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Abstract

This study aims to elucidate the choleretic effect and mechanism of
hydroxyacetophenones (HAs). The compounds differently increased bile flow rate with varying
biliary bile acids output in which the secretion varied from essential bile acid dependence (BADF)
to essential bile acid independence (BAIF). The mechanisms by which these compounds exerted
different actions remain unclear. Multi-component studies were conducted and reported.

1. We determined bile flow rate, biliary bile acid species and major biliary metabolites of
hydroxyacetophenones. The compounds used were 2,4,6-trihydroxyacetophenone (THA); 2,4,
and 2,6-dihydroxyacetophenone ( 2,4-DHA and 2,6-DHA) and 4-monohydroxy acetophenone (4-
MHA). By using HPLC analysis, four major bile acids species were detected in normal rat bile.
They were cholic, chenodeoxycholic, deoxycholic and ursodeoxycholic acids. Although the
secreted bile acid outputs were markedly increased, their percent distribution of individual species
was not different among compounds and from the control. It is suggested that HAs stimulated
biliary secretion of bile acids from the intracellular storage pool in the hepatocyte, not from newly
synthesized bile acids. 4-MHA did not alter the output which confirmed that 4-MHA stimulated
BAIF. The chemical structures of the major metabolites from HAs in bile were identified as
2,4,6-THA-4-O-B-glucuronide, 2,6-DHA-2-O-B—glucuronide, 2,4-DHA-4-O- B-glucuronide, and
4-MHA-4-0- B-glucuronide. These metabolites were main factors responsible for BAIF which
were demonstrated in the subsequent studies.

2. Insertion of transporter proteins into the apical canalicular membrane via vesicular transport is
one of several choleretic mechanisms. Based on different choleretic activities of HAs, the present
study aims to determine if these compounds stimulated vesicular transport in hepatocytes using
horseradish peroxidase (HRP), a marker of the transcytotic vesicle pathway. MHA which
stimulates BAIF, showed a dose-dependent increase in both the early (paracellular) and late
(transcellular) peak of HRP excretion in bile. THA, which stimulates both BADF and BAIF, did
not alter the pattern of HRP excretion into bile. However, DHA, which is more hydrophobic and
increases only BADF, decreased the late peak. The stimulating effects of MHA on bile flow and
HRP excretion were markedly inhibited by colchicine, suggesting that its choleretic action
involves stimulation of exocytosis, as well as increase in paracellular permeability. In contrast,
the lack of a stimulatory effect of THA and DHA on biliary HRP excretion suggested that their
choleretic action is not associated with vesicular exocytosis. These results demonstrate a variable
effect of hydroxyacetophenones on the transcytotic vesicular pathway reflecting different

choleretic mechanisms and therapeutic potential.
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3. The present study examined the underlying mechanism by which 4-hydroxyacetophenone (4-
HA), a bioactive compound found in several medicinal herbs, exerts its potent stimulatory effects
on hepatic bile secretion. In normal rats, MHA (4-HA) dramatically increased bile flow rate,
whereas it failed to exert a choleretic effect in TR rats that have a congenital defect in the
multidrug resistance-associated protein-2, Mrp2/Abcc2. This choleresis was not explained by
increased biliary output of Na', K', CI" or HCO3", or by increased biliary GSH excretion.
Depletion of hepatic GSH with buthionine sulfoximine had no effect on the 4-HA-induced
choleresis. HPLC analysis revealed that a single major compound was present in bile, namely
4-hydroxyacetophenone-4-O-B-glucuronide, and that the parent compound was not detected in
bile. Biliary excretion of the glucuronide was directly correlated with the increases in bile flow. In
contrast to normal rats, this 4-HA metabolite was not present in bile of TR rats. In conclusions,
these results demonstrate that the major biliary metabolite of 4-HA in rats is the 4-O-f3-
glucuronide, a compound that is secreted into bile at high concentrations, and may thus account in
large part for the choleretic effects of 4-HA. Transport of this metabolite across the canalicular

membrane into bile requires expression of the Mrp2 transport protein.

4. The underlying mechanism by which THA induces bile secretion was conducted. THA
inhibited the excretion of typical multidrug resistance proteins 2 (Mrp 2) substrates. These results
suggest that its choleretic activity is mainly related to the increase in BAIF caused by the
excretion of osmotically active solutes via Mrp2. THA had no effect on the subcellular
localization and distribution of either Mrp2 or the bile salt export pump (Bsep), nor the integrity
of the tight junction. In contrast, the choleretic activity of THA was completely absent in the TR
rat, an animal model that lacks Mrp2, directly implicating this canalicular export pump as the
mechanisms by which THA is excreted in bile. THA also partially reversed the cholestatic effects
of estradiol-17B-D-glucuronide (E,-17G) a process also dependent on Mrp2. In conclusion, the
choleretic activity of THA and its possible metabolites is dependent on Mrp2. THA appears to
stimulate BF by its osmotic effects, and may attenuate the cholestatic effects of hepatotoxins
undergoing biotransformation and excretion via similar pathways.

5. The effects of the choleretic and cholesterol lowering compound, 2,4,6-THA and its analog,
2,6-DHA, on ileal bile acid absorption were investigated in rats. THA inhibited taurocholate
(TC) uptake into ileal brush-border membrane vesicles (BBMV), showing a maximum inhibition
of 50%, whereas DHA completely inhibited TC uptake into ileal BBMV. THA exhibited
competitive inhibition with a Ki of 9.88 mM, while DHA showed non-competitive inhibition with
a Ki of 7.65 mM. Both total and ouabain-sensitive basolateral membrane (BLM) Na'—K'—ATPase

activities, which are essential for maintenance of the Na+-gradient for bile acid transport, were
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inhibited by THA and DHA in a dose-dependent manner. The inhibition of BLM ATPase was
uncompetitive with a Ki of 10.1 and 5.0 mM for THA and DHA, respectively. Administration of
THA or DHA (400 umol/kg) twice a day, to hypercholesterolemic rats for 3 weeks caused similar
and marked reductions in plasma cholesterol to 60% of the cholesterol-fed controls. The data
suggest that the inhibitory actions of THA and DHA on two essential components of ileal bile acid
recycling to liver could, in part, contribute to the cholesterol lowering effect of the
hydroxyacetophenone compounds. These effects on decreasing bile acid recycling, in combination
with their potent choleretic effect, accelerating biliary excretion of bile acids, are responsible for
the effective cholesterol lowering capacities of these compounds.

6. The effect of THA, a choleretic agent, on biliary excretion of MeHg was investigated in adult
male rats. Administration of MeHg into the portal vein immediately decreased bile secretion and
toxic to liver. Concurrent with the decreased bile flow rate by the MeHg, activities of plasma
alanine aminotransferase (ALT), aspartate aminotransferase (AST) and alkaline phosphatase
(ALP) in both plasma and bile were increased whereas hepatic and biliary glutathione (GSH)
contents were decreased. Administration of THA enhanced bile secretion in the MeHg-treated
animals but markedly reduced the biliary excretion of the mercury and GSH. However, the liver
GSH, Hg content and others toxic signs were not significantly altered. The biliary secretion of
GSH and Hg were further decreased after administration of THA in the GSH-depleted rats.
However, THA induced an increase in urine flow rate and enhanced Hg excretion in the urine. It
is suggested that THA modulated the hepatic excretion of mercury by diverting the excretion to
other routes such as via urinary excretion. An understanding on the excretory mechanism of
mercury, and the actual interactions to the transport systems are essential for setting detoxification
strategies.

In conclusion, HAs, a bioactive compound found in several medicinal herbs including
Curcuma comosa, exerts potent stimulatory effects on hepatic bile secretion. Their choleretic
activities are mainly related to the increase in BAIF caused by the excretion of metabolites which
are osmotically active solutes via Mrp2. These HAs as well as plants containing HAs may have
therapeutic potential to attenuate the cholestatic effects of hepatotoxins undergoing
biotransformation and excretion via similar pathways. However, the formation of toxic compound
in the liver, its excretory mechanism and interactions to the transport systems are essential for

setting detoxification strategies using HAs.

Keywords: Bile acid, Bile secretion, Curcuma comosa, glucuronide metabolite,
hydroxyacetophenone, Mrp2, lower cholesterol.
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4 e 24,6 -trihydroxyacetophenone (THA), @13 dihydroxy 2 fife 2.4 uaw 2,6-
d1hydr0xyacetophenone (2,4-DHA; 2,6-DHA) 1iag 4- monohydroxy acetophenone (4MHA) Lu’ENiﬂﬂ
%uWuaQﬂiﬂumuawmimmiu'lawwwamaﬂmsluumﬂuﬂfuﬁ]awuwmwm‘ﬂmﬂmmﬂﬁmm
YouAT NN iﬂﬂmiﬁﬂijwﬂ wmmﬂslﬂﬁm/hﬁyazcﬂmWTuuuazazmaaﬂiumum 100
mg/kg BW ﬁﬂﬁ’é’@ﬂm‘mé”qﬁﬁwawu Rat ISR Winduedrann Taemuansedy 63.7 + 2.2
Hikg BW/min Tunguaoufy il 131.1 + 150, 1195 + 5.9, 99.4 + 9.2 uaz 164.8 + 12.5 ke
BW/min mmamu i]1ﬂﬂ1i’JLﬂi1”W%Uﬂﬂl@ﬁﬂiﬂumWU’Jﬂu‘Hu rat Fnshandnfinsnialdly
ﬂﬁ?{ﬂ‘mu 4 wila fAong ﬂum cholic, chenodeoxycholic, deoxyc}}lohcy I8¢ ursodeoxycholic Aanil
%}Pﬂﬂj‘: 69.7 + 1.0, 9.0 + 0.6, 3.1 + 0.2 Az 18.2 + 0.6 YoINIAIATIMNA Mud1ay Usinmnsa
ihawanuaiduesnnluig wdwinldfuas 2,4-DHA, 2,6-DHA uaz 24,6 THA wimily
164.4+ 8.6, 177.7 + 7.1 1iag 199.5 +26.2 % YDINGUAIVANA NI I@smmi 4-MHA “l,imwam
mM3TunsaI wamiﬁﬂmauumum @3 4-MHA N3z @ummmumﬂmmmmum
(BAIF) 1iaze3 2,6-DHA N2 ﬁum@mmuﬂuﬂmum _(BADF) Tuvaefians 2,4-DHA 1az 2,4.6-
THA 03¢ @uimmmammmmumﬂﬂi AUMITITDUUY MITNTE mammamﬂs ZNOUUDI
ﬂmmﬂﬂvu@mmmmaaﬂmium@mmmﬂ”lmumi"lamaﬂcmwimﬂuum 4 Glfuﬂ"lmmﬂmq
nuuaz liuananInnguaIaN mmmﬁmmum%aaﬂqmﬂﬁ ﬁumﬁwmﬂummmmmﬂﬂ
mumagmﬂumaa 'lu"lmﬂ@mﬂmﬁaaﬂqmﬂﬁmumﬁwumwﬁﬁNmumﬂwu NAMIANY
TassadumaniivosasmanTularluha  wuhaswanTulavudniinuie 2,4,6-THA-4-O-
glucuronide, 2,6-DHA-2-O-glucuronide, 2,4-DHA-4-O-glucuronide i8¢ 4-MHA-4-O-glucuronide

Uni

miJ‘ﬁﬁﬁﬂﬂ'iJ hydroxyacetophenones (HAs) ﬁﬁi}ﬂgﬂi“’&?}’umiﬁgﬁfﬁ 462 AD 2,4,6-
trihydroxyacetophenone (THA), #15 dihydroxy 2 ffe 2,4 18% 2,6- dlhydroxyacetophenone 24-
DHA; 2,6-DHA) 18 4- monohydroxy acetophenone (4MHA) T¥nansy @umswmumm&mmmu
Lu@ﬂ"l]'lﬂ“])'uﬂ"ll’ﬂ\‘lﬂiﬂuWﬂﬂﬂﬁﬂ@ﬂﬂll'll‘]Juﬂi]i]EJ‘H‘LN‘VIIJ‘U“VI‘]JTVIﬁ?ﬂiﬂ@@ﬂiﬂWﬂ!ﬂJ@\‘lH?ﬂﬂﬁﬂ@@ﬂ

a A

i miwwummzﬂﬁmmmmﬂmumwmmﬂgﬂﬂiz@u"lmm ﬂmm@mﬂumu@ﬂgmu Vl@]fl{]ll

U q
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ua Glﬁﬁlﬂll Lﬂu@u i]\1’[’]1ﬂu"lhlﬂﬁﬂ1ﬁ’é]ﬁﬂ1ﬂﬂ$\1ﬂallﬂﬂﬁ?JE]ﬂE]VIGUENﬁTi i’JﬁJﬂ\iﬂﬁﬁﬂ‘HW
’Jlﬂﬁ%‘ﬁﬁ'ﬂﬂiﬂﬁiNGU’E]\‘]!JJGHI‘]Jlla‘VIﬁﬁﬂ‘U’E’Nﬁﬁ HAs Vlﬂﬂsll‘iJ’E]E]ﬂiJ'lﬂ‘UUW‘I (major metabolite)

Y H

’ﬂllIﬂi\iﬁiNE]fJNulﬁ 111J1/11J11/lﬁ1ﬂﬂ3ﬂ6ﬂ13ﬂ’31_1ﬂ11fﬂiﬁiNLLﬁ%ﬂﬁ“ria\‘]ﬁWaﬁﬁUfJﬂN]lﬁ

U

4 av
agilszasnmsIdy
Y ' Y
1.1 lafnEunuImuesans HAs @19 lunguied dadenmsnszqumsnaniiauazsiia

v
[

[l o aA I~ = Aa :‘ A g . .
ANNUDNNITAUIANVUDDNUN L‘ﬂiEJ“]JL“VI&JU‘]J'D'NWmGUENﬂiﬂuWﬂVIL‘]Ju primary, secondary L@ tertiary

bile acids

=

a o ¢ ~
1.2 ﬂﬂ‘]@J']'JLﬂiTgﬁﬁ']Iﬂﬁ\‘]E‘T%N‘Uﬂ\iﬁi'im@niﬂllﬁﬂﬁaﬂ (major metabolite) UDIT1T HAs N

[ :’d =] = o o 1 1 2’dl o Y Y 1o =
DINUINUUIN %Q@Wﬂﬂ$NUﬂU1ﬂﬁ1ﬂﬂJﬁ®ﬂﬁ"Uuﬁ'\‘iﬂiﬂu1ﬂw1uaﬂﬁ uafzmqmu"lﬂaaﬂqm
v

augumsasaazmsvaniaae i

AadAa v

157398

v

a o d
1.1 MSANYIUNUINUBIENS hydroxyacetophenone AprHAVRINIAIA HazimIylanvesas
? 4
lwiha
= v d d' < Z =
1. MINIBUAAINAADANAADINA
= = = 1 Y O J anvo = A
M3ANYINTVRIAIIAOMINIS zqumsnaniha ladhimsanuluny rat 1ionn
Wi rat "lunmmﬂ vhai e wawaﬂmiﬂﬂmqmﬂ@u m“lmmmmi?rﬂmmﬂmmem‘mJ
Sniwademsnas uaz ﬂmﬂaauuﬂmmﬂﬂs neUveA 19wy rat Wus Wistar twete] 1min
Uszana 200-250 N3 nJuemmﬂamLammﬂmmiwummﬁm PABIMITHY 1 AU dAUAIY
81991 Nembutal (35-50 mg/kg., i.p.) ﬁaﬂ‘wmmmaaﬂaﬂ (tracheostomy) Lwamfflumsmfflﬁ]
cannulate bile duct A28 polyethylene tube (PE) No. 10 mamuum 4l @@Wlfz) PE No. 50 141 femoral
vien 11101911M3 infuse @1382@18 M3 infuse @98 normal saline mawmmummmmauwm
FadszninamInaasy ammmmammamnﬂmmuclﬁafm 37°C Ao rectal probe AN
temperature regulator 1182 Tﬂﬂh‘lﬂﬁaﬂwmwmaumuamam ymafuniai lnasenunan
vorhaituna 30 wil 1hase 30 winsmzialluezifudesn 30 wid L‘wa“lﬁmﬂummuﬂn
Y v ' A v <
(control) HAIMATUIIMIAATTaTENABINMTVIENATODNAZA We 4 i Tuvanldgnims
N5 mu"l,ﬂmﬁﬂ (U119 100 maﬂm/ﬂiaﬂm) maTwNm"lmaﬂmuﬁuumm duodenum 111113

QU
v

Furhasisas 30 W ﬁaamﬂunm 4 A59 umﬁ"1@mm“lﬂﬁmumuﬂmumuﬂmmmw"lﬂiu
51

UAAZ T mmmmqmm‘sﬂi ﬂuamwmiwmum (Bile flow rate) 1ii1a llvm/Sinansarha

siiasaq Aiudaulsy ﬂaﬂumﬂuuq Tael¥3% High performance liquid chromatography

(HPLC)
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2. mﬁmiwﬁn’jﬂ%mmm?ﬁﬁiﬂﬂ‘l‘ﬁ’ HPLC )
Mmmsadansathfeenniialaeldisues Nakayama et al, 1980 Tagriniad 1a4
ANANS ﬂauiﬂmummmaﬂaam (ethanol) 20 ﬂiﬁJWIi LL‘Biu@WﬂuTi’E]'L!ﬂulill!,ﬁuﬂWiﬁﬂ@] eNOU
ag 'Lﬂﬂﬁ]ﬂlﬂ@l\‘]hl'lﬂ’ﬂﬂlﬁﬂilﬁﬂﬂ‘lﬂuﬂu Wﬁ\i%'lﬂﬂﬂﬂﬁ@ﬂﬂ')ﬂﬂﬁ”ﬂTHﬂi’t’]\i Vl'lﬂ'liaﬂﬂﬁﬂ'lc‘liﬂﬂﬂu
!fﬁaE]!W'lﬂ‘]JﬂiﬂJ']C‘]iLﬁllﬁl!ﬂ')f]ﬂTiLl]1ﬂﬂﬂﬂ1°ﬁ1u1ﬂﬁlﬂui}uuﬂ\1 Vl1ﬂ1y§@$ﬁ1ﬂ§]5$ﬂ®ﬂﬂaﬂ NI
AeAINTOIUUINA 0.45 Tunsou ﬁwﬁﬁﬁ”lﬁ:muﬂﬂ%ﬁwmqﬂjmﬂmﬁwaﬁﬁ@éﬁ’aa?’ﬁ HPLC
YUV HPLC f15usnnsmiideimia 1955uee Nakayama et al, 1980 0 Reverse phase
system Qﬂﬂiﬂi’ﬂSZﬂﬂuﬁj’Jﬂigf’J controller, pump, detector, manual injectors AuueauFiM Water
Associates Uszmstanigomsm dauneduniildie LL-Bondapak C,, (125 A°, 10 um, 3.9x300
mm) msawmﬂﬁawﬁl%ﬁa TTACAYHANITZYIN acetonitrile-methanol-0. 03 M phosphate buffer,
uae @Wi'lﬂ'liulﬁﬂsllﬂﬂff'ﬁ@ﬂv\l'lﬂ@ 0.5 Naaam/um Lla”’Jﬂﬂ'lﬁﬂﬂﬂﬂuLLﬁQVlﬂ'J'liJfJ'l’Jﬂﬂu 200 nm.
ﬂ?illﬂﬂ“ﬁu@ﬂl@ﬂﬂiﬂu’lﬂ i]JVl'lﬂ'li?fﬂ‘H'lWlfJ‘Uﬂ‘Uﬂiﬂu'lﬂiJW]ﬁﬁ'lufl]'lﬂ‘Uilcl'ﬂ Sigma
Chemical Co. 534 7 Glfuﬂmu tauroursodeoxycholic acid (TUDC), glycoursodeoxycholic acid
(GUDC), taurocholic acid (TC), glycocholic acid (GC), taurochenodeoxycholic acid (TCDC),
glycochenodeoxychohc ac1d (GCDC) and taurodeoxycholic acid (TDC) N3 N3 fJiJ standard curve M1
mﬂmmmmnmumu@mm 0.25 ug/“l %um 1 Mg/ul ﬂﬂfﬁiﬁ mﬂmaaummmmuiummﬂ
20 Ml UW‘U’[’]N'GWU“VIQLG]ﬂi'lwellﬁ]\‘]ﬁ"lﬁl,ma Gl'W]ﬂ’N?JHJiJ‘UuGI'N‘]lﬂ plot LTJU standard curve LW’[’]GI,‘B
ﬂTLl’Jﬂ!ﬁWﬂiNWmﬂﬁﬂuWﬂiuaTi@ﬁ@Eﬂ\‘]“l/l“l/lﬂﬁ’ﬂﬂ@]ﬂ]lﬂ

a2 o A a Y 3:’ =S o = g‘ aA [ F1 as
msmiBinamesnsmitdinazsiianndedaig Hmsfahanadaudinuis
' Y v

Fedufimas 1020 WL uases HPLC hunldnsmveaaas TasunTaunsulUduram
a 3'4 1 a A Y o I Y a 3’qq‘
Sinmwesnsmitauaaziiaanaunsi1dnn standard curve azih1% Id5inawensmign
I~ 1 2’ A v 1 oaj A 2’ =Y 1 a A LR a A
Wudrnlszneuluhddediniug waswveunderhdudazaiavzdodnin Usuaveunde

Y k4 1 Y Y
anmuanlszneuluihaalesiaiu
=3 d' a d v . .
3. MIANBUNDIATIZHMIATIA319U09815 major metabolite Y99 hydroxyacetophenones it
? 4
M@
= 9 dy Y 21 dg’ A
52UV HPLC Mg lglumsnaansills preparative HPLC (large scale HPLC) NUIND
o o da a o .
Aadsdmauning aedminldfie Novapak C,, ¥119 39 x 100 mm Y9IUTEN Water Associates
@ a { | @ . . .
Usemsemsgonsm asazaelfua1s@amiAe methanol: 5% acetic acid in water 1u
H A
8ATIEIU 5: 95 BATINS IMAVDIAINIAD 10 m/min. UTiAsETAI06 N NRAUABLATIAD 1 m]
o A A < o A . A v MY o o 9
Famsganauueaeil 280 nm NUATAZABAIMNNTTIT metabolite NHLINADANI 13111 1114
4 ° < y 1Y .
uemonseuinliuialagldnnuidy (freeze dryer) 1oM3eiae1aNs metabolites 11/v1gns

Tasears1ane 11/ Tas1935 NMR 1ag Mass Sprectrophotometry
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: . <3| o o o 1 a =
Lﬁ'ﬁ]\‘]%’lﬂ metabolites UDIA1T HAs mi]i]ztﬂummsﬁ1ﬂm1uﬂ1iﬂ®1ﬁsﬂﬂqwﬁﬂ1ﬁﬂ %\1

H Y
=3

£
= o & 3 < o o 1 = [ Y
nmmmgﬂumzéfaﬁﬂm "UHW’JWU@\‘]ﬂﬁlﬂ”lJ‘LHmm%ﬂ1§1ﬁﬁ?i%@ﬁﬂﬂ%é‘5ﬂ1!‘]51!LﬂEJ’Jﬂuﬂ’]J

v v ¥ Y v v
19U 11187 1da2gn1I 15U (pooled bile) tite 13 1aia Tudsunanunnne Undsz141i@an

QU

wytszaina 510 § afaiteanaszneuTusay udninhaR g dueniiuas metabolies §78
preparative HPLC ﬁﬁﬁ%mﬂﬁi%&‘ﬂuﬁﬁﬁﬁ%ﬂﬁ@ methanol: 5% acetic acid in water 1HOAT1EHIU
5. 95 803113 IMAVRITINIAD 0.5 mUmin, USINATMIFIBENARAUAAZATIAD 10 ul. AN
aanduleaeil 280 nm neduRldAe u-Bondapak C, uardMIANITINAVEIAT major
metabolite 9NANMIAIG9N standard curve Tao1Fa13 metabolite 71 1@91nMINABDIT 1R WTIY

GREERER ALY

w d
NanN152eazI01584a (Results and Discussion)

ANNITNTE ﬂumﬁwmummmmiﬂau hydroxy acetophenones Tuwina 100 mg/kg BW
cﬁqgﬂumumﬂwqmﬁmﬁﬂ Taonfoufeusanmavanian 30 windannlias a3
hydroxyacetophenones a4 @2 ldun 4- MHA 2,4-DHA, 2,6-DHA t1a¢ 2,4,6-THA ?fHJTimWZJ
Sanmavaaiig Idinandids Aeriiuidu 2311 +15.0,219.5+5.9,199.4 +9.2 Az 264.8
+12.5 % sudrduidiofeudunquatuguneu ldasumsnszdqulasliiilu 100% (@351991 1.1)

m‘sﬂ‘w 1.1 uana0elasanTAlATULAS  retention time Gumﬂiﬂmﬂmmgmu@aﬁuﬂ
ninAaduaies HPLC TﬂEJﬂiﬂ“mﬂLiuﬂi1ﬂ§]@@ﬂu1i§:ﬂlm‘u1ﬁﬁ 10 @ laudiudad
(a) tauroursodeoxycholic acid (TUDC), (b) glycoursodeoxycholic acid (GUDC), (¢) taurocholic acid
(TC), (d) glycocholic acid (GC), (e) taurochenodeoxycholic acid (TCDC), (f) glycochenodeoxycholic
acid (GCDC) and (g) taurodeoxycholic acid (TDC) iﬂ‘w 2 uﬁmawummﬂmmwawmim
maﬂnmw“lﬂmﬂammamﬂauiﬁfmﬂﬁ LAY ﬂﬁn"rmmmﬂﬁﬂmmmaw%u@mmmmmu
Y¥nniuildna ooz TnnnTounsy  desuiudldnsmiiomme  azldUSinamoensa
1%16%@ﬁm@ﬁﬂﬂ%ﬂ@ﬂﬂn1 ( total bile acid output) ﬁﬂﬁ 3 gmm501J§mmmmﬂﬁmfwﬁﬁaﬂﬁu
290N ( total bile acid output) ﬁaﬂmﬂﬂﬂﬂﬁ‘”@]uﬂ’lﬂﬁ”ﬁﬂam hydroxyacetophenones wunsunm
sumﬂmumﬂmmmmauiwmiﬂi ﬁuumﬂi 21104 540.0 + 20.0 nmol/kg BW/min s I¥ans
2,4-DHA, 2,6-DHA, and 2,4,6-THA M9 3 danse @mmﬁﬂmﬂmumaaﬂmmmu’amwmﬂu

Y
o A

gIUa15 4-MHA UlﬁJﬂJWﬁLWilﬂiﬂJ'lmﬂl’ﬂﬂﬂiﬂuWﬂ (g‘ﬂﬂ 3)

Y

a J a o { v [ @ {
"lnﬂﬂﬁ’)!,ﬂi185‘1’?LLEJﬂ%L!WUfNﬂiﬂu1aﬁgﬂﬂ]ﬂﬁ]f)ﬂNWWa\ﬁﬂﬂgﬂﬂigé}u AN 26
a 4
AUATICH
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v
o

mﬁﬂmmﬂimfﬁﬁgﬂ{l’maﬂ ( Bile acid species) 1un17z15nA 1§’1ﬁﬁ‘lﬁ%1ﬂwgﬁﬂmmﬁa§ 4 ¥ia
N, f;ﬁ ® cholic acid, chenodeoxycholic acid, deoxycholic acid, and ursodeoxycholic acid

Cholic acid Lﬂuﬂmumﬂﬁmu (primary bile acids) Lﬂuﬂiﬂmwaﬂﬂwﬂuummmwu G
2,4,6-THA N3 munmmwmu%mnwamaﬂi £3N9 203.7 + 28.2 % AUAIWAT 2,6-DHA
(1743 £72 %) Uz 2.4-DHA (159.1 +6.9 % ) muamﬂ%maununaummu (100%) a7
4-MHA (108.9 + 7.9 % ) ifinademstunsaia saf 2)

2. Chenodeoxcholic acid 131 primary dihydroxy bile acid ‘nmuimu Lgﬁiuwgﬂzﬁgﬁ 84 5-10 %.

r‘

@15 chenodeoxycholic acid ﬁqw?ﬂgiﬂumsﬂizéjumiw&ﬂmﬁyﬁ (choleretic activity §J)
NAMTITONUN 2.4,6-THA, 2,6-DHA 1182 2.4-DHA n5zdunsmiiaviiaiild 201.0 + 445
%, 1764+ 14.6 % 18% 1663 + 36.1 % AMAWY Vil 4MHA (108.9 + 7.9 %) lifinade
msTunsatia (5197 3)

3. Deoxycholic acid 11U secondary bile acid ﬁﬁqmﬁgsﬂumiﬂszs?jumiwgqmmfﬁ
(choleretic activity g) u@ﬂuwuﬁﬂmﬂvﬁﬂf‘:ﬂg‘hﬁm 3-5 % M3 a3 2,4,6-THA, 2,6-DHA
1182 2,4-DHA n5z@u'’ld 32.8 +7.2, 17.7 + 0.6 11az 22.9 + 4.1 nmol/kg BW/min A& 19 1ig
1116.5 + 1.5 nmol/kg BW/min lunguaiugy (A131991 4)

4. Ursodeoxycholic ac1d Mq%‘ﬁlliﬂ‘ﬂﬁ’@iumiﬂi ﬁumiﬁmﬂmum (choleretic activity) Tu
ﬂaummwmﬂmmuﬂu Uszual 96.3 + 2.4 nmol/kg BW/min %30 18.2 + 0.7 % 8
ﬂﬁmmﬂmummﬁm @15 2,4,6-THA, 2,6-DHA tiag 2,4-DHA N5 @umﬁwnmummu@
i M&szane 197.0 + 242 %, 193.7+7.2 U8z 193.7 + 8.8 % AWEWY (A15197 5)

snmsnffeufisudaduveansaidsiindeasiieonmnlnia WAIINGNNITZAY
A20a13 1unqu hydroxyacetophenone taazdl w1 lilinnuuana1eiu wuSunaves primary
bile acid 111 cholic acid Tif1 Uszanas 68.9 + 3.1 % (lunguALAL ), 66.8 + 2.5 % (NGU solvent),
70.0 + 1.7 % (NQU4-MHA), 67.7 + 2.1 % (NgN2,4-DHA), 69.2 + 2.7 % (N 2,6-DHA) taz 68.4 +
24 % (ﬂfjiJZ,4,6-THA) muday lsuaves primary bile acid ﬁl‘ﬂu chenodeoxycholic acid EJE.J:
Y419 8.1 +1.9 ﬁﬂ11.4 + 0.9 %. i secondary bile acid ﬁ@ deoxycholic acid ag'szwin 2.04+0.2
014 4.4 + 0.6 %. Ursodeoxycholic acid, tertiary bile acid 8§521319 17.6 + 2.0 % 04 20.9 + 0.8 %
(miwﬁ 6).

ﬁmﬁ’ﬂwﬂ?mmmmmm‘fwﬁ%ﬁwﬁm%ngﬂ@hqﬁ’u uAieeINdAdILYDININTZBUDA
ﬂmmwu@mqqmﬂmuaaﬂuﬂumwmmﬂaﬂﬂﬁmumi 24,6-THA, 2,6-DHA 1182 2,4-DHA
nJunm 30 Wiy ludianuuanaiaiu mfnfﬁﬂ"l,mwmimmuuaaﬂqmm mumswmﬂm
ummaaummmmmﬂﬂmumﬂiumaa “lu"lmﬂﬂmﬂmsﬂiwmu“lwumﬁmgﬂﬂwwﬂmummum
Tysiudrtvesn
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I

Figure 5: Effect of hydroxyacetophenones on total bile acid output (nmol/kg BW/min)
collected at 30 min after intraduodenal of the compounds (100 mg/kg BW).
Each bar is mean + S.E.M. obtained from 5-6 animals. (a) amount before
and after treatments, (b) Percent change after treatments. * p <0.05,
compared with the control period before treatment, * p < 0.05, compared with
the solvent control at corresponding time.
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4 a d
2. MIANUNDIUATIZHIATITSIIVBIAT major metabolite VDI hydroxyacetophenones

lwia (Determination of major biliary metabolites of hydroxyacetophenones)

£4
[

wanaz 1danmsddeiiazildinguad metabolite Y99E1IDONINAYIA UNNLDY
4 0 Y
pe1913 uazezildmaudimseengninszdumsnanitduesas hydroxyacetophenone
¢ - ~ °
JUAANNYNTUBIENTIOY HTD 1NN metabolite VBIATT UONIINT metabolite N 1Av1I114)

=2 = a v [ Q’d‘ 1
ANHIONTNIUNUT1THAN (parent compound) ”l,quﬁauq ao'ly
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M99 3.1 uﬁmwamm 4-HA W30 MHA mmmmmmumm Inorganic electrolytes “luum (Na', K, Cl Cuay
HCO, ) futhAdoe9nnal 15 nnaannaa 4-HA 19111/ lure i (125 ‘ma 250 ‘lﬂﬂﬂm/kg
umuﬂm) 1AZNAI9INNTAA UDCA 191 portal vein (50 130 100 a3 TwanimindanTansy) ai
LAAIABAT means+SEM 1IndAINnAaed 10-11 §2
*P<0.05 LANA19BEIITad1ARY1N individual control NOUNATBUAIOH1S
*%P<0.005 1ANA1061NTod IR0 individual control NOUNATOUAIBAS

Effect of 4-HA on Biliary Concentrations of Inorganic Electrolytes (Na®, K*. CI” and HCO; ™)

BFR {pl/minkg) Na" (mM) K™ (mM) Cl™ {mM) HCO; |

Solvent control

Before 65.812.5 150.510.3 578103 95125 22443

After 67.613.3 152.510.3 546402 94128 24443
4-HA 125 pmol'kg

Before 69.412.5 150.810.6 471402 93.6:1 28240

After 118.043 9% 147.240 4 %* 482102 86,910, 8+ 26410
4-HA 250 pmol'kg

Before 68.511.3 152.140.9 4.52:0.2 95411.4 28.241

After 140,513 9= 148,210 8 ** 49310 2%% B3] 5% 26.341
UDCA 50 pmolkg

Before 70.1:6.3 150.740.3 5.8540.6 89.7:1.3 26.5+1

After B5.416.3%% 155.740.9% 6.42:10.6% 84.741.3% 28.941
UDCA 100 pmol/kg

Before 67.145.1 151.040.5 5.1540.5 90.740.8 27240

After BE.3:12.1% 153.341.33% 5.3740.4% B4.741.8% 30.940

Bile samples were collected for 15 min after intraduodenal injection of 4HA (125 or 250 pmol/kg body weight) and after UDCA inje
into the portal vein (50 or 100 pmol/kg body weight). Values are means + SEM from 10-11 animals.

#Fp<1,05 significantly different from individual control before administration.

##p<.005 significantly different from individual control before administration.
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31]‘;’1; 3.2 Llﬁﬂﬂﬂﬂﬂ’ﬂllﬁll‘wu‘ﬁi ﬁ’J’]\‘iﬂTillﬁﬁélJ’t‘)QuW]ﬂ'U electrolyte Output ummammﬂmmﬂumm 15 ’LH“VI
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uHJ”I’JLﬂS”Iz‘Vi‘H1ﬂ’J13Jﬁ3JW1J‘ﬁi%ﬂ’JNﬂTimlﬂa‘UENuW]ﬂ‘U Na wwamaaﬂm (a); y = 5.78x+9.06, r =0.6973,
P<0.005 (control), y = 6.56x +4.08, 1’ = 0.9871, P<0.005 (4-HA), K’ (b); y = 76.25x + 44.89, r’ = 0.2219, P =
0.0269 (control), y = 122.3x + 52.65, r’ = 0.5578, P<0.0001 (4-HA), CI (C); y = 8.32x + 15.18, 1 = 0.6798,
P<0.0001 (control), y = 10.5x + 11.81, r’ = 0.8707, P<0.005 (4-HA), HCO, (d); y = 14.08x + 42.17, 1’ =
0.2128, p = 0.0307 (control), y = 25.02x + 45.48 1" = 0.5954, P<0.0001 (4-HA)
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’Jilflufﬂﬂ isolated perfused rat liver (IPRL) TumsAnuIHaved THA N3 lavosiladuily
o Al o & v A 3 = A A
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Care and Use Committee msmamv‘iﬂuﬁ’mﬂﬁﬁami V94 Cellular 48 Molecular Physiology
9 1

9 '

Core of the Yale Liver Center N9HI50A8MsHoNAUHY00NUMAZR1NT perfusion A9l IA0T1Y
Y Y dy Y 3 0 Y Y . . a a o g} v o I
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4. Analytical methods
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2. Waved THA NiAeM5HaIveInsnanas glutathione 14311 (GSH + GSSG)
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9

. 1 1 o 1 < ! c; {
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Fig. 5. 1.  Effects of 2,4,6-trihydroxyacetophenone (THA) and 2,6-dihydroxyacetophenone (DHA)
on the uptake of TC into BBMV of rat ileum (n =3— 6). Uptake of 20 AM [3H]-
taurocholate into BBMV was measured at 15 s in the presence of various concentrations of
THA or DHA ranging from 0.1 to 20 mM.
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Fig. 5.2. Kinetics of TC uptake into rat ileal BBMV: (A) kinetics of THA inhibition of TC uptake into
rat ileal BBMV; (B) Lineweaver— Burke reciprocal plot of THA inhibition. Uptake of [3H]-
taurocholate (20 to 250 AM) was measured over 15 s in the presence or absence of 10 mM
THA. The mode of inhibition and Ki for THA were estimated by graphical analysis of
Lineweaver—Burke reciprocal plot of 1/v as a function of 1/[S] in the presence or absence of

THA. Solution of the reciprocal velocity equation for competitive inhibition: 1/v
=(Km)/Vmax)(1+[I1/Ki)(1/[S]+1/Vmax).
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Fig. 5.3. Kinetics of TC uptake into rat ileal BBMV: (A) kinetics of DHA inhibition of TC uptake
into rat ileal BBMV; (B) Lineweaver— Burke reciprocal plot of DHA inhibition. Uptake of
[3H]-taurocholate (20 to 250 AM) was measured over 15 s in the presence or absence of 10
mM DHA. The mode of inhibition and Ki for DHA were estimated by graphical analysis of
Lineweaver—Burke reciprocal plot of 1/v as a function of 1/[S] in the presence or absence of
DHA. Solution of the reciprocal velocity equation for noncompetitive inhibition: 1/v
=(Km/Vmax) (1+[1]/Ki) (1/[SD+(1+[1]/Ki)(1/Vmax).
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Fig. 5.4. Dose-dependent inhibition of THA and DHA on the total ATPase activity of rat ileal
basolateral membrane (n =5- 8). Total ATPase activity in 30 min was measured in the
presence or absence of various concentrations (0.1 to 20 mM) of THA and DHA.
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measured in the presence or absence of 1.5 mM ouabain. Ouabainsensitive ATPase (hatched
bar) was calculated as the difference between total ATPase and ouabain insensitive ATPase.
The values were expressed as percent of total ATPase of control. n =5. *p <0.05 significant
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Fig. 5.6. Effects of THA and DHA treatment on the plasma cholesterol in hypercholesterolemic rats.
The compounds were intragastrically administered at a dose of 400 Amol/’kg BW twice a day,
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and plasma cholesterol was followed for 3 weeks during THA and DHA treatment. *p <0.05
significant difference from its corresponding cholesterol fed control (n =5 —7).
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gﬂﬁ 6.1 Bile flow rate () and biliary secretion of glutathione (GSH) (V) after a bolus injection of
methylmecury chloride (MeHg) into the hepatic portal vein at a dose of 20-80 LLmol/kg BW. Bile
sample was collected in 30-min period for 120 min.
Each point represents mean = SEM of 8 rats/ group.
* p < 0.05 significant difference when compared with the vehicle control at the corresponding

time.

BRG4680009 6-5 2546



Ao dy [~} Y A a 9 = = AAo A
wamﬂmsnamzmu%m ﬂ']'i‘VIﬁ]%W%']'iﬂlﬂﬂfﬁﬁﬁlﬂﬁﬁﬁux‘] 33%0%613%Mﬂ1lu@%1ﬂﬁ3\j‘ullWisluﬂWi

o w a asJ‘ = o A A Y = I Y A o A oaj 1

RREYSREATR AT, nanusuuednssiazdesdinu 1 ladeyandanuvesaniziiiasniaesoy
9 ] 9 ]

awfwdenon  nsizaINIaesdionIz it vudNzdunseenangy  aeiwolums

9 1

= o Y1 9y o Y % = = % Qy A9
naaestl  Mlsmedesiuldlsmsiveenmela Feonaziinalumsiunavesansnvioties
1 o w Qy g} = A Y I A v 1 Y J
nMmshiaaneennia esdsamsdsendumsilinnuauniolumsiudungy sH laiy
9819R MIVUEI complex V04 Y5ONHU SH 00ANNAVEIUNHIAIY transporter mrp2 N canaliculi 11D
1 4 1
transporter 81U IR M3TRvIAveImsUsENNguUANANNEINTD MIsvudIeonogIdTY 1
1l complex UDIH1T THA wuge flimsvudaves MeHg-SH complex pon Idtioeas 1adesnionn

4 9 o Y A ! o A A '
vy Tasdounauidng sinusoid taznszudiaen odunad lagel1/

.

12 p —*—MeHg 20 umolig BW
—e— MeHg 40 umol/kg BW
—>— MeHg 60 umol/kg BW *

1.0 —e—MeHg 80 umol/kg BW

08 |

0.6 |

(umol/kg BW)

04 |

0.2 |

Biliary excretion of mercury

0.0

Cumulative biliary excretion of mercury

0 30 60 20 120

Collection periods (min)

3 ‘ﬂﬁ 6.2 Biliary excretion of mercury after a bolus injection of methylmercury chloride (MeHg) into the
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*p < 0.05 significant difference when compared with that treated with MeHg 20 [Amol’kg BW at
the corresponding time.
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]ﬂ% 6.3 (N) Liver mercury concentration after injection of methylmercury chloride (MeHg) into hepatic
portal vein at a dose of 20-80 [limol/kg BW.
(V) Effect of methylmercury chloride (MeHg) on liver glutathione concentration. MeHg was
injected into the hepatic portal vein at a dose of 20-80 Llmol/kg BW.
Liver sample was collected at 120 min after MeHg injection.
Each bar represents mean 2= SEM of 8 rats/group.
*p < 0.05 significant difference when compared with vehicle control.
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Hmolkg BW) before intraduodenal administration of THA (300 or 600 Limol/kg BW). Bile
sample was collected in 30-min period for 120 min,

Each point represents mean = SEM of 8 rats/group.
*p < 0.05 significant difference when compared with vehicle control.

+p < 0.05 significant difference when compared with the MeHg-treated control at the
corresponding time.
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11]# 6.5 The cumulative biliary excretion of mercury in rats treated with MeHg (40 mol/kg
BW) before intraduodenal administration of THA (300 or 600 [imol/kg BW). Bile sample was
collected in 30-min period for 120 min.

Each point represents mean == SEM of 8 rats/group.

*p < 0.05 significant difference when compared with the MeHg-treated rat at the corresponding
time.
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jﬂ'ﬁ 6.6(n) Effect of THA (300 or 600 [lmol/kg BW) administration on liver glutathione concentration in
rats treated with MeHg (40 [imol/kg BW) at 30 min before intraduodenal administration of THA.
The control animals received their corresponding vehicle.
(v) Effect of THA (300 or 600 [Lmol/kg BW) administration on hepatic mercury concentration in
rats treated with MeHg (40 [imol/kg BW) at 30 min before intraduodenal administration of THA.
The control animals received their corresponding vehicle.
Each bar represents mean &= SEM of 8 rats/group. Liver sample was collected at the end of
experiment, at 120 min after MeHg injection.
* p < 0.05 significant difference when compared with the control.
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31|ﬁ 6.7Effect of THA (300 or 600 imol/kg BW) administration on hepatic glutathione S-transferase
(GST) activity in MeHg-induced hepatotoxicity in adult male rats. GST activity toward CDONB
was measured in fresh liver homogenates,
Each bar represents mean + SEM of 8 rats/group.
* p < 0.05 significant difference when compared with the control group;
+ p < 0.05 significant difference when compared with the corresponding THA-control.
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zﬂ'ﬁ 6.8The bile flow rate () and biliary secretion of glutathione () in rats pretreated with BSO before
injection of MeHg and intraduodenally administration of THA.
Each point represents mean + SEM of 8 rats/group.,
* p < 0.05 significant difference when compared with BSO at the corresponding time.

+ p < 0.05 significant difference when compared with the corresponding THA-treated groups at
the corresponding time.,
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Each point represents mean = SEM of 8 rats/group.
* p < 0.05 significant difference when compared with control at the corresponding time.
+ p < 0.05 significant difference when compared with the corresponding THA-treated groups at
the corresponding time.
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UM 10 Effect of THA administration on the cumulative urinary mercury excretions.
Rats were pretreated with MeHg (40 Hmolkg BW) at 30" min before intraduodenal

administration of THA (300 or 600 Limol/kg BW). Urine sample was collected in 30-min period
for 120 min.

Each point represents mean 1 SEM of 8 rats/group.

+ p < 0.05 significant difference when compared with the MeHg-treated group at the
corresponding time.
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Abstract

Insertion of transporter proteins into the apical canalicular membrane via vesicular transport is one of several choleretic mechanisms. Based on
different choleretic activities of hydroxyacetophenone analogues including 4-mono; 2,6-di and 2,4,6-trihydroxy-acetophenone (MHA, DHA and
THA), the present study aims to determine if these compounds stimulated vesicular transport in hepatocytes. Hydroxyacetophenone was
continuously infused into the duodenum of the bile fistula rat. Bile flow rate was allowed to stabilize and then followed by an intraportal injection
of horseradish peroxidase, a marker of the transcytotic vesicle pathway. MHA which stimulates bile acid independent flow, showed a dose-
dependent increase in both the early (paracellular) and late (transcellular) peak of horseradish peroxidase excretion in bile. THA, which stimulates
both bile acid dependent flow and bile acid independent flow, did not alter the pattern of horseradish peroxidase excretion into bile. However,
DHA, which is more hydrophobic and increases only bile acid dependent flow, decreased the late peak. The stimulating effects of MHA on bile
flow and horseradish peroxidase excretion were markedly inhibited by colchicine, suggesting that its choleretic action involves stimulation of
exocytosis, as well as increase in paracellular permeability. In contrast, the lack of a stimulatory effect of THA and DHA on biliary horseradish
peroxidase excretion suggested that their choleretic action is not associated with vesicular exocytosis. These results demonstrate a variable effect

of hydroxyacetophenones on the transcytotic vesicular pathway reflecting different choleretic mechanisms and therapeutic potential.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Colchicine; Hydroxyacetophenone; Horseradish peroxidase; Vesicular transport

1. Introduction

The secretion of bile is essential for excretion of endogenous
and exogenous substances and the intestinal digestion and
absorption of dietary lipids. Hepatic bile formation consists of a
bile acid dependent fraction, which results from the excretion of
bile acid from hepatocytes and a bile acid independent fraction
which results from the excretion of glutathione (GSH), and other
inorganic and organic solutes (Ballatori and Truong, 1989;
Nathanson and Boyer, 1991; Trauner and Boyer, 2003). The
bile secretory process is also regulated by endocytotic retrieval and
exocytotic insertion of an intracellular pool of vesicles into and out
of'the apical canalicular membrane domain (Benedetti et al., 1994;
Boyer and Soroka, 1995; Crawford, 1996; Kubitz et al., 2005).

* Corresponding author. Tel./fax: +66 2 3547154.
E-mail address: scppy@mahidol.ac.th (P. Piyachaturawat).

0014-2999/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.ejphar.2006.07.018

Taurocholate, an endogenous choleretic bile acid stimulates this
transcytotic vesicular pathway as demonstrated by labeling with
horseradish peroxidase in studies in intact animals, isolated
hepatocyte couplets and isolated perfused rat livers (Hayakawa et
al., 1990b; Beuers et al., 1993; Boyer and Soroka, 1995). Studies
using colchicine, an inhibitor of microtubule polymerization,
suggest that the transcytotic vesicular pathway is dependent on the
normal function of microtubules (Haussinger et al., 1993;
Crawford et al., 1994). More recent studies suggest that this
pathway regulates the bile secretory process through the insertion
of vesicles containing transport proteins into the apical canalicular
domain (Beuers et al., 1993; Benedetti et al., 1994; Boyer and
Soroka, 1995). This pathway can also be stimulated by cyclic
AMP (Boyer and Soroka, 1995; Seino and Shibasaki, 2005) and
hypoosmolarity (Bruck et al., 1992) and is impaired in disorders of
cholestasis (Gregory et al., 1998; Beuers et al., 2001). Imbalance
of the retrieval/insertion of an intracellular pool of vesicles
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Fig. 1. Chemical structure of acetophenone analogues.

containing transporter into and out of the apical membrane may
contribute to a number of pathological condition including
cholestasis (Trauner and Boyer, 2003). In estradiol-173-D-
glucuronide induced cholestasis, an insufficient number of
transporters on the membrane was associated with a rapid
endocytotic internalization of the multispecific resistance-associ-
ated protein 2 (Mrp2) (Mottino et al., 2002) and bile salt export
pump (Bsep) (Crocenzi et al., 2003). Therefore, any substance
which could reduce the rate of endocytotic retrieval or enhance the
insertion of transporters at canalicular membrane would have the
potential to attenuate the pathogenesis of cholestasis.
Hydroxyacetophenones, a group of compounds which consists
of several analogues, are found in medicinal herbs such as Arze-
misia capillaries (Okuno et al., 1988), Artemisia scoporia (Zhang
and Zhang, 1989), barley tea (Etoh et al., 2004) and Curcuma
comosa (Suksamrarn et al., 1997). Earlier studies on the
relationship between the chemical structure of hydroxyacetophe-
none analogues and their choleretic activities showed that
compounds with similar structures had significantly different
activities and effects on bile composition (Piyachaturawat et al.,
2000). Among choleretic hydroxyacetophenones, 4-mono hydro-
xyacetophenone (MHA) only induced an increase in bile acid
independent flow, while 2,6-dihydroxyacetophenone (DHA)
induced only bile acid dependent flow (Piyachaturawat et al.,
2000, 2001). THA, which appears to be the most effective
choleretic agent, induced both bile acid dependent flow and bile
acid independent flow (Piyachaturawat et al., 2000). They also had
different effects on ileal bile acid absorption (Kanchanapoo et al.,
2006). Since insertion of transporter proteins into the canalicular
membrane via vesicular transport is an important choleretic
mechanism, the present study aims to evaluate the effects of these
three different choleretic hydroxyacetophenones on vesicular
transport using horseradish peroxidase, a known marker of the
transcytotic vesicular pathway (Lowe et al., 1985; Larocca et al.,
1999). The current study demonstrates that hydroxyacetophe-
nones have different effects on horseradish peroxidase excretion
and support involvement of vesicular exocytosis as a mechanism
for formation of bile acid independent flow particularly by MHA.

2. Materials and methods
2.1. Chemicals

2,4,6-trihydroxyacetophenone (THA) and 4-mono hydro-
xyacetophenone (MHA) were purchased from Fluka Chemie

AG (Buchs, Switzerland). 2,6-dihydroxyacetophenone (DHA)
was purchased from Aldrich Co. Inc, (WI, USA). Taurocholate,
purified horseradish peroxidase type II, 4-aminoantipyrine and
colchicine were obtained from Sigma Chemical Co. (St. Louis,
MO, USA). Hydrogen peroxide was purchased from Merck
Schuchardt OHG (Hohenbrunn, Germany).

2.2. Animals and treatments

Adult male Wistar rats (250-280 g) were supplied by the
National Animal Center, Salaya, Mahidol University, Nakorn-
prathom, Thailand. All animals were housed in temperature
controlled rooms at 25+2 °C, with a relative humidity of
approximately 65%, and a 12-h light—dark cycle. They were fed
regular rat chow and tap water ad libitum. Prior to each
experiment, animals were fasted overnight and allowed free
access to water. They were anesthetized with sodium pentobar-
bital (50 mg/kg body weight, i.p.) and a tracheostomy was
performed to facilitate breathing. The common bile duct and
femoral vein were cannulated with polyethylene tubing, for
collection of secreted bile and for infusion of normal saline at
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Fig. 2. Effect of hydroxyacetophenones (MHA, DHA, THA) and taurocholate on
actual bile flow rates (A) and bile flow rate (% of control) (B). The
hydroxyacetophenone compound was continuously infused into the duodenum
at a dose of 16 pmol/min/kg after giving an initial dose of 250 umol/kg into the
duodenum. Low dose of MHA was continuously infused at a dose of 8 umol/min/
kg after a bolus injection of 125 pmol/kg. Taurocholate was continuously infused
into femoral vein at a dose of 0.6 pmol/min/kg. Values are means+S.E.M. from
4 to 5 animals. *P<0.05 and **P<0.01 significant difference from control at the
corresponding time. TP<0.05 and 1P <0.01 significant difference from low dose
of MHA at the corresponding time.
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the rate of 1.2 ml/h, respectively. Body temperature was main-
tained at 37+0.5 °C with a heat lamp in order to prevent
hypothermic alterations in bile secretion. The experimental
protocol was approved by the Institute ethics committee and
complies with the International Guiding Principles for Bio-
medical Research Involving Animals (CIOMS/WHO).

2.3. Effect of hydroxyacetophenones on horseradish peroxidase
excretion in bile

Animals were divided into control and hydroxyacetophe-
nones treated groups. Bile samples were collected in pre-
weighed tubes at 15-min intervals. After collection of control
samples, hydroxyacetophenones (Fig. 1A-B) were injected
intraduodenally with an initial bolus of 125 or 250 pmol/kg
body weight and then continuously infused into the duodenum
at a rate of 8 or 16 umol/min/kg body weight. Bile flow rate was
allowed to stabilize for 45 min, and horseradish peroxidase at a
dose of 0.5 mg/100 g body weight was injected into portal vein
over a 15-s interval. After the horseradish peroxidase injection,
bile samples were collected every 2 min for 10 min, 5 min for
30 min, and 10 min for 40 min, respectively. Bile flow rate was
determined gravimetrically, assuming a bile density of 1.0 g/ml.
Biliary horseradish peroxidase excretion was subsequently
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determined. As a positive control, taurocholate was infused
continuously into a femoral vein at a dose of 6 pmol/min/kg
body weight, followed by the horseradish peroxidase injection.

2.4. Effect of colchicine pretreatment on choleresis of MHA

To evaluate the effect of colchicine on horseradish perox-
idase excretion during infusions of 4-mono hydroxyacetophe-
none (MHA), rats were pretreated with an intravenous injection
of colchicine (2 mg/kg body weight) into the femoral vein 2.5 h
prior to the surgery for bile collection. Horseradish peroxidase
was then injected after bile flow reached a steady state fol-
lowing administration of MHA. The biliary excretion of horse-
radish peroxidase was compared to colchicine treated animals
without MHA administration.

2.5. Determination of biliary horseradish peroxidase excretion

The concentration of horseradish peroxidase in bile was
determined by measuring the rate of oxidation of 4-aminoanti-
pyrine at 510 nm as previously described (Worthington, 1972).
The biliary horseradish peroxidase excretion was calculated and
expressed as ng/min/g liver after establishing a standard curve.
The cumulative horseradish peroxidase output was also
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Fig. 3. Effect of hydroxyacetophenones and taurocholate on biliary horseradish peroxidase excretion (A) MHA infusion at low and high doses were continuously
infused into the duodenum and allowed to stabilize for 45 min before injection of horseradish peroxidase at a dose of 0.5 mg/100 g body weight into the portal vein; (B)
effect of DHA, THA and taurocholate infusion on the biliary horseradish peroxidase excretion; (C) effect of MHA on the cumulative horseradish peroxidase excretion
in bile; (D) effects of DHA, THA and taurocholate on the cumulative horseradish peroxidase excretion in bile. Values are means+S.E.M. from 4 to 5 animals. *P<0.05
and **P<0.01 significant difference from control at the corresponding time. $P<0.05 significant difference from low dose of MHA at the corresponding time.
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analyzed from the area under the biliary horseradish peroxidase
excretion curve.

2.6. Statistical analysis

All data were expressed as mean+S.E.M. The significance
of the difference among groups was analyzed using analysis of
variance (ANOVA), followed by Student—Newman—Keul’s
test. Statistical significance was considered at P<0.05.

3. Results
3.1. Effect of hydroxyacetophenones on bile flow rate

Previous studies indicate that a single intraduodenal injection
of the hydroxyacetophenones results in an immediate but
transient increased in bile flow (Piyachaturawat et al., 1998). To
examine the effect of hydroxyacetophenones on horseradish
peroxidase excretion, horseradish peroxidase was administered
when bile flow was maintained in a steady state by continuous
hydroxyacetophenone infusions. As shown in Fig. 2A—B, both
MHA and THA doubled the bile flow rate and reached a steady
state at 30 min after administration (loading dose of 250 umol/
kg and infusion rate of 16 umol/min/kg). MHA and THA
increased bile flow rate to 224.0+4.5% and 218+13% of con-
trol values, respectively. DHA, the more hydrophobic analogue,
had less effect, increasing bile flow rate to 188.8+33.0% of the
control values (Fig. 2B). Taurocholate infusion (6 pmol/min/kg
i.v.) was employed as a positive control, and significantly
increased bile flow rate to 184 +3% of control values reaching a
steady state at about 60 min. When a lower dose of MHA was
infused (loading dose of 125 pmol/kg and subsequent infusion
at a dose of 8 umol/min/kg) bile flow rate increased to only
153.0£6.5% of control, demonstrating a dose related effect.

3.2. Effect of hydroxyacetophenones on biliary excretion of
horseradish peroxidase

To assess the effect of hydroxyacetophenones on vesicular
exocytosis, a 15-s pulse of horseradish peroxidase, a marker of
the transcytotic vesicle and paracellular pathway, was injected
into the portal vein and its biliary excretion was then analyzed.
As shown in Fig. 3A, in control rats, two peaks of horseradish
peroxidase excretion appear in bile, the first at 4—8 min and the
second 20—-30 min after injection. Administration of MHA at
the lower dose significantly enhanced the early and late ap-
pearing horseradish peroxidase peaks, increasing horseradish
peroxidase excretion from control levels of 1.1+£0.2 to 2.0+
0.3 ng/min/g liver in the first 6 min and from 3.9+0.3 to 5.8+
0.6 ng/min/g liver at 25 min. At the higher dose, MHA also
dramatically increased both early and late peaks of horseradish
peroxidase excretion to 3.0+£0.2 ng/min/g liver in the early peak
and to 7.2+1.1 ng/min/g liver in the late peak, significantly
different from control values (P<0.05).

The cumulative horseradish peroxidase output, analyzed
from the area under the biliary horseradish peroxidase excretion
curve is illustrated in Fig. 3C. MHA accelerated the excretion of

horseradish peroxidase in a dose-related manner throughout the
80 min of the experimental period.

In contrast, THA infusion did not alter the profile pattern of
the horseradish peroxidase excretion on either the early or late
peaks whereas DHA significantly decreased the late peak of
excretion to 2.5+0.4 ng/min/g liver from control level of 3.9+
0.3 ng/min/g liver (Fig. 3B). Total horseradish peroxidase
excretory output following THA and DHA (92+7 ng and 87+
21 ng, respectively) was not statistically different from that of
control values (126+ 14 ng) (Fig. 3D). Taurocholate increased
both the excretion rate and total output of horseradish per-
oxidase to 162.0+£0.7 ng.

3.3. Effect of colchicine pretreatment on the choleretic effect of
MHA

To further determine if vesicular exocytosis was stimulated by
MHA, rats were pretreated with colchicine, an inhibitor of the
microtubule-dependent exocytotic pathway. As shown in Fig.
4A-B, pretreatment with colchicine (2 mg/kg, i.v.) for 2.5 h did
not significantly affect basal bile flow rate, although it slightly
declined with time. Pretreatment with colchicine markedly
reduced the dose dependent MHA-stimulated bile flow rate. As
shown in Fig. 4B, 15 min after MHA administration bile flow rate
increased to a maximum level of approximately 118+10%
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Fig. 4. Effect of colchicine pretreatment on MHA-stimulated bile flow. (A)
represents actual bile flow rates, whereas (B) represents bile flow rate (% of
control). Colchicine at a dose of 2 mg/kg was intravenously injected 2.5 h prior
to experiment. Values are means+S.E.M. from 4 to 5 animals. *P<0.05 and
**P<0.01 significantly different from the control at the corresponding time.
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following the low dose and 141+17% after the high dose
compared to control levels, respectively, in contrast to the larger
increases observed without colchicine pretreatment (180+8 and
203+4% increments, respectively, Fig. 1B). Subsequently the
MHA -increased bile flow rate declined with time in the colchicine
pretreated animals. By 60 min, bile flow rate had declined to 85+
6% in the colchicine treated controls, 77+3% in low dose MHA,
and 111.2+30.0% at the high dose of MHA. The higher dose of
MHA also maintained an increase in bile flow rate for longer
times than the lower dose in the colchicine pretreated rats.

In control animals, colchicine pretreatment significantly
increased the early peak of horseradish peroxidase excretion at
8 min from 1.1£0.2 ng/min/g liver in the controls to 3.3+
0.8 ng/min/g liver, whereas the late phase of horseradish per-
oxidase excretion was abolished as previously described (Lowe
et al., 1985). Colchicine pretreatment completely blocked the
effect of MHA on the late peak of horseradish peroxidase
excretion and enhanced the dose related effect of MHA on the
early horseradish peroxidase peak at 8 min (5.0£1.1 and 6.2+
1.0 ng/min/g liver, respectively) compared to that of the control
(1.1+0.2 ng/min/g liver) (Fig. SA). In addition as shown in Fig.
5B, horseradish peroxidase appears in bile more rapidly in the
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Fig. 5. Effect of colchicine pretreatment on biliary horseradish peroxidase
excretion (A) and the cumulative horseradish peroxidase excretion; (B). Colchicine
(2 mg/kg) was intravenously injected 2.5 h prior to experiment in control rats, and
in the MHA-stimulated horseradish peroxidase excretion. Values are means+SEM
from 4 to 5 animals. *P<0.05 and **P<0.01 significant difference from control at
the corresponding time. 7£<0.05 and 7P<0.01 significant difference from
colchicine at the corresponding time.

colchicine pretreated animals. However, the total cumulative
horseradish peroxidase output from each of the colchicine treat-
ment groups was not significantly different from the untreated
control animals.

4. Discussion

The present study evaluated the effect of choleretic hydro-
xyacetophenones analogues on the vesicular transport of horse-
radish peroxidase into bile and demonstrated that these
analogues affected this pathway differently. Among the three
analogues, only MHA, which has been shown previously to
stimulate bile acid independent flow, showed a positive cor-
relation between its choleretic activity and the excretion of
horseradish peroxidase into bile. Both the biliary exocytosis of
horseradish peroxidase as well as its choleretic activity were
significantly reduced by colchicine pretreatment indicating that
these bile secretory properties were dependent on the integrity
of microtubules and their vesicular transport function. Unlike
MHA, DHA and THA, which both are structurally similar to
MHA but instead are known to stimulate bile acid dependent
flow, showed no stimulatory effects on biliary horseradish per-
oxidase excretion. Moreover, the more hydrophobic DHA ac-
tually suppressed the excretion of horseradish peroxidase.
Overall, these findings suggest that the vesicular exocytosis
pathway can explain in part the mechanism by which MHA
stimulates bile acid independent flow whereas the choleretic
effects of DHA and THA must depend on other intracellular
mechanisms which are not labeled by horseradish peroxidase.

In the present study, two peaks of horseradish peroxidase
excretion were detected, the first at 4—8 min and the second,
20-30 min after injection in the control animals. This finding
was consistent with previous reports (Lowe et al., 1985;
Hayakawa et al., 1990a,b) that attribute the early horseradish
peroxidase peak in bile to movement across the paracellular
pathway between hepatocytes whereas the late peak represents
transcellular exocytosis of horseradish peroxidase (Lowe et al.,
1985). In the present study, MHA increased both the early and
the late peaks of the horseradish peroxidase excretion. The
marked increase in the early peak of horseradish peroxidase in
bile suggests that MHA may have increased the permeability of
tight junctions contributing in part to its choleretic activity. The
underlying mechanism for this increase in permeability is not
clear but tight junctions can be regulated by both osmotic and
hydrostatic pressure (Powell, 1981). During an osmotic choler-
esis, the accumulation of osmotic active compounds in bile
creates an osmotic gradient across the tight junction. (Toyota
et al., 1984; Roma et al., 1995). One of the osmotically active
biliary metabolites of MHA has previously been identified as 4-
hydroxyacetophenone-4-O-3-glucuronide and the choleretic
activity of MHA was demonstrated to partly relate to the ex-
creted amount of this metabolite (Piyachaturawat et al., 2001).
While this is the likely explanation, a direct interaction of MHA
with tight junction proteins or microfilaments, which maintain
the integrity and function of this barrier between blood and bile,
cannot be excluded. Indeed, MHA has been reported to spe-
cifically bind to several liver cytosolic proteins including class I
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alcohol dehydrogenase, glycogen phosphorylase, glutathione-S-
transferase A2 (Negoro and Wakabayashi, 2004).

Colchicine which disrupts formation of microtubules by
inhibiting the polymerization of tubulin, produces an increase in
tight junction permeability and enhances the early peak of
horseradish peroxidase excretion in control animals as previ-
ously described (Lowe et al., 1985). Pretreatment of colchicine
also enhanced the effect of MHA on the early peak of horse-
radish peroxidase excretion (Fig. 5A), suggesting that the
choleretic effect of MHA is partly related to the increase in tight
junction permeability. In addition, taurocholate which was used
as a positive control also increased the excretion of horseradish
peroxidase via both the paracellular and transcytotic pathways
in a similar fashion (Fig. 3B).

MHA clearly increased the second peak of horseradish
peroxidase excretion into bile in a dose dependent manner and
the effect was suppressed by colchicine pretreatment, indicating
involvement with the transcytotic microtubule-dependent
vesicle transport and exocytosis. However, colchicine did not
abolish the effect of the high dosage of MHA on the rate of bile
flow during the initial period of infusion (Fig. 4A—B). The
reasons for that are not clear. However it is likely that some
transporters may still persist at the canalicular membrane after
colchicine treatment and enable MHA to be excreted into bile
when infused at these higher rates. Mrp2, the multispecific
resistance-associated protein 2, plays an important role in the
biliary excretion of several endogenous and exogenous com-
pounds including glucuronide, glutathione and sulfate conjugates
(Gerk and Vore, 2002), and is likely to be responsible for the
excretion of osmotically active metabolites of MHA as suggested
by studies in Mrp2 deficient rats where the choleretic effect of
MHA is impaired (Mahagita et al., in press).

While Microtubule (MT)-dependent vesicular transport was
originally suggested to involve the secretion of bile acids and
other organic ions/electrolyte (Barnwell et al., 1984; Crawford
et al., 1988; Tachizawa et al., 2004), its main function is now
believed to contribute to the insertion and retrieval of cana-
licular membrane transporters that determine both bile acid
dependent flow and bile acid independent flow (Benedetti et al.,
1994; Boyer and Soroka, 1995). Transcytotic vesicle carriers of
the polymeric IgA receptor, also accumulate in the liver cells
during experimental cholestasis (Larkin and Palade, 1991; Barr
and Hubbard, 1993), and are found on the same intracellular
vesicles with Mrp2 and bile salt export pump (Bsep) in normal
rat liver (Soroka et al., 1999). Likewise, the transcytotic
transport of polymeric IgA receptors and of horseradish perox-
idase have also been found to be colocalized in the identical
subgroup of vesicles in the liver cells (Crawford, 1996).
However, since MHA does not stimulate bile acid excretion
(Piyachaturawat et al., 2000, 2001), it is not clear whether MHA
stimulates the insertion of the particular subgroup of vesicles
where Bsep and Mrp2 colocalized. It seems likely that specific
subgroups of vesicles may contain different types of transport
proteins and be regulated by specific signaling pathways
(Gatmaitan et al., 1997). Therefore MHA may be stimulating
the insertion of a particular pool of vesicles that contain trans-
porters necessary for bile acid independent flow rather than bile

acid dependent flow. Nevertheless, our findings provide support
for the involvement of microtubule dependent canalicular exo-
cytosis as a component of bile acid independent flow (Benedetti
et al., 1994; Boyer and Soroka, 1995).

The stimulatory effect of MHA on horseradish peroxidase
excretion was rapid in onset consistent with regulation by insertion
and retrieval of vesicles into and out of the canalicular membrane
(Trauner and Boyer, 2003; Kubitz et al., 2005). Intracellular
signaling molecules are involved in these processes particularly
cyclic AMP (Hayakawa et al., 1990a), Ca®"-dependent protein
kinase C (Kubitz et al.,, 2001), phosphatidylinositol 3-kinase
(Misra et al., 2003), and p38 MAP kinase (Kubitz et al., 2004).
The cyclic AMP mediated signaling pathway that modulates
exocytosis has been studied extensively in several secretory cells
including liver and stimulates biliary excretion of horseradish
peroxidase in the perfused rat liver by microtubule dependent
mechanisms (Hayakawa et al., 1990a), as well as the apical
insertion of vesicles containing Mrp2-protein (Roelofsen et al.,
1998). Thus this exocytic pathway is likely to be involved in the
choleretic effects of MHA. Ca**-dependent protein kinase C is
another mechanism involved in the regulation of bile secretion.
Four PKC isoenzymes participate in PKC activation and stim-
ulation or inhibition of bile secretion in liver. For example,
tauroursodeoxycholate increases bile flow via the PKC « isoform
(Beuers et al., 1996) whereas taurolithocholate decreases bile flow
via PKC ¢ (Beuers et al., 2003). However, it remains to be
determined if MHA choleresis is regulated by this signaling
pathway.

MHA is one of the major components present in Yin Zhi
Huang, a Chinese medicine which enhances bilirubin clearance
innewborns (Yin etal., 1991) and is widely used for treatment of
neonatal jaundice (Yang and Lu, 1984; Chen and Guan, 1985;
Fox, 2001). Yin Zhi Huang also regulates the expression of
Mrp2 among other determinants of hepatic bililrubin clearance
(Huang et al., 2004) although the role of MHA in that study is not
clear. Nevertheless our findings on the stimulating effect of
MHA on the vesicular pathway would be consistent with this
mechanism.

In contrast to MHA, THA and DHA which stimulate bile
acid dependent flow had no stimulatory effect on horseradish
peroxidase excretion in this study and thus presumably do not
involve the transcytotic vesicle pathway. This is in keeping with
a lack of effect of colchicine on basal bile acid excretion rates
(Crawford et al., 1988) and studies that show no effects of
vesicle transport on fluorescent bile acid excretion in rat hepa-
tocyte couplets using confocal fluorescent microscopy (EI-
Seaidy et al., 1997). Alternative mechanisms for the stimulation
of bile acid dependent flow by THA and DHA include insertion
of bile acid transporters from vesicles that are not labeled by
horseradish peroxidase and/or a direct effect of these analogues
on bile acid transporter activity at the canalicular membrane.

The reasons for differential effects of the three hydroxyace-
tophones on the biliary horseradish peroxidase excretion are not
clear. However, it is well known that minor modifications of
structure can lead to major differences in physiochemical pro-
perties of closely related chemical structures. The difference in
the choleretic actions of the different hydroxyacetophenones
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has also been reported to be partly related to the number and
position of hydroxyl groups on the acetophenone nucleus
(Piyachaturawat et al., 2000). The strong polar hydroxyl group
at the 4-position on benzene nucleus appears to be essential to
induce bile flow, while hydroxyl groups at 2 and 6 positions are
essential for inducing a higher secretion of solid materials
including bile acids and cholesterol (Piyachaturawat et al.,
2000). In addition to the choleretic effects, DHA and THA have
different inhibitory effects on the uptake of bile acids into ileal
brush border membrane vesicles (Kanchanapoo et al., 2000).
Thus it is likely that the differential effect of the three hydro-
xyacetophone analogues on biliary horseradish peroxidase
excretion in the present study might be related to differences
in their physiochemical properties that results in different pro-
tein/transporter or binding site interactions.

In conclusion, we have evaluated the effects of choleretic
hydroxyacetophenones on the biliary excretion of horseradish
peroxidase. These three hydroxyacetophenone analogues with
similar chemical structures exerted significantly different effects
on vesicular transport of horseradish peroxidase. MHA was the
only analogue that increased both paracellular and transcellular
vesicular transport pathways, labeled by horseradish peroxi-
dase, whereas DHA inhibited the latter route. The lack of a
stimulatory effect of THA and DHA on biliary horseradish
peroxidase excretion suggested that their choleretic action is not
associated with the vesicular exocytosis pathway. We speculate
that MHA might have a potential therapeutic benefit in cho-
lestatic liver injury where bile acid independent flow and the
transcytotic vesicular pathway are impaired.
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Abstract

The effects of the choleretic and cholesterol lowering compound, 2.4,6-trihydroxyacetophenone (THA) and its analog, 2,6-dihydroxyace-
tophenone (DHA), on ileal bile acid absorption were investigated in rats. THA inhibited taurocholate (TC) uptake into ileal brush-border
membrane vesicles (BBMV), showing a maximum inhibition of 50%, whereas DHA completely inhibited TC uptake into ileal BBMV. THA
exhibited competitive inhibition with a K; of 9.88 mM, while DHA showed non-competitive inhibition with a K; of 7.65 mM. Both total and
ouabain-sensitive basolateral membrane (BLM) Na'—K"— ATPase activities, which are essential for maintenance of the Na-gradient for bile acid
transport, were inhibited by THA and DHA in a dose-dependent manner. The inhibition of BLM ATPase was uncompetitive with a K; of 10.1 and
5.0 mM for THA and DHA, respectively. Administration of THA or DHA (400 pmol/kg) twice a day, to hypercholesterolemic rats for 3 weeks
caused similar and marked reductions in plasma cholesterol to 60% of the cholesterol-fed controls. The data suggest that the inhibitory actions of
THA and DHA on two essential components of ileal bile acid recycling to liver could, in part, contribute to the cholesterol lowering effect of the
hydroxyacetophenone compounds. These effects on decreasing bile acid recycling, in combination with their potent choleretic effect, accelerating

biliary excretion of bile acids, are responsible for the effective cholesterol lowering capacities of these compounds.

© 2005 Elsevier Inc. All rights reserved.
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Introduction

Hepatic conversion of cholesterol to bile acids, which is
mainly catalyzed by cholesterol 7-a hydroxylase (Cyp7A), the
first and rate-limiting enzyme in the pathway, has been
recognized as an important means of eliminating cholesterol
from the body, and accounts for 50% of total cholesterol
elimination in man (Spady et al., 1998). Several lines of
evidence indicate that bile acids act as a signaling molecule to
regulate their own biosynthesis in which the activity of Cyp7A
is tightly controlled by negative feedback of bile acids
returning to liver via enterohepatic circulation (Chiang et al.,
2000; Lu et al., 2000). Thus, inhibition of bile acid absorption
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by pharmacological intervention, e.g. via the anion exchange
resin, cholestyramine, effectively lowers plasma cholesterol by
preventing the bile acids from recycling back to liver; this in
turn results in an enhancement of Cyp7A activity (Kuroki et
al., 1999).

The circulation of bile acids between the liver and small
intestine depends upon several membrane proteins. The bulk of
bile acid recycling occurs in the distal ileum via a secondary
active transport mechanism (Shneider, 2001). The apical
sodium-dependent bile acid transporter (ASBT), a 48-kDa
transmembrane protein located at the apical membrane of the
distal ileum, is responsible for the transport of bile acids into
the ileal enterocytes (Shneider et al., 1995). ASBT has been
cloned and described in rats (Shneider et al., 1995), hamsters
(Wong et al., 1994), humans (Craddock et al., 1998) and mice
(Saeki et al., 1999). The maintenance of the Na' gradient,
which is driven by the basolateral Na'~K'—ATPase in these
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cells, is essential for the absorption of bile acids by ASBT
(Shneider, 2001; Wilson, 1981). Since ileal bile acid absorption
is a critical step in enterohepatic recycling, and therefore in
modulation of Cyp7A activity, it is of interest to explore
inhibitors of this process as potential drugs for therapeutic use
in lowering plasma cholesterol.

Phloracetophenone, or 2,4,6-trihydroxyacetophenone
(THA), is a naturally occurring compound from Curcuma
comosa rhizome, family Zingiberaceae, which has recently
been demonstrated to lower plasma cholesterol (Piyachatur-
awat et al., 2002). It increased biliary bile acid output and
reduced LDL cholesterol (Piyachaturawat et al., 2000, 2002).
The reduction of plasma cholesterol was accompanied with
increases in the activity of hepatic Cyp7A and of bile acid
excretion into the intestine (Piyachaturawat et al., 2002).
However, the mechanisms underlying these actions of THA
remain unclear. The compound may directly act on Cyp7A and/
or may indirectly interfere with the intestinal absorption of bile
acids and subsequently cause an increase in Cyp7A activity
and lower plasma cholesterol. In addition to THA, one of its
hydroxyl analog, 2,6-dihydroxyacetophenone (DHA), has also
been shown to potently stimulate bile acid excretion and lower
plasma cholesterol, while other analogs which have different
position and number of hydroxyl groups did not lower plasma
cholesterol (Piyachaturawat et al., 2000). In this study, we
examined the effects of THA and its analog, DHA, on ileal bile
acid absorption. The uptake of bile acids at the brush-border
membrane (BBM) and the activity of Na'—K'—ATPase at the
basolateral membrane (BLM), which are two essential steps for
the intestinal absorption, were determined. In the current study,
we provide evidence that THA and its analog inhibited these
two essential steps in vitro. We also confirmed their effective-
ness in lowering plasma cholesterol in the hypercholesterol-
emic rat model.

Materials and methods
Materials

Phloracetophenone (2,4,6-trihydroxyacetophenone, THA)
and 2,6-dihydroxyacetophenone (DHA) were purchased from
Aldrich Chemical (Milwaukee, WI, USA). The chemical

structures of these compounds are shown in Fig. 1. [*H]-

o CH, o CH,

OH

2,4,6 Trihydroxy
acetophenone

2,6 Dihydroxy
acetophenone

Fig. 1. Chemical structures of 2.4,6-trihydroxyacetophenone and 2,6-dihy-
droxyacetophenone.

taurocholate (TC) was obtained from Perkin Elmer (Boston,
MA, USA). All other reagents were of analytical grade and
were purchased from Sigma Chemical (St. Louis, MO, USA).

Animals

Adult male Spraque-Dawley rats weighing 200—250 g (the
National Animal Center, Bangkok, Thailand) were maintained
on standard laboratory chow in a room with a 12-h light/dark
cycle. The room temperature was controlled at 23—25 °C, and
relative humidity was set at 50-60%. The experimental
protocol was approved by the Laboratory Animal Ethical
Committee of Faculty of Science, Mahidol University, which
complies with the International Guiding Principles for Bio-
medical Research involving Animals (CIOMS/WHO).

lleal brush-border membrane vesicle preparation

Rats were fasted overnight, euthanized under 50 mg/kg
(i.p.) sodium pentobarbital, and the distal ilea were dissected
for membrane isolation. The ileum was removed and the ileal
mucosa was separated from the underlying muscle by blunt
scraping with two glass slides. The ileal mucosae from 3 to 4
animals were pooled to prepare brush-border membranes
(BBM) and basolateral membranes (BLM).

Brush-border membrane vesicles (BBMV) were prepared by
the magnesium precipitation method as previously described
(Schmitz et al., 1973; Ulrich, 1990). The purified BBMV were
suspended in buffer containing 400 mM mannitol, 20 mM
HEPES—Tris (pH 7.5) to yield a protein concentration of 2 mg/
ml. The BBMV were stored at — 80 °C. Protein concentration
was measured by the method of Lowry et al. (1951). The
isolated brush-border membrane vesicles were characterized as
previously described (Schmitz et al., 1973). The relative
enrichment of apical BBM and BLM was determined by
assessing marker enzyme activities. Alkaline phosphatase and
sucrase were used as BBM markers and the Na'-K'—
adenosine triphosphatase (Na'—K'—ATPase) as a BLM mark-
er. The relative enrichments were more than 10-fold.

Taurocholate uptake study

Taurocholate (TC) uptake was measured using the rapid
filtration method as previously described (Beesley and Faust,
1979). The optimal uptake period was initially determined to
be 15 s. For each reaction, 25 pl of BBMV (50—80 pg protein)
was incubated at 25 °C. The uptake was initiated by the
addition of 75 pul of uptake solution (150 mM NaCl, 100 mM
mannitol, 20 mM HEPES-Tris buffer, pH 7.5) containing 20
uM [*H]-taurocholate (0.5 pCi) (Perkin Elmer, 2—3 mCi/
mmol). The tested compounds were dissolved in DMSO and
were added to the uptake solution. The final concentration of
DMSO for the high dose was not more than 4%. In the
corresponding control, the same volume of solvent was added
in an identical manner. The uptake was terminated at 15 s by
adding 100 pl of an ice-cold stop solution of a similar
composition as the uptake solution, but with 100 pM HgCl,.
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HgCl, has been shown to inhibit a broad range of transport
processes (Klip et al., 1980; Miller, 1981; Terlouw et al.,
2002) and was used as a wide-specificity inhibitor of
transport. A 180 pl aliquot of the assay mixture was
immediately filtered through GF/B filters (1 pm pore size)
(Whatman®, Middlesex, UK). After rapid filtration, the filters
were washed 3 times with 1 ml of stop solution and counted
in a liquid scintillation counter (LKB Wallac, Rackbeta
Spectral, Turku, Finland). Uptake was measured in triplicate
for each of the membrane preparations. Results were
expressed as pmol of bile acids taken up per mg of vesicle
protein per min. To determine the kinetics of uptake,
experiments were conducted with concentrations of TC
ranging from 20 to 250 uM. The results of the kinetic
studies were subjected to Michaelis—Menten and Linewea-
ver—Burke reciprocal plot analyses.

Preparation of basolateral membranes and determination of
Na"—K'—ATPase

A basolateral membrane fraction was prepared by centrifu-
gation of the homogenates at 2500xg for 15 min 4 °C to
remove nuclei and cell debris, and at 15,000xg for 20 min to
remove mitochondria and large organelles. The post-mitochon-
drial supernatant was then centrifuged at 100,000xg for 1 h.
The membrane pellets were resuspended in buffer containing
250 mM sucrose, 20 mM HEPES—Tris, pH 7.4, and 1 mM
MgCl, to yield a final protein concentration of approximately
2 mg/ml.

Na'—K"—ATPase activity was determined according to the
method previously described (Mircheff and Wright, 1976). The
reaction was initiated by adding 25 pl (50—80 pg protein) of
basolateral membrane to 500 pl of incubation medium, to
achieve a final composition of 3 mM ATP, 100 mM NacCl, 10
mM KCI, 5 mM MgCl,, 80 mM Tris, pH 7.4, and 3 mM
EDTA. The mixture was incubated at 37 °C for 30 min and the
reaction stopped by the addition of 500 pul of 5% trichloroacetic
acid. Enzyme activity was determined as the amount of
liberated phosphate (Pi) in the supernatant and Pi was
determined by the method of Fiske and Subbarrow (1925).
The data were expressed as nmol of liberated Pi/mg protein/
min. Since Na'~K'—ATPase is often defined as ouabain-
sensitive ATPase (Charney and Donowitz, 1978), the reactions
were also conducted in the presence and in the absence of
ouabain (1.5 mM) over the incubation period. To determine the
kinetics of the enzyme, reactions were carried out in the
presence of 50—1000 uM ATP.

Induction of hypercholesterolemia and treatment

Hypercholesterolemia was induced by feeding rats a high
cholesterol rat chow, containing 1.5% cholesterol and 0.5%
cholic acid ad libitum for 3 weeks (Root et al., 2002). To follow
the change in plasma cholesterol, all animals were fasted
overnight (12 h) from 8:00 P.M. to 8:00 A.M. and blood
samples were collected from tail veins weekly. Animals
showing plasma cholesterol >200 mg/dl were selected for the

study. The hypercholesterolemic rats were allocated into 3
different groups of treatment, i.e. those receiving either THA,
DHA, or vehicle, by intragastric feeding while being main-
tained on high cholesterol diets. The test compounds dissolved
in 10% ethanol and further suspended in corn oil were
administered intragastrically at a dose of 400 pmol/kg twice
a day (8:00 A.M. and 3:00 P.M.) in a final volume of 0.5 ml
(200 mM). At the end of experiment, after 3 weeks of treatment
with the test compounds, the animals were anesthetized by
pentobarbital injection intraperitoneally and blood samples
were collected from the abdominal aorta for determination of
plasma cholesterol.

Statistics

Data were expressed as means+S.E.M. and were compared
statistically by paired Student’s ¢-test. Analysis of variance
(ANOVA) test was used to determine statistical significance
when more than two means were compared. p-Values less than
0.05 were considered statistically significant.

Results
Effects of THA and DHA on ileal bile acid uptake

Fig. 2 shows the effects of THA and DHA on ileal bile acid
uptake. Both THA and DHA inhibited the ileal TC uptake in a
dose-related manner. However, the maximal inhibition by THA
was approximately 50% (Fig. 2) and was observed at a
concentration of 0.5 mM. Increasing concentrations of THA to
20 mM did not cause a further significant inhibition of ileal bile
acid uptake (p>0.05). Unlike THA, DHA showed a greater
and dose-dependent inhibition of ileal TC uptake. The
concentration eliciting half-maximal inhibition (ICsy) was
calculated to be 1.58 mM (Fig. 2).

To elucidate the mechanisms by which THA and DHA
inhibited ileal bile acid uptake, the kinetics of inhibition was
analyzed. As shown in Fig. 3, THA inhibited ileal TC uptake

120 -
O THA

TC uptake (% of control)

0.1 0.5 1.0 2.5
Concentration (mM)

Fig. 2. Effects of 2,4,6-trihydroxyacetophenone (THA) and 2,6-dihydro-
xyacetophenone (DHA) on the uptake of TC into BBMV of rat ileum
(n=3—-6). Uptake of 20 uM [*H]-taurocholate into BBMV was measured at
15 s in the presence of various concentrations of THA or DHA ranging
from 0.1 to 20 mM.
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Fig. 3. Kinetics of TC uptake into rat ileal BBMV: (A) kinetics of THA
inhibition of TC uptake into rat ileal BBMV; (B) Lineweaver—Burke reciprocal
plot of THA inhibition. Uptake of [*H]-taurocholate (20 to 250 uM) was
measured over 15 s in the presence or absence of 10 mM THA. The mode of
inhibition and K; for THA were estimated by graphical analysis of Line-
weaver—Burke reciprocal plot of 1/v as a function of 1/[S] in the presence or
absence of THA. Solution of the reciprocal velocity equation for competitive
inhibition: 1/v=(K)/Vma)(1 +[TVK)A/[S1+ 1V ax)-

by affecting the apparent Michaelis constant (K,), but not the
maximal transport rate (Vp,x) of TC transport. The apparent
K, of TC uptake was increased significantly from 82+ 18 pM
in control to 166+£39 uM in THA-treated vesicles (p <0.05),
whereas the calculated V. of TC uptake was not significantly
altered (control: 2044+187 vs. THA: 1885+241 pmol/mg
protein/min). As shown in Figs. 3B and 4B, the Lineweaver—
Burke plot reflects that the THA-inhibition was competitive. In
contrast, DHA inhibited ileal TC uptake in a non-competitive
manner. DHA significantly reduced the V., of TC uptake
from 1782+ 189 to 772+ 137 pmol/mg protein/min (p <0.001).
The apparent K, of the TC uptake was not significantly altered
(control: 77+20 vs. DHA: 63+29 uM). The apparent inhibition
constants (K;) calculated from Michaelis—Menten equation
were 9.9 and 7.7 mM for THA and DHA, respectively.
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Fig. 4. Kinetics of TC uptake into rat ileal BBMV: (A) kinetics of DHA
inhibition of TC uptake into rat ileal BBMV; (B) Lineweaver—Burke reciprocal
plot of DHA inhibition. Uptake of [*H]-taurocholate (20 to 250 pM) was
measured over 15 s in the presence or absence of 10 mM DHA. The mode of
inhibition and K; for DHA were estimated by graphical analysis of Line-
weaver—Burke reciprocal plot of 1/v as a function of 1/[S] in the presence or
absence of DHA. Solution of the reciprocal velocity equation for non-
competitive inhibition: 1/v=(K/Vimax)(1+[LVK)(1/[S])+ (1 +[LVK )1/ V inax)-
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Fig. 5. Dose-dependent inhibition of THA and DHA on the total ATPase
activity of rat ileal basolateral membrane (n =5-28). Total ATPase activity in 30
min was measured in the presence or absence of various concentrations (0.1 to
20 mM) of THA and DHA.

Effects of THA and DHA on the activity of ileal basolateral
membrane Na' —K" —ATPase

The intestinal absorption of bile acids in the ileum is driven
by the Na* gradient, which is maintained by the basolateral
Na'—K'—ATPase. We therefore determined if THA and DHA
could modulate bile acid absorption by affecting basolateral
Na'—K'—ATPase activity. In Fig. 5, THA partially inhibited
total Na'—K " —ATPase activity. The maximum inhibition was
approximately 50% and was observed at a concentration of 15
mM. In contrast, DHA showed a complete and dose-dependent
inhibition of ATPase activity (Fig. 5). The calculated ICs, for
DHA was 6.3 mM.

To analyze further the fraction of ATPase inhibited by THA
and DHA, we measured the ATPase activity in the presence of
1.5 mM ouabain and calculated the ouabain-sensitive ATPase.
As shown in Fig. 6, the ouabain-sensitive ATPase in our
preparation accounted for approximately 19+3% of total

100 [ Ouabain insensitive ATPase

= 1 P Ouabain sensitive ATPase

2 T

£ 80F

=
Q S T
> o
'5 E 60
<
S
@ <
<
& m 40
H N
< S

P

)

N 20

~ *

* * *
0 L 1 1
control DMSO S5SmM 10mM S5SmM 10 mM
THA DHA

Fig. 6. Effects of THA and DHA on ouabain-sensitive ATPase. The Na"—K"—
ATPase was measured in the presence or absence of 1.5 mM ouabain. Ouabain-
sensitive ATPase (hatched bar) was calculated as the difference between total
ATPase and ouabain insensitive ATPase. The values were expressed as percent
of total ATPase of control. n=5. *p<0.05 significant difference from its
corresponding vehicle control.
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Fig. 7. Effects of THA and DHA treatment on the plasma cholesterol in
hypercholesterolemic rats. The compounds were intragastrically administered at
a dose of 400 pmol/kg BW twice a day, and plasma cholesterol was followed
for 3 weeks during THA and DHA treatment. *p <0.05 significant difference
from its corresponding cholesterol fed control (n=5-7).

ATPase activity. Although THA only partially (50%) sup-
pressed total ATPase activity, it completely inhibited the
ouabain-sensitive ATPase. The THA inhibition was dose-
dependent, attenuating ouabain-sensitive ATPase by 71.3% at
5 mM and 97.3% at 10 mM. DHA strongly inhibited the
ouabain-sensitive ATPase by 87.8% and 92.8% at concentra-
tions of 5 and 10 mM, respectively.

To evaluate the mechanism by which THA and DHA
inhibited Na"—K'—ATPase, kinetic studies with various con-
centrations of ATP were performed. The inhibition of total
ATPase by both THA and DHA is uncompetitive associated
with decreases in both apparent K, and V... At inhibitor
concentrations of 10 mM, the apparent K, was reduced from
202429 to 10216 and 68+26 uM by THA and DHA,
respectively. Vi,.x was also reduced from 251+13 to 144+6
and 68+6 nmol/mg protein/min by THA and DHA, respec-
tively. K; values calculated from the Michaelis—Menten
equation were 10.1 mM and 5.0 mM for THA and DHA,
respectively.

Plasma cholesterol lowering effects of THA and DHA in
hypercholesterolemic rats

THA and DHA treatments in hypercholesterolemic animals
significantly lowered plasma cholesterol after 2 weeks of
treatment and these lowered values were continuously main-
tained during a third week of treatment (Fig. 7). The plasma
cholesterol at the third week was significantly reduced from
259424 mg/dl to 15626 mg/dl by THA, and to 152+16 mg/
dl by DHA treatment, respectively. The plasma cholesterol
values for THA- and DHA-fed rats respectively corresponded
to 60.4% and 58.9% of the corresponding cholesterol-fed
control rats.

Discussion

The present study examined the effect on ileal bile acid
transport of two choleretic hydroxyacetopheones; THA and

DHA, both of which were previously shown to enhance
biliary excretion of bile acids and lower plasma cholesterol
(Piyachaturawat et al., 2000). In addition, THA increased
intestinal content of bile acids and increased activity of
hepatic Cyp7A (Piyachaturawat et al., 2002). The detailed
mechanisms by which THA and DHA increased biliary bile
acid output and THA increased Cyp7A activity were not
clear. As bile acids undergo enterohepatic circulation and
provide feedback inhibition to their own synthesis, by which
Cyp7A is the most highly regulated step in this feedback
inhibition (Russell and Setchell, 1992). The possible mech-
anism for lowering plasma cholesterol by THA and DHA
may be to interfere with this autoregulatory feedback
mechanism. Our results demonstrated that the two compounds
inhibited the returning of bile acids to the liver. Interference
with the enterohepatic recycling of bile acids could be, in
part, accounted for their action.

The intestinal absorption of bile acids is a multi-step
process. It involves an uptake by ASBT at the BBM of the
enterocyte followed by intracellular translocation to and
transport across the BLM to the portal vein. Prevention of bile
acid recycling in the enterohepatic circulation increases the
hepatic conversion of cholesterol to bile acids, which subse-
quently leads to lowering of plasma cholesterol. This pathway
is receiving much attention as a potential target for controlling
hypercholesterolemia. The cholesterol lowering mechanism of
THA and DHA may be associated with this mechanism by
accelerating biliary excretion of bile acids and inhibiting its
return to the liver. The absorption of bile acids via ASBT is
localized to the apical membrane of the ileal enterocytes and is
particularly concentrated in the distal ileum. In humans, ASBT
can account for 75% of the recycled bile acids (Huff et al.,
2002). Measurement of TC uptake in ileal BBMV is widely
used as a technique to study ileal bile acid absorption (Beesley
and Faust, 1979; Murer and Kinne, 1980). In the present study,
THA competitively inhibited the ileal BBM bile acid uptake,
whereas DHA completely inhibited it and showed a non-
competitive inhibition. This intestinal absorption of bile acids
is a secondary active process. ASBT transports bile acids and
Na" with a 1:2 stoichiometry (Weinman, 1997) and its
function is dependent on the activity of basolateral Na'—K"—
ATPase. Inhibition of Na"~K'—ATPase attenuates the ability
to uptake bile acids in rat ileal epithelial cells (Wilson and
Treanor, 1981). The intestinal basolateral ouabain-sensitive
Na'—K'—ATPase accounts for 26—55% of total ATPase in rat
jejunum (Harms and Wright, 1980) and only 32% of total
Na'—K'—ATPase in rabbit ileum (Charney and Donowitz,
1978). In our rat ileal preparation, the ouabain-sensitive
ATPase was approximately 19% of the total ATPase which
was comparable to that previously reported in the same tissue
(Charney and Donowitz, 1978; Harms and Wright, 1980). In
addition to inhibiting TC transport across the BBM, the
compounds also inhibited the basolateral ATPase activity.
THA and DHA showed uncompetitive inhibition with respect
to ATP, wherein both K, and V., were altered. Both THA and
DHA completely inhibited the ouabain-sensitive Na —K'—
ATPase. Therefore, in the ileum, THA and DHA actions affect
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the basolateral Na“"—K'—ATPase, the driving force for transe-
pithelial bile acid absorption, as well as the uptake of bile acids
across the apical BBM.

The reasons for the differences in the pattern and the extent of
inhibition of ileal bile acid absorption between THA and DHA
are not clear. Earlier, we reported a difference in their choleretic
action and demonstrated that the difference is partly related to
the number and position of hydroxyl groups on the acetophe-
nones nucleus (Piyachaturawat et al., 2000). The strong polar
hydroxyl group at the 4-position on the benzene nucleus appears
to be essential for hydroxyacetophenone to induce bile volume
flow, while hydroxyl groups at 2 and 6 positions were essential
for inducing a higher secretion of solid materials (Piyachatur-
awat et al., 2000). Among a number of hydroxyacetophenones,
only 2,4,6-THA and 2,6-DHA were able to lower plasma
cholesterol (Piyachaturawat et al., 2000), which showed to
inhibit the returning of bile acids to liver. Differences in single
hydroxyl group of chemical compounds has been reported to
result in different actions and mechanisms (Gordon et al., 1979;
Griffin et al., 1993; Tochtrop et al., 2004). For example, bile
acids containing a 6- or 7-OH group exhibited a competitive
inhibition of taurocholate uptake into the hepatocytes, whereas
bile acids without 6- or 7-OH group exhibited non-competitive
inhibition (Bellentani et al., 1987). However, a more detailed
study on structure—function analysis of DHA and THA at the
level of membrane transporters is needed.

In the present study, DHA had a stronger inhibitory effect on
both TC uptake and Na'—K'—ATPase than THA. We had
previously reported that DHA is more hydrophobic than THA
(Piyachaturawat et al., 2000) which might result in stronger
binding to the membranes and therefore may account for the
more potent effect of DHA. The greater potency of more
hydrophobic compounds in interactions with transport proteins
in vitro have been reported (Apiwattanakul et al., 1999;
Bellentani et al., 1987). Reduced number of hydroxyl groups
in bile acid molecule showed greater potency to inhibit TC
uptake into hepatocytes (Bellentani et al., 1987). In contrast to
the in vitro differences, the plasma cholesterol lowering effect
of DHA in vivo was comparable to that of THA. The
differences of in vitro vs. in vivo treatment may due to the
multiple sites of action of the compounds as well as their
availability and metabolism. In addition to having a direct
effect at the intestine, they also exerted effects at liver.
Although THA and DHA were able to inhibit two essential
steps of the ileal bile acid absorption, these effects were seen at
relatively high doses. It remains to be determined whether the
pattern of inhibition of TC uptake by DHA and THA observed
in vitro, are also seen after long-term oral administration. Their
inhibition on these processes is unlikely to be the only
determinant of their effective cholesterol lowering capacities.
The possible interactions of the compounds with other target
molecules cannot be excluded. Currently, the farnesoid X
nuclear receptor (FXR) and liver X nuclear receptor (LXR),
which are involved in the transcription of Cyp7A activity, are
of interest. The transcription of Cyp7A is down regulated by
the FXR, the bile acid receptor (Chiang et al., 2000), whereas
the feed forward mechanism is mainly regulated by LXR

(Wolf, 1999) to maintain cholesterol homeostasis. The possi-
bility of compounds to directly activate Cyp7A activity, to
antagonize FXR as well as to stimulate LXR is undergoing
investigation. In addition to their potent choleretic effect,
another mechanism by which THA and DHA could lower
cholesterol is by directly acting on targets promoting bile acid
synthesis in hepatocytes.

In summary, we demonstrated that THA and DHA inhibited
the ileal transport of bile acids at both brush border and
basolateral membranes of the intestinal epithelial cell. As the
compounds had multiple sites of actions, the inhibition on these
processes was not the only determinant of their cholesterol
lowering capacities. We conclude that the inhibitory effects of
THA and DHA targeting in these two essential steps, in
combination with their potent choleresis, accelerating biliary
excretion of bile acids are responsible for the cholesterol
lowering effect of these compounds. Optimization of these two
lead compounds to manipulate the conversion of cholesterol to
bile acids for excretion could possibly lead to the design of a
novel therapeutic agent for treatment of hypercholesterolemia.
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Purpose. The present study examined the underlying mechanism by which 4-hydroxyacetophenone
(4-HA), a bioactive compound found in several medicinal herbs, exerts its potent stimulatory effects on
hepatic bile secretion.

Methods. Bile flow, and biliary excretion of 4-HA, its metabolites, and inorganic electrolytes was
examined in both normal Wistar rats and in TR™ Wistar rats that have a congenital defect in the
multidrug resistance-associated protein-2, Mrp2/Abcc2. The effects of 4-HA were also examined in
animals treated with buthionine sulfoximine to decrease hepatic glutathione (GSH) levels.

Results. In normal rats, 4-HA dramatically increased bile flow rate, whereas it failed to exert a choleretic
effect in TR rats. This choleresis was not explained by increased biliary output of Na*, K*, ClI” or
HCO; ", or by increased biliary GSH excretion. Depletion of hepatic GSH with buthionine sulfoximine
had no effect on the 4-HA-induced choleresis. HPLC analysis revealed that a single major compound
was present in bile, namely.4-hydroxyacetophenone-4-O-B-glucuronide, and that the parent compound
was not detected in bile. Biliary excretion of the glucuronide was directly correlated with the increases in
bile flow. In contrast to normal rats, this 4-HA metabolite was not present in bile of TR~ rats.
Conclusions. These results demonstrate that the major biliary metabolite of 4-HA in rats is the 4-O-B-
glucuronide, a compound that is secreted into bile at high concentrations, and may thus account in large
part for the choleretic effects of 4-HA. Transport of this metabolite across the canalicular membrane
into bile requires expression of the Mrp2 transport protein.
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INTRODUCTION

Hepatic bile formation plays a vital role in the elimina-
tion of both endogenous and exogenous compounds, includ-
ing xenobiotics and toxic substances. Impairment of this
process leads to retention of these compounds and to many
harmful conditions. In addition to causing direct cell damage,
the accumulated compounds may interact with nuclear
receptors and other transcription factors, thus altering
expression of their target genes and leading to other
pathological conditions (1). Hence, compounds that are able
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to promote choleresis and facilitate the elimination of toxic
compounds may have therapeutic potential to alleviate liver
disorders.

Bile is secreted by hepatocytes into bile canaliculi.
Canalicular bile formation is regarded as an osmotic water
flow generated in response to active solute transport. Bile
flow is classified into two components: one is related to bile
acid output which is characterized by a correlation between
bile acid secretion and bile flow, and the second is a bile-acid
independent flow (BAIF), in which bile flow is determined
by the output of non-bile acid solutes, including reduced
glutathione (GSH) and other organic solutes, as well as
inorganic electrolytes. The bile-acid dependent fraction
(BADF) accounts for 40-50% of canalicular bile flow in rats,
and the rest is BAIF. Biliary excretion of GSH and HCO;
has been considered as primary driving forces for BAIF
(2-4). BATF may also be generated by active biliary secretion
of foreign organic molecules or their metabolites (5-8).
Inorganic electrolytes (Na*, ClI” and K*) function largely as
counter-ions that are passively secreted from hepatocytes or/
and through tight junctions down their electrochemical
gradients.

Recent studies have shown that hydroxyacetophenones
are potent stimulants of bile flow, and have described a
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Fig. 1. Effect of 4-HA on bile flow in normal Wistar rats.
(a) Choleretic activity of 125 (open circle) and 250 (filled circle)
umol/kg body weight of 4-HA or solvent control (open triangle).
(b) Relationship between bile flow and bile acid output. Bile samples
were collected for 15 min after intraduodenal injection of 4-HA
(filled circle); y=41.95x+85.29, =0.2972, p<0.005, or solvent control
(open triangle); y=25.3Tx+47.01, ”=0.4785, p<0.005. Values are means
+ SEM from five to ten animals. **p < 0.005 and *p<0.05 significantly
different from individual control at the corresponding time.
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relationship between the structures of hydroxyacetophenones
and their choleretic activities (9). The acetophenone with a
single hydroxyl group at the 4-position (4-hydroxyacetophe-
none; 4-HA) exhibited a potent choleresis with low lithogenic
index (9). This compound has been reported as an active
ingredient in plants used in indigenous medicines of several
Asian countries, including Aster batangensis (10), barley tea
(11), and Artemisia capillare (12). A. capillare is a component
of Chinese medicines that are used to enhance bilirubin
clearance in newborns (12). However, the choleretic mech-
anism of 4-HA has not yet been identified, and is the focus of
the present study.

MATERIALS AND METHODS
Chemicals

4-HA was purchased from Fluka Chemie AG (Buchs,
Switzerland). 3o-Hydroxysteroid dehydrogenase, p-NAD, B-
NADPH, 5,5-dithiobis (2-nitrobenzoic acid), GSH, and
GSSG reductase were purchased from the Sigma Aldrich
(St. Louis, MO, USA). All the other reagents were commer-
cially obtained and are of analytical grade.

Animal Treatments and Bile Sample Collections

Male Wistar rats weighing 220-290 g (7-8 weeks) were
obtained from the National Animal Center, Bangkok, Thai-
land and were maintained on a standard diet and water ad
libitum. A colony of TR rats is maintained at the University
of Rochester School of Medicine Animal Facility, and studies
with these animals were performed at the University of
Rochester. Overnight fasted animals were anesthetized with
sodium pentobarbital (50 mg/kg, i.p.) and prepared for
collection of bile samples as previously described (9). A
tracheostomy was performed to facilitate breathing. The
common bile duct and femoral vein were cannulated using
polyethylene (PE) tubing for collection of secreted bile and

Table I. Effect of 4-HA on Biliary Concentrations of Inorganic Electrolytes (Na*, K*, CI~ and HCO; ")

BFR (pl/min.kg) Na* (mM) K* (mM) Cl™ (mM) HCO;  (mM)

Solvent control

Before 65.842.5 150.50.3 5.78+0.3 9542.5 22.4+3.6

After 67.63.3 152.5+0.3 5.46+0.2 9442.8 244433
4-HA 125 pmol/kg

Before 69.4+2.5 150.8+0.6 4.71+0.2 93.6+1 28.2+0.6

After 118.0£3.9%* 147.2£0.6%* 4.82+0.2 86.9+0.8% 26.4+0.7%*
4-HA 250 pmol/kg

Before 68.5+1.3 152.1+0.9 4.52+0.2 95.4+1.4 28.2+1.0

After 140.5+3.9%* 148.2+0.8%** 4.93+0.2%* 86.3+1.5%* 26.3+1.0
UDCA 50 pmol/kg

Before 70.1+6.3 150.7+0.3 5.85+0.6 89.7+1.3 26.5¢1.6

After 85.4+6.3%* 155.7£0.9% 6.42+0.6* 84.7+1.3* 28.9+1.4%
UDCA 100 pmol/kg

Before 67.1£5.1 151.0x0.5 5.15+0.5 90.7+0.8 27.2+0.4

After 88.3+2.1% 153.341.33* 5.37+0.4% 84.7+1.8* 30.9+0.7*

Bile samples were collected for 15 min after intraduodenal injection of 4-HA (125 or 250 pmol/kg body weight) and after UDCA injection
into the portal vein (50 or 100 pmol/kg body weight). Values are means + SEM from 10-11 animals.

*p<0.05 significantly different from individual control before administration.

**p<0.005 significantly different from individual control before administration.
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for 0.9% saline infusion at the rate of 1.2 ml/h by using an
infusion pump. The body temperature of animals was
maintained at 37+0.5°C with a heating lamp to prevent
hypothermic alterations of bile flow. The experimental
protocols were approved by the Institutional Animal Care
and Use Committees.

Bile samples were collected at 15-min intervals into pre-
weighed tubes. After collection of three control samples, 4-
HA dissolved in a solvent mixture (dimethyl sulfoxide:
ethanol: water, at 25:15:60) was injected intraduodenally at
various doses. Control rats received a similar volume of
solvent (0.5 ml). The effects of ursodeoxycholic acid
(UDCA), administered as a single injection into the duode-
num, was examined as a positive control. UDCA was
dissolved in dimethyl sulfoxide: ethanol: water (25:15:60).
Buthionine sulfoximine (BSO), 6 mmol/kg body weight, i.p.,
was given 4 h before 4-HA administration to examine the
effect of GSH depletion on the 4-HA choleresis. Bile flow
rate was determined by gravimetry, assuming a bile density
of 1.0 g/ml. The biliary excretion rate was calculated as the
product between bile flow and biliary concentration.
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Analysis of Biliary Components

Bile acid concentrations were determined using the 3o-
hydroxysteroid dehydrogenase procedure (13). Biliary elec-
trolytes including Na*, K*, CI~ and HCO;  concentrations
were determined using ion selective electrodes (DADE
Dimension RxL, Dade Behring Holdings, USA). Bile
samples were collected under mineral oil to prevent
volatization of CO,. The electrolyte operating range was
50-200 mmol/l for Na*, 1-10 mmol/l for K*, 50-200 mmol/
I for CI " and 5-45 mmol/l for total CO,.

Biliary and hepatic content of total glutathione was
determined using the enzymatic methods of Tietze (14) and
Griffith (15). Bile was collected under 500 pl of 6%
sulfosalicylic acid to precipitate protein and prevent auto-
oxidation. Samples were centrifuged at 4°C for 10 min to
precipitate the denatured proteins, and the supernatant was
stored at —70°C until assayed by spectrophotometry. Livers
samples were placed in tared tubes containing ice-chilled 5%
perchloric acid with 1 mM EDTA, and minced. Livers were
homogenized on ice and centrifuged at 7,500xg at 4°C for
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Fig. 2. Relationship between bile flow and electrolyte output. Bile samples were collected for 15 min after intraduodenal injection of 4-HA
(filled circle) or solvent control (open circle). Bile samples were analyzed for correlation between bile blow and output of Na* (a);
y=5.78x+9.06, *=0.6973, p<0.005 (control), y=6.56x + 4.08, *=0.9871, p<0.005 (4-HA), K* (b); y=76.25x+44.89, r?=0.2219, p=0.0269 (control),
y=122.3x+52.65, ’=0.5578, p<0.0001 (4-HA), CI~ (c); y=8.32x+15.18, *=0.6798, p<0.0001 (control), y=10.5x+11.81, *=0.8707, p<0.005 (4-
HA), HCO;3 ™ (d); y=14.08x+42.17, r*=0.2128, p=0.0307 (control), y=25.02x+45.48, r*=0.5954, p<0.0001 (4-HA).



5 min. Supernatant was removed and samples were diluted
further for measurement of hepatic glutathione content.

Isolation and Structure Elucidation of Biliary Components

Bile samples collected for 15 min after administration of
4-HA were diluted with 20 volume of absolute ethanol, boiled
for 30 min and left overnight. Thereafter, they were filtered
through Whatman no. 1 paper. The filtrates were dried using a
speed vacuum, then redissolved with 5% acetic acid in
methanol (mobile phase). For HPLC analysis, a Waters 600
system controller and pump, a Waters 996 diode array
detector, and a Waters manual injector (Waters Associates,
Milford, MA, USA) were employed. Separation and quanti-
zation was achieved by using p-Bondapak C18, 10 um, 3.9 x
300 mm column (Waters Associates), a mobile phase of 5%
acetic acid in methanol, a flow rate of 1.0 ml/min, and a
wavelength of 264 nm. The HPLC peak corresponding to the
single major metabolite (retention time 8-10 min) was
collected and the solvent was removed by co-evaporation with
n-butanol under reduced pressure. The nuclear magnetic
resonance (NMR) spectra were recorded on a Bruker
AVANCE 400 FT-NMR spectrometer (Faellanden, Switzer-
land). The residual nondeuterated dimethyl sulfoxide-ds
signal at 2.49 ppm was used as reference for 'H-NMR
spectra. High-resolution fast atom bombardment mass spectra
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were measured with a Finnigan MAT 90 instrument (Bremen,
Germany). The amount of 4-hydroxyacetophenone-4-O-p-
glucuronide in bile was determined spectrophotometrically at
a wavelength of 264 nm. Standards were prepared from 4-
hydroxyacetophenone-4-O-B-glucuronide isolated by HPLC
from bile samples collected from rats treated with 4-HA.

Statistical Analyses

All data are expressed as mean £ SEM. Data obtained
after treatment was compared with their respective controls
before treatment using ANOVA, followed by Stu-
dent-Newman-Keul’s test. The relation between bile flow
and biliary excretion rate was examined by linear regression
analysis. Statistical significance was considered at p<0.05.

RESULTS
Dose Response Effect of 4-HA on Bile Secretion

In normal Wistar rats, 4-HA produced an immediate and
dramatic increase in bile flow. In the first 15-min collection
interval after 4-HA administration, bile flow was increased to
17646 and 206+5% of control by 4-HA doses of 125 and 250
umol/kg, respectively. However, the choleresis was transient,
and bile flow rate rapidly returned to baseline levels (Fig. 1).

—&®—Saline + 4-HA 250
—0O==BS0 + 4-HA 250

N
S
(=]

-
(=]
o

(2]
(=]

0 30 60 90

Time (Min)

120 150

w
(=1
o

8
o
—

8
(=)

100
50
0 o~ o V= O o o 0 Oum -~
0 30 60 90 120 150
Time (Min)

Fig. 3. The 4-HA-induced choleresis does not depend on GSH. Saline (filled circle) or BSO (open circle), 6 mmol/kg BW, i.p., was injected 4
h before 4-HA administration. Liver was removed at the end of each experiment and analyzed for total glutathione (a). Bile flow (b), and total
glutathione concentration (c) and output (d) were measured. *p<0.05 significantly different from individual control (b).
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Concurrent with the increased bile flow, bile acid concentra-
tion was decreased. As illustrated in Fig. 1, the slope of the
line that defines the relation between bile flow and bile acid
output in the 4-HA-treated rats was similar to that of control.
These observations indicate that the increase in bile flow is
due to an increase in BAIF.

Effect of 4-HA on Biliary Electrolyte and GSH Excretion

To examine which osmotically active solute(s) may be res-
ponsible for the increase in BAIF, biliary levels of Na*, K*, CI~
and HCO; and GSH were analyzed. As shown in Table I,
4-HA slightly reduced the biliary concentrations of Na*, Cl™,
HCO; ™ and increased the concentration of K*. When bile flow
was increased, the outputs of these inorganic electrolytes were
increased. UDCA, which elicits a choleresis that is associated
with an increase in HCO5;  and a decrease in Cl concentration
(16) was also examined for comparison. After UDCA treatment,
the choleresis was associated with an elevation of HCOs;  and a
reduction of Cl™ concentrations in bile (Table I). Linear
regression analyses of bile flow rates and electrolyte outputs
are shown in Fig. 2. In both control and 4-HA treated animals,
bile flow rates were positively correlated with electrolyte
outputs; however, all of the electrolyte outputs showed similar
changes, suggesting that they are not the prime determinants
for drawing water into bile after 4-HA administration.

Because GSH is a key osmotically active solute contrib-
uting to BAIF (2,3), studies were performed to examine
whether GSH is involved in the 4-HA-induced choleresis.
GSH levels in bile were measured in both control animals
and in animals pre-treated with BSO to deplete hepatic GSH
levels. Although BSO produced a significant depletion of
hepatic GSH content (Fig. 3), it had no effect on the 4-HA-
induced choleresis (Fig. 3). Moreover, total GSH output into
bile was not changed significantly after 4-HA administration
(Fig. 3), indicating that GSH is not involved in the 4-HA-
induced choleresis.

Biliary Excretion of 4-HA and Its Metabolites

To examine whether the choleresis may be attributed to
the biliary excretion of 4-HA itself or of a metabolite, HPLC
was used to detect and quantify these compounds in bile. Bile
from normal Wistar rat that received 4-HA revealed the
presence of a single major new peak that eluted with a
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retention time of 8-10 min (Fig. 4). No parent compound was
detected in bile (the parent compound eluted at a retention
time of 17-19 min; Fig. 4). NMR and mass spectral analysis
were used to determine the structure of this compound. The
compound showed a pseudomolecular ion [M-H]™ at m/z
311.0768 in the negative ion high-resolution fast atom
bombardment (HR-FAB) mass spectrum, compatible with a
molecular formula of C;4H;¢Og. The 'H-NMR spectral data
were consistent with a 4-hydroxyacetophenone moiety, based
on the three-proton singlet of the acetyl group at § 2.51, the
proton doublet (/J=8.7 Hz) of H-3 and H-5 at § 7.10, and the two-
proton doublet (J=8.7 Hz) of H-2 and H-6 at § 7.92. The
presence of a glucuronide moiety was suggested by a doublet
signal at § 5.18 corresponding to the anomeric proton, H-1,and
broad triplet signals of H-2', H-3' and H-4' at § 3.30, 3.26 and
3.35 with apparent coupling constants of 8.5-8.7 Hz. The
relatively large coupling constant (7.0 Hz) of H-1' indicates a
B-orientation of the sugar acid residue. Thus, these data indicate
that this biliary constituent is 4-hydroxyacetophenone-4-O--
glucuronide (Fig. 5, right).

Of significance, this 4-HA metabolite was present in bile
in relatively high concentrations (up to 13 mM; Fig. 6). The
amount of 4-HA administered correlated well with and the
amount of the metabolite in bile, and a significant positive
correlation between bile flow rate and the amount of the
secreted metabolite was observed (Fig. 6). The excreted bile
volume per micromole of 4-hydroxyacetophenone-4-O--
glucuronide was 34 pl (Fig. 6), which is comparable to that
of bile acids (Fig. 1). Hence, the choleretic effect of 4-HA
may be explained in large part by the excretion of this
metabolite into bile.

4-HA Fails to Induce a Choleresis in Mrp2-Deficient Rats

In contrast to the normal Wistar rats, 4-HA failed to
produce a choleresis in TR rats that lack the canalicular Mrp2
transport protein (Fig. 7). In addition, 4-hydroxyacetophenone-
4-O-B-glucuronide was not detected in bile from TR rats
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Fig. 6. Relationship between bile flow and 4-hydroxyacetophenone-
4-O-B-glucuronide excretion rate after 4-HA administration. Bile
samples were collected and analyzed for 4-hydroxyacetophenone-4-
O-B-glucuronide output by HPLC as described in materials and
methods, y=34.48x+86.89, 1*=0.4583, p<0.005.
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(Fig. 4). As expected, TR~ animals treated with UDCA
demonstrated a robust choleresis (Fig. 7). These results indicate
that Mrp2-mediated transport is required for the choleresis, and that
4-hydroxyacetophenone-4-O-B-glucuronide is a likely substrate for

Mrp2.
DISCUSSION

4-HA is a naturally occurring bioactive compound found
in several plants. It exerts potent stimulatory effects on hepatic
bile secretion, and may thus be a useful compound to treat a
variety of conditions associated with impaired bile secretion
(9). The present study identifies the mechanism for this
choleretic effect by showing that the major biliary metabolite
of 4-HA in rats is the 4-O-B-glucuronide, a compound that is
secreted into bile at high concentrations. Canalicular trans-
port of the glucuronide requires the presence of Mrp2, and
the concentrative accumulation of this metabolite in bile
accounts in large part for the choleretic effect.

Canalicular bile formation is an osmotic process, in
which water and electrolytes enter bile canaliculi in response
to the active transport of solutes into this space. The major
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solutes that drive bile secretion are bile acids (i.e., BADF);
however non-bile acid solutes, including reduced glutathione
(GSH) and other organic solutes, including many foreign
chemicals, also drive bile secretion. The biliary excretion of
GSH (2,3), and HCO5;™~ (4) have been widely considered as
the major solutes for BAIF. After giving 4-HA, the
concentrations of Na®, K", CI” and HCO;3;~ were only
slightly modified, and were close to those in blood plasma.
There was also no change in biliary GSH excretion. As bile
flow was increased after receiving 4-HA, the outputs of Na*,
K*, CI” and HCO ™ ; were all increased in a similar manner
and were positively correlated with the increase of bile
secretion. UDCA, which stimulates BAIF mainly by
promoting biliary output of HCO; in exchange with Cl
at canalicular and ductular membranes (16), was examined
for comparison. A single injection of UDCA produced an
increase in biliary HCO 3 concentration and a decrease in
Cl  concentration from control, and these results differ from
those of 4-HA showing a decrease in biliary HCO; ™
concentration. Although 4-HA choleresis was associated
with increases in biliary output of inorganic electrolytes,
these do not appear to be the primary stimulus for the
choleresis. GSH, another osmotically active solute
contributing to BAIF (2,3), also did not contribute to the
choleretic activity 4-HA. Bile flow was still increased after 4-
HA administration, even when GSH levels in the liver were
depleted to 30% of control. In addition, the 4-HA-induced
choleresis occurred with only a small increase in bile acid
output, confirming previous results that the effect of 4-HA is
largely on BAIF (9). On the other hand, as demonstrated by
the present data, 4-hydroxyacetophenone-4-O-B-glucuronide
was secreted into bile in concentrations up to 13 mM, and the
excretion of this metabolite directly correlated with the
increase in bile flow. 4-HA exhibits low water solubility,
and thus it is anticipated that it would need to be modified in
the liver in order to facilitate its membrane transport and
excretion from the cell. The excreted bile volume per
micromole of 4-hydroxyacetophenone-4-O-B-glucuronide in
bile was 34 ul (Fig. 6), which is similar to that of bile acids
(Fig. 1), and thus may completely explain the choleresis. In
contrast, the parent compound was not detected in bile.

To test whether Mrp2, the major canalicular transport
protein for secretion of glucuronide conjugates into bile is
involved in the secretion of 4-hydroxyacetophenone-4-O--
glucuronide, studies were carried out in TR rats that lack
functional Mrp2 transport activity. TR rats failed to
demonstrate a choleresis, and no 4-hydroxyacetophenone-4-
O-B-glucuronide was detected in their bile. These results
support the hypothesis that the Mrp2-mediated excretion of
4-hydroxyacetophenone-4-O-B-glucuronide generates the
osmotic driving force responsible for the enhanced bile flow
observed after 4-HA administration. Because a number of
plants contain 4-HA (10-12,17) and several polyphenol can
be degraded into 4-HA (18,19), the present findings on the
effect of 4-HA may explain some of the pharmacological
effects of these plant-derived products.

In conclusion, the choleretic effect of 4-HA may be
explained by the osmotic activity of a 4-HA metabolite that is
secreted into bile in high concentrations by an Mrp2-
dependent mechanism. An understanding of the mechanisms
by which bioactive compounds in medicinal plants, including



4-HA, stimulate biliary excretion is of interest with respect to
possible therapeutic interventions in liver dysfunction, and
for developing new drugs.
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Abstract

Phloracetophenone (2,4,6-trihydroxy acetophenone, THA) is a potent choleretic in the
bile fistula rat, although the mechanism is unknown. In the present study, we examined
how THA enhances bile secretion. Step-wise infusions of THA (1-4 umol/min) in the
isolated perfused rat liver resulted in an immediate and dose-dependent increase in bile
flow (BF), which reached saturation. The increase in BF was not associated with a
change in the excretion of bile acids, suggesting that THA stimulated bile acid-
independent bile flow (BAIF). To further define the mechanism, the effect of THA on
the excretion of sulfobromopthalein (BSP) and disulfobromopthalein (DBSP), typical
multidrug resistance proteins-2 (Mrp2) substrates was examined. THA inhibited the
biliary excretion of both substrates. Because DBSP is excreted without conjugation to
glutathione, in contrast to BSP, the findings suggest that THA might compete with
DBSP and BSP metabolites at a common canalicular transport site, presumably Mrp2.
THA infusions had no effect on the subcellular localization and distribution of either
Mrp2 or the bile salt export pump (Bsep), nor the integrity of the tight junction. In
contrast, the choleretic activity of THA was completely absent in the TR’ rat, an animal
model that lacks Mrp2, directly implicating this canalicular export pump as the
mechanisms by which THA is excreted in bile. THA also partially reversed the
cholestatic effects of estradiol-17p-D-glucuronide (E»-17G) a process also dependent on
Mrp2. In conclusion, the choleretic activity of THA and its possible metabolites is
dependent on Mrp2. THA appears to stimulate BF by its osmotic effects, and may
attenuate the cholestatic effects of hepatotoxins undergoing biotransformation and

excretion via similar pathways.

Key words: Phloracetophenone, hepatobiliary excretion, choleresis, Mrp2



Introduction

Canalicular bile flow is formed from the excretion of bile acids (bile acid
dependent flow, BAIF), and a bile acid-independent component (BAIF) that results from
the excretion of glutathione (GSH) and other organic and inorganic solutes (2,20,36).
The biliary excretion of these osmotically active compounds which also includes
metabolic by-products and xenobiotics, are the major driving force for the passive
movement of fluid and electrolytes across the hepatocyte epithelium and the tight
junctions between these cells (4). The secretion of bile is a vital function for eliminating
endogenous and exogenous compounds which often undergo biotransformation by phase
I and II hepatic enzymes prior to their excretion into bile. The therapeutic potential of a
number of these compounds is dependent upon this metabolic pathway.

For example, Genipin, an intestinal bacterial metabolite of geniposide which is
the major active compound in Inchin-ko-to (ICKT), is an herbal medicine used in China
and Japan for treatment of jaundice. Genipin has been shown to have potent choleretic
activity (32) and is conjugated with glucuronide in the liver before excretion. Genipin
stimulates the insertion of the multidrug-resistance-associated protein 2 (Mrp2) into the
bile canalicular membrane, and thereby increases the biliary excretion of reduced
glutathione and BAIF (31).

Ursodeoxycholic acid (UDCA), an anti-cholestatic drug, prevents the cholestatic
effects of ethinylestradiol by inhibiting both the activity and expression of the hepatic
microsomal enzyme involved in ethinylestradiol glucuronidation (29). This in vivo
effect appears to be mediated by the major metabolite of UDC, tauroursodeoxycholate
which inhibits ethinylestradiol glucuronidation non-competitively in vitro (29).

Phloracetophenone or 2,4,6-trihydroxyacetophenone (THA), the aglycone
component of phloracetophenone glucoside, is a naturally occurring compound obtained
from the rhizome of Curcuma comosa (Family Zingiberaceae) (24). When administered
intraduodenally to rats, THA stimulates bile flow and enhances the biliary excretion of
bile acids, leading to a lowering in the plasma levels of cholesterol (25-26). Thus THA
may have potential as a therapeutic drug for the treatment of cholestasis and prevention
of gallstones (3, 22). However, the underlying mechanism by which THA enhances bile
flow remains unknown. In the present study, we utilized the isolated perfused rat liver
(IPRL) to examine the effects of THA on bile flow, and defined the possible pathways
that may account for its choleretic effects. The isolated perfused rat liver model was
employed since it facilitates study of the direct action of compounds on the liver without
the confounding effects of blood flow or extrahepatic tissue involvement (21). Our
findings indicate that the choleretic effect of THA is primarily dependent on Mrp2, and
that THA may have therapeutic potential to attenuate E»-17G induced cholestasis.



Materials and Methods

1. Chemicals

THA was purchased from Fluka Chemie AG (Buchs, Switzerland). Taurocholate
(TC), estradiol-17B-D-glucuronide (E»-17G), glutathione reductase, the reduced form of
glutathione (GSH), the reduced form of B-nicotinamide adenine dinucleotide phosphate ,
tetrasodium (B-NADPH), 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) and
sulfobromopthalein (BSP) were purchased from Sigma Chemical Co.(St. Louis, MO,
USA). Phenol-3,6-dibromphthalein disulfonate (DBSP) was from Societe d-Etudes et de
Recherches Biologiques (Paris, France). Bile Acid Reagent A and B for bile acid
determination were from Trinity Biotech Co. (Wicklow, Ireland). All other chemicals

were of analytical grade.

2. Isolated perfused rat liver studies.

Male Sprague-Dawley rats (190-200g) were obtained from Charles River
Laboratories (Whilmington MA, USA), and all experimental protocols were conducted
under the National Institutes of Health guidelines and were approved by The Yale
Animal Care and Use Committee.

Rat livers were isolated and perfused in the Cellular and Molecular Physiology
Core of the Yale Liver Center as described previously (6). Following sodium
pentobarbital anesthesia (50 mg/kg body weight, i.p.).the bile duct and portal vein were
cannulated with PE-10 tubing (Becton Dickinson Primary Care Diagnostics, Sparks,
MD, USA) and a 14-gauge Teflon intravenous catheter (Mckesson General Medical,
Cheshire, CT, USA), respectively. The liver was perfused immediately at a rate of 30
ml/min with oxygenated (95% O,-5% CO,) Kreb-Ringer’s bicarbonate (KRB) buffer
(pH 7.4) containing 0.1% glucose and maintained at 37°C + 0.5° C. After cannulation of
the inferior vena cava, the liver was transferred into a temperature-controlled chamber
and then perfused at a constant flow rate of 40 ml/min with oxygenated KRB buffer
(4.4-5.7 ml/min/g liver). KRB buffer was gassed continuously with a humidified
mixture of 95% 0,/5% CO, and maintained at 37°C £ 0.5°C by monitoring the
temperature with a thermister probe (Yellow Springs Instrument Co., Yellow Springs,
OH, USA) inserted between the lobes of the liver. The viability of the liver was
determined by continuously monitoring perfusion pressure and O, consumption
throughout the course of experiment. At the end of the experiment, trypan blue was
injected into the liver to evaluate the uniformity of perfusion from the distribution of the
staining dye.

All isolated perfused rat liver studies utilized a single-pass system with
oxygenated (95% 0,-5% CO,) KRB (pH 7.4). Following a 15 min period of
equilibration, THA was infused and bile flow and biliary excretion of bile acid and total

glutathione were assessed. THA was dissolved in solvent (DMSO: absolute ethanol:



KRB, 25:15:60) and was infused into the perfusate at a rate of 1, 2, or 4 umol/min (25,
50, and 100 uM, respectively) in a step-wise fashion at 20 min intervals. Bile samples
were collected at 5 min intervals into pre-weighed tubes throughout the experiment. Six
percent sulfosalicylic acid was added when GSH was determined. The volume of bile
was determined gravimetrically by assuming a density of 1.0 g/ml, and bile flow was
expressed as microliters per min per gram of liver. Bile samples were analyzed for
biliary bile acid and total glutathione concentration. To evaluate the effect of THA on
BSP or DBSP excretion, THA was added to the perfusion media at a constant rate of 40
pmol/min (1mM) forty-five minutes after BSP or DBSP were infused at a constant rate
of 0.04 pmol/min (1uM) to maintain a steady state of excretion. Bile samples were
analyzed for BSP or DBSP concentrations and excretion rates determined.

To further evaluate the therapeutic potential of THA, its effect on E»-17G -
induced cholestasis was examined. After an initial 15-min control period, taurocholate
(TC) at a dose of 0.5 pmol/min (12.5 uM) was continuously infused for the entire
experiment. After the excretion of TC reached a steady state (30 min later) THA was
added into the perfusion medium at a rate of 40 pmol/min (1 mM) together with a single
bolus injection of E-17G (1 umol/100 g body weight). Bile flow rate, biliary bile acid

and total glutathione concentrations were then determined.

3. Bile fistula rat study in TR rats.

TR’ rats were maintained at the University of Rochester School of Medicine
Faculty (Rochester, NY, USA). Overnight fasted TR™ and normal Wistar rats were
anesthetized with sodium pentobarbital (50 mg/kg body weight, i.p.). A tracheostomy
was performed to facilitate breathing. The common bile duct and femoral vein were
cannulated with polyethylene tubing for collection of the secreted bile into pre-weighed
tubes over 15-min period and for infusion of normal saline at the rate of 1.2 ml/h,
respectively as previously described (23). Body temperature was maintained at 37+
0.5°C with a heating lamp.

After collection of the control samples, THA dissolved in the solvent mixture
was injected into the proximal part of duodenum at the dose of 125 or 250 umol/kg body
weight (volume of injection 0.5 ml). Bile samples were continuously collected for 90

min. Sample tubes were re-weighed and bile flow rate was calculated.

4. Immunohistochemistry and confocal analysis.

A separate set of experiments were conducted to examine the effect of THA on
the intracellular distribution of the bile salt export pump (Bsep), the multidrug
resistance-associated protein 2 (Mrp2), and the tight junction-associated protein, zonula
occludens (ZO-1). THA was infused into the IPRL for 25 min, the liver was removed

and cut into a small cubic pieces, immediately frozen in Freon/liquid nitrogen, and kept



at -80°C until use. For tissue preparation, small cubic pieces of liver tissue were cut into
4-6 um-thick sections, and mounted on slides. Liver slices were fixed in cold acetone (-
20°C) for 20 min. Then, tissues were then rehydrated by incubation in blocking buffer
(PBS, 1% BSA, 0.05% Triton X-100) for 20 min. For Bsep and Mrp2 labeling, tissues
were incubated with Bsep antibody (1:200) and Mrp2 antibody (1:100) diluted in
blocking buffer for 2 h at room temperature. After washing in PBS-0.05% Triton x-100,
secondary antibody for Bsep (Alexa594-conjugated goat anti-rabbit) (1:500) and for
Mrp2 (Alexa488-conjugated goat anti-mouse) (1:500) diluted in blocking buffer were
incubated for 60 min. For ZO-1 labeling, liver slices were incubated with primary
antibody to ZO-1 (1:400) for 2 h, washed, and incubated with secondary antibody
(1:500) for 60 min. Fluorescent localization was viewed using a Zeiss LSM 510 confocal
microscope (Carl Zeiss Inc, NY, USA).

5. Analytical methods.

Total bile acid excretion was determined by using Sigma diagnostic bile acid
reagent kit (Trinity Biotech, Co Wicklow, Ireland) which is based on 3a-hydroxysteroid
dehydrogenase enzymatic method (17). Total glutathione in bile was measured
immediately from bile samples collected in pre-weighed tubes containing 6%
sulfosalicylic acid to minimize oxidation of GSH and was determined
spectrophotometrically by the enzymatic recycling procedure of Tietze (33) as modified
by Griffth (8).  Concentration of BSP and DBSP in bile were measured
spectrophotometrically at the absorption maximum (580 nm) after appropriate dilution
with 0.1 N NaOH.

6. Statistical analysis.

All data are expressed as mean + S.E.M. The differences in pair of samples
between control and THA-treated group in isolated perfused rat liver were compared by
using Student’s pair t-test. For comparing more than 2 groups, the significance of the
difference among groups was analyzed using analysis of variance (ANOVA), followed
by Student-Newman-Keul’s test. Values of P < 0.05 were considered to be significantly
different.

Results
Effect of THA on bile flow rate

The choleretic effect of THA infusion into the isolated perfused rat liver was
characterized utilizing a step-wise infusion of THA (1, 2, and 4 pmol/min). This caused
a dose-dependent increase in BFR which attained a steady state at 10-15 min after
starting the infusion (Fig. 1). THA at a dose of 1 pmol/min caused an immediate

increase in bile flow and maintained BFR at 1.8 + 0.1 pl/min/g liver (n=4) compared to



1.0 +£ 0.1 pl/min/g liver under basal condition. THA at 2 umol/min further increased
BFR to a maximum level of 2 + 0.2 pl/min/g liver, whereas THA at 4 umol/min did not
induce any further increase in BFR. In control animals, BFR slightly declined with time.
Thus, THA directly stimulated bile flow in a dose dependent manner but reached a

maximum effect.

Effect of THA on biliary secretion of bile acids and total glutathione (GSH+GSSG)

To examine the determinants of bile secretion, the effect of THA on the two
major endogenous osmotically active solutes; bile acids and glutathione, was
determined. In the isolated perfused liver, the concentration of biliary bile acids in
control animals rapidly declined with time and reached a minimal level of 0.9 + 0.2 mM
after 30-35 min of perfusion, as shown in Fig. 2A. The THA-infused livers showed a
similar decline in the concentration of bile acids to that of the control. Fifteen min after
THA infusion, bile acid concentration significantly decreased to 0.4 + 0.04 mM (P <
0.05) (Fig. 2A). However, the total output of biliary bile acids was not significantly
different from that of control (Fig. 2B). THA also markedly decreased both the
concentration and total amount of excretion of biliary glutathione (GSH + GSSG), in
contrast to control animals where glutathione levels were maintained throughout the
course of the experiment (Fig. 2C&D). THA, at a dose of 1 pmol/min, significantly
reduced the concentration of biliary total glutathione to 67.3 + 5.1 % of control values
within 10 min before infusing higher doses of THA and further declines were noted
during the remaining course of the experiment (Fig. 2C). Biliary GSH excretion rates
also decreased significantly after THA infusions at a dose of 4 pmol/min by 45.0 + 7.9
% compared to controls (Fig. 2D). However during the first 5 min, THA transiently
increased the rate of excretion of glutathione to 130.2 + 4.8 % of control while the GSH
concentration was not significantly altered. This effect was most likely a “washout *

phenomenon.

Effect of THA on BSP excretion

The multidrug resistance-associated protein 2 (Mrp2) is responsible for the
biliary excretion of many glucuronide, sulfate, and glutathione S-conjugates, as well as
GSH itself (7). Because THA infusions inhibited the excretion of GSH, Mrp2 was
presumed to be a candidate for THA excretion. Therefore we examined the effect of
THA on the excretion of BSP and DBSP, two typical substrates of the Mrp2 canalicular
membrane transporter. As shown in Fig. 3A, infusion of BSP, at a rate of 0.04
umol/min did not alter BFR which was steadily maintained at ~ 1 ul/min/g liver. In
contrast, simultaneous infusions of THA (40 pmol/min) caused an immediate and
marked ~ 2 fold increase in BFR approximately within the first 5 min of infusion which

subsequently slightly declined with time (Fig. 3A). Concurrent with the increase in



BFR, both the concentration and excretion rate of BSP in bile were markedly decreased
(Fig. 3B&C). Biliary BSP concentration was significantly decreased from 4.8 +£ 0.2 mM
in control to 2.6 +£ 0.6 mM 10 min after THA infusions. These findings suggest that
THA may compete with BSP for excretion into bile. The small increase in BSP
excretion in the first 10 min and the decrease in biliary BSP excretion that persisted for
about 10 min after stopping THA infusion is likely due to the effect of the increase and
decrease in bile flow respectively on previously secreted BSP residing within the bile

canaliculi and biliary tree, i.e., a washout phenomenon (Fig. 3C).

Effect of THA on biliary DBSP excretion

Because BSP is conjugated with glutathione, we studied the effect of THA on the
excretion of DBSP, a non-metabolizable analogue of BSP which is readily excreted into
bile but does not require conjugation as does BSP (5,9,14). As seen in Fig. 4A, DBSP
infusion did not alter basal BFR at the dose used. Simultaneous infusion of THA with
DBSP also caused a rapid increase in BFR from 0.9 + 0.1 to 1.4 = 0.2 pl/min/g liver.
However, the increase was not statistically different from the control and it declined with
time. THA caused an immediate decrease in both biliary concentration and excretion of
DBSP (Fig. 4B&C). Note that the onset of inhibition of THA on biliary DBSP excretion
was more rapid and the effect greater than observed on BSP excretion. Together these
findings suggest that THA inhibits the bile excretory phase rather than the preceeding

intracellular step of phase II conjugation of BSP.

Given that THA on immunofluorescent localizations of Mrp2, Bsep, and ZO-1 in the
liver

Since THA infusions acutely induced a transient increase in bile flow rate, this
short term action of THA might result from the canalicular insertion of submembranous
vesicles containing canalicular transport proteins. To examine this possibility, Bsep and
Mrp2 proteins in control and THA treated livers were examined using fluorescent
confocal microscopy. As shown in Fig. 5, Bsep and Mrp2 are mainly localized on the
canalicular membrane in control livers and no significant changes in the expression or
localization of these two transporters were observed after THA was infused at 1,2,4, or 8
umol/min. The possibility that THA increased the permeability of tight junction was
also evaluated. However, the structure and localization of tight junction protein (ZO-1)
was unaltered by THA either at a low or high dose (1 and 8 pmol/min) when compare to

control livers (Fig. 6).

Effect of THA on bile flow rate in TR” mutant rat
To directly determine if Mrp2 is the putative canalicular transporter for THA and

responsible for its choleretic activity, the choleretic effect of THA was examined in TR



mutant rats, genetically deficient in Mrp2 transporter (13), using a bile fistula. As
shown in Fig. 7, choleretic activity of THA at doses of 125 and 250 pmol/kg body
weight is not observed in the TR™ mutant rat, whereas in normal rats THA at a dose of
250 pmol/kg body weight markedly increased BFR to 197.3 + 13.4 % of control. These
studies unequivocally establish that Mrp2 is required for the choleretic activity of THA.

Effect of THA on estradiol-17[-D-glucuronide (E,-17G ) induced cholestasis

Finally we examined the therapeutic potential of THA by determining if THA
could reduce the cholestatic effects of the steroid, E;-17G. Taurocholate (TC) at a dose
of 0.5 umol/min was infused into the IPRL to supplement endogenous bile acid
throughout the experiment. As shown in Fig. 8, TC significantly increased BFR by ~
190% of the initial BFR (P<0.05). A single injection of E,-17G rapidly decreased BFR
from 191.2 £22.7 % to 52.6 + 15.5 % of the initial BFR, reaching a minimum value at
10 min after the E>-17G injection. Thereafter, BFR gradually returned toward the TC-
stimulated level. In contrast, THA infusions partially prevented the E»-17G induced
cholestasis. In addition, the decrease in BFR induced by E,-17G was delayed in time.
Moreover, recovery of BFR in THA-infused liver occurred faster, returning to control
values 20 min after E>-17G administration (Fig. 8). E»-17G administration rapidly
decreased biliary bile acid concentration and excretion in control animals (Fig. 9A&B).
However, after reaching minimum values at 10-15 min, they returned toward normal
levels. With THA-infusions, the concentration of bile acids continued to be maintained
at low levels compared to E,-17G administration alone (P<0.05) (15.5 = 1.4 mM with
and 24.8 = 2.0 mM without THA infusion (Fig. 9A). However, the transient decrease in
bile acid excretion in the THA-infused livers was comparable to controls without THA
infusion (Fig. 9B). E,;-17G had no effect on the total concentration of glutathione in bile
of control animals (Fig. 9C). However when THA was infused with E,-17G, a marked
decrease in biliary total glutathione concentration was observed from 103.0 £+ 6.3% in
the control group to 27.5 = 7.0% of pretreatment value (before E»-17G administration)
resulting in a transient decrease in excretion of total glutathione in bile to 9.4 + 3.1 % of
pretreatment value which was significantly different from TC-control value, 39.3 + 5.8
% of pretreatment value at 15 min after THA infusion (P<0.05) (Fig. 9D).

Discussion

The present study confirms the potent choleretic effect of THA using the isolated
perfused rat liver and provides new findings concerning the mechanism by which this
choleresis occurs. First, THA infusions resulted in an immediate dose dependent
increase in bile secretion which reached saturation at the higher infusions rate. The latter
effect is characteristic of a carrier mediated transport maximum (Fig. 1). Second, there

was no effect on bile acid excretion in these experiments so that the bile salt independent
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fraction was stimulated. Third, THA selectively inhibited the biliary excretion of BSP
and DBSP, both substrates for the multidrug resistance-associated protein 2 (Mrp2).
Together these findings suggest that the choleretic effect of THA was determined by the
excretion of osmotically active solutes via Mrp2. Finally, the choleretic properties of
THA were ablated in TR rats, genetically deficient in Mrp2, which substantiated that the
bile canalicular transporting system, Mrp2, is required for THA to stimulate bile acid
independent bile flow. Moreover, the choleretic effect of THA did not influence the
subcellular localization of the transporter nor its targeting from its submembranous
intracellular compartment into the apical membrane suggesting this post-transcriptional
modification of Mrp2 expression was probably not involved.

In earlier studies in the bile fistula rat, THA increased both BAIF and BADF
(23,26). However its mechanism of action was unclear particularly whether THA had
direct effects on the liver or acted indirectly via signaling molecules derived from the
intestine. The present study, using the isolated perfused rat liver, clearly demonstrates
that THA mediates its choleretic effect by a direct effect on the liver. It is also evident
that THA increases BFR without stimulating biliary bile acid or glutathione secretion.
The lack of an effect of THA on bile acid excretion in the present study does not agree
with the earlier finding in the bile fistula rat where THA enhanced bile acid excretion
and subsequently lowered plasma cholesterol (23,26). These differences might be due to
the depletion of bile acids in the isolated perfused rat liver with time and to a wash out
phenomenon of bile acids in the intact animal.

Since THA did not stimulate the biliary excretion of bile acids and glutathione,
the two major determinants of bile flow, the, mechanism by which THA increases
BFR in the isolated liver is most likely due to the excretion of osmotically active solutes
of the biotransformed THA. Indeed, two glucuronide metabolites of THA have been
identified (Khamdang et al., unpublished observation). This finding is consistent with
an earlier report that the glucuronide conjugation of phloracetophenone is the major
biliary metabolite (11,16). Mrp2, the multispecific resistance-associated protein 2, plays
an important role in the biliary excretion of a number of endogenous and exogenous
compounds including glucuronide, glutathione and sulfates conjugates (7), and thus is
most likely responsible for the excretion of THA metabolites in the present study.

Because THA infusions markedly reduced the excretion of free glutathione, it
was not clear if THA was conjugated with GSH before being excreted and/or competed
with GSH transport via the canalicular transporter, Mrp2 The rate limited effects of
THA on BFR also could be explained by such a competitive effect or by a direct
inhibitory effect on the transport mechanism. Since the biliary excretion of BSP, which
largely is dependent on prior conjugation with GSH (5,9) was also abruptly inhibited by
THA co-infusion, this concern was heightened. To clarify whether THA was interfering

with GSH conjugation or excretion, we examined the excretion of DBSP, a dibrominated
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analog of BSP which does not require conjugation with GSH or other biotransformation
prior to excretion in bile (14). The finding that THA also abruptly inhibited biliary
DBSP excretion indicates that THA’s inhibitory effects are at the level of the canalicular
transporter. This conclusion is also consistent with the findings that pre-infusions of
DBSP, but not BSP, markedly suppressed the stimulating effect of THA on BFR and
that THA inhibited DBSP excretion earlier than BSP. Together these findings suggest
that THA competed with these other Mrp2 substrates at the transporter’s substrate or
transporter binding sites.

While the biliary excretion of osmotically active metabolites is the most likely
explanation for THA’s choleretic effects, we can not exclude the possibility that the
compound(s) might directly stimulate the activity of Mrp2 and or the insertion of the
transporter from intracellular compartments to the canalicular membrane (15).

However, confocal immunofluorence microscopy indicated that THA had no detectable
effect on the subcellular localization of either the canalicular bile salt export pump
(Bsep) or Mrp2 even when infused with the highest dose (Fig. 7). Thus it seems
unlikely that THA stimulated insertion of vesicles containing new transporters to the
canalicular membrane. This conclusion is also supported by our earlier study showing
that THA does not increase the hepatobiliary excretion of horseradish peroxidase (HRP),
a marker of exocytosis (35).

Tight junction permeability can be regulated by changes in osmotic and
hydrostatic pressure (28) created by osmotic gradients across the tight junction (30,34).
However, neither low or high choleretic doses of THA altered the structure and
localization of the tight junction protein, Zonula Occluden 1 (ZO-1) (Fig. 5). This
finding is also consistent with our prior studies that indicated that THA does not
stimulate the paracellular pathway in rat liver when marked by horseradish peroxidase
(35). Thus the choleretic effects of THA are unlikely to be mediated by increasing the
permeability of the paracellular pathway. .

Finally we examined the therapeutic potential of THA in a model of cholestasis
induced by estradiol-178-D-glucuronide (E>-17G). E»-17G is an endogenous estrogen
metabolite that induces an acute, dose-dependent, and completely reversible cholestasis
in rat (18-19). Although the mechanism by which E»-17G induces cholestasis is
incompletely understood, Mrp2 mediated E,-17G excretion into bile is required for its
cholestatic effect (12). Since THA has a high choleretic activity and also interacts with
Mrp2, we anticipated that THA might attenuate E,-17G-induced cholestasis, presumably
by competing with E,-17G for excretion via Mrp2 as shown for BSP and DBSP. As
illustrated in Fig. 8-9, the findings support this hypothesis. THA infusions in isolated
perfused rat livers receiving a constant infusion of taurocholate, attenuated the
cholestatic effects of E>-17G on bile flow although there was no difference in bile acid

excretion between THA and the controls. As seen in prior studies, THA rapidly reduced
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the biliary excretion of GSH suggesting again that competition for excretion of Mrp2
substrates accounted for attenuation of E,-17G’s acute cholestatic effect. Thus THA
might be an effective anti-cholestatic agent by competing with binding of the toxic agent
to or excretion by Mrp2. THA has also been shown to have a protective effect on
ethyinl estradiol-induced impairment of bile secretory function when this estrogen was
administered subacutely to rats (27). A number of other compounds including
phenobarbital (10), ursodeoxycholate (29), and diosgenin (1) can attenuate cholestasis
induced by ethinylestradiol (EE) or E»-17G. Since these compounds presumably
mediate their anti-cholestatic effect by different mechanisms, combinations of drugs
might lead to more effective therapy. THA might also be used to attenuate the acute
effects of a hepatotoxin which is metabolized and excreted by similar pathways.

In summary, we have described a potent choleretic effect of the herbal
compound, THA , in an isolated rat liver perfusion system. THA stimulates bile flow by
the saturable excretion of osmotically active solutes into bile via the canalicular
transporter, Mrp2. THA’s choleretic effect occurs without alteration of the distribution
and localization of canalicular transporters Mrp2, Bsep or the tight junction protein ZO-
1. Its anti-cholestatic effect appears to be mediated by competing with the excretion of
Mrp2 substrates. THA might be an effective and safe candidate for further development

as an anti-cholestatic therapeutic agent.
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Figure legends

Fig. 1

Fig. 2

Fig. 3

Effect of THA on bile flow rate in the isolated perfused rat liver.

THA at a dose of 1, 2, and 4 pmol/min was step-wise infused into the liver.

Each dose was continuously infused for 20 min-period intervals.

Values are means + S.E.M. from 4 animals.

* P <0.05 and ** P <0.01 significant difference from control at the corresponding
time.

Effect of THA on biliary bile acid concentration (A), bile acid excretion rate (B),
biliary total glutathione (GSH + GSSH) concentration (C), and total glutathione
(GSH + GSSH) excretion rate (D) in the isolated perfused rat liver. THA ata
dose of 1, 2, and 4 pmol/min was step-wise infused into the liver. Each dose was
continuously infused for 20 min-period intervals.

Values are means + S.E.M. from 4 animals.

* P <0.05 and ** P <0.01 significant difference from control at the corresponding
time.

Effect of THA on bile flow rate (A), biliary sulfobromophthalein (BSP)
concentration (B) and BSP excretion rate (C) in the isolated perfused rat liver.
BSP at a dose of 0.04 umol/min was continuously infused to the liver throughout
the course of experiment. THA was added into the perfusion medium for co-
perfusion at a constant rate of 40 pmol/min at indicated time point.

Values are means + S.E.M. from 4 animals.

* P <0.05 and ** P <0.01 significant difference from control at the corresponding
time.

Fig. 4 Effect of THA on bile flow rate (A), biliary dibromosulfobromophthalein

Fig. 5

Fig. 6

(DBSP) concentration (B) and DBSP excretion rate (C) the isolated perfused rat
liver. DBSP at a dose of 0.04 pmol/min was continuously infused to the liver
throughout the course of experiment. THA was added into the perfusion medium
for co-perfusion at a constant rate of 40 umol/min at indicated time point.

Values are means + S.E.M. from 4 animals.

* P <0.05 and ** P <0.01 significant difference from control at the corresponding
time.

Effect of THA on immunofluorescent localization of bile salt export pump
(Bsep) and multispecific resistance-associated protein 2 (Mrp2). Confocal
microscopy analysis of Bsep and Mrp2 transporters were performed in liver that
infused with vehicle or THA at a dose of 1, 2, 4, and 8 umol/min for 25 min.
Fluorescent signal of Bsep and Mrp2 are red and green, respectively. Merge is
the overlapping of staining for these two transporters.

Effect of THA on immunofluorescent localization of zonula occluden 1 protein
(ZO-1). Confocal microscopy analysis of ZO-1 was performed in liver that was
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infused with vehicle or THA (1 and 8 pumol/min). A and B panel are the
detection pictures visualized at different areas of the liver with the same
magnification, C panel is the detection pictures visualized with high
magnification.

Effect of THA on bile flow rate in TR™ and normal rat. A single intraduodenal
injection of THA at the doses of 125 and 250 umol/kg body weightat 45 min.
Values are means + S.E.M. from 4 animals.

** P <0.01 significant difference from control at the corresponding time.

Fig. 8 Effect of THA on E>-17G —induced cholestasis. Taurocholate at a dose of 0.5

Fig. 9

umol/min was continuously infused to supplement the endogenous bile acid in
the liver start from 15 min to the end of experiment. THA was added into the
perfusion medium for co-perfusion at a constant rate of 40 pmol/min from 45 to
90 min of perfusion. E;-17G at a dose of 1 umol/100 g. body weight was
administered as a bolus injection into the liver immediately before starting THA
infusion.

Values are means + S.E.M. from 4 animals.

P <0.05 and ** P <0.01 significant difference from control at the corresponding
time.

Effect of THA on biliary bile acid concentration (A), bile acid excretion rate (B)
and on biliary total glutathione (GSH + GSSH) concentration (C) and total
glutathione (GSH + GSSH) excretion rate (D) in E,-17G —induced cholestasis.
Taurocholate at a dose of 0.5 pmol/min was continuously infused to supplement
the endogenous bile acid in the liver start from 15 min to the end of experiment.
THA was added into the perfusion medium for co-perfusion at a constant rate of
40 pmol/min from 45 to 90 min of perfusion. E,-17G at a dose of 1 pmol/100 g.
body weight was administered as a bolus injection into the liver immediately
before starting THA infusion.

Values are means + S.E.M. from 4 animals.

* P <0.05 and ** P <0.01 significant difference from control at the corresponding
time.



Fig. 1

Time (min)

| [T v ]
‘

o]

-

Fig. 2







Bsep

M2

Vehicke

THA Y

THA 2

THA &

THA S

y

Fig. 5

Fig. 6




THA o Vehide

=0 ——THA 250 TR
] ——THA 132 TR}
- - —r—Conlrd
E @01 ———THa 0
.
50 -
& e
-
2
B 100 % o =4
o
2
- 50 4
= T
o T — -
] 15 n @ w -] Lo we
Tima (min)
Fig. 7
TC B proaiinin |
| THA 40 il e |
o 46 i
268 4
—a—THA = E2TIG
—te— Critmt + B0
an
4
B
3 =
£
‘: Eog
=
| -
15 = S a s (= ™ &= o5
Firms fin}




VT &8 g
A [ T mm—] 8 Al “-’“-?'"—_1
1 aam 4 L L
S 1 ——THA E?:"a o b i i THA & B2
. —a— ot « 2470 E = & -~ 0ot 4 EZG
E .
]
i
in
i w
I
0 * - v + . -
] " -] k) i L] [ " L] 2
Time (min|
D
TC B8 prmatona

Tof GlissMions £ rorstion s
% o contrel)




	BRG4680009_s1
	BRG4680009_s2

