or antiallergic agent.
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Bl INTRODUCTION

DNA-dependent DNA polymerase (pol) (E.C. 2.7.7.7)
catalyzes the addition of deoxyribonucleotides to the 3’-
hydroxyl terminus of primed double-stranded DNA (dsDNA)
molecules." The human genome encodes at least 15 pols that
play important roles in cellular DNA synthesis.”> Eukaryotic
cells contain three replicative pols (@, &, and ¢€), one
mitochondrial pol (y), and at least 11 nonreplicative pols (f3,
&1, 0,1,k A, 4, v, terminal deoxynucleotidyl transferase (TdT),
and REV1).*> Pols have a highly conserved structure, and their
overall catalytic subunits show very little variation among
species. It is noteworthy that conserved enzyme structures that
are preserved over time usually perform important cellular
functions that confer evolutionary advantages. On the basis of
their sequence homology, eukaryotic pols can be divided into
four main families, including A, B, X, and Y.> Family A includes
mitochondrial pol y as well as pols 8 and v; family B includes
the three replicative pols @, J, and ¢, as well as pol {; family X
consists of pols f, 4, and y, as well as TdT; and family Y
includes pols 7, 1, and «, in addition to REV1.* During the last
1S years, we have investigated the isolation and subsequent
evaluation of selective inhibitors of eukaryotic pols derived
from natural products, including food materials and compo-
nents, and have discovered more than 100 inhibitors of the
mammalian pols.®”

During our studies toward the identification of new pol
inhibitors, we found that pol A-selective inhibitors, such as
curcumin-based derivatives,® could suppress inflammation
induced by the tumor promoter, 12-O-tetradecanoylphorbol-
13-acetate (TPA).” Although several tumor promoters,
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including TPA, are classified as compounds capable of
promoting the formation of a tumor,'® they can also cause
inflammation and are commonly used as artificial inducers of
inflammation to screen for anti-inflammatory agents.'' The
tumor promoter TPA is frequently used to search for new types
of anti-inflammatory compounds. TPA not only causes
inflammation, but also influences the proliferation of
mammalian cells,*? suggesting that the molecular basis of
inflammation stems from pol reactions related to cell
proliferation. However, to develop a deeper understanding of
this process, this relationship needs to be investigated in greater
detail.

We recently found that the inhibitory activities of 20 different
essential oils toward pol 4 activity showed a high correlation
with their in vivo antiallergic effects, such as an immunoglo-
bulin E (IgE)-induced passive cutaneous anaphylactic (PCA)
reaction in mice, resulting from mast cell degranulation.13 It has
been suggested that these results and phenomena are indicative
of the anti-inflammatory/antiallergic activities resulting from
pol A inhibition.

To identify potential bioactive compounds from industrial
waste, we have focused our attention in the current study on
investigating the components absorbed onto activated charcoal
following its use as a decolorizing agent during the manufacture

Received: May 6, 2014
Revised:  July 13, 2014
Accepted: July 16, 2014
Published: July 16, 2014

dx.doi.org/10.1021/jf502095p | J. Agric. Food Chem. 2014, 62, 7779—7786


pubs.acs.org/JAFC

Journal of Agricultural and Food Chemistry

of the Japanese rice wine “sake”. Herein, we describe the
extraction of the adsorbed components from the used activated
charcoal and their subsequent evaluation as pol inhibitors. This
work culminated in the isolation of a potent inhibitor of
mammalian pol, which was also investigated for its anti-
inflammatory and antiallergic activities. Finally, we have
provided a detailed discussion of the way in which bioactive
compounds can be isolated from waste products to provide
potential anti-inflammatory/antiallergic agents.

B MATERIALS AND METHODS

Chemicals and Materials. The used activated charcoal, which is
an industrial waste product generated during the manufacture of sake
(trade name: Kuromatsu-Hakushika), was obtained from Tatsuuma-
Honke Brewing Co. Ltd. (Nishinomiya, Japan). Tyrosol (1), which is
also known as 4-(2-hydroxyethyl)phenol, 3-hydroxytyrosol (2), and
3,4-dihydroxyphenyl acetic acid (3) were purchased from Sigma-
Aldrich Inc. (St. Louis, MO, US.A.). These compounds were of
purchased as the analytical grade and purified by high-performance
liquid chromatography. A chemically synthesized DNA template,
poly(dA), was purchased from Sigma-Aldrich Inc., and a customized
oligo(dT),;s DNA primer was produced by Sigma-Aldrich Japan K.K.
(Ishikari, Japan). The radioactive nucleotide [*H]-labeled 2’-
deoxythymidine-S'-triphosphate (dTTP; 43 Ci/mmol) was obtained
from Moravek Biochemicals Inc. (Brea, CA, U.S.A.). Precoated Silica-
Gel 60 plates (10 X 20 cm? 0.25 mm layer thickness) for thin-layer
chromatography (TLC) were purchased from Merck (Darmstadt,
Germany). All of the other reagents used in the current study were
purchased from Nacalai Tesque Inc. (Kyoto, Japan) as the analytical
grade.

Instrumental Analyses. 'H- and "*C-nuclear magnetic resonance
(NMR) were recorded on a Bruker DRX600 (Bruker Biospin GmbH,
Rheinstetten, Germany). Mass spectra were obtained on an
esquire6000-TR (Bruker Daltonics, Billerica, MA, U.S.A.).

Enzymes. Pol a was purified from calf thymus by immuno-affinity
column chromatography according to the method described by Tamai
et al."* Recombinant rat pol B was purified from Escherichia coli JMpf35
according to the procedure reported by Date et al.'> The human pol y
catalytic gene was cloned into the pFastBac vector. A histidine-tagged
enzyme was subsequently expressed using the BAC-TO-BAC HT
Baculovirus Expression System (Life Technologies, Frederick, MD,
U.S.A.) according to the manufacturer’s instructions and purified over
ProBound resin (Invitrogen Japan, Tokyo Japan).'® Human pols & and
& were purified by the nuclear fractionation of human peripheral blood
cancer cells (Molt-4) using the second subunit of pol § and e-
conjugated affinity column chromatography, respectively.'” A
truncated form of human pol # (residues 1—511) tagged with Hisg
at its C-terminal was expressed in E. coli cells and purified as previously
described by Kusumoto et al.'® A recombinant mouse pol ¢ tagged
with Hiss at its C-terminal was expressed and purified by nickel—
nitriloacetic acid (Ni—NTA) column chromatography as previously
described."” A truncated form of pol k (residues 1—560) with a His,
residue tag attached to its C-terminal was overexpressed in E. coli and
purified according to the method described by Ohashi et al*
Recombinant human His-pol A was overexpressed and purified
according to the method described by Shimazaki et al.”> Recombinant
human His-pol y was overexpressed in E. coli BL21 and purified by
Glutathione Sepharose 4B column chromatography (GE Healthcare
Bio-Science Corp., Piscataway, NJ, U.S.A.) according to the method
described by Shimazaki et al.* for the preparation of pol 1. Pol a from
the higher plant cauliflower inflorescence was purified according to the
methods reported by Sakaguchi et al.** Recombinant rice (Oryza sativa
L. cv. Nipponbare) pol 1 tagged with Hiss at its C-terminal was
expressed in E. coli and subsequently separated from the cells
according to the method described by Uchiyama et al.** Calf TdT, Taq
pol, T4 pol, T7 RNA polymerase, and T4 polynucleotide kinase were
purchased from Takara Bio Inc. (Kyoto, Japan). The Klenow fragment
of pol I from E. coli was purchased from Worthington Biochemical
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Corp. (Freehold, NJ, U.S.A.). Purified human placenta DNA
topoisomerases I and II were purchased from TopoGen Inc.
(Columbus, OH, U.S.A.). Bovine pancreas deoxyribonuclease I was
obtained from Stratagene Cloning Systems (La Jolla, CA, U.S.A.).

Measurement of Pol Activity. The compositions of the reaction
mixtures used for calf pol a, rat pol f, plant pol @, and the prokaryotic
pols have been described previously elsewhere.”*** The reaction
mixtures used for human pol 7, as well as human pols 6 and & have
been described previously by Umeda et al.'® and Ogawa et al,?®
respectively. The reaction mixtures used for mammalian pols 7, 1, and
k were the same as that used for pol a, whereas those used for human
pols 4 and g, and plant pol A were the same as that of pol 3. For the
pol reactions, poly(dA)/oligo(dT),s (A/T, 2/1) and dTTP were used
as the DNA template-primer and nucleotide (dNTP; 2’-deoxynucleo-
side-5'-triphosphate) substrates, respectively. For the TdT reactions,
oligo(dT),s (3'-OH) and dTTP were used as the DNA primer and
nucleotide substrates, respectively.

The compounds to be tested were dissolved in freshly distilled
dimethyl sulfoxide to various concentrations, and the resulting
solutions were sonicated for 30 s. For microliter aliquots were of the
solutions were then mixed with 16 yL of each enzyme (0.0 units) in
50 mM Tris-HCl (pH 7.5), containing 1 mM dithiothreitol, 50%
glycerol (v/v), and 0.1 mM ethylenediaminetetraacetic acid, and the
resulting mixtures were held at 0 °C for 10 min. Eight microliter
aliquots of the inhibitor-enzyme mixtures were then added to 16 uL of
the enzyme standard reaction mixture and incubated at 37 °C for 60
min, except for Taq pol, which was incubated at 74 °C for 60 min.
Activity in the absence of the inhibitor was considered to be 100%, and
the relative activity was determined for each inhibitor concentration.
One unit of pol activity was defined as the amount of each enzyme
required to catalyze the incorporation of 1 nmol of dTTP into the
synthetic DNA temglate—primers in 60 min at 37 °C under standard
reaction conditions.***>

Other DNA Metabolic Enzyme Assays. The activities of T7
RNA polymerase, human DNA topoisomerases I and II, mouse IMP
dehydrogenase (type II), T4 polynucleotide kinase, and bovine
deoxyribonuclease I were measured using standard assay protocols
according to the manufacturers’ specifications, as described by
Nakayama and Saneyoshi,27 Yonezawa et al,”® Mizushina et al,”
Soltis and Uhlenbeck,®® and Lu and Sakaguchi,*' respectively.

Animals. Female ICR mice (6 weeks old with a body weight in the
range of 25—27 g) were obtained from Japan SLC, Inc. (Hamamatsu,
Japan), and maintained on a standard moderate fat (MF) diet
(Oriental Yeast Co. Ltd, Osaka, Japan), with water provided ad
libitum. Mice that had been bred in-house with free access to food and
water were used for all of the experiments in the current study. All of
the mice were maintained under a 12-h light/dark cycle and housed at
room temperature (25 °C). This study was approved by the
Institutional Animal Care and Use Committee of Kobe Gakuin
University and was performed in accordance with the guidelines
outlined in the Care and Use of Laboratory Animals of Kobe Gakuin
University. The animals were anesthetized with pentobarbital before
undergoing cervical dislocation.

Measurement of Anti-Inflammatory Activity. The mouse
inflammatory test was performed according to Gschwendt’s method.*>
Briefly, an acetone solution of the compound of interest (500 g in 20
uL) or 20 uL of acetone as a vehicle control was applied to the inner
part of the mouse ear. Thirty minutes after the test compound was
applied, a TPA solution (0.5 4g/20 uL of acetone) was applied to the
same part of the ear. TPA was also applied to the other ear of the same
mouse as a control. After 7 h, a disk (6 mm diameter) was obtained
from the ear and weighed. The inhibitory effect (IE) was then
determined as the ratio of the weights of the two ear disks, as follows:

IE = [(TPA only) — (tested compound plus TPA)]
/[(TPA only) — (vehicle)] x 100

Measurement of Anti-Anaphylactic Activity. The PCA
reaction was conducted according to the method described by Sato
et al.>®> Mice were sensitized by an intradermal injection of 0.1 ug of
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Figure 1. Extraction of the absorbed materials from the used activated charcoal generated during the sake-brewing process with different organic
solvents. (A) Amount of extract collected from the used activated charcoal by the nine organic solvents. Data are shown as the mean values + SD of
three independent experiments. (B) Inhibitory activity of calf pol & and human pol 4 by 100 pg/mL of extract collected from the used activated
charcoal by the nine organic solvents. Data are shown as the mean values + SD of three independent experiments.

antidinitrophenyl (DNP) IgE in their ear. Four hours later, the mice
were intravenously challenged with 0.2 mL (1 mg/mL) of DNP-
labeled human serum albumin containing 2% Evans blue dye. A test
compound (100 mg/kg) or saline was also administered orally 2 h
prior to the antigen challenge, with saline being used as a control. The
mice were subsequently sacrificed, and their ears removed and weighed
30 min after the challenge. The ears were then dissolved in 200 L of 1
N KOH, and the resulting solutions were incubated overnight at 37
°C. To measure the amount of Evans blue dye present in the exudates,
the dissolved tissue solution was added to 400 uL of a 5:13 (v/v)
mixture of acetone and 0.6 N phosphoric acid, and the optical density
of the resulting solution was measured at 620 nm. The amount of dye
in the exudates was calculated from an Evans blue standard curve, and
the results expressed as a percentage for the mean amount of exudate
dye from the treated mice. These data were then compared with those
from the controls.

Statistical Analysis of Animal Experiments. All data of animal
experiments such as anti-inflammatory and antiallergic activities are
expressed as the means + SD of six independent determinations for
each experiment. Statistical significance between each experimental
group was analyzed using Student’s ¢ test, and a level of probability of
0.01 and 0.05 was used as the criterion of significance.

B RESULTS AND DISCUSSION

Extraction of Absorption Components from the Used
Activated Charcoal Derived from Sake-Brewing Process.
The Japanese rice wine “sake” is made from fermented rice.
The fermentation process for the production of this wine
involves the conversion of starch to sugar using the fungus
Aspergillus orizae, whereas the brewing process uses the yeast
Saccharomyces cerevisiae. During sake production, the fermented
sake (i.e., irekuchi-sake) becomes colored and off-flavored, and
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is consequently treated with activated charcoal to remove the
colors and off-flavors. The resulting activated charcoal-treated
sake is known as “sumikuchi-sake”, and this material is
subsequently packaged and distributed as a commercial
product. The used activated charcoal, however, is treated as
an industrial waste product and disposed of accordingly. The
aim the current study was to identify bioactive compounds that
had been adsorbed onto the activated charcoal during the
manufacture of sumikuchi-sake, and evaluate these compounds
in terms of their pol-inhibitory activities. In this way, it could be
possible to recycle these byproducts and find alternative
industrial/medical applications for these materials.

We investigated the extraction of the absorbed materials
from the used activated charcoal using nine different organic
solvent systems, including (1) water, (2) methanol, (3) ethanol,
(4) acetone, (5) ethyl acetate, (6) chloroform, (7) benzene, (8)
n-hexane, and (9) a 1:1 (v/v) mixture of chloroform and
methanol (Figure 1). Solvents (1) to (8) have been listed in
order of their hydrophilicity. Five-hundred milligrams of the
used activated charcoal was added to 1 mL of each organic
solvent, and the resulting mixtures were shaken and vortex-
mixed for 10 min, before being centrifuged at 10 000g for 10
min to separate the organic extract from the charcoal. Extract
from solvent system (9) was very yellow in color, and the
extract from solvent (4) was only slightly yellow in color. In
contrast, the extracts from all of the other solvents remained
colorless. The amounts of adsorbed material extracted from 1 g
of used activated charcoal by the different organic solvents are
shown in Figure 2A. The amount of material extracted by
solvent system (9) was more than 4-fold greater than that of
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Theused activated charcoal (600 g)
after production of sake (trade name: Kuromatsu-Hakushika)

chloroform : methanol (1:1 v/v)(3L)

Extraction

Filtration

Filtrate Residue

evaporated in vacuo
Extract (80 g)

15 Silica gel column chromatography
eluted with benzene : methanol (v/v, 10: 1)

2 Silica gel column chromatography
eluted with chloroform : methanol (v/v 50 : 1)

31 Silica gel column chromatography
eluted with n-hexane : acetone (v/v,2 : 1)

Sephadex LH-20 gel filtration column chromatography
eluted with chloroform : methanol (v/v, 1: 1)

evaporated in vacuo
Compound1(92.5 mg)
Figure 2. Method for purification of compound 1, a mammalian pol

inhibitor, from the used activated charcoal generated during the sake-
brewing process.

any other organic solvent. Solvent system (9) therefore
exhibited the best extraction efficiency of all of the solvents
tested toward the used activated charcoal. The inhibitory
activities of the extracts of nine organic solvent toward
mammalian pols was investigated, using pol & and pol 4 as a
representative DNA replicative }5)01 and DNA repair/recombi-
nation-related pol, respectively.*> The inhibitory activity of calf
pol a and human pol 4 against 100 ug/mL of each extract is
shown in Figure 1B. Among the nine extracts tested, solvent
system (9) showed the strongest inhibition of both pols a and
A, with inhibitory activities of 83.0 and 87.2%, respectively. The
extracts of solvent system (2) to (8) slightly inhibited the pol
activity, but solvent system (1) had no effect on the activity,
suggesting that water-soluble (i.e., hydrophilic) components of
the absorbed materials from the used activated charcoal did not
have the inhibitory activities of mammalian pols.

Isolation of a Mammalian Pol Inhibitor from the
Absorption Extract of the Used Activated Charcoal. The
materials extracted from the used activated charcoal with
solvent system (9) exhibited potent inhibitory activity toward
mammalian pol, and the decision was taken to purify this
extract to isolate and identify the compound responsible for this
inhibitory activity. Briefly, a large portion of used activated
charcoal (600 g) was extracted with a 1:1 (v/v) mixture of
chloroform and methanol (3 L), and the resulting extract was
evaporated to dryness to give a residue (80 g), which was
subjected to purification by column chromatography over silica
gel eluting with a 10:1 (v/v) mixture of benzene and methanol.
The active fractions (1.15 g) were then combined and purified
by column chromatography over silica gel eluting with a 50:1
(v/v) mixture of chloroform and methanol. Once again, the
active fractions (310 mg) were combined and purified by
column chromatography over silica gel eluting with a 2:1 (v/v)
mixture of n-hexane and acetone. Finally, the active fractions
(123 mg) were combined and purified by column chromatog-
raphy over Sephadex LH-20 eluting with a 1:1 (v/v) mixture of
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chloroform and methanol to give compound 1 as a white
powder (92.5 mg), which was confirmed to be an inhibitor of
mammalian pol (Figure 2). The yield and 50% inhibitory
concentration (ICy,) for human pol 4 activity of the purification
steps are shown in Table 1. Since the extract of solvent system

Table 1. Purification Steps of Compound 1 from the Used
Activated Charcoal after Production of Sake

yield IC, value for
step of purification (mg) pol 4 (ug/mL)
extract of chloroform: methanol (1:1 v/v) 80 000 553
active fraction of first silica gel column 1150 66.8
chromatography
active fraction of second silica gel column 310 18
chromatography
active fraction of third silica gel column 123 6.5
chromatography
active fraction of LH-20 gel filtration column 92.5 4.7

chromatography (compound 1)

(9) was stronger pol A inhibitor than the active fraction of first
silica gel column chromatography, the extract of solvent system
(9) should contain several pol inhibitory compounds.

Determination of the Structure of Compound 1
Purified from the Used Activated Charcoal Derived
from the Sake-Brewing Process. Compound 1 purified
from the used activated charcoal was identified as tyrosol [4-(2-
hydroxyethyl)phenol] by spectroscopic analyses, including 1D/
2D NMR and MS. These spectroscopic data were consistent
with those reported previously in the literature for the same
compound.** Two tyrosol (1) analogues were also prepared,
including 3-hydroxytyrosol (2) and 3,4-dihydroxyphenyl acetic
acid (3) (Figure 3), and all three of these compounds were
used in the next part of the study.

Effects of Tyrosol (1) and Its Analogues (2 and 3) on
the Activities of Various Pols and Other DNA Metabolic
Enzymes. Tyrosol (1), 3-hydroxytyrosol (2), and 3,4-
dihydroxyphenyl acetic acid (3) were evaluated in terms of

(A)

OH

HO

(B) OH

HO
OH

© OH

HO
OH

Figure 3. Structure of compound 1, which was obtained from the
absorption extract of the used activated charcoal generated during the
sake-brewing process, and two related compounds. Compound 1,
tyrosol [4-(2-hydroxyethyl)phenol]; compound 2, 3-hydroxytyrosol;
and compound 3, 3,4-dihydroxyphenyl acetic acid.
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Table 2. IC, Values of Tyrosol (1) and Its Analogues (2 And 3) towards Various Pols and other DNA Metabolic Enzymes®

enzymes

ICs, values (uM)

tyrosol (1) 3-hydroxytyrosol (2) 3,4-dihydroxyphenylacetic acid (3) aphidicolin curcumin
[1] mammalian pols
[A-family]
human pol y 42.0 £ 2.5 >200 >200 >200 >200
[B-family]
calf pol a 40.7 + 24 >200 >200 19.6 £ 1.0 >200
human pol § 42.6 + 2.6 >200 >200 133 £ 0.7 >200
human pol & 428 +£ 2.5 >200 >200 162 + 0.8 >200
[X-family]
rat pol # 36.0 + 2.1 >200 >200 >200 >200
human pol 4 343 +2.0 >200 >200 >200 7.0 = 1.0
human pol u 37.5 £22 >200 >200 >200 >200
calf TdT 38.1 +£ 2.2 >200 >200 >200 >200
[Y-family]
human pol 5 444 £+ 2.6 >200 >200 >200 >200
mouse pol 46.1 £ 2.7 >200 >200 >200 >200
human pol 452 £ 25 >200 >200 >200 >200
[2] plant pols
cauliflower pol a >200 >200 >200 250 + 1.3 >200
rice pol A >200 >200 >200 >200 >200
(3] prokaryotic pols

E. coli pol I >200 >200 >200 >200 >200
Tagq pol >200 >200 >200 200 200
T4 pol >200 >200 >200 >200 >200
[4] other DNA metabolic enzymes
human topo I >200 >200 >200 >200 >200
human topo II >200 >200 >200 >200 >200
mouse IMP dehydrogenase (type II) >200 >200 >200 >200 >200
T4 polynucleotide kinase >200 >200 >200 >200 >200
bovine deoxyribonuclease I >200 >200 >200 >200 >200

“Compounds 1—3 and positive controls (aphidicolin and curcumin) were incubated with each pol (0.05 U) and other DNA metabolic enzymes.
Enzyme activity in the absence of the compound was considered to be 100%. Data are shown as the mean values + SD of three independent

experiments.

their inhibitory activities toward various pols and other DNA
metabolic enzymes. The purities of these compounds were
determined to be greater than 98% by NMR analysis (data not
shown).

Tyrosol (1) exhibited inhibitory activity toward 11
mammalian pols, including pols belonging to family A
(human pol y), family B (calf pol @, human pol &, and
human pol ¢), family X (rat pol 5, human pol 4, and human pol
u), and family Y (human pol #, mouse pol 1, and human pol
«),** with ICq, values of 42.0, 40.7—42.8, 34.3—38.1, and 44.4—
46.1 uM, respectively (Table 2). Tyrosol (1) strongly inhibited
the activities of X-family pols, with human pol 4 being the most
sensitive of all 11 of the mammalian pols tested toward this
compound. Aphidicolin, a known inhibitor of pols a, §, and g’
and curcumin, a specific inhibitor of pol 4,** showed stronger
pol inhibitory activity than tyrosol (1).

In contrast, 3-hydroxytyrosol (2) and 3,4-dihydroxyphenyl
acetic acid (3) had no effect on any of these pols, indicating
that the presence of a hydroxyl group at the 3-position tyrosol
was having an adverse impact on its inhibitory activity toward
mammalian pols, and that the whole structure of tyrosol (1)
may be essential to its inhibitory activity. When activated DNA
(bovine deoxyribonuclease I-treated DNA) was used as the
DNA template-primer substrate instead of synthesized DNA
[poly(dA)/oligo(dT),s (A/T = 2/1)], and ANTP was used as
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the nucleotide substrate instead of dTTP, the inhibitory effects
of these compounds did not change (data not shown).

None of these three compounds exhibited any influence over
the activities of the plant pols, including cauliflower pol o and
rice pol A. Furthermore, none of these compounds exhibited
inhibitory activity toward prokaryotic pols, such as the Klenow
fragment of E. coli pol I, Taq pol and T4 pol, or DNA metabolic
enzymes, such as T7 RNA polymerase, human DNA top-
oisomerases I and II, mouse IMP dehydrogenase (type II), T4
polynucleotide kinase, and bovine deoxyribonuclease I (Table
2). On the basis of these results, tyrosol (1) can be classified as
a selective inhibitor of mammalian pols. Given that tyrosol (1),
which is an absorption component of the activated charcoal
waste generated during the manufacture of sake, is an inhibitor
of the mammalian pol species is of great interest.

Specific assays were used to determine whether the tyrosol
(1)-induced inhibition was dependent on the binding of tyrosol
(1) to DNA or to the enzyme. The extent of the interaction
between tyrosol (1) and dsDNA was investigated based on the
thermal transition of dsDNA by measuring the melting
temperature (T,) of dsDNA in the presence of an excess
amount of tyrosol (1) (200 uM) using a spectrophotometer
equipped with a thermoelectric cell holder. A thermal transition
of T,, was not observed within the compound concentration
range used in the assay. In contrast, a typical intercalating
compound used as a positive control (ethidium bromide, 15
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Journal of Agricultural and Food Chemistry

uM) produced a clear thermal transition (data not shown). To
determine whether the inhibitory effect of tyrosol (1) was
caused by nonspecific adhesion to mammalian pols or its
selective binding to specific sites, we proceeded to investigate
whether an excessive amount of nucleic acid [poly(rC)] or
protein [bovine serum albumin (BSA)] abrogated the effects of
tyrosol (1). Poly(rC) and BSA had little to no effect on the pol-
inhibitory activity of tyrosol (1) (data not shown), which
suggested that this compound was binding selectively to the pol
molecule. These observations indicated that tyrosol (1) was not
acting as a DNA intercalating agent, and that it was exerting its
inhibitory activity by binding directly to selected pol enzymes.

Effect of Tyrosol (1) and Its Analogues (2 and 3) on
TPA-Induced Inflammation In Vivo. In our previous pol
inhibitor studies, we observed a relationship between pol 4
inhibitors and their ability to suppress TPA-induced inflamma-
tion.>”3>3¢ With this in mind, we used an in vivo mouse ear
inflammatory test in the current study to examine the anti-
inflammatory activities of tyrosol (1), 3-hydroxytyrosol (2), and
3,4-dihydroxyphenyl acetic acid (3). The application of TPA
(0.5 pg) to the mouse ear induced edema resulted in a 241%
increase in the weight of the ear disk 7 h after application. As
shown in Figure 4, pretreatment with 500 g of tyrosol (1) had
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Figure 4. Anti-inflammatory activities of tyrosol (1) and its analogues
(2 and 3) toward TPA-induced edema in a mouse ear model. Each
compound (500 pg) was applied individually to one ear of a mouse,
and TPA (0.5 ug) was applied 30 min later to both ears. Edema was
evaluated after 7 h. The inhibitory effect is expressed as the percentage
of edema. Data are shown as the mean values + SD of six independent
experiments. ** P < 0.01 versus controls.

a 55% anti-inflammatory effect, whereas 3-hydroxytyrosol (2)
and 3,4-dihydroxyphenyl acetic acid (3) had no effect. The in
vivo anti-inflammatory effects of these compounds therefore
displayed a similar trend to that observed for their in vitro
inhibitory effects toward mammalian pols (Table 2). The anti-
inflammatory effect of glycyrrhetinic acid, which is a known
anti-inflammatory agent, was very similar to that of tyrosol (1),
and it was therefore concluded that tyrosol (1) was at least as
effective as this benchmark compound.

Effect of Tyrosol (1) and Its Analogues (2 and 3) on
Anti-Allergic Activity In Vivo. The IgE-mediated PCA
reaction can be used as an in vivo tool to study the mechanism
of the immediate hypersensitivity reaction. As shown in Figure
S, tyrosol (1) inhibited the PCA reaction in mice by 79.4%,
when it was used at a dose of 100 mg/kg. In contrast, 3-
hydroxytyrosol (2) and 3,4-dihydroxyphenyl acetic acid (3) had
very little impact on the reaction. The antiallergic effects of
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Figure S. Antiallergic activities of tyrosol (1) and its analogues (2 and
3) measured by mouse PCA reaction. Each compound (100 mg/kg)
was orally administered to the mice, and the IgE-dependent PCA
reaction was investigated. Inhibition of anaphylactic activity by the
vehicle control was taken as 0%. Data are shown as the mean values +
SD of six independent experiments. ** P < 0.01 and * P < 0.05 versus
controls.

these compounds were therefore of the same order of
magnitude as their in vitro inhibitory effects toward the
mammalian pols (Table 2). Tranilast, which is a commonly
used antiallergic drug that targets mast cell degranulation and
inhibits the PCA reaction, caused 23.9% inhibition in this PCA
reaction assay at a dose of 100 mg/kg (Figure S). The
inhibitory effect of tyrosol (1) was 3.3-fold greater than that of
tranilast, which suggested that tyrosol could potentially be used
as an antiallergic compound. Antiallergic effect by PCA
experiment using rat of dorsal skin was same tendency as
that using mouse ear (the inhibitory effect of 100 mg/kg tyrosol
(1) was 2.6-fold greater than that of 100 mg/kg tranilast).

In addition to causing inflammation, TPA influences cell
proliferation and exhibits tumor-promoting activity.'> Anti-
inflammatory agents are therefore expected to suppress DNA
replication/repair/recombination in nuclei in relation to the
action of TPA. Given that pol is related to repair/
recombination,' ™ our finding that it is a molecular target of
tyrosol (1), which selectively inhibited mammalian pol activity
(Table 2), is in agreement with this expected mechanism of
anti-inflammatory/antiallergic action. Recently, we found that
there is the positive correlation between inflammatory
cytokines induction, such as TNF-a by lipopolysaccharide
and expression of pol 4,>” which has been implicated in §'-
deoxyribose-5-phosphate (dRP)-lyase activity,>® V(D)J recom-
bination,* translesion synthesis,”” and base excision repair,” in
cultured mouse macrophage RAW264.7 cells; thus, not only
DNA polymerization activity, but also the protein expression of
pol 4 is likely to be important in inflammation. However,
detailed mechanisms describing the way in which tyrosol (1)
inhibits mammalian pols, such as pol 4, as well as the way in
which it elicits it anti-inflammatory effects, remain unclear, and
further studies are currently underway in our laboratory to
elucidate these mechanisms.

Sake-byproduct is formed during fermentation of Orzya
sativa to produce the Japanese rice wine “sake”. This contains
fermentation products of fungus (Aspergillus oryzae) and yeast
(Saccharomyces cerevisiae) using rice tissues such as endosperm,
bran, and germ, and this byproduct is an unused resource
containing novel bioactive compounds. Therefore, we focused
on the absorption extract, collected from the used activated
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charcoal, of sake-byproduct. Activated charcoal is a form of
carbon that is processed in such a way as to introduce multiple
small, low-volume pores that are designed to increase the
surface area available for adsorption or chemical reactions.
These pores can also bind to low molecular weight compounds
containing benzene rings, although very little is known about
the molecular mechanism involved in adsorption of different
materials by activated charcoal. Tyrosol (1) is produced from
tyrosine during the fermentation of yeast,* and is therefore
present in the fermented sake. Tyrosol (1) is a derivative of
phenethyl alcohol, which is known as a natural phenolic
antioxidant. As an antioxidant, tyrosol (1) can protect cells
against injuries caused by oxidation.® To the best of our
knowledge, this study represents the first reported account of
tyrosol (1) being used to inhibit the activities of mammalian
pols. These results suggest that the used activated charcoal
generated as a waste product during sake production could be
used as a good source of tyrosol (1) for its anti-inflammatory/
antiallergic activities. This compound could also be used as an
effective nutritional supplement because of its anti-inflamma-
tory and antiallergic effects, which could lead to significant
improvements in human health. The tyrosol (1)-enriched
fraction of the used activated charcoal generated during the
sake-brewing process, or purified tyrosol (1), could potentially
be used in functional foods or cosmetics to deliver anti-
inflammatory/antiallergic properties.
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