COMMUNICATIONS

Scheme 1. Chemical Structure and Synthesis of PCn
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Scheme 2. Radical Scavenging Reaction of PCn against DPPHe
and AAPH
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Table 1. Antioxidant Profile of Catechin and PCn Determined
Using a DPPH and AAPH Scavenging Assay

compd DPPH" kg (M~" 57%) AAPH ICs) (nM)
catechin 305 292
PC1 533 220
PC2 622 175
PC3 686 98
PC4 725 147
PCS 756 625
PCé 759 1700

o

F F &~ Hom D>
F Fe&e8eee
- M R

Flgure 1. Effects of catechin and PCn on DNA breakage induced by the
Fenton reaction (Fe’*/H;0,). Assays were performed in 100 mM phosphate
buffer, pH 7.0 containing 45 uM pBR322DNA, 10 mM H;0,, 100 xM
FeCls, and 1 mM individual PCn for 1 h at 37 °C.

determined. Although PC1 showed an excellent protecting effect
against oxidative DNA scission compared with catechin,® the
antioxidative activity of the series of PCn was evaluated under
conditions in which the protecting effect of PC1 appears to be weak.
As shown in Figure 1, DNA cleaving activity induced by the Fenton
reaction did not increase in the presence of PCn, and with an
increase in the length of alkyl chains, the protecting effect of PCn
on the oxidative DNA damage was greatly increased. The strong
antioxidative activity might be attributed to a combination of radical
scavenging activity and lipophilicity that tends to increase the
binding between PCn and DNA. A small decrease in the protecting
effect of PC6 might be responsible for the diminishing radical
scavenging ability under aqueous solution.

In addition to the antioxidative ability, (+)-catechin is known
to be an inhibitor against a-glucosidase’ that catalyzes the final

Table 2. Inhibitory Activities of Catechin and PCn against
a-glucosidases

compd S. cerevisiae ICsp (uM) B. stearothermophilus [Cs, (M)
catechin >500 >500
PC1 1.2 0.7
PC2 475 26.8
PC3 37.5 284
PC4 2.1 14.2
PC5 53 6.8
PCé6 09 1.1

step in the digestive process of carbohydrates. Therefore, the
inhibitory effects of PCn on a-glucosidase from Saccharomyces
cerevisiue and Bacillus stearothermophilus were evaluated (Table
2). Surprisingly, in contrast to the relative weak inhibitory effect
of (+)-catechin with 1Csy > 500 u#M, PCn exhibited strong
inhibitory effects with 1Csy = 0.7—47.5 uM against both enzymes,
with PC1 (ICsy = 1.2 uM for §. cerevisiae and 0.7 uM for B.
stearothermophilus) and PC6 (1Csy = 0.9 uM for S. cerevisiue and
1.1 #M for B. stearothermophilus) showing especially high inhibi-
tion concentrations. The strong inhibitory effect of PCn on
a-glucosidase suggested that these planar catechin analogues may
be used as a lead compounds for the development of antidiabetic
therapeutics, similar to acarbose and voglibose which are known
to reduce postprandial hyperglycemia primarily by interfering with
the carbohydrate digesting enzymes and delaying glucose absorp-
tion.

In summary, a practical method for the preparation of planar
catechin analogues with various alkyl side chain lengths is described
as well as the remarkable properties of these compounds as potent
antioxidants and o-glucosidase inhibitors. In vivo studies to fully
exploit these potential benefits of PCn are currently under way,
and the results will be published in due time.
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Abstract: N-Linked oligosaccharide processing enzymes are key enzymes in the biosynthesis of N-linked oligo-
saccharides. These enzymes are a molecular target for inhibition by anti-viral agents that interfere with the
formation of essential glycoproteins required in viral assembly, secretion and infectivity. We think that the
molecular recognition of three kinds of glucosidases (family 13 and family 31 o-glucosidases and endoplasmic
reticulum glucosidases) are different. Therefore, glycon and aglycon specificity profiling of glucosidases was
an important approach for the research of glucosidase inhibitors. We carried out the profiling of glucosidases
using small molecules as a probe. Moreover, we designed and synthesized three types of glucosidase inhibitors.
These compounds were evaluated with regard to their ability to inhibit glucosidases in vitro, and were also
tested in a cell culture system. We found some compounds having glucesidase inhibitory activity and anti-viral

activity.

Key words: a-glucesidase, ER glucosidase, inhibitor, anti-viral activity

a-Glucosidases (EC 3.2.1.20) are also exo-acting carbo-
hydrases, catalyzing the release of o-D-glucopyranose
from the non-reducing ends of various substrates,"” and
on the basis of amino acid sequence similarities, o-
glucosidases are classified into two families, family 13
and family 31> Endoplasmic reticulum (ER) glucosi-
dases, glucosidase I (EC 3.2.1.106) and glucosidase II
(EC 3.2.1.84), are key enzymes in the biosynthesis of
asparagine-linked oligosaccharides that catalyze the first
processing event after the transfer of Gic:MansGlcNAc: to
proteins. These enzymes are a target for inhibition by anti-
viral agents that interfere with the formation of essential
glycoproteins required in viral assembly, secretion and in-
fectivity.” Many papers reported that inhibitors of a-
glucosidases are potential therapeutics for the treatment of
such diseases as viral diseases, cancer and diabetes.>®
However, many screenings of a-glucosidase inhibitors did
not use enzymes from target tissues or organs. We think
that the molecular recognitions of three kinds of glucosi-
dases (family 13, family 31 a-glucosidases and ER glu-
cosidases) are different. Therefore, the glycon and aglycon
specificity profiling of glucosidases has been an important
approach for the research of glucosidase inhibitors.

In this research, we first describe the glycon and agly-
con specificity profiling of glucosidases using small mole-
cules as probes. Next, compounds designed and synthe-

* Corresponding author (Tel. +81-3-3700-1141, Fax. +81-3-3707-
6950, E-mail: hakamata@nihs.go.jp).

sized as glucosidase inhibitor candidates were evaluated -
with regard to their ability to inhibit three kinds of glu-
cosidases. Finally, the glucosidase inhibitor candidates
were tested for their anti-viral activities in a cell culture
system.

Glycon specificity profiling of glucosidases using chem-

ically modified substrates.

Chemically modified substrates are effective methods in
the study of substrate specificity profiling. We have ap-
plied this approach to family 13 and family 31 o-glu-
cosidases,”™ ER glucosidases,'"'? a-galactosidases*® and
o-mannosidases*'® using partially substituted monosac-
charides. We used all of the monodeoxy analogs of p-nit-
rophenyl o-D-glucopyranoside (PNP o-Glc) 1-4 (Fig. 1)
as chemically modified substrates for glycon specificity
profiling. We investigated the hydrolytic activities of fam-
ily 13 and family 31 a-glucosidases and ER glucosidase
II of PNP o-Glc and its deoxy derivatives 1-4, and
checked the inhibitory activities of ER glucosidase I of
PNP a-Glc and probes 1-4, so that PNP o-Glc was not a
substrate for ER glucosidase I. These results are shown in
Table 1.'"'? Clearly, of the four deoxy derivatives of PNP
o-Glc 14, family 31 a-glucosidases and ER glucosidase
II hydrolyzed the 2-deoxy glucopyranoside (1); its activity
with 1 appeared to be substantially higher than that with
PNP o-Glc. Kinetic studies of the hydrolysis of PNP o-
Glc, 1 and 2 were also carried out (Table 2).>'® The
Vmax/Km or kcat/Km values of family 31 co-glucosidases
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and ER glucosidase II for 1 was about twice as great as
PNP o-Glc, which indicated that probe 1 was a good sub-
strate for the enzymes. These reaction velocities to probe
1 increased to 3—28 fold that of PNP a-Glc. PNP Glc and
probes 1-4 inhibited ER glucosidase I by 56.2, 71.7, 185,
22.2 and 32.3% at 5 mM, respectively. These results also
indicated that ER glucosidase II might have properties
similar to those found in family 31 a-glucosidases.

Aglycon specificity profiling and inhibition of glucosi-

dases using heptitol derivatives.

For aglycon specificity profiling, we designed and syn-
thesized eight probes, 5-12, including I-amino-2, 6-
anhydro-1-deoxy-D-glycero-D-ido-heptitol, which might
mimic to a great extent the topography of o-D-glucopy-
ranoside and modified aglycon of a-glucopyranoside
(Fig. 2)."" These probes do not have the specific func-
tional groups for glycosidase inhibition, electrostatic inter-
actions (e.g. 1-deoxynojirimycine), transition state mime-
tic structure (e.g. D-gluconolactone), or covalent bond for-
mation with the enzyme catalytic site (e.g. conduritol B
epoxide). The structures of a-glucosidase inhibitors are
summarized in Fig. 3. We investigated the inhibitory ac-
tivities of family 13 and family 31 o-glucosidases, ER
glucosidases, and other glycosidases (B-glucosidase, o-
and B-mannosidase, a- and B-galactosidase) against probes

R4

1: R'=H, R2=R%=R*=0H
2: R'=R3=R4=0H, R%=H
3: R'=R2=A%=0H, R%=H
4: R'=R2=R%=0H, R*=H

Fig. 1. Chemical structure of glycon profiling probes 1-4.

Table 1.

§-12, and their aglycon specificity profiling was dis-
cussed. The values of the % inhibition and ICs are sum-
marized in Table 3.'”” Probe 8 indicated specific inhibi-
tions of Saccharomyces (S.) cerevisiae (ICsa=55.5 UM)
and Bacillus (B.) stearothermophilus (ICsx=415 uM) o-
glucosidases. Probe 11 inhibited o-glucosidase from S.
cerevisiae (ICs=449 uM). Honey bee isozyme 1 (HBG I)
was inhibited by probe 5 (ICs=851 pM). Family 13 a-
glucosidases and ER glucosidases were inhibited by the
specific probes. On the other hand, family 31 o-
glucosidases were broadly inhibited by probes 5-12. All
probes did not inhibit B-glucosidase, o- or B-mannosi-
dases, or o- or P-galactosidases at a 5-fold concentration.
These facts indicated that aglycon specificities of o-
glucosidases differed greatly among family 13 o-gluco-
sidases, family 31 o-glucosidases and ER glucosidases.
Moreover, each aglycon specificity of family 13 o-gluco-
sidases is different in spite of the highly conserved amino
acid sequences in the catalytic site.'” In the kinetic studies
on the inhibitions of 8 and 11 and the hydrolysis of PNP
a-Glc by S. cerevisiae -and B. stearothermophilus o-
glucosidases, the values of Ki and Km (mM) were calcu-
lated from Dixon plots and Michaelis-Menten plots, re-
spectively, and these values and inhibition types are sum-
marized in Table 4. Probes 8 and 11 were competitive
type inhibitors of the S. cerevisiae enzyme (Ki=0.13 mM
and 0.50 mM). Probe 8 was a mixed type inhibitor of B.
stearothermophilus enzyme (Ki=0.58 mM). The affinities
of 8 against both enzymes were higher than PNP a-Glc as
a substrate. These results indicated that probe 8 formed a
specific hydrogen bond between the primary hydroxyl
group of aglycon moiety and S. cerevisiae enzyme, and
that probe 11, with a terminal phenyl group, formed a hy-
drophobic interaction with the S. cerevisiae enzyme.

Inhibition of o-glucosidase by reactive oxygen spe-
cies. :
The reactive oxygen species (ROS) generated com-

Hydrolytic activities and inhibitory activities of probes 1—4 against glucosidases.'"”

Relative rate of hydrolysis (%) / % Inhibition

Enzyme source

PNP a-Glc PNP 2D a-Glc (1) PNP 3D a-Glc (2) PNP 4D o-Glc (3) PNP 6D «-Glc (4)
ER Processing glucosidase
Rat microsome
Glucosidase 1 - /562 - /1.7 - /185 - /222 - /323
Glucosidase II 100 / HD 189 / HD -/ - -/ - -/ -
Relative rate of hydrolysis (%)
o-Glucosidase family 13
S. cerevisiae 100 - - - -
B. stearothermophilus 100 - - - -
Honey bee 1 100 - - - -
Honey bee II 100 - - - -
Honey bee I 100 - - - -
a-Glucosidase family 31
Rice 100 175 - - -
Sugar beet 100 244 - - -
Flint corn 100 231 3.7 - -
A. niger 100 259 11.9 - -

Relative rate of hydrolysis was expressed by comparison with the amount of p-nitrophenol that was released from PNP a-Glc, which was
taken as 100%. Assay of glucosidase I inhibitory activities used ['H] glucose-labeled VSV glycoprotein as a substrate. —, Hydrolytic or in-
hibitory activity was not detected, HD, Hydrolyzing activity was observed.
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Table 2. Kinetic study of hydrolysis of family 31 o-glucosidases pounds, 13-24, shown in Fig. 4, were assessed as inhibi-
and ER glucosidase I1.*™" tors of glycoside hydrolase family 13 «-glucosidases and
Ka Vmax family 31 a-glucosidases,'® and the results are listed in

Enzyme / Substrate " Vimax/ K y 24 >
(mM)  (umol/min/U) i Table 5 (Preparation for publication). Compounds 18 and
24, with a terminal o-naphthyl group, indicated inhibi-

ER glucosidase 11

P -Gl A . . . . ..
ng gzDG;- Glc (1) 832 ;ﬁ igz tions of a-glucosidases from S. cerevisiae .(ICso=51.7 UM
and ICs=74.1 uM) and B. stearothermophilus (ICs=60.1
Enzyme / Substrate Km Keat keat / K, i
4 (mM) ) at / Am uM and IC»=89.1 uM). We reasoned that the enzymatic
Rice o-glucosidase liberation of the aglycon from compounds 18 and 24
PNP o-Gle 2.62 43.8 16.7 might be followed by the ejection of a sulfinate anion
PNP 2D a-Gle (1) 6.66 237 35.6 with the concomitant formation of p-benzoquinone and p-
Sugar beet a-glucosidase . L. . ROS i
PNP a-Glc 1.04 0.071 0.068 benzoquinone imine, which would then generate in
PNP 2D o-Glc (1) 5.70 0.64 0.11 the enzyme active site, leading to enzyme deactivation.'*"”
Flint corn o-glucosidase Therefore, the effects of compounds 18 and 24 on ROS-
PNP o-Gle 0.88 2.00 2.27 mediated DNA breakage were investigated. DNA strand
PNP 2D -Gle (1) 7.38 17.0 230 scission in the super coiled pBR322DNA was induced by
PNP 3D a-Glc (2) 9.98 0.44 0.044 . . b :
A. niger a-glucosidase ROS in the presence of p-benzoquinone or p- enzoqui-
PNP o-Glc 0.59 3.44 5.83 none imine, metal ion, and NADH."” Compound 24 in-
PNP 2D a-Gle (1) 6.09 96.9 159 duced DNA strand breakage condition in the above condi-
PNP 3D a-Gle (2) 10.2 4.23 0.41 tions (data not shown). We suggest that ROS-generated
g8
HO enzyme inhibition might be a new approach for the devel-
opment of an enzyme inhibitor.
HO 0,
HO HO /ﬁ\ Inhibition of a-glucosidase by catechin derivatives.
N R The catechin derivatives 25-33 shown in Fig. 5 were
H assessed as inhibitors of family 13 and family 31 o-
5: R=CH,OH 9: R=(CH,)sOH glucosidases, and the results are listed in Table 6. A
g 2;%8:328: 10:R-Me comparison of the results against family 13 and family 31
8 R=(CHOH 12 R=C(CHy)s o-glucosidases shows that family 13 a-glucosidases were
Fig. 2. Chemical structure of aglycon profiling probes 5-12. remarkably inhibited by catechin derivatives compared
with family 31 o-glucosidases. The potent inhibition of
LN family 13 a-glucosidases, S. cerevisiae and B. stearother-
’kﬁ g o HO - mophilus, shown by catechin derivative 25 (ICs%=1.2 pm-
o HO— % and ICx=0.7 uM) and 30 (IC%=0.9 puM and ICs=1.1
1-deoxynojiimycine  castanospermine e conduritol B ep IM), are in contrast to the weak activity shown by cate-

Fig. 3. Chemical structure of typxcal oc—glucomdase inhibitor.

Table 3. Inhibitory activities of probes 5-12 against glycosidases.”

% Inhibition (ICs)

Enzyme source

5 6 7 8 9 10 11 12

Family 13 o-glucosidase

S. cerevisiae <1.0 21.1 <1.0 100 (55.5 um) <1.0 <1.0 67.4 (449 um) 6.1

B. stearothermophilus <1.0 <1.0 <1.0 100 (415 pm) <1.0 <1.0 <1.0 <1.0

Honey bee I 52.3 (851 pm) <1.0 <1.0 375 <1.0 104 4.6 <1.0

Honey bee 11 44 2.7 3.6 214 44 <1.0 12.3 <1.0

Honey bee 111 <1.0 32 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
Family 31 a-glucosidase

Rice 10.7 85 7.6 18.3 26.0 21.8 16.0 38

Sugar beet 6.9 1.7 36 31 119 8.8 9.8 32

Flint corn 29.1 14.1 18.5 370 44.6 31.0 49.2 5.6

A. niger 6.6 26 <1.0 6.8 <1.0 233 14.0 1.2
ER processing glucosidase

Glucosidase I <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 18.2 <1.0

Glucosidase II <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 5.9 <1.0
p-Glucosidase <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
a-Mannosidase <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
B-Mannosidase <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
a-Galactosidase <1.0 <1.0 <1.0 <1.0 - <1.0 <1.0 <1.0 <10
B-Galactosidase <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0

Probe concentrations (family 13 and 31 o-glucosidases: 1 pmol/mL, ER processing o-glucosidases: 2 pmol/mlL., B-glucosidase, mannosi-
dases and galactosidases: 5 pmol/mL). Substrate (family 13 and 31 a-glucosidases, ER glucosidase I: PNP a-Glc, ER glucosidases I: [*H]
glucose-labeled vesicular stomatitis virus glycoprotein, B-glucosidase: PNP B-Glc, a-mannosidase: PNP o-Man, B-mannosidase: PNP B-Man,
o-galactosidase: PNP a-Gal, B-galactosidase: PNP B-Gal).
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Table 4. Kinetic studies of the inhibition of family 13 a-gluco-
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Table 6. Inhibitory activity of catechin derivatives 25-33 against

sidases.™ o-glucosidases.™
S. cerevisiae B. stearothermophilus ICs (uM)
Probe Ki Inhibition Ki Inhibition Glycoside Glycoside
(mM) type (mM) type hydrolase hydrolase
— : Compound family 13 family 31
8 0.13 Competitive 0.58 Mixed
11 0.50 Competitive - - .. B. stearother- . .
PNP o-Glc 0.35° . 1.16* _ S. cerevisiae mophilus Rice A. niger
*Km value. Catechin >500 >500 >500 >500
25 1.2 0.7 >500 >500
HO 26 475 26.8 >500 >500
o 27 375 284 >500 >500
Moo o 28 2.1 142 >500  >500
HO L 29 53 6.8 248 >500
o R-5—R 30 0.9 1.1 >500  >500
o 31 49 21.1 >500 >500
32 332 13.8 >500 >500
13: R1=O, R2=N02 19: R1=NH, R2=N02 33 64.0 28.1 >500 500

14: R'=0, R%=CI

15: R'=0, R?=CF,

16: R'=0, R2=CHj,4

17: R'=0, R?=C(CH;);
18: R'=0, R%=a-naphthyl

20: R'=NH, R2=Ci

21: R'=NH, R2=CF,4

22: R'=NH, R2=CH,

23: R'=NH, R2=C(CHa)s
24: R'=NH, R2=a-naphthyl

Fig. 4. Chemical structure of ROS-generated compounds 13-24.

Table 5. Inhibitory activity of ROS-generated compounds 13-24
against a-glucosidases.

ICs (UM)
. Glycoside
Compound Glycof;x;j;:l hyl(;ro]ase hydrolase
y family 31
S. cerevisiae B. stearothermophilus Rice
13 499 >500 >500
14 437 >500 >500 -
15 407 >500 >500
16 499 >500 >500
17 391 >500 >500
18 51.7 60.1 >500
19 239 218 >500
20 200 254 >500
21 146 244 >500
22 231 325 >500
23 136 237 >500
24 74.1 89.1 >500
OH 25: R=CHj
OH 26: R=CH,CHj3
27: R=(CH;);CH3
28: R=(CH,)sCH
HO O 29: R{CH2).CH,
R 30: R=(CH5)sCH3
31: R=(CH,)eCHj
o R 32: R=(CH,);,CH;
OH 33: R=(CH,)gCH3

Fig. 5. Chemical structure of catechin derivatives 25-33.

chin derivative 26, which has one methylene group long
alkyl side chain compared with 25 (ICx=47.5 pM and
ICs=26.8 uM) and catechin derivative 33 which has three
methylene groups long alkyl side chain compared with 30
(IC=64.0 uM and ICs=28.1 pM). From these results, it
is thought that the inhibition mechanism of catechin de-
rivative 25 and the inhibition mechanism of catechin de-
rivative 30 are different. The ICs values of typical o-
glucosidase inhibitor 1-deoxynojirimycine (see Fig. 3) and
catechin derivative 30 against S. cerevisiae o-glucosidase

were 3.3 and 0.9 uM, respectively. This result indi-
cated that catechin derivative 30 is about 3.6 times more
potent than 1-deoxynojirimycine when their ICso values
are compared.

Anti-viral activity of «-glucosidase inhibitors.

Compounds 1-33 were assayed with regard to their
ability to inhibit glycoprotein processing at the cellular
level. Vesicular stomatitis virus glycoprotein (VSV G)
was prepared from VSV-infected and probe-treated baby
hamster kidney (BHK) cells.'” Analyses of the N-glycan
structure of obtained VSV G using endo H, which is
known to have hydrolytic activity against high-mannose
type N-glycan, failed to confirm that compounds 1-24 ex-
cept for catechin derivatives (25-33) inhibited processing
glycosidases. The catechin derivatives had the possibility
of inhibition of processing glycosidases (data not shown).
Then, we assayed the anti-virus activities by effects of the
catechin derivatives of processing glycosidases on virus
glycoprotein synthesis and syncytium formation after new-
castle disease virus (NDV) infection, and effects on syn-
thesis and cell surface expression of NDV glycoprotein,
hemagglutinin-neuraminidase (HANA) glycoprotein in
whole cell lysates were quantified. Moreover, viral infec-
tivity was determined by a plaque assay in BHK cells.”
In the above assays, catechin derivative 30 showed potent
inhibition of the viral infectivity (Table 7, Preparation for
publication).

Conclusion and perspectives.

The discovery of glucosidase inhibitors may help us to
understand the roles of the oligosaccharides of glycopro-
teins and glycolipids in cellular functions, and pharmaceu-
tical applications. From this study, it is better to use en-
zymes of target tissues or organs for the screening of
agents for viral diseases, cancer and diabetes. Moreover,
in applying glucosidases as inhibitors of glycoprotein
processing, inhibitory action of many inhibitors at the cel-
lular levels is not so remarkable, as expected based on
their action at the enzyme level. This was speculated to
be caused by the difficulty for inhibitors to be able to ac-
cess the site of action. We think that high throughput
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Table 7. Anti-viral activity of catechin derivatives at the cellular

level.

Compound  Conc. (uM) % HAU SF % PFU CPU

Catechin 500 100 + 95 +

250 100 + 100 +

125 100 + NT +

63 100 + NT +

25 500 0 - 0 +

250 6 - 14 +

125 100 + 100 +

63 100 + 100 +

26 500 0 - 0 -

250 0 - 0 +

125 100 + 24 +

63 100 + 85 +

27 500 0 - 0 -

250 0 - 0 -

125 0 - 0 -

63 100 + 90 +

28 500 0 - 0 -

250 0 - 0 -

125 0 - 0 -

63 100 + 90 +

29 500 0 - 0 -

250 0 - 0 -

125 0 - 0 -

63 100 + 50 -

31 100 + 100 +

16 100 + 100 +

30 500 0 - 0 -

250 0 - 0 -

125 0 - 0 -

63 9 +/— 25 -

31 100 + 95 +

16 100 + 100 +

33 500 0 - 0 -

250 0 - 0 -

125 25 - 50 -

63 100 + 100 +

screening assays using specific probes and enzymes of
target tissues or organs and highly effective design and
synthesis of inhibitors in silico are necessary for the de-
velopment of new and potent glucosidase inhibitors.
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Abstract—Resveratrol (1. 3,54 -trihydroxy-frans-stilbene), a polyphenol found in grapes and other food products, is known as an
antioxidant and cancer chemopreventive agent. However, 1 was shown to induce genotoxicity through a high frequency of micro-
nucleus and sister chromatid exchange in vitro and DNA-cleaving activity in the presence of Cu(Il). The present study was designed
to explore the structure-activity relationship of 1 in DNA strand scission and 1o characterize the substrate specificity for Cu(II) and
DNA binding. When pBR322DNA was incubated with 1 or its analogues differing in the number and positions of hydroxy! groups
in the presence of Cu(Il), the ability of 4-hydroxystilbene analogues to induce DNA strand scission is much stronger than that of 3-
hydroxy analogues. The high binding affinity with both Cu(1l) and DNA was also observed by 4-hydroxystilbene analogues. The
reduction of Cu(Il) which is essential for activation of molecular oxygen proceeded by addition of 1 to the solution of the Cu(1I)-
DNA complex, while such reduction was not observed with the addition of isoresveratrol, in which the 4-hydroxy group of 1 is
changed to the 3-position. The results show that the 4-hydroxystilbene structure of 1 is a major determinant of generation of reactive
oxygen species that was responsible for DNA strand scission.

© 2005 Elsevier Lid. All rights reserved.

1. Introduction 1s found in grapes, where it serves as a phytoalexin that
protects against fungal infection.® Although its biosyn-

Natural polyphenols, including catechin, epicatechin, thesis is not well defined. 1 is thought to be synthesized

quercetin, and resveratrol, are natural antioxidants that
are found in a wide range of plant species. Polyphenols
inhibit the oxidation of human low-density lipoprotein
{LDL),' which is responsible for promoting atherogene-
sis,”? and the intake of foods and beverages that contain
polyphenols may protect against atherosclerosis.* The
polyphenol resveratrol (3,5,4'-trihydroxy-trans-stilbene; 1)

Keywords: Resveratrol: Polyphenol: Antioxidant; DNA oxidative
damage.

*Corresponding author. Tel.: +81-3-3700-1141; fax: +81-3-3707-
6950; e-mail: fukuharanihs.go.jp

in response to infection or injury.® Resveratrol 1 (Fig. 1)
has some therapeutic effects that are due to its antioxi-
dant potential and originate from the inhibition of the
oxidation of human LDL and the reduced propensity
of human plasma and LDL to undergo lipid peroxida-
tion.”® In addition to its antioxidant potential, it has
also been reported to have a variety of anti-inflammato-
ry, anti-platelet, and anti-carcinogenic effects.”'” There-
fore, due to its high concentration in grape skin, the
beneficial effects of the consumption of red wine at
reducing the risk of cardiovascular disease have been
attributed to the multiple effects of 1."' Recently, 1
was shown to inhibit cellular events associated with
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Figure 1. Structure of resveratrol (1). its analogues 2--9, and dihydro-
resveratrol (1H,).

tumor initiation, promotion, and progression.'” Fur-
thermore, it has been reported that 1 has the potential
to inhibit DNA polymerase and cyclooxygenase,'* and
also has a direct antiproliferative effect on human breast
epithelial cells.' Based on its antimutagenic activity,!*10
it has been suggested that 1 should be effective as a can-
cer chemopreventive agent in humans.

Meanwhile, 5-alkyl-1,3-dihydroxybenzenes (5-alkylres-
orcinol) have long been recognized to have potential
as therapeutic agents, since natural resorcinols have a
wide variety of biological activities, including fungicidal
and bactericidal activities against numerous patho-
gens.!” Hecht and co-workers were the first to demon-
strate that S-alkylresorcinol induced Cu(II)-dependent
DNA strand scission under alkaline pH.'* This DNA
cleavage requires the initial oxygenation of the benzene
nucleus, a process that occurs readily at an alkaline pH
in the presence of Cu(Il) and O,. The resulting trihydr-
oxylated benzene mediates DNA cleavage in a reaction
that depends on the presence of Cu(Il) and O.. Recent-
ly, based on the similar structures of S-alkylresorcinol
and resveratrol. we suggested that 1 may be able to
mediate Cu(II)-dependent DNA strand scission under
neutral conditions.'® Interestingly. DNA strand scission
occurred at neutral pH, indicating that 1 can induce

compound 1 2 3

DNA cleavage without the oxygenation of benzene nu-
clei to the catechol moiety. which is a requisite interme-
diate in resorcinol-induced DNA cleavage. It has also
been shown that DNA cleavage is more likely caused
by a copper-peroxide complex as the reactive species
rather than by a freely diffusible oxygen species that
mediates DNA degradation by resorcinol in the pres-
ence of Cu(Il). However. instead of the catechol struc-
ture, the structural feature of 1 that is effective for
DNA cleavage is still unknown. To address this ques-
tion, the present study was designed to explore the struc-
ture-activity relationship of synthesized hydroxystilbene
derivatives (Fig. 1) in DNA strand 4 scission and also to
characterize the substrate specificity for Cu(ll) and
DNA binding. The results show that the 4-hydroxy
group of 1 is a major determinant of DNA cleaving abil-
ity and confirm that the stilbene structure is also impor-
tant for this ability.

2. Result and discussion
2.1. DNA-cleaving activity

The ability of 1 and its analogues to induce DNA-cleav-
ing activity was examined using pBR322, a supercoiled,
covalently closed circular DNA (Form I). and analyzed
by agarose gel electrophoresis. Consistent with the fact
that Cu(Il) is required for potent DNA-cleaving activity
of 1, the individual hydroxylated stilbenes induced DNA
cleavage only when the reaction was carried out in the
presence of Cu(ll); in the absence of Cu(II), no DNA
cleavage was observed (data not shown). Figure 2 shows
the results of the analysis in the presence of Cu(Il).
Replacement of the internal double bond in the stilbene
moiety by a saturated one (1H-) resulted in a marked
reduction in potency, suggesting that the structure of
stilbene is important for mediating DNA relaxation.
In a series of hydroxylated stilbene analogues, Cu(1l)-
dependent DNA-cleaving activity was greatly affected
by the number and positions of hydroxyl groups at-
tached to the stilbene structure. For a given structural
series (i.e., all 4-OH analogues: 1. 4. 7: 3-OH analogues:
2, 3, 5, 6; or 3.4-(OH) analogues: 8, 9), the DNA-cleav-
ing activity seemed to increase with an increase in the
number of hydroxyl groups. Densitometric analysis of
agarose gel indicated that the DNA-cleaving ability of
1 resulted not only in the complete conversion of sub-
strate DNA (Form 1) into open circular DNA (Form
ID) but also the further conversion of Form 11 into linear

lane

Figure 2. Gel electrophoretic analysis of single- and double-strand breaks generated in pBR322DNA with 1 or its analogues in the presence
of Cu(ll). Assays were performed in 50 mM sodium cacodylate bufler. pH 7.2, containing 45 ubp pBR322DNA and 10 pM of samples (lane ¢-1)
in the presence of 10 uM Cu(ll) (lane b-1). for 1 h at 37 °C. The samples in lane ¢-1 are 1-9. and 1H,. respectively.
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DNA (Form III) in 8% yield. Compounds 8 and 9 were
much more efficient at mediating DNA relaxation than
1; especially, 8 induced the complete degradation of lin-
ear DNA (Form III) as indicated by the smearing of the
band. The high potency of 8 and 9 can be attributed to
their ortho-hydroquinone (catechol) structure, which
logically improves their ability to cleave DNA by facili-
tating the generation of oxygen radicals through the for-
mation of ortho-hydroquinone-Cu(I1}-0> complex. Of
particular interest is the difference in the potency be-
tween 1 and its 3-hydroxy isomer 2. A change in the
placement of the 4-hydroxy group of 1 to the 3-position
resulted in a significant decrease in its ability to cleave
DNA. Similar differences were noted in comparing the
dihydroxy (4 vs §) and monohydroxy (6 vs 7) stilbenes,
which is consistent with the suggestion that the 4-hy-
droxy group is essential for effecting DNA cleavage.
Since oxygen radical is believed to be the active species
responsible for Cu(II)-dependent DNA cleavage, the 4-
hydroxy group in combination of O. and Cu(ll) may
serve to facilitate the generation of oxygen radical.
However, 3 was found to be quite efficient at mediating
DNA relaxation, which suggests that the 3.5-dihydroxy-
benzene structure. which is distinct from 3-hydroxyben-
zene, is also essential for potentiating DNA strand
scission.

2.2. Cu(I1)-binding ability

It has been shown that several xenobiotics that contain a
catechol moiety undergo Cu(Il)-mediated oxidation to
form reactive oxygen species (ROS) that are capable of
causing DNA strand breaks. Sotomatsu et al. demon-
strated that Cu(Il) and Fe(Ill) had affinity for the
hydroquinone moiety of 3.4-dihydroxyphenylalanine
(dopa) and. after coordinating with dopa, promoted
the peroxidative cleavage of unsaturated phospholip-
ids.”® Since 1 can coordinate Cu(ll), its binding ability
has been observed as a change in UV absorption spectra
using a Cu(Il) titration experiment, whereas no such
binding has been observed in the case of Fe(IlI).® Con-
sidering the unique specificity of Cu(Il). which may in-
duce DNA strand scission of 1. the ability of 1 to bind
to Cu(II) might be advantageous for generating ROS

and inducing Cu(Il)-dependent DNA scission. There-

fore, to elucidate the structural component of 1 that is
responsible for its Cu(II)-binding ability, the UV spectra
of 1 and its analogues (2-7 and 1H,) in various concen-
trations of Cu(Il) were observed, and their Cu(I1)-bind-
ing abilities were compared. As shown in Figure 3, the
incremental addition of Cu(lI) to 20 uM of 1 resulted
in a blueshift of the peak from 220 to 210 nm with a con-
comitant increase in absorbance and a decrease in the
absorbance at 308 nm, consistent with the binding of 1
with Cu(II). This spectral change reflects a 1:1 stoichi-
ometry for the complex between 1 and Cu(ll), and the
binding constant was determined to be 1.75 % 10'M~"
Figure 4 shows the effect .of the Cu(ll) concentration
on the absorbance of 1 and its analogues in the range
270-330 nm. A decrease in absorbance, similar to that
of 1 at 308 nm, was observed for 3,4- and 4-hydroxy
analogues of 4 and 7 at 324 and 304 nm, respectively,
indicating that the change is due to its coordination with

absorbance

wavelength (nm)

Figure 3. Spectral changes observed upon addition of CuCly (0-
30 uM) to a sodium cacodylate buffer (pH 7.1)CH;CN mixed solution
of 1 (20 uM).
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Figure 4. Changes in the absorbance (z,,,) of 1 and its analogues
(20 uM) upon the addition of CuCl (0-100 uM).

Cu(TI). In contrast, with an increase in the concentration
of Cu(II), there was little or no effect on the absorbance
of 2. 3, 5, and 6, which lacked a 4-hydroxy group on the
stilbene moiety, at 306, 300, 298, and 298 nm, respective-
ly, suggesting that ligation of these compounds to Cu(If)
did not occur. Further, only a slight effect was observed
for dihydroresveratrol 1H,. These results constitute
strong evidence that the 4-hydroxy group of 1 is essen-
tial for Cu(Il) coordination and the ability of the 4-hy-
droxy group to bind with Cu(Il) depends on the
structure of stilbene.

2.3. DNA-binding ability
Since 1 is capable of binding to DNA,!® ROS pro-

duced by 1 in combination with Cu(Il) might be effec-
tive at mediating DNA relaxation. Therefore, to
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Figure 5. Effect of calf thymus DNA on the fluorescence emission
{excitation wavelength 260 nm) of 1. Trace 1 is the emission specirum
of 1 alone (20 pM); traces 2--9 are emission spectra of 1 in the presence
of 2, 5. 10, 15, 20, 30, 50, and 100 uM DNA bp. respectively.

characterize the interaction of 1 with DNA. the ability
of 1 and its analogues to bind DNA was estimated by
fluorescence titration. The fluorescence emission spec-
tra of 1 in the presence of calf thymus DNA are
shown in Figure 5. As indicated, the addition of
DNA to 1 causes a decrease in fluorescence emission.
and, without any modification of the spectral shape, a
decrease in the degree of fluorescence is seen with an
increasing concentration of DNA, suggesting that 1
binds to duplex DNA not via groove binding but
rather through significant intercalation. In fact. dena-
tured DNA does not appreciably quench the fluores-
cence of 1 (data not shown). Stern--Volmer plots of
the quenching of the fluorescence of 1 and its ana-
logues (2-7 and 1H,) by calf thymus DNA are shown
in Figure 6. Native DNA quenches the fluorescence of
1 five times more efficiently than it quenches 1H-,

Fol F

0 10 20 30 40 50 60
calf thymus DNA (uM)

Figure 6. Stern--Volmer plot of quenching of the fluorescence of 1 and
its analogues by calf thymus DNA.

indicating that the planarity of the stilbene structure
is effective for binding with the duplex DNA struc-
ture, probably by taking advantage of its stacking
against the base pair. Figure 6 also indicates that pheno-
lic hydroxyl groups attached to the stilbene structure
greatly affect the DNA-binding atlinity. An increase in
the number of hydroxy! groups tends to increase the
DNA.-binding affinity. which is consistent with the sug-
gestion that the number of phenolic hydroxyl groups is
important for its DNA-binding affinity. However, the
binding affinity is also determined by the combination
of the number and localization of phenolic hydroxyl
groups. Thus, the fluorescence of isoresveratrol 2, in
which the 4-hydroxy group of resveratrol 1 is changed
to the 3-position, was quenched by DNA with low effi-
ciency (K, =240x10°M™") compared to 1 (K, =
6.80 x 10* M~"). and the same results were also observed
with dihydroxyl (4 vs 5) and monohydroxyl (7 vs 6) stilb-
enes, suggesting that the 4-hydroxy group may be the
essential component for binding DNA and plays an
important role in specific hydrogen bond interactions
with DNA.

2.4. ESR analysis

To confirm the electrostatic interaction of hydroxylated
stilbenes with both Cu(Il) and DNA. ESR signals of
Cu(ll) were observed in the presence of I or its ana-
logues together with calf thymus DNA. Once the terna-
ry complex of Cu(ll)-1-DNA. which is due to the
efficient binding affinities of 1 with both Cu(II) and
DNA, is formed, the complex may resuit due to its high
DNA-cleaving ability. Figurc 7 shows that an ESR sig-
nal of Cu(ll) became multiple upon the addition of
DNA, consistent with the fact that Cu(II) complexes
DNA. In fact, the decrease in the peak height of Cu(Il)
in a solution of calf thymus DNA is due to the interca-
lation of Cu(II) with a large molecule of DNA. which
limits the mobility of Cu(Il). When 1 was added to the
solution of Cw(II)-DNA complex, the peak height of
the ESR signal was reduced to one-half of that of the
Cu(II)-DNA complex and the resonance was weakened,
suggesting that 1 was bound to Cu(II-DNA complex
and thus induced the reduction of Cu(ll), which was
converted to an ESR-silent species, very likely Cu(l).
If the binding of Cu(IT) to DNA decreases with the addi-
tion of 1, the signal of Cu(Il) should increase to the
height of unbound Cu(Il). An increase in peak height
was also not observed for other resveratrol analogues,
suggesting that Cu(IT) remains in a complex with
DNA even after the addition of 1 and its analogues.
Compared to the reduction of Cu(Il) to Cu(l) by 1. an
efficient reduction of the peak height of Cu(II)>DNA
complex was not observed with the addition of isoresve-
ratrol 2. It is possible that the insufficient binding affin-
ity of 2 with both DNA and Cu(ll) may impair the
highly efficient reduction of Cu(ll) to Cu(l). Similariy,
7 affected the spectra of Cu(II)-DNA with efficient
reducing and broadening. whereas there was no effect
on the spectra of Cu(II)-DNA upon the addition of 6,
indicating that the reductive activation of Cu(ll) is
accelerated by electrostatic interaction of a hydroxyl
group at the 4-position.
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Figure 7. Effect of 1 and its analogues on the ESR spectra of Cu(ll) in
the presence of calf thvmus DNA. Spectra A is I mM CuCl, and
spectra B-F show after the addition of 2 mM NP of calf thymus DNA
in the absence (B) or presence of 1 mM chemicals (C: 1: D: 2: E: 7: F:
6). All spectra were recorded after incubation for 30 min at room
temperature.

3. Conclusion

In general, polyphenols, which are responsible for reac-
tive oxygen-associated toxicity, appear to play an
important role in the reductive activation of molecular
oxygen by its autooxidation, which, in most cases, is
coupled with the formation of redox active ortho- or
para-quinones. Catechol is the typical polyphenol that
is essential for generating oxygen radical in the presence
of Cu(I).*! It is formed as an activated metabolite of
polycyclic aromatic hydrocarbons, which are known to
be ubiquitous environmental pollutants. Although 1 is
a polyphenol that is known to be an antioxidant and a
potential cancer chemopreventive agent, it cleaved
DNA strongly without oxidative transformation to the
catechol structure in the presence of Cu(ll). The DNA
cleavage is attributed to the generation of copper-perox-
ide complex that is formed by electron transfer from 1 to
molecular oxygen.'” The oxidative product of 1 is a

o g

OH resveratrol

@\O

o- OH
AAH = +4.4 keal mol! AAH (= +4.2 kcal mol™

Figure 8. Relative energy values (AAHY) of three types of resveratrol
radicals calculated by the DFT calculation, BILYP/6-31G* basis set.

dimer?* and formation of the catechol structure has
not been reported. Therefore, the oxidative dimer might
be formed by dimerization of resveratrol radical as a re-
sult of the reductive activation of molecular oxygen. In
the present work, the number and positions of the
hydroxyl groups in the stilbene structure were associated
with DNA-cleaving activity and the 4-hydroxy group of
stilbene played an especially critical role in DNA cleav-
age. The high binding affinity of a hydroxyl group at the
4-position with both Cu(ll) and DNA makes it possible
to form a ternary complex and therefore cleave DNA
efficiently. When the heats of formation of three types
of resveratrol radicals are compared, as shown in
Figure 8, the 4-oxyl radical of 1 is the most stable. indi-
cating that the hydroxyl group at the 4-position is much
more subjected to oxidation than other hydroxyl
groups. In fact, the efficient reduction of Cu(Il) to
Cu(l) was seen with 1, which has a hydroxyl group at
the 4-position, while there was no effect on Cu(II) reduc-
tion in the presence of 2 in which the 4-hydroxy group in
1 is moved to the 3-position. The decrease in the DNA-
cleaving ability of 1H, compared to that of 1 also indi-
cated the importance of the stilbene structure, which
might be effective not only for DNA binding for the pla-
narity of the overall structure but also for the stability of
the 4-oxyl radical. These results suggest that the ability
of 1 to induce oxidative DNA damage in the presence
of Cu(ll) can be attributed to the structure of 4-
hydroxystilbene which is comparable to that of catechol.

Estrogens have been reported to cause cancer through a
genotoxic effect. The genotoxicity of estrogens is attrib-
uted to the accumulation of potentially carcinogenic
metabolites and almost all of these are the catechol form
of estrogens. Catechol estrogen metabolites are capable
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of causing chromosomal aberrations and gene muta-
tions in cultured cells. The oxidative DNA damage
and/or alkylation of DNA that is responsible for the risk
of developing cancer are also induced by catechol estro-
gen metabolites. In fact, the catechol structure, which
can cause genotoxicity, is capable of inducing DNA
strand scission and the oxidation of DNA bases in the
presence of Cu(Il). Recently. we reported the genotoxi-
city of 1. which induced micronucleus, sister chromatid
exchange. and S phase arrest.>* Among the many types
of hydroxylated stilbenes, 4-hydroxystilbene most effec-
tively caused genotoxic effects. Therefore, the finding
that the 4-hydroxylstilbene structure is responsible for
various biological activities, especially DNA damage
leading to genotoxicity, might be important for under-
standing the toxicity of polyphenols that do not have
a catechol structure.

4. Experimental
4.1. Materials

Resveratrol 1 and calf thymus DNA were purchased
from Sigma (St. Louis, MO). Supercoiled plasmid
pBR322DNA was purchased from Nippon Gene (To-
kyo, Japan). Analogues of 1; 3.5.3'-trihydroxy- (2),
3.5-dihydroxy- (3). 3.4'-dihydroxy- (4), 3.3'-dihydroxy-
(5), 3-hydroxy- (6). 4-hydroxy (7). 3,4,3'.5'-tetrahydr-
oxy- (8), and 3,4,3'-trihydroxy-trans-stilbene (9), as
shown in Figure 1, were synthesized as previously
reported.?* Saturated form of 1 (1H.) was synthesized
by hydrogenation of 1 using 10% Pd/C as catalyst.
Yield: 98%. 'H NMR(acetone-dg): & 2.73 (m, 4H),
6.19 (d, IH, J=20Hz), 6.22 (d. 1H, J=2.0Hz),
6.74 (d, 2H, J=8.4Hz), 7.03 (d, 2H. J=8.4Hz). All
other chemicals and solvents were of reagent grade or
better.

4.2. DNA-cleaving activity

DNA strand breakage was measured in terms of the
conversion of supercoiled pBR322 plasmid DNA to
the open circular and linear forms. Reactions were car-
ried out in 20 pL (total volume) of 50 mM Na cacodyl-
ate buffer (2.5% DMF), pH 7.2, containing 45 pM bp
pBR322 DNA. 10 uM CuCls, and 100 uM of each stil-
bene derivative. The reaction mixtures were incubated
at 37°C for 1 h and then treated with 5 uL of loading
buffer (100 mM TBE buffer. pH 8.3, containing 30%
glycerol, 0.1% bromophenol blue) and applied to 1%
agarose gel. Horizontal gel electrophoresis was carried
out in 50 mM TBE buffer. pH 8.3. The gels were stained
with ethidium bromide (1 pg mL™") for 30 min, destain-
ed in water for 30 min, and photographed with UV
translumination.

4.3. UV-visible spectra measurements

UV-visible spectra were measured at 37°C with a
Hewlett Packard 8452A Diode Array Spectrophotome-
ter. A solution in a final volume of I mL consisted of
20 uM of sample and 0-100 uM CuCl; in sodium cac-

odylate buffer (pH 7.1)/acetonitrile mixed solvent (i:1
vlv) was prepared and subjected to spectral analysis.
The binding constant between 1 and Cu(l) was ob-
tained according to the method described by Itoh
et al.™*

4.4. Fluorescence measurements

Fluorescence excitation and emission spectra were
recorded on a Shimadzu RF-5300PC. A solution in a fi-
nal volume of | mL, which consisted of 20 uM of sample
and 0-100 uM calf thymus DNA in 10 mM sodium cac-
odylate buffer (pH 7.1) and DMF (10% by volume), was
used for fluorescence-quenching experiments. The exci-
tation wavelengths used were 255 nm for 1, 3, 6. and
7. and 260 nm for 2, 4, 5, and 1H-, and emissions were
recorded in the range of 300-500 nm. For all experi-
ments, the sample temperature was maintained at
37°C. The quenching data were analyzed by the
Stern-Volmer equation:**

F()/F = 1 +K“[Q]

where [Q] is the molar concentration of the calf thymus
DNA. F, and F are the fluorescence intensities in the ab-
sence and in the presence of the calf thymus DNA [Q].
respectively, and K, is the Stern-Volmer quenching
constant.

4.5. ESR analysis

ESR spectra were recorded at room temperature on a
JES-FE 2XG spectrometer (JEOL Co. Ltd., Tokyo,
Japan). The sample containing 1 mM CuCl,, 2mM
NP of calf thymus DNA. and 1 mM of chemical in
50 mM phosphate buffer (pH 7.2) and acetonitrile
(5% by volume) was introduced into a quartz flat cell
and incubated at room temperature for 30 min. The
ESR spectrum was then recorded. The spectrometer
settings were modulation frequency, 100 kHz; modu-
lation amplitude, 10G: and microwave power,
16 mW.

4.6. Theoretical calculations

Density functional calculations were performed with
Gaussian03 (Revision C.02, Gaussian, Inc.) using the
unrestricted B3LYP functional for the open shell mole-
cule on an 8-processor QuantumCube™ developed by
Parallel Quantum Solutions.
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Chenodeoxycholic Acid-mediated Activation of the Farnesoid X Receptor
Negatively Regulates Hydroxysteroid Sulfotransferase
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Summary: Hydroxysteroid sulfotransferase catalyzing bile acid sulfation plays an essential role in
protection against lithocholic acid (LCA)-induced liver toxicity. Hepatic levels of Sult2a is up to 8-fold
higher in farnesoid X receptor-null mice than in the wild-type mice. Thus, the influence of FXR ligand
(chenodeoxycholic acid (CDCA) and LCA) feeding on hepatic Sult2a expression was examined in FXR-
null and wild-type mice. Hepatic Sult2a protein content was elevated in FXR-null and wild-type mice fed
a LCA (1% and 0.5%) diet. Treatment with 0.5% CDCA diet decreased hepatic Sult2a to 20% of the
control in wild-type mice, but increased the content in FXR-null mice. Liver Sult2al (St2a4) mRNA
levels were reduced to 26% in wild-type mice after feeding of a CDCA diet, while no decrease was
observed on Sult2al mRNA levels in FXR-null mice after CDCA feeding. A significant inverse
relationship (r = 0.523) was found between hepatic Sult2a protein content and small heterodimer partner
(SHP) mRNA level. PCN-mediated increase in Sult2a protein levels were attenuated by CDCA feeding in
wild-type mice, but not in FXR-null mice. Human SULT2A1 protein and mRNA levels were decreased
in HepG2 cells treated with the FXR agonists, CDCA or GW4064 in dose-dependent manners, although
SHP mRNA levels were increased. These results suggest that SULT2A is negatively regulated through
CDCA-mediated FXR activation in mice and humans.

Key words: hydroxysteroid sulfotransferase; FXR; bile acid; sulfation; negative regulation; Sult2a

Introduction

Sulfotransferases (SULT) are phase II metabolizing
enzymes that catalyzes sulfation of various endogenous
and exogenous chemicals.? Hydroxysteroid sulfotran-
sferase (SULT2A) is a cytosolic enzyme expressed
abundantly in enterohepatic tissues such as liver and
intestine, and also in steroidogenic tissue such as the
adrenal cortex.¥ SULT2A catalyzes the sulfation of
drugs, environmental chemicals and endogenous
steroids such as dehydroepiandrosterone (DHEA),
estrogen and bile acids.*? SULT2A-mediated sulfation
increases the hydrophilicites of bile acids and facilitates
their clearance from the body. Because bile acid sulfa-

tion is a main metabolic pathway for bile acid excretion,
SULT2A is a critical enzyme for bile acid homeostasis.
About 95% of bile acids excreted in bile are reabsorbed
in the intestine and thus changes in the level of hepatic
SULT2A can disrupt bile acid homeostasis in entero-
hepatic tissues. SULT2A is also considered to play a
major role in the protection against toxic bile acid-
induced liver injury in enterohepatic tissues. SULT2A
preferably catalyzes the sulfation of hydrophobic and
toxic bile acids such as LCA. A protective role of Sult2a
against LCA-induced hepatotoxicity was demonstrated
by using farnesoid X receptor (FXR)-null female mice
constitutively expressing higher levels of Sult2a pro-
tein.® The increase in the production of hepatic Sult2a-
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mediated 3co-sulfated TLCA and the efficient fecal
excretion contributes to the protection against LCA-
induced toxicity (submitted for publication).

Two Sult2a mRNAs (Sult2al (St2a4) and Sult2a2
(St2a9)) that share high homology, were isolated from
mice™® and one mRNA (SULT2A1) has been isolated
from humans.>>'®  Mouse Sult2a enzymes are
expressed to higher extents in the female. Because of the
efficient bile acid sulfating activity in female mice as well
as humans, female mice represent a feasible model for
bile acid sulfation in humans.

FXR, a member of the nuclear receptor superfamily,
is expressed abundantly in liver, intestine and adrenal.'?
The involvement of FXR in bile acid and lipid
homeostasis was demonstrated by using FXR-null
mice.!'? FXR is activated by several bile acids such as
CDCA.* FXR regulates a variety of genes involved in
the metabolism and transport of the lipids such as bile
acid and cholesterol. FXR stimulates the expression
of Bsep, small heterodimer partner (SHP) and Mrp2,
whereas FXR directly represses the expression of
apolipoprotein A-I and apolipoprotein C-III, and
indirectly suppresses the expression of CYP7A1 and
Ntcp through the induction of SHP.'¢®

CDCA activation of FXR has been shown to stimu-
late rat SULT2AI1 transcription via the FXR response
element (IR0) in HepG2 cells.”. Furthermore, it was
demonstrated that pregnane X receptor (PXR),
constitutive androstane receptor (CAR) and vitamin D
receptor {(VDR) also bind the rat and mouse IRO
elements and enhance the reporter geme activity.”*>
The Sult2a expression level, however, was increased in
FXR-null and PXR-null female mice as compared with
that of wild-type mice.®

In the present study, SULT2A expression levels were
determined using FXR-null mice and HepG2 cells to
clarify the involvement of FXR signaling in the suppres-
sion of SULT2A gene expression. These results suggest
that SULT2A is negatively regulated by activation of
FXR with CDCA.

Materials and Methods

Materials: CDCA, LCA, tauroLCA (TLCA),
glycoLCA (GLCA), cholic acid (CA), deoxycholic acid
(DCA), ursodeoxycholic acid (UDCA), pregnenolone
16a-carbonitrile (PCN) and dehydroepiandrosterone
(DHEA) were purchased from Sigma-Aldrich Co. (St.
Louis, MO). GW4064 was kindly provided by Dr.

Timothy M. Willson (GlaxoSmithKline, Research
Triangle Park, NC).
Animal treatment and sample collection: FXR-null

female mice'? were housed under standard 12-h light/

12-h dark cycle. Prior to the administration of special
diets, the mice were fed standard rodent chow (CE-2,
Clea Japan) and water ad libitum for acclimation. Age-

matched groups of 8- to 12-week-old animals were used
for all experiments. The mice were fed the contro! diet
(CE-2) mixed with 0.5% and 1.0% (w/w) LCA for 9
days or 0.5% CDCA for 5 days. The mice were fed the
control diet or the diet mixed with 0.5% (w/w) CDCA
for 5 days and injected with PCN (100 mg/kg, ip) for
the last 3 days.

Hepatic bile acid concentration: Hepatic 3o-hydro-
xy bile acid concentrations were estimated by an
enzyme-colorimetric method using the Total bile acid-
test kit from Wako (Wako Pure Chemicals, Osaka,
Japan). Hepatic LCA and CDCA contents were
measured by HPLC as previously described.?®

Cell culture: HepG2 cells were plated in 10cm
culture dishes (Falcon Scientific Co., Oxnard, CA) at
3 x 10% cells and cultured in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal calf serum. The
cells were cultured for 24-h and then treated with
CDCA, GW4064 or vehicle (DMSO) for 48-h. The cells
were cultured in serum-free DMEM during chemical
treatment.

Immunoblot analysis: Cytosolic proteins (30 ug/
lane) were loaded onto a 9% polyacrylamide gel, isolat-
ed and transferred to nitrocellulose filters. The filter was
immunostained with a polyclonal antibody prepared
against the purified recombinant rat SULT2A1 protein
(1:1000 dilution) that reacts with mouse Sult2a® and a
polyclonal antibody against the purified recombinant
human SULT2AI1 protein® (1:1000 dilution) for human
SULT2A1. The stained filters were scanned with an
Epson GT-8700 scanner, and the band intensities
measured by use of the NIH image (version 1.59)
software (Bethesda, MD).

Expression and purification of Sult2a proteins:
Mouse Sult2a cDNAs were obtained from wild-type
mouse liver by reverse transcription-polymerase chain
reaction (RT-PCR). Sult2a cDNA fragments, contain-
ing a sequence of the recognition site of enterokinese
next to the N-terminal methionine of the native form,
were obtained by RT-PCR and ligated into the
prokaryotic expression vector, pQE30 (QIAGEN). The
plasmid DNA was transformed into Escherichia coli,
M15 (pREP4). Recombinant Sult2a proteins were
expressed and purified from bacterial cytosols by nickel-
nitrilotriacetic acid affinity chromatography. The fused
portion of recombinant Sult2a proteins was removed
to yield native proteins for standard of immunoblot
analyses by enterokinase.

Analysis of mRNA levels: Total RNAs were
prepared from livers and HepG2 cells using the RNA-
gents Total RNA Isolation System (Promega, Madison,
WI), and RNA concentrations were determined by
measuring the absorbance at 260 nm using a spec-
trophotometer (Beckman DU 640). Messenger RNA
levels of differentially expressed genes were analyzed
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using RT-PCR as previously described.? Single strand
cDNAs were constructed using an oligo(dT) primer with
the Ready-to-Go You-Prime First-strand Beads kit
(Amersham Pharmacia Biotech AB, Uppsala, Sweden).
These cDNAs provided templates for PCRs using
specific primers at a denaturation temperature of 94°C
for 30sec, an annealing temperature of 57°C-61°C
(61°C for Sult2al) for 30sec, and an elongation
temperature of 72°C for 30sec in the presence of

dNTPs and Taq polymerase. The PCR cycle numbers
were titrated for each primer pair to assure amplifica-
tion in linear range. The reaction was completed at 7
min incubation at 72°C and PCR products were
analyzed in a 2% agarose gel (w/v) containing ethidium
bromide for visualization. Their intensities were
measured by use of the NIH image (version 1.59)
software (Bethesda, MD). The specific forward and
reversal primers for the genes examined by PCR were
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ur 1%LCA __ UT ___ 1%LCA
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Fig. 1. Influence of bile acid feeding on hepatic Sult2a protein expression levels.

A. Immunoblot analyses of hepatic Sult2a proteins. Hepatic cytosol was prepared from FXR-null and wild-type mice fed a LCA diet for 9 days
or fed a CDCA diet for 5 days. Hepatic cytosols (30 ug) were analyzed by immunoblotting with antibody to rat SULT2A1. Intensified staining was
shown on the top. B. Quantification of hepatic Sult2a protein levels of mice fed a LCA diet, or a CDCA diet. Data are shown as the mean+S.D.
(n=4). *, significant difference from control group (p<0.05). **, (p<0.01). UT, untreated.

Table 1. Primers for RT-PCR

Gene Forward Primer Reverse Primer
mGAPDH 5’-TGCATCCTGCACCACCAACTG-3’ 5'-GTCCACCACCCTGTTGCTGTAG-3/
mSult2al 5’-CGATCTATCTCGTGAGAAATCCC-3’ 5’-TCTCTTCATAGTACAGTACCAAA-3’
mSHP 5'-CTAGCCAAGACACTAGCCTTCC-3’ 5'-TTCAGTGATGTCAACGTCTCC-3’
hGAPDH 5-TTCAACGGCACAGTCAAGG-3/ 5'-CACACCCATCAAACATG-3
hSHP 5'-GCTGTCTGGAGTCCTTCTGG-3/ 5'-GAGCCTCCTGCTGCAGGTGC-3/
hSULT2A1 5'-TGGACAAAGCACAACTTCTG-3' 5'-TTATTCCCCATGGGAACAGCTC-3"

m; mouse, h; human.
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Fig. 2. Hepatic LCA and CDCA concentrations in bile acid-fed mice.
Liver homogenates were prepared from FXR-null and wild-type mice fed a LCA diet for 9 days or fed a CDCA diet for 5 days. Hepatic LCA
and CDCA concentrations were determined by HPLC. Combined amounts of tauro and free forms are shown. Data are shown as the mean £ S.D.

(n=4). ND, not detected. UT, untreated.

shown in Table 1.

Statistical analysis: All values are expressed as the
means+SD. All data were analyzed by unpaired
Student’s ¢ test or Dunnett’s multiple comparisons test
for significant differences between the mean values of
each group.

Results

Influence of bile acid feeding on hepatic content of
Sult2a protein: Hepatic Sult2a expression levels were
increased in FXR-null and PXR-null female mice as
compared to their wild-type counterparts.® Hepatic
contents of Sult2a protein in bile acid-treated mice were
determined by immunoblotting using rat SULT2AI
antibody to assess the influence of the bile acid-related
nuclear receptors in hepatic Sult2a expression. Consis-
tent with our previous data, Sult2a protein contents
were markedly higher in livers of FXR-null female mice
than in wild-type mice (Fig. 1A, B). Hepatic Sult2a
protein contents were increased 2.4-fold in wild-type
mice fed a 1% LCA diet. The Sult2a contents were also
increased 1.8-fold in wild-type mice fed a 0.5% LCA
diet. Significant increases (2.4-fold) in Sult2a protein
contents were also observed in FXR-null nice fed a 1%
LCA diet. Hepatic Sult2a protein contents were
markedly decreased to 20% of control in wild-type mice
fed a 0.5% CDCA diet (Fig. 1B). In contrast to
wild-type mice, Sult2a was significantly increased 2.1-
fold in FXR-null mice after feeding CDCA.

Hepatic LCA and CDCA concentrations: To
understand the mechanism of the change in hepatic
Sult2a expression in bile acid-fed mice, hepatic LCA
and CDCA concentrations were measured in mice fed a
LCA or CDCA diet. FXR-null female mice constitutive-
ly expressing high levels of Sult2a protein did not
accumulate LCA in livers.® As expected, hepatic LCA
concentrations were 6.9-fold higher in wild-type mice
than in FXR-null mice after feeding a 1% L.CA diet for

9 days (Fig. 2). In addition, CDCA was detected as the
major bile acid in livers of FXR-null and wild-type mice
fed LCA (0.5% and 1%) diets. In the FXR-null mice fed
a 1% LCA diet, hepatic CDCA concentrations were
higher than LCA. Furthermore, hepatic LCA concen-
trations were 3.4-fold higher in wild-type mice fed a 0.5
% LCA diet than in FXR-null mice fed a 1% LCA diet.
In CDCA fed mice, CDCA was detected as the main bile
acid component in liver together with trace amounts of
LCA. Hepatic CDCA concentrations were 1.8-fold
higher in FXR-null mice fed a 0.5% CDCA diet than
those in wild-type mice. Hepatic levels of LCA and
CDCA in FXR-null and wild-type mice fed a control
diet were below the detection limits under our condi-
tions.

Expression and characterization of mouse Sult2al
and Sult2a2: Two distinct mRNAs of mouse Sult2a
were isolated from CS57BL/6 wild-type mice by
RT-PCR. One matched with Sult2al (Accession
Number:1L.02335), and the other showed two nucleotide
differences from the reported Sult2a2 cDNA (Accession
Number:L27121) isolated from BALB/c mice. This
¢cDNA was judged to correspond to Sult2a2 in the
C57BL /6 strain. Although a clear correlation between
individual cytosolic LCA sulfation activity and Sult2a
protein content was demonstrated,® the correspondence
between Sult2a mRNA and protein remained unclear.
Thus, recombinant Sult2a (Sult2al and Sult2a2)
proteins were expressed in Escherichia coli. The
recombinant Sult2al protein showed the same elec-
trophoretic mobility on SDS-PAGE as the major cyto-
solic Sult2a protein detected by antibody generated
against rat SULT2A1, whereas the recombinant Sult2a2
protein exhibited a mobility different from the cytosolic
Sult2a protein (data not shown). These results indicate
that Sult2a protein quantified by Western blotting
corresponds to Sult2al.

Hepatic Sult2al mRNA levels in CDCA fed mice:
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Influence of CDCA feeding on expression levels of Sult2al and SHP mRNAs.

A. Changes in mRNA levels of hepatic mouse Sult2al and mouse SHP were analyzed by RT-PCR. Hepatic mRNAs were prepared from FXR-
null and wild-type mice fed a 0.5% CDCA diet for 5 days. Specific primers described in Table 1 were used. B. Quantification of Sult2al and SHP
mRNA levels. Data are shown as the mean+S.D. (n=4). *, significant difference from control group (p<0.05). UT, untreated.
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Fig. 4. Relationship between hepatic Sult2a protein and SHP
mRNA levels.

Data on FXR-null and wild-type mice fed a 0.5% CDCA diet or a
control diet are indicated.

Hepatic conténts of Sult2a protein were higher in female
FXR-null mice than in the corresponding wild-type
mice. These results suggest the possibility that FXR
mediated suppression of Sult2a expression. Clear
decreases in hepatic Sult2a content in CDCA-fed mice
further support this finding. Liver Sult2al mRNA level
was detected by RT-PCR. Under the conditions
employed, Sult2a2 mRNA was undetectable. Hepatic
levels of Sult2al mRNA were reduced to 26% of the
wild-type control in mice fed a CDCA diet, which was
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Fig. 5. Influence of CDCA feeding on Sult2a expression in PCN-
treated mice.

Wild-type mice and FXR-null mice were fed a control diet or the
diet containing 0.5% CDCA for 5 days and injected with PCN (100
mg/kg, ip) the last 3 days. Hepatic cytosols were analyzed by
immunoblotting with antibody to rat SULT2A1. The expression level
of Sult2a protein was normalized to that of control wild-type mice.
Data are shown as the mean+S.D. (n=4). **, significant difference
from corresponding PCN-treated groups (p <0.01).

consistent with the change in Sult2a protein levels.
However, no significant decrease in Sult2al mRNA
levels were observed in the FXR-null mice fed a CDCA
diet (Fig. 3A, B). As expected, the prototypical FXR
target gene, SHP mRNA levels were increased 1.9-fold
in wild-type mice fed a CDCA diet. The same treatment
decreased SHP mRNA levels in FXR-null mice, suggest-
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Fig. 6. Influence of FXR agonist on expression levels of human
SULT2A1 mRNA and protein in HepG2 cells.

Total mRNASs and cytosols were prepared from HepG2 cells treated
with CDCA, GW4064 or vehicle (DMSO) for 48 hrs. A. Human
SULT2A1 and SHP mRNA levels. Human SULT2A1 and SHP
mRNA levels were analysed by RT-PCR using specific primers
described in Table 1. B. Relative SULT2A mRNA levels. The levels
were analysed by conventional PCR method. Data are shown as the
mean+S.D. (n=4). *, significant difference from control group
(p<0.05). ** (p<0.01). C. Human SULT2AI1 protein contents.
Human SULT2A1 protein was detected by immunoblots with
antibody to human recombinant SULT2A1.

Control

ing a CDCA-mediated suppression of SHP expression.
A significant inverse relationship (r>=0.523) was found
between Sult2a protein levels and SHP mRNA levels
(Fig. 4). Furthermore, r? value is increased to 0.672 if
two points that show more than 1.5 of SHP mRNA level
are omitted.

Influence of CDCA feeding on Sult2a expression in
PCN-treated wild-type mice: Rodent SULT2A in liver
is increased after treatment with PXR ligands such as
dexamethasone and PCN.?” Thus, the influence of
CDCA feeding on Sult2a induction by PCN was
examined. Sult2a protein contents were increased 9.0-
fold in PCN-treated wild-type mice, compared to those
in control mice. (Fig. 5). The contents were reduced in
PCN-treated wild-type mice fed a 0.5% CDCA diet to
35% level of PCN-treated wild-type mice fed a control
diet. On the other hand, no significant differences in

Sult2a contents were observed between both the groups
in FXR-null mice.

Human SULT2A1 expression in HepG2 cells: The
influence of FXR agonists on human SULT2A1 levelsin
HepG2 cells was assessed to determine whether human
SULT2A1 was also negatively regulated by FXR signal-
ing. Human SULT2A1 mRNA levels were significantly
decreased in HepG2 cells after addition of CDCA in a
dose-dependent manner (Fig. 6A, B). In contrast, SHP
mRNA levels were increased in these cells. These results
are consistent with the in vivo data in the mice fed a
0.5% CDCA diet. Human SULT2A1 mRNA levels were
also decreased in HepG2 cells treated with GW4064, a
selective nonsteroidal FXR agonist. Human SULT2A1
protein levels were also decreased in HepG2 cells after
addition of 100 uM of CDCA (Fig. 6C).

Discussion

The present study demonstrates that SULT2A is
negatively regulated by CDCA signaling in vivo. The
negative influence of CDCA feeding on Sult2a
expression is likely to be FXR-dependent as suggested
by the inverse relationship (72 =0.523) between levels of
SHP mRNA and Sult2a protein. Human SULT2AI
mRNA levels were also reduced in HepG2 cells after
treatment with CDCA or GW4064, similar to the results
obtained with mouse Sult2al expression in vivo.
Consistent with these results, human SULT2A1 mRNA
levels are decreased in cultured human primary hepato-
cytes treated with CDCA.?® Although some differences
in transcriptional regulation has been demonstrated in
rodent and human SULT2A genes, human SULT2A1
expression is also likely to be suppressed by CDCA
activation of FXR. However, it cannot be excluded that
a CDCA-mediated FXR-independent mechanism such
as the c-Jun N-terminal kinase (JNK) signaling®-*? plays
a role in suppression of SULT2A expression.

It should also be noted that Sult2a protein contents
were increased in mice fed a LCA diet, thus supporting
the view that Sult2a is involved in protection against
LCA-induced toxicity through sulfation of LCA. LCA
serves as an agonist for PXR and VDR¥3® and it was
shown that transcription of rodent SULT2A is positive-
ly regulated by several nuclear receptors such as PXR,
CAR, VDR and PPAR.2-2%:3439 Thus, hepatic Sult2a
protein is likely at least in part induced by PXR and
CAR signaling through LCA.

Although 3- to 4-fold higher hepatic LCA concentra-
tions were observed in wild-type mice fed a 0.5% LCA
diet, as compared to LCA in FXR-null mice fed a 1%
LCA diet, the extents of increase in Sult2a protein was
lower in the former mice than that in the latter. These
results also support the idea that CDCA-mediated FXR
activation negatively regulates hepatic Sult2a expression
because CDCA as well as LCA were detected as the
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