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)	�
'� 1. 

 

���*�+�'���%����),��������
/!!�����)�7#��
 ����"!'

%��:!�7#��
 ����&�������	"!'���%����),�������"!' 

1.1 

 

)	�
'� 2. ���;!��!�<
��;=����
/"�)!!��� 

������*�+�'>�?�@ &����,����!!�>�?�@�����A�������/' 

�7#��
CD��  transcytotic vesicular pathway 

2.1 

 

 

)	�
'� 3. ������*�+�'>�?�@ &����,����!!�>�?�@�����A�������/'

�7#��
&)),�D"�7���)����7#��
"!'��� MHA 

3.1 

 

)	�
'� 4. ������*�+�'>�?�@ &����,����!!�>�?�@�����A�������/'

�7#��
&)),�D"�7���)����7#��
"!'��� THA F� Isolated 

perfuse rat liver  

4.1 

 

)	�
'� 5. 

 

���*�)�)��"!'���F����!!�>�?�@��,"���  %�A��
/

���)�����"��D'����7#��
CD��%<����#�,�A%�J�,��KD���&�

%�:!� 

5.1 

 

)	�
'� 6. ����������	
���
�������������	������������������!"�#�� 

THA $��%&
'�%�������(��#��)��""�(���%����
��������� 

6.1 
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 �������
�
7%�L�������*�+�'�������(��?�"!'������D�!�<
��;=�����)>�?�@&����,����!!�

>�?�@�����A�������/'�7#��
   �A�
������D��
7�
���'��A�'��'%��
�
/��A�
��� &�D>�?�@F���������A�������/'�7#��
 

&����	��("!'�7#��
�
����&���D�'���!
D�'���  �������
&)D'!!�%�L�   6  �!�F�AC���'�
7 

1. ���*�)�)��"!'����D!��������A�������/'�7#��
 ��
���������(��?�����D�'!�������

���/'�7#��
&������"!'%��:!�7#��
���+�'����&�������	"!'%����),�������"!'��� hydroxy               

acetophenones (HAs) �
/"�)!!��� ,�A���*�������D� HAs �
/�
>�?�@�����A�������/'�7#��
 4 ����:! 2,4,6-

trihydroxy acetophenone (THA), ��� dihydroxy 2 ����:! 2,4 &�� 2,6-dihydroxyacetophenone (2,4-

DHA; 2,6-DHA) &�� 4-monohydroxyacetophenone (MHA) %�:/!'�������"!'����7#��
&�����%���

�),����
/���/'!!����
���������+F������'�7#���'%�L��U���
���/'�
/�
)�)���#���$�D!�����	"!'�7#��


�
/���/'!!���  C���� ���*�()�D����'���F�A��� HAs �#�F�A!����������/'�7#��
"!'��K%(�/�"�7�!
D�'��� 

%�:/!��%����������"!'����7#��
�A�
 HPLC ()�D�F���K�
����7#��
�����
/�������,�A 4 ���� �:! ����7#��
 

cholic, chenodeoxycholic, deoxycholic &�� ursodeoxycholic �����	"!'����7#��
�
/���/'!!���

���)�����D� ��� 4-MHA �����A�������/'�7#��
�
/,�D%�
/
�"A!'��)����7#��
 (Bile acid independent 

fraction, BAIF) &����� 2,6-DHA �����A�������/'�7#��
�
/"�7���'��)����7#��
 (Bile acid dependent 

fraction, BADF) F�"	��
/��� 2,4-DHA &�� 2,4,6-THA �����A�������/'�7#��
������)�������7'�!'

&)) +�'&�A�D������	"!'�7#��
�
/!!�����&���D�'���!
D�'���F�>�?�@"!'���&�D����� &�D%�:/!

%��

)%�

)����D��"!'����7#��
�����D�'Z�
/%�L������[��K�� ����
�K�� &�����
�K�� �
/+K�"�)!!���F�

�7#��
���'���+K������A��A�
��� HAs ��7' 4 ����,�D&���D�'��� &��,�D�D�'������D���)��� ����D����

%��D���7�!��!!�>�?�@�����A����"�)����7#��
���&��D'���%�J)�
/�
!
KD%�����
F�%<��� ��/,�A!!�>�?�@

�����A������A�'����7#��
�
/"�7���F��D &��%�:/!���*�����&�������	"!'���%����),�������"!' 

HAs F��7#��
 ()�D����%����),��������
/()%�L� glucuronide conjugates ,�A&�D 2,4,6-THA-4-O-

glucuronide, 2,6-DHA-2-O-glucuronide, 2,4-DHA-4-O-glucuronide &�� 4-MHA-4-O-glucuronide ,�A

()�D����%����),���%��D��
7�
)�)���#���$F����F�A>�?�@�����A�������/'�7#��
"!'����D!,� 

 2.  �A�
������D� HAs �
>�?�@�����A�������/'�7#��
 �
���"�)���%����),��� ��:!/&������7#��


!!���F��7#��
�A�
 ��'�#�������*�(:/!���%�����,���������A�������/'�7#��
"!'��� HAs �D�%�
/
�"A!'��) 

transcytotic vesicular pathway ��:!,�D  &��%�:/!'������)�����&������"!'����
�"��D'%"A�,��
/%
:/!)�

C����
��?
%!��<,<��<��%�L���,����/'�
/%�
/
�"A!'��)������/'�7#��
   ,�A���*�+�')�)��"!'������ HAs 

,�A&�D 2,6-DHA, 4-MHA &�� 2,4,6-THA �D!���)��%!��<,<��<��F�%<�����)��
F�A horseradish 

peroxidase (HRP) %�L�%��:/!'�:!F����������  ()�D���� MHA <�/'%�L�����
/�����A�������/'�7#��
&)) BAIF 

�
C�%�������"�)!!�"!' HRP F��7#��
�
/CD���D!'����D�'%<��� (paracellular pathway) &��"��D'"A��CD��

%<��� (transcellular pathway) �D�� THA <�/'%�L�����
/�����A�������/'�7#��
��7'&)) BADF &�� BAIF ���),�D

�
C��D!���"�)!!�"!' HRP F��7#��
  F�"	��
/ DHA <�/'%�L�����
/�����A��7#��
&))  BADF ���)�
C�
�)
�7'

���"�)!!�"!' HRP �
/"��D'"A��CD��%<��� �!�����
7
�'()�D� colchicine <�/'%�L�����
/
�)
�7'����#�'��"!' 

microtubule  ��%(�/����"�)!!�"!' HRP �
/�D!'����D�'%<��� �����+
�)
�7'���"�)!!�"!' HRP �
/"��D'

"A��CD��%<��� &��
�)
�7'>�?�@"!' MHA F���������A�������/'�7#��
,�A &��'�D���,���������A�������/'

�7#��
"!' MHA %�
/
�"A!'��)���)�����%!��<,<��<��  �D��>�?�@��������A��7#��
"!' DHA &�� THA 
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!����,�D%�
/
�"A!'��)���)��%!��<,<��<�� ��:!!����%�
/
�"A!'��)���)��%!��<,<��<���
/,�D�����+  

label  ,�A�A�
 HRP  ��',�A�#�%���������*�)�)��"!'��� HAs F�����#�F�A%���  BADF &�� BAIF �D!,� 

3.  ���*�+�'��,�����#�'��"!'��� MHA  <�/'%�L�����#���$�
/!!�>�?�@F�����,(����


�����
/�
���(��	F�������*����  ��
%](���
C��
%�D�F���������A�������/'�7#��
�����)  F��������


�
7,�A��%����������D�'Z�
/!!�����)�7#��
,�A&�D MHA-metabolites, GSH &�� inorganic  electrolytes  ,�A

()�D� MHA !!�>�?�@�����A�  BAIF F���K����,�A!
D�'�
  &�D����
7,�D�����+�����A����"�)�7#��
F�

��K TR- <�/'%�L���K�
/�
����)�(�D!'"!'���"��D'  multidrug resistance-associated protein-2,  

Mrp2/Abcc2  ��&�D�#�%���  >�?�@�����A����"�)�7#��
"!' MHA ,�D,�A%���������"�)��7'"!'  Na+, K+, Cl- 

��:!  HCO-
3 ��:! GSH  !
D�',��J������������%�������7#��
�A�
 HPLC  ()�D��
��� metabolite +K�"�)

!!���F��7#��
���/'��� �:!���4-hydroxyacetophenone-4-O-��glucuronide  F�"	��
/,�D()���&�DF�

�7#��
  �����	"!'��� metabolite  �
7F��7#��
�
�������(��?���
��'��)!����������/'"!'�7#��
�
/%(�/�"�7�  

F���'��'"A����)��K����  ��� MHA  ,�D�����+�����A�������/'�7#��
&��"�) MHA  metabolite  

!!���F���K  TR- ����,�A�D���,��
/�#�F�A%���>�?�@�����A�������/'�7#��
"!'��� MHA  %���������"�)

��� major  metabolite  "!' MHA %!'!!���F��7#��
 &�������'��D��+K�"��D'�A�
����
�"��D'  

Mrp2 %"A�,�F�  canaliculi �#�F�A�
�����'�7#������!
D�'��� 

 4. ������*���,���������A�������/'�7#��
"!'��� THA F���)�
/&
�!!��������� (isolated 

perfused rat liver)  ()�D� THA �
>�?�@�����A�������/'�7#��
�
/��)��
��'  &��>�?�@��������A�"�7�!
KD��)"���

�
/F�A  ��
�
/ THA ,�D�
C��D!���"�)!!�"!'����7#��
, )����K)�� &�� GSH  ���������*�)�)��"!' THA 

��
F�%<���()�D� THA �
>�?�@
�)
�7'���"��D'"!'  Mrp2-substrate  &�� THA  ,�D�����+�����A�������/'

�7#��
F���K  TR- ��'��7���'!����D��,�A�D�>�?�@F���������A�������/'�7#��
&)) BAIF "!' THA %���������

"�)!!�"!'%���)!,�<�CD�� Mrp2  %�:/!�����!)C�"!' THA �D!�����	"!'����
�"��D' Bsep, Mrp2 

&�� tight junction protein, Zo-1 ,�D()���%��
/
�&��'   �!�����
7 THA 
�'�
���
��(F����)��%��������/'

"!'�7#��
�
/%������ estradiol-17��-D-glucuronide (E2-17G)  ,�A  �������
/ THA �
>�?�@��������A�������/'

�7#��
�
/%���������"�)��7'"!'����
/�
��	��)���F������'�7#��K' ��
!���
����#�'��"!'����
�"��D' Mrp2 

��'��7� THA ��)�D��
���
��(�#���$F����(����
�F����������%�L�(�*"!'����
/CD����+
&�����)�����

"�)!!�F����*	�%�

���� %�:/!(����	�C�"!' THA �D!���"�)!!�"!'����7#��
��7�()�D�>�?�@"!' THA 

�D! BADF "�7�!
KD��)�����	����7#��
��
F�%<�����
��%�J�C�%�:/!F�A����7#��
�����
�!�%����   ����D����

�#�'��"!' Mrp2  ��%�D'����#�'��"!' Bsep �
/�#���A��
/"�����7#��
,�A�A�
 

5. ,�A�#�������*�)�)��&����,�"!'��� THA <�/'%�L�����
/�
>�?�@�����A�������/'����7#��
 

&����,"���F�%�:!�,�A ��
���*�����,�����#�'��"!' THA �
/!!�>�?�@��,"���F�%�:!��D�

%�
/
�"A!'��)���"��"��'���"��D'����7#��
�
/�#�,�A%�J���:!,�D  ,�AF�A��� HAs �
/�
>�?�@��,"���F�

%�:!�  2  ��������*� ,�A&�D ��� THA &�� 2,6-DHA  �D!����K�<������7#��
F��#�,�A%�J��D�����
F�

��K&��  ()�D���� THA �
/����%"A�"A� 0.5 mM �����+
�)
�7'���"��D'����7#��
 taurocholate CD��%"A�

+�'"!' brush border membrane "!'�#�,�A%�J��D�����
,�A�����	�A!
�� 50  ��
���
�)
�7'%�L�&))

&"D'"����)����7#��
 (competitive) "	��
/ DHA �
>�?�@�
��D������+
�)
�7'���"��D'"!'����7#��
,�A

!
D�'��)K�	�  ��
����%"A�"A��
/F�A���
�)
�7',�A�A!
�� 50 (IC50) %�D���) 1.58 mM &��%�L����
�)
�7'

&)),�D&"D'"����)����7#��
 (non-competitive) �
�D� Ki %�D���) 7.65 mM �!�����
7��� THA &�� DHA 


�'
�)
�7'����#�'��"!' Na+-K+-ATPase F� basolateral membrane "!'�#�,�A%�J��D�����
,�A�A�
  ��
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���
�)
�7'%�L�&)) uncompetitive &��%(:/!%�L����
:�
��>�?�@��'��D��,�A�}!���� THA &�� DHA F�

"��� 400 �mol/kg ����� 2 ���7' F�A&�D��K�
/+K�%��
/
��#�F�A�
��%��%�!�!��K'�A�
!����,"����K'

�D����)���F�A����7#��
%�L�%��� 3 �������  ()�D���� THA &�� DHA �����+������)��%��%�!�!�

F�%�:!����%�L��A!
�� 60.4 &�� 58.9 "!'��K���D���)���,�A �!�����
7
�'()�D���� THA �
C��#�F�A

���"��D'����7#��
F��#�,�A%�J��D�����
���' "	��
/����)����#�'��"!' Na+-K+-ATPase ,�D

%��
/
�&��' %�:/!'������!!�>�?�@
�'
�7'������/'����7#��
%"A��#�,�A��'��D���A!'F�A����%"A�"A��K'  <�/'

�����+,�������#�'��"!' enzyme !:/�F��#�,�A%�J�,�A�A�
 ��'����,�A�D�>�?�@"!'��� THA &�� 

DHA F�������
�)
�7'���"��D'����7#��
CD�� brush border membrane &��������#�'��"!' Na+-K+-

ATPase �
/ basolateral membrane ,�DF�A��,�����  ���%�L��D�����/'"!'��,��
/���#�'���D����)>�?�@

!:/�Z %�D�>�?�@��
��'"!'����D! Cyp7A1 F����%�D'�����'%������&��"�)����7#��
!!�����D�'��


%(:/!������)��%��%�! �!�"!'��� HAs %�L��A� 

6. �!�����
7,�A�#�������*�)�)��"!'������D� HAs �
/�
>�?�@�����A�������/'�7#��
�D������+

%�D'����#�������(�*!!�����D�'��
,�A��:!,�D F��������
,�A%�:!�F�A%����%�!������
/<�/'%�L��������!)

!����

�"!'��!��
/�D�'��
"�)��7'!!���'�7#��
 ()�D������!��
����%�L�(�*�D!��) �#�F�A!�������

���/'�7#��
���'����
 F�"	�%�

��������)"!'%!�,<�� ALT &�� AST &�� Alkaline phosphatase F�

(�����&��F��7#��
%(�/�"�7� �����	"!' GSH F���)&��F��7#��
���'  ���F�A��� THA %"A���'�#�,�A

%�J��D���A� �����+�����A����"�)�7#��
F���K�
/,�A��)�����!����D!�F�A%(�/�"�7�,�A &�D������D��#�F�A

�����	"!'�����!�&�� GSH <�/'%�
+K�"�)!!���'�7#��
���)���'!
D�'���  !
D�',��J��������	

�����!�&�� GSH F���) &������
�
/F�A&��'����%�L�(�*�D!��),�D%��
/
�&��'%�:/!%��

)%�

)��)

�D�%��D���7�F���K�
/,�A��)�����!�!
D�'%�

�  &��'�D���� THA ,�D,�A%(�/�����%�L�(�* ��'�D����
��'

!:/��
/�D�'��
�#������!�!!�,�A  ()�D���� THA �����+�����A����"�)�U�����(�A!���)���"�)���

��!�!!���'�U�����%(�/����"�7� &��'�D����F�A��� THA �
C�%��
/
����"�)��7'�����!������'

�7#��
F�A,�F�A��'!:/� ��
%�D'���"�)!!���'�U����� �����KA����%"A�F�%�
/
���)��,�����#�������(�*

�D�'Z��
��) &��������(��?���
��'����D�'�����)��))���"��D'����D�'Z!!������)��)�D��


�����#���$!
D�'���F�����#������?
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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-�-glucuronide, 2,6-DHA-2-O-��glucuronide, 2,4-DHA-4-O-��-glucuronide, and 

4-MHA-4-O-��-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+, Cl- 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-�-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-�-

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-17�-D-glucuronide (E2-17G) 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 �mol/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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  ��)%�L�!��
�����/'�
/�
�����#���$�D!����
�
���!
D�'
�/' (Vital organ)  %�L��K�
����'�
/�#�

��A��
/��)�������),"��� ��
%](������)��%��%�!�!�F��D�'��
 ��
�
)�)���#���$��7'�D!���

��A�'&������#������%��%�!�!���7' ��)
�'�
��A��
/!:/��
/�#���$!
����
!
D�' ,�A&�D %�L�&��D'���%�J)

&����A�'(��''�� ��A�'����
� �!����� &��
�'�#���A��
/%��
/
�&��'�K�"!'��� (Biotransform) %(:/!

�#����!!�����D�'��
,�D�D���%�L�����
/�D�'��
��A�'"�7�%!' (endogenous compound) ��:!����
/,�A��)

�����
�!� (exogenous compound) ���'����
/���+K�%��
/
�&��'�K���
%!�,<���
/��)&�A� ��+K�"�)

!!�����D�'��
,�A 2 ��' �:!��'��)<�/'!!�,���)�7#��
 (bile) &����',�<�/'!!�,���)�U����� (urine)  

���&�D��������+K�"�)!!���'F���7�"�7���)���
�U���
 %�D� "���"!'��%���� (molecular weight) 

&������
��KD������)�
/�
"�7�"!'��� (strongly polar anionic group) (Millburn et al, 1967) <�/'���"�)

���!!�����D�'��
��
,���)���"�)�7#��
��7����
������?�C����%(

'F� "�7���)")�������A�'&��

����K����)"!'����7#��
/�#�,�A (enterohepatic circulation) %�:/!'�������7#��
%�L��������#���$F����

��A�'�7#��
 ��'��7�+A��
(
�?����(F�Z%���"�7� �
/�)�����:!�#�F�A���,��"!'�7#��
���' (cholestasis)  �


������/'"!'�7#��
%���"�7�F���) ���
C�����)�D!����#�'��"!'��)&������#���A��
/�#�������!!����

�D�'��
�
/CD����'�7#��
 �������"!'����D�'Z��'��D�����#�F�A%���(�*"!'���%��D���7��D!��),�A  

            �
(:�����,(����
�����
/�
>�?�@�D!����#�'��"!'��) ��
%](�����D� Curcuma species. 

"!' family Zingiberaceae F��= �.�. 1956 &�� 1957, Ramaprasad &�� Siri  ,�A��
'��+�'>�?�@"!'

"��7���� (Curcuma longa) �D��
>�?�@F���������A�������/'"!'�7#��
 &��"�) cholesterol !!���'�7#��
 

����
/!!�>�?�@��'��D���:! Curcumin �D!��,�A�
��
'���D� Curcumin �����+������) cholesterol F�

%�:!�,�A!
��A�
 (Dixit et al., 1988) �	�"!'CKA����
,�A�#�������*�>�?�@"!'�����������D��������K� 

(Curcuma comosa) ����,(�,�
 <�/'%�L�(:��������/'F����D� Curcuma ()�D������������D���
7�
>�?�@

�
%�D�F���������A�������/'�7#��
�����) �7#��
�
/���/'!!����
�����	"!' cholesterol �K'��D����� &��

F�"	��
/�
���"�) cholesterol !!�����'�7#��
���#�F�A����) cholesterol F�%�:!����/#��' 

(Piyachaturawat et al., 1996) %�:/!�#���������
7,����*�+�'>�?�@F����������),"���F�%�:!� ()�D�

���������7������+������) triglyceride &�� cholesterol F�%�:!�,�A (Piyachaturawat et al., 1997) 
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����������&
����)�����?�@�
/�
>�?�@�#���$!!�������D��������K� ()�D��
���%��
�
/�#���$!
D�'�A!
 3 

����
/!!�>�?�@�����A�������/'�7#��
,�A�
  &��F�����#���$��7��
���������/'%�L� glucoside "!' 

phloacetophenone (2,4,6 trihydroxyacetophenone, THA) (Suksamrarn et. al., 1996) ���!!�>�?�@"!'

��� glucoside ��
��/�,�%�������D���
/%�L� aglycone ��:!�D���
/,�D�
�7#����"!' glucoside F���	
�
7�J

%�D�%�

����%�:/!�#�������!)>�?�@"!'��� phloracetophenone ��:! THA <�/'%�L� aglycone ()�D�!!�

>�?�@�����A�������/'�7#��
,�A%�L�!
D�'�
 %�D�%�

���)>�?�@ glucoside %�:/!'������ phloacetophenone 

��:! THA %�L����"���%�J��
/�
�#���D�
  &��
�'()F�(:�!:/�Z!
������
  ��',�A�#�%���������*�����


��
F�A�����'��D�� ()�D���� THA !!�>�?�@�����A�������/'�7#��
&����,"���<�/'%�L�>�?�@()F��D�
/

�D���F� (Piyachaturawat et.al. 1998) %�:/!'���!'������!)"!'�7#��
�
/,�A�����������A��
��	��)���

(�%�*�
/�
���
!
D�' ��D���:!%�L��7#��
�
/�
����%"A�"A�"!'����7#��
�K'  ����%"A�"A�"!' cholesterol �/#� 

&���7#��
�
�D� lithogenic index �/#� (&����A�"!'��������!��D!��/�F�+�'�7#��
�/#�) ��7'
�'�����+��

����),"��� cholesterol F�%�:!�,�A!
��A�
  ��',�A�#�%���������*��D!,�F���
��%!

�+�'>�?�@&��

��,����!!�>�?�@"!'����
7F������,"��� cholesterol ��
F�A��������!'�
/�
���%��
/
��#�F�A�
����) 

cholesterol F�%�:!��K'%������� %(:/!%�

�&))����,"���F�%�:!��K'%�������  (hypercholesterolemia) 

(Piyachaturawat et. al., 2002a) C��
/,�A���������*�
:�
���D���� THA !!�>�?�@������)"!',"���F�

%�:!�,�A�
 ��
!!�>�?�@������)"!',"��� cholesterol F� VLDL &�� LDL &��,�D�
C��D!,"��� 

cholesterol F� HDL �!�����
7�����'��D��
�'�#�F�A����#�'��"!' enzyme cholesterol 7-�-

hydroxylase (C-7�-OHase) <�/'%�L�%!�,<������F���)�
/%��
/
� cholesterol ,�%�L�����7#��
 (bile acid) 

%(�/�"�7� �
C��#�F�A�D�'��
"�)����7#��
 &�� cholesterol !!���F��#�,�A"!'��������!'%(:/!"�)��7'

%(�/�"�7�  �!�����
7
�'()�D���� THA 
�'!!�>�?�@)��%��!������/'"!'�7#��
 ������%�L�(�*"!'���

�7#��
�D!��),�A!
��A�
  (Piyachaturawat et. al., 2002b) 

          ����
/��� THA ��:! 2,4,6-trihydroxyacetophenone %�L�����
/�
>�?�@�
%�D�F���������A����

���/'�7#��
 &����,"��� cholesterol F�%�:!�,�A��7� �	�CKA����
,�A�#�%���������*�+�'���
��(F����

�#�'��"!'��� ��
���*�+�'�������(��?�����D�'���*	����'��A�'"!'�����)���!!�>�?�@�����A�

������/'�7#��
 ��
F�A analogs &�� derivatives �D�'Z ���C��������
,�A()"A!�K��
/%�L�!'�������KAF��D�
/

�D���F� �
/!��F�A%�L�"A!�K�(:7�[��F����!!�&))��'%������
�F�A�
>�?�@F�������*�����
/�A!'���,�A 

��:!!��F�A�#���
���!!�>�?�@ F�)������� acetophenones �
/F�A���*��
������D� 

hydroxyacetophenone �
/�
>�?�@�
%�D�F���������A�������/'�7#��
�
/�D���F� 4 ��� ,�A&�D��� 4-
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monohydroxyacetophenone (MHA), 2,4-dihydroxy (2,4-DHA) , 2,6-dihydroxy (2,6-DHA) &�� 2,4,6-

trihydroxyacetophenone (2,4,6-THA) ��
��� 2,4,6-trihydroxyacetophenone <�/'�
�#�%���������D�����

���K�%�L�����
/�
>�?�@�
%�D�F���������A�������/'�7#��
 �
/"�)����7#��
!!������&����,"���F�%�:!�

,�A "	��
/��� 4-MHA %�L�����
/�
>�?�@&���&���D�'!!�,��:! �
>�?�@�����A�������/'�7#��
�
/�
�����	

�7#����,�D%�
/
�"A!'��)���"�)����7#��
&��,"��� �:! %�L� bile acid independent flow (BAIF) �D�
%�:!

��'�7#��
,�A %�����#����)F�AF�����D�
���
�A!���/�F�+�'�7#��
 �!�����
7��� DHA 2 ����:! 2,4 &�� 

2,6-DHA �
>�?�@�D�'�����
 2,4-DHA �
>�?�@�����A�������/'�7#��
&)) 4-MHA &�D�
�����	"!'���

�7#��
!!������ �D�� 2,6-DHA %�L�����
/�
 hydrophobic �K'�����A��7#��
�
/F�A����7#��
&�� cholesterol 

!!������ !
���7'
�'��,"���,�A ��
���� ��� hydroxy analogs "!' acetophenone %�D���7��
/�
>�?�@

�
%�D�F���������A�������/'�7#��
  �
��� 2 ���%�D���7��
/�����+��,"��� cholesterol F�%�:!�,�A  �:!��� 

2,6-dihydroxyacetophenone &�� 2,4,6-trihydroxyacetophenone (2,6-DHA &�� 2,4,6-THA) 

(Piyachaturawat et. al., 2000)   

                  )�)��"!'���F��D�
/�
���������+F������,"��� Cholesterol F�%�:!�,�A�
7 %�L�

%�:/!'�
/!
KDF�������F�"!'�������
��/���� %�:/!'����U$��,"���F�%�:!��K'&��%�A�%�:!�!�����
�'%�L�

��%��������
/�#�F�A%������%�

�
���&��(����"!'���������/���� ��,����!!�>�?�@��,"���F�%�:!�

"!'�����'��D��!����!
KD�
/!��
��%�}����
 2 &�D' �:!�
/�#�,�A%�J� &���
/��) ��,�����#�'��"!'���

!����%�
/
�"A!'��)���!!�>�?�@�)��� ��:! "��"��'����K�<�����)"!'����7#��
�
/�#�,�A%�J��D�����
 

(distal ileum) ��
!�����
C��)����D!����#�'��"!' ileal bile acid transporter %�L��A� �D'C��D!���

��)�������#�'��"!'%!�,<�� cholesterol 7-�-hydroxylase F��D�'��
 �����KA�D�'Z%�
/
���))�)��

"!'����#�'�� &�������)���"!' ileal bile acid transporter &��%!�,<�� C-7-�-OHase ��%�L�

%�}����
F��D�
/�#���$��'%�������
�!
�%�}����
���/'"!'���(����
���,"��� cholesterol �
/�#���'

,�A��)������F�F��U���)��  

 ���������*�����
>�?�@"!'����,(�  �#�F�A,�A()>�?�@�
/�D���F�F���������A�������/'�7#��
 

&����,"���"!'�D��������K� &��>�?�@"!'��� THA ���+�' analogs �A��%�L�"A!�K�F��D ���,�A

���*���,�"!' analogs ���+�'���!!�>�?�@�D! bile acids transporter %�L������A����A���'������� 

%�L�!'�������KA�
/���#�,�F�A%�L�&����'F����(����
�F��DZ F�A�
������?���(F�������*�����

C������%�
/
�"A!'��)�7#��
 &��,"���,�A����
/�A!'��� �����KA��'��D�����
�����#���$�D!���������'

���&(�
�&��%���������D!,�  
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(����"	���
���
����� 

 F�������*��
7%(:/!�A�����,�����#�'��"!'������D� Hydroxyacetophenones ,�A&�D analogs 

"!' phloracetophenone (2,4,6-trihydroxyacetophenone; THA) F�����)%<���&������)��%���� �D!

��������A�������/'�7#��
&�����"�)����7#��
 &����,"���F�%�:!� ��
F�������*���F�A��� hydroxyl 

acetophenones �
�
>�?�@�����A�������/'�7#��
 4 ����:! 2,4,6-trihydroxyacetophenone (THA), ��� 

dihydroxy 2 ����:! 2,4 &�� 2,6-dihydroxyacetophenone (2,4-DHA; 2,6-DHA) &�� 4-

monohydroxyacetophenone (4MHA) ��
�
��
��%!

���'�
7 

1. ���*�)�)��"!'��� hydroxyacetophenones (HAs) �D�'ZF����D���7' 4 ����D!��������A����

���/'�7#��
&��"�)����7#��
�����D�'Z�
/+K�"�)!!��� %��

)%�

)�����	"!'���&������"!'�7#��
�
/%�L� 

primary, secondary &�� tertiary bile acids &�����*�+�'���%����),�������"!'��� 

hydroxyacetophenones (major metabolite) �
/!!�����)�7#��
 &����+
��'����F�����#���������'��D��

%�L�����#���$ <�/'�
)�)���D!���"�) &��"��D'����7#��
%"A��KD��) ,�!!�>�?�@��)��������A�'&�����

���/'�7#��
�D!,� 

2. ���*���,�"!'������D� HAs F���������A�������/'�7#��
 ��
%](����� 2 ������� MHA &�� 

THA �
/�
>�?�@&�'F���������A�������/'�7#��
�
/%�L� BAIF &�� BAIF �D����) BADF ����#���) &��

��+
��'����F�����#���������'��D�� <�/'���
)�)���#���$�D!�����A�'&��������/'�7#��
�D!,� 

3. ���*�)�)��"!'��� THA �D!���)�����"��D'����7#��
CD��%<����#�,�A%�J�,��KD���&�

%�:!� %"A��KD��),�!!�>�?�@��)��������A�'&��������/'�7#��
�D!,� 

4.   ���*�������
����F�A��� THA �
/�����A�������/'�7#��
 F�����D�
�#�������(�*��!�!!����

��)&������D�'��
 

                                  ��
�������
&)D'!!�%�L�   6  ������!'
D!
��'�
7 

 

 

             

                   THA                       2,4-DHA                             2,6-DHA                        MHA 

            

                ���'��A�'"!'��� hydroxyacetophenones �
�
>�?�@�����A�������/'�7#��
 4 ��� �:! 2,4,6-

trihydroxyacetophenone (THA), ��� dihydroxy 2 ����:!  2,4 &�� 2,6-dihydroxyacetophenone 

(2,4-DHA; 2,6-DHA) &�� 4-monohydroxyacetophenone (MHA, 4-HA)  
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)	�
'�  1. 

2<�O�:��% 0�(5
����"	��
%�/��%' 0�("	���
��)�����
�.���"	���
 HAs 
'�		���

����/��%'  

 
�
��%�#	 
                    ���*�)�)��"!'������D� hydroxyacetophenones (HAs) �D!��������A�������/'�7#��
 ��


���!����������/'�7#��
&������"!'%��:!�7#��
�
/%�L��D������!) ����&�������	"!'���%����),���

����"!'���;!��!�<
��;=����
/"�)!!��� ,�A�#�������*�������D� HAs �
/�
>�?�@�����A�������/'�7#��
 

4 ����:! 2,4,6-trihydroxyacetophenone (THA), ��� dihydroxy 2 ����:! 2,4 &�� 2,6-

dihydroxyacetophenone (2,4-DHA; 2,6-DHA) &�� 4-monohydroxy acetophenone (4MHA) %�:/!'���

����"!'����7#��
&�����%����),����
/���/'!!���F��7#��
%�L��U���
���/'�
/�
)�)���#���$�D!�����	

"!'�7#��
�
/�D'!!��� ���������*�()�D� ���'���F�A���;!��!�<
��;=���&��!����!�F�"��� 100 

mg/kg BW �#�F�A!����������/'�7#��
"!'��K Rat %(�CKA %(�/�"�7�!
D�'��� ��
%(�/��������) 63.7 + 2.2 

μl/kg BW/min F����D���)��� %�L� 131.1 + 15.0, 119.5 + 5.9, 99.4 + 9.2 &�� 164.8 + 12.5 μl/kg 

BW/min ����#���) ��������%����������"!'����7#��
()�D�F���K rat �
����7#��
�����
/�������,�AF�

������*��
7 4 ���� �:!����7#��
 cholic, chenodeoxycholic, deoxycholic &�� ursodeoxycholic ���%�L�

�A!
�� 69.7 + 1.0, 9.0 + 0.6, 3.1 + 0.2 &�� 18.2 + 0.6 "!'����7#��
��7'��� ����#���)  �����	���

�7#��
��7'����
/"�)!!���F��7#��
 ���'���,�A��)��� 2,4-DHA, 2,6-DHA &�� 2,4,6-THA %(�/�%�L� 

164.4 + 8.6, 177.7 + 7.1 &�� 199.5 + 26.2 % "!'���D���)�������#���) ��
�
/��� 4-MHA ,�D�
C��D!

���"�)����7#��
 C�������*����)�����D� ��� 4-MHA �����A�������/'�7#��
�
/,�D"�7���)����7#��
 

(BAIF) &����� 2,6-DHA �����A��7#��
�
/"�7���)����7#��
 (BADF) F�"	��
/��� 2,4-DHA &�� 2,4,6-

THA �����A�F�A�
������/'�7#��
%(�/�"�7�������)�������7'�!'&)) ��������
"!'!'������!)"!'

����7#��
�����D�'Z�
/"�)!!���F��7#��
���'���,�A��)���,���!�<
!�<
��;=�����7' 4 ����,�D&���D�'

���&��,�D&���D�'������D���)��� ����D����%��D��
7!��!!�>�?�@�����A����"�)����7#��
���&��D'���

%�J)�
/�
!
KD%���F�%<��� ,�D,�A%���������!!�>�?�@�����A����"�)�7#��
�
/��A�'"�7���F��D ���������*�

���'��A�'��'%��
"!'���%����),���F��7#��
 ()�D����%����),��������
/()�:! 2,4,6-THA-4-O-

glucuronide, 2,6-DHA-2-O-glucuronide, 2,4-DHA-4-O-glucuronide &�� 4-MHA-4-O-glucuronide�
 

�
��� 
       ����
/������D� hydroxyacetophenones (HAs) �
/�
>�?�@�����A�������/'�7#��
 4 ��� �:! 2,4,6-

trihydroxyacetophenone (THA), ��� dihydroxy 2 ����:! 2,4 &�� 2,6-dihydroxyacetophenone (2,4-

DHA; 2,6-DHA) &�� 4-monohydroxy acetophenone (4MHA) F�AC������A�������/'�7#��
�
/&���D�'��� 

%�:/!'�������"!'����7#��
�
/���/'!!���%�L��U���
���/'�
/�
)�)���#���$�D!�����	"!'�7#��
�
/�D'!!�

�� ���������&�������	"!'����7#��
���'���+K������A�,�A&�D ����7#��
�
/%�L������[��K�� ����
�K�� 
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&�����
�K��  %�L��A� ��'!���#�,��KD���!?�)�
+�'��,����!!�>��@"!'���  ���+�'������*�

��%�����������'��A�'"!'%����),�������"!'��� HAs  �
/+K�"�)!!�����)�7#��
 (major metabolite) 

�D��
���'��A�'!
D�',� �
)�)���#���$�D!�����)��������A�'&��������/'�7#��
�
/��)!
D�',� 

 

��)Y�5
(������
����� 

  1.1 ,�A���*�)�)��"!'��� HAs �D�'ZF����D���7'4 ����D!��������A�������/'�7#��
&������

�D�'Z"!'����7#��
�
/"�)!!��� %��

)%�

)�����	"!'����7#��
�
/%�L� primary, secondary &�� tertiary 

bile acids  

1.2  ���*���%�����������'��A�'"!'���%����),������� (major metabolite) "!'��� HAs �
/

!!�����)�7#��
 <�/'!�����
)�)���#���$�D!���"��D'����7#��
CD���#�,�A &��%"A��KD��),�!!�>�?�@

��)��������A�'&��������/'�7#��
�D!,� 

 

���'����� 

1.1 ��
2<�O��
��
"	���
 hydroxyacetophenone )#	:��%"	��
%�/��%' 0�(��)�����
�"	���


,��/��%'  

1.  ��
�)
'����)��
%�	��=��	��I��/��%' 

������*�+�'>�?�@"!'����D!��������A�������/'�7#��
,�A�#�������*�F���K rat %�:/!'���

��K rat ,�D�
+�'�7#��
 �7#��
�
/,�A�����/'!!�����
��'�����) �#�F�A'D�
�D!������*�+�'�U���
�D�'Z�
/�


!��?�(��D!������/' &�����%��
/
�&��'!'������!)"!'�7#��
 F�A��K rat (��?�� Wistar %(�CKA �7#�����

�����	 200-250 ���� %�L���������!'%�
7
'�A�
!������K����[�� !�!������K 1 �:� ��)�A�
 


���) Nembutal (35-50 mg/kg., i.p.) �!��D!%"A���!��� (tracheostomy) %(:/!�D�
F������
F� 

cannulate bile duct �A�
 polyethylene tube (PE) No. 10 %(:/!%�J)�7#��
 �!��D! PE No. 50 %"A� femoral 

vien %(:/!F�AF���� infuse �������
 �#���� infuse �A�
 normal saline %(:/!��&������K$%�

�7#�"!'

���������D�'������!' !�	��K��"!'��������!'+K���)���F�A!
KD�
/ 37oC �A�
 rectal probe �D!%"A���) 

temperature regulator &����
F�A,;�D!'F�A�����A!�%��:!��������  �#����%�J)�7#��
�
/,��!!������

�D!�7#��
%�L�%��� 30 ���
 �7#��
�D�' 30 ���
&������7',�&��%�J)�D!!
� 30 ���
 %(:/!F�A%�L������)���

(control) ���'�����7��#����]
��������
�
/�A!'��������!)�
/����� ��7' 4 ��� F�"����
/F�A>�?�@���

�����A�,�A�K'��� ("��� 100 ���������/��������)  %"A��KD�(�'�#�,�A%�J��D���A�)��%�	 duodenum �#����

%�J)�7#��
�D�'�� 30 ���
 �D!!
�%�L�%��� 4 ���7' �7#��
�
/,�A���#�,���/'�7#��������7#�����"!'�7#��
�
/,�AF�

&�D���D�' �#���	��>�?�@��������A�!����������/'�7#��
 (Bile flow rate) �#��7#��
,��������	����7#��


�����D�'Z�
/%�L��D������!)F��7#��
��7�Z ��
F�A��?
 High performance liquid chromatography 

(HPLC) 
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2.  ��
����
�(.�.�5
�����
%�/��%'�%�,:- HPLC 

�#������������7#��
!!�����7#��
��
F�A��?
"!' Nakayama et al, 1980 ��
�#��7#��
�
/,�A,�

�����!�����
��A�
&!��!�!�� (ethanol) 20 ������� &�DF�!D�'�7#��A!���%��/�%�J���������!� 

&���#�!!�����7',�A�
/!�	��K���A!'"A���:� ���'�����7���!'�A�
�����*��!' �#��������������'��

%��:!%�D���)�������%��/��A��A�
���%����A�
���<,����%����&�A' �#��������
����!����) ��!'

�A�
�����!'"��� 0.45 ,���!�  �#��7#��
�
/,�A��&
������D�'Z"!'����7#��
�
/�
!
KD�A�
��?
  HPLC 

��)) HPLC �
/F�A&
�����7#��
����7#��
  F�A��?
"!' Nakayama et al, 1980 �:! Reverse phase 

system !����	�����!)�A�
��� controller, pump, detector, manual injectors %�L�"!')��*�� Water 

Associates ���%������[!%����� �D���!������
/F�A�:! �-Bondapak C18  (125 Aº, 10 um, 3.9x300 

mm) �������
���(��
/F�A�:! �������
C������D�' acetonitrile-methanol-0.03 M phosphate buffer, 

&��!�������,��"!'������(��:! 0.5 ���������/���
 &���������K���:�&�'�
/����
����:/� 200 nm. 

 ���&
�����"!'����7#��
 ���#�������*�%�

)��)����7#��
����[�����)��*�� Sigma 

Chemical Co. ��� 7 ������'�
7 tauroursodeoxycholic acid (TUDC), glycoursodeoxycholic acid 

(GUDC), taurocholic acid (TC), glycocholic acid (GC), taurochenodeoxycholic acid (TCDC), 

glycochenodeoxycholic acid (GCDC) and taurodeoxycholic acid (TDC) ���%��

� standard curve �#�

���%��

��
/����%"A�"A���7'&�D 0.25 �g/�l ��+�' 1 �g/�l ]
��������
%��:!�7#��
����[��F�"��� 

20 �l �#�"A!�K�(:7��
/F�A���;"!'���&�D������
/����%"A�"A��D�'Z�� plot %�L� standard curve %(:/!F�A

�#���	�������	����7#��
F�������!
D�'�
/���!)�D!,� 

��
.�5
����"	��
%�/��%'0)#�(:��%���)��	�#���/��%' �#����]
��7#��
�
/����&�A������?


"A�'�A�������� 10-20 �l. %"A�%��:/!' HPLC �#�(:7��
/F�A���;"!'&�D���������&���,��#���	��

�����	"!'����7#��
&�D���������������
/,�A��� standard curve ���#�F�A,�A�����	"!'����7#��
�
/

%�L��D������!)F��7#��
���!
D�'��7�Z C����"!'%��:!�7#��
&�D��������+:!�D�%�L� �����	"!'%��:!

�7#��
��7'����
/����!)F��7#��
���!
D�'��7� 

 

3. ��
2<�O��=��	����
�(.�.���
��
-��"	���
 major metabolite "	� hydroxyacetophenones ,�

�/��%' 
 ��))"!' HPLC �
/��F�AF�������!'�
7F�A preparative HPLC (large scale HPLC) ��7'�
7%(:/!

]
�����#�������Z �!������
/F�A�:! Novapak C18 "��� 39 x 100 mm "!')��*�� Water Associates 

���%������[!%����� �������
�
/F�A%�L�������(��:! methanol: 5% acetic acid in water F�

!�����D�� 5: 95  !�������,��"!'���(��:! 10 ml/min. �������������!
D�'�
/]
�&�D�����7'�:! 1 ml 

�������K���:�&�'�
/ 280 nm %�J)�������
���(��
/�
��� metabolite �
/CD������!�����,�A�#�,��#�F�A

&�A'�A�
%��:/!'�#�F�A&�A'��
F�A����%
J� (freeze dryer) %(:/!�������%!���� metabolites ,����K��

���'��A�'�D!,���
F�A��?
 NMR &�� Mass Sprectrophotometry 
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 %�:/!'��� metabolites "!'��� HAs !����%�L��������#���$F�����D!F�A%���>�?�@�D�'Z ��'

�
�����#�%�L��
/���A!'���*� "�7��!�"!'���%�J)�7#��
&�����F�A������!)���#�%�D�%�

������)

"A�'�A� �7#��
�
/,�A��+K��#��������� (pooled bile) %(:/!F�A,�A�7#��
F������	�
/���(! ������F�A�7#��
���

��K�����	 5-10 ��� ����%(:/!������!�����
� &�A��#��7#��
�
/,�A,�&
�%�J)��� metabolites �A�
 

preparative  HPLC �������
�
/F�A%�L�������(��:!  methanol: 5% acetic acid in water F�!�����D�� 

5: 95 !�������,��"!'���(��:! 0.5 ml/min.  �������������!
D�'�
/]
�&�D�����7'�:! 10 ul. ������

�K���:�&�'�
/ 280 nm �!������
/F�A�:! u-Bondapak C18
  &���#���	�������	"!'��� major 

metabolite ���������
/,�A��� standard curve ��
F�A��� metabolite �
/,�A���������!'"A�'�A�%�L�

�������[�� 

 

1���
�����0�(����
��1� (Results and Discussion) 
 

�����������A�������/'�7#��
"!'������D� hydroxy acetophenones F�"��� 100 mg/kg BW 

<�/'%�L�"����
/F�A>�?�@�K'��� ��
%��

)%�

)!����������/'�7#��
�
/ 30 ���
���'���F�A���   ��� 

hydroxyacetophenones ��7' 4 ���,�A&�D 4-MHA,  2,4-DHA, 2,6-DHA &�� 2,4,6-THA �����+%(�/�

!����������/'�7#��
 ,�A�����D�%�D����  �:!%(�/�"�7�%�L� 231.1 + 15.0, 219.5 + 5.9, 199.4 + 9.2 &�� 264.8 

+ 12.5 % ����#���)%�:!%�

)��)���D���)����D!�,�A��)��������A���
F�A%�L� 100%  (����'�
/ 1.1) 

��'�K��
/ 1.1 &��'+�'�������&���&��   retention time  "!'����7#��
����[��&�D������

���'���]
�%"A�%��:/!' HPLC ��
����7#��
%��/������!!�����7'&�D���
�
/ 10  %�L��A�,�����#���)��'�
7 

(a) tauroursodeoxycholic acid (TUDC), (b) glycoursodeoxycholic acid (GUDC), (c) taurocholic acid 

(TC), (d) glycocholic acid (GC), (e) taurochenodeoxycholic acid (TCDC), (f) glycochenodeoxycholic 

acid (GCDC) and (g) taurodeoxycholic acid (TDC)  �K��
/ 2 &��'+�'����"!'����7#��
���'���]
�

���!
D�'�7#��
�
/,�A�����������!'�D!�F�A��������A�  �����	"!'����7#��
&�D�����������+�#����

,�A���(:7��
/F�A���;"!'&�D���������&���  %�:/!���(:7��
/F�A���;��7'���  ��,�A�����	"!'���

�7#��
��7'����
/+K�"�)!!��� ( total bile acid output) �K��
/ 3 &��'+�'�����	"!'����7#��
�
/+K�"�)

!!��� ( total bile acid output) ���'���+K������A��A�
������D� hydroxyacetophenones  ()�D������	

"!'����7#��
/�
�D���)����D!�F�A��������A��
�D������	 540.0 + 20.0 nmol/kg BW/min  ���F�A��� 

2,4-DHA, 2,6-DHA, and 2,4,6-THA �����7' 3 ��������A����"�)����7#��
!!���%(�/�"�7�!
D�'���%��  

�D����� 4-MHA ,�D�
C�%(�/������	"!'����7#��
 (�K��
/ 3)  

 

��������%������&
�����"!'����7#��
�
/+K�"�)!!������'���+K������A� ��'����'�
/ 2-6 

��%������ 
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����"!'����7#��
�
/+K�"�)!!� ( Bile acid species) F���������� �7#��
�
/,�A�����K�
����7#��
!
KD 4 ����

��'�
7�:! cholic acid, chenodeoxycholic acid, deoxycholic acid, and ursodeoxycholic acid  

1. Cholic acid %�L�����7#��
�[��K� (primary bile acids) %�L�����7#��
�����
/()F��7#��
"!'��K ��� 

2,4,6-THA �����A�����7#��
�����
7,�A����
/����:!�����	 203.7 + 28.2 % ����A�
��� 2,6-DHA 

(174.3 + 7.2 % ) &�� 2,4-DHA (159.1 + 6.9 % ) ����#���)��
%�

)��)���D���)��� (100%) �D�� 

4-MHA (108.9 + 7.9 % ) ,�D�
C��D!���"�)����7#��
 (����'�
/ 2) 

2. Chenodeoxcholic acid  %�L� primary dihydroxy bile acid �
/%�D�F��� &�DF���K���
%(

' 5-10 %.  

��� chenodeoxycholic acid �
>�?�@&�'F���������A�������/'����7#��
 (choleretic activity �K')   

C��������
()�D�  2,4,6-THA, 2,6-DHA &�� 2,4-DHA �����A�����7#��
�����
7,�A  201.0 + 44.5 

%, 176.4 + 14.6 %  &�� 166.3 + 36.1 % ����#���) "	��
/ 4-MHA (108.9 + 7.9 % ) ,�D�
C��D!

���"�)����7#��
 (����'�
/ 3) 

3. Deoxycholic acid  %�L� secondary bile acid �
/�
>�?�@&�'F���������A�������/'����7#��
 

(choleretic activity �K') &�DF�����
��������
7!
KD%(

' 3-5 % ���F�A��� 2,4,6-THA, 2,6-DHA 

&�� 2,4-DHA �����A�,�A 32.8 + 7.2, 17.7 + 0.6 &�� 22.9 + 4.1 nmol/kg BW/min ����#���) %�

)

��)16.5 + 1.5 nmol/kg BW/min F����D���)��� (����'�
/ 4) 

4. Ursodeoxycholic acid  �
>�?�@&�'�
/���F���������A�������/'����7#��
 (choleretic activity) F�

���D���)����
����7#��
�����
7 �����	 96.3 + 2.4 nmol/kg BW/min ��:! 18.2 + 0.7 % "!'

�����	����7#��
��7'���  ��� 2,4,6-THA,  2,6-DHA &��  2,4-DHA  �����A����"�)����7#��
����

�
7 ,�A�����	 197.0 + 24.2 %, 193.7 + 7.2  &�� 193.7 + 8.8 % ����#���)  (����'�
/ 5) 

 

������%��

)%�

)����D��"!'����7#��
�����D�'Z���/'�
/!!���F��7#��
 ���'���+K������A�

�A�
���F����D� hydroxyacetophenone  &�D����� ()�D�,�D�
����&���D�'��� %�D������	"!' primary 

bile acid %�L� cholic acid �
�D� �����	 68.9 + 3.1 % (F����D���)��� ), 66.8 + 2.5 % (���D� solvent), 

70.0 + 1.7 % (���D�4-MHA), 67.7 + 2.1 % (���D�2,4-DHA), 69.2 + 2.7 % (���D� 2,6-DHA) &�� 68.4 + 

2.4 % (���D�2,4,6-THA) ����#���)  �
�����	"!' primary bile acid �
/%�L� chenodeoxycholic acid !
KD

����D�'  8.1 + 1.9 +�'11.4 + 0.9 %.  �
 secondary bile acid �:! deoxycholic acid !
KD����D�'  2.04 + 0.2 

+�' 4.4 + 0.6 %.  Ursodeoxycholic acid, tertiary bile acid !
KD����D�'  17.6 + 2.0 % +�' 20.9 + 0.8 % 

(����'�
/ 6).   

 

+�'&�A�D������	"!'����7#��
�����D�'Z��&���D�'��� &�D%�:/!'�������D��"!'��������
"!'

����7#��
�����D�'Z�
/+K�"�)!!���F��7#��
���'���+K������A���� 2,4,6-THA, 2,6-DHA &�� 2,4-DHA 

%�L�%��� 30 ���
��7� ,�D�
����&���D�'���  !������,�A�D����%��D���7�!!�>�?�@�����A�������/'���

�7#��
�
/�
!
KD&�A����&��D'���%�J)��
F�%<��� ,�D,�A%��������������A�F�A�
�����'%����������7#��
"�7���

F��D&�A�"�)!!�  
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 2. ��
2<�O��=��	����
�(.�.���
��
-��"	���
 major metabolite "	� hydroxyacetophenones 

,��/��%' (Determination of major biliary metabolites of hydroxyacetophenones)  

 

  C��
/��,�A����������
�
7���#�F�A���)�D��
 metabolite "!'���!!����
/���� �
����A!


!
D�',� &��!�����#�F�A���)+�'���!!�>�?�@�����A�������/'�7#��
"!'��� hydroxyacetophenone 

�D�%������>�?�@"!'���%!' ��:! %������ metabolite "!'��� �!�����
7 metabolite �
/,�A���#�,�

���*�>�?�@%�

)��)������� (parent compound) F�>�?�@!:/�Z �D!,� 
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���������*�()�D� ���'���F�A���;!��!�<
��;=���&��!����!�F�"��� 100 mg/kg BW �#�F�A

!����������/'�7#��
"!'��K Rat %(�CKA %(�/�"�7�!
D�'��� ��
%(�/��������) 63.7 + 2.2 μl/kg BW/min F�

���D���)��� %�L� 131.1 + 15.0, 119.5 + 5.9, 99.4 + 9.2 &�� 164.8 + 12.5 μl/kg BW/min ����#���) 

��������%����������"!'����7#��
()�D�F���K rat �
����7#��
�����
/�������,�AF�������*��
7 4 ��  �� 

�:!��� cholic, chenodeoxycholic, deoxycholic &�� ursodeoxycholic ���%�L��A!
�� 69.7 + 1.0, 9.0 + 

0.6, 3.1 + 0.2 &�� 18.2 + 0.6 "!'����7#��
��7'��� ����#���)  

�����	����7#��
��7'����
/"�)!!���F��7#��
 ���'���,�A��)��� 2,4-DHA, 2,6-DHA &�� 2,4,6-THA 

%(�/�%�L� 164.4 + 8.6, 177.7 + 7.1 &�� 199.5 + 26.2 % "!'���D���)�������#���) ��
�
/��� 4-MHA 

,�D�
C��D!���"�)����7#��
 C�������*����)�����D� ��� 4-MHA �����A�������/'�7#��
�
/,�D"�7���)���

�7#��
 (BAIF) &����� 2,6-DHA �����A��7#��
�
/"�7���)����7#��
 (BADF) F�"	��
/��� 2,4-DHA &�� 

2,4,6-THA �����A�F�A�
������/'�7#��
%(�/�"�7�������)�������7'�!'&)) ��������
"!'!'������!)

"!'����7#��
�����D�'Z�
/"�)!!���F��7#��
���'���,�A��)���,���!�<
!�<
��;=�����7' 4 ����,�D 
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&���D�'���&��,�D&���D�'������D���)��� ����D����%��D��
7!��!!�>�?�@�����A����"�)����7#��
���

&��D'���%�J)�
/�
!
KD%���F�%<��� ,�D,�A%���������!!�>�?�@�����A����"�)�7#��
�
/��A�'"�7���F��D ���

������*����'��A�'��'%��
"!'���%����),���F��7#��
 ()�D����%����),��������
/()�:! 2,4,6-

THA-4-O-glucuronide, 2,6-DHA-2-O-glucuronide, 2,4-DHA-4-O-glucuronide &�� 4-MHA-4-O-

glucuronide�
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)	�
'� 2. 

 

��
2<�O������
()�-���
.�����/��%',�
(%���&���"	���
*�	
��&�)*+���0�(	���	�,�.�� 

(�
(��(�F� Eur. J. Pharm. 547:152-159, 2006) 

 

�
��%�#	 

�������
�
7�
���+�����'��%(:/!���*���,������A�������/'�7#��
"!'���,���!�<
!�%<��;=��� ���

������*��
/CD����()�D�!���!�"!'���,���!�<
!�%<��;=��� (HAs),�A&�D 2,6-dihydroxyaceto-phenone 

(DHA), 4-hydroxyacetophenone (MHA) &�� 2,4,6-trihydroxyacetophenone (THA) �
>�?�@�����A�������/'

�7#��
�
/&���D�'���&��%�:/!'������)�����%!��<,<��<��<�/'%�L����)������
/�������
�"��D',�

&��'!!��
/%
:/!)�C��%<��� %�L���,�!
D�'���/'�
/�������A�������/'�7#��
 ��'��7�������*���'�
���+�����'��%(:/!

���*�)�)��"!'���%��D��
7�D!���)��%!��<,<��<��F�%<�����)��
F�A horseradish peroxidase (HRP) 

%�L���� marker C�������!'()�D� MHA <�/'%�L�����
/�����A�������/'�7#��
�
/,�D"�7���)����7#��
 (BAIF) �
C�

�����A����"�)!!�"!' HRP CD����'�D!'�D�'����D�'%<��� (paracellular pathway) &��CD��"A��%<��� 

(transcellular pathway) THA <�/'%�L�����
/�����A�������/'�7#��
�
/"�7� (BADF) &��,�D"�7���)����7#��
  (BAIF) 

,�D�
C�%��
/
�&��'���"�)!!�"!' HRP F�"	��
/ DHA <�/'%�L�����
/�����A� BADF �
C�
�)
�7'���"�)!!�

"!' HRP �!�����
7
�'()�D� colchicine �����+
�)
�7'>�?�@"!' MHAF���������A�������/'�7#��
 ��
%](��

>�?�@F���������A� peak �
/�!'<�/'&��'�D���,������A�������/'�7#��
"!' MHA %�
/
�"A!'��)���)�����%!�

�<,<��<��&�� ���%(�/����"�)!!�CD����'�D!'����D�'%<��� �D��>�?�@��������A�������/'�7#��
"!' DHA 

&�� THA ,�D%�
/
�"A!'��)���)��%!��<,<��<��  

 

�
��� 

������/'�7#��
�
)�)���#���$�D!���"�)��7'"!'����D�'Z��7'�
/%���"�7�%!'��
F��D�'��
 &��

,�A��)�����
�!�  &��
�'�#���$�D!���
D!
  ����K�<��!����"!'�#�,�A%�J� ��
%](��!�������%��

,"���  �����A�'�7#��
�����) (hepatic bile) �D�����/'"�7���'��)�����	����7#��
�
/+K�"�)%"A��KD��'%����D!

�7#��
 (Bile acid dependent fraction, BADF) &��!
��D�����/'�
/,�D"�7���)����7#��
 (Bile acid 

independent fraction, BAIF)  &�D"�7����"�)���(�� glutathione, ���!�����

�&��!����

�!:/�Z �A�
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���%��� endocytotic retrieval &�� exocytotic insertion "!' vesicles %"A�&��!!���� apical canalicular 

membrane �
)�)���#���$�D!������/'�7#��
   %��:!�7#��
   Taurochorate <�/'�
>�?�@�����A�������/'�7#��
       

�J�
�#�'��CD����' transcytotic vesicular pathway %�D�%�

���� ���)����� transcytotic, vesicular 

pathway �
/"�7�!���
����#�'��"!' microtubules <�/'�����+������,�A��
��� label �A�
 horseradish 

peroxidase(HRP) ���)�������'��D�������+
�)
�7'�A�
 colchicine <�/',�
�)
�7' microtubule 

polymerization  ����,�D�����"!'���)����� retrieval &����� insertion "!' vesicle ,�
�'C��%<���

���D!F�A���%���(
�?����(,�A %�D� ������/'"!'�7#��
 (cholestasis) �
/%������ estradiol-17�-D-

glucoronide ()�D��#����"!'���"��D'�
������'!
D�'���%�J�    %��� endocytotic internalization "!' 

multispecific resistance-associated protein-2 (Mrp-2) &��"!' bile salt export pump (Bsep) ��'��7����

F��J����
/�����+�����%��� endocytotic retrieval ��:!,�%(�/� insertion "!'�#����"!'���"��D'F�A,�

&��'!!��
/C��%<����
/ canalicular ,�A���
���
��(F����)��%��(
�?����( %�D�  �����/'"!'�7#��
F���)

,�A  

Hydroxyacetophenones (HAs) %�L����D�����
/����!)�A�
 analogues ���
���   <�/'�����+

(),�AF�(:�����,(����
���� %�D� Artemisia capillaries, Artemisia scoporia, barley tea &���D�����

���K� (Curcuma comosa) ���������*��������(��?�����D�'���'��A�'��'%��
"!' HAs analogue 

&��>�?�@��������A�������/'�7#��
 (choleretic activities) ()�D� ���%��D��
7�
���'��A�'��'%��
��A�
��� 

&�D�
>�?�@��������A�������/'"!'�7#��
�
/�D�'���    F�)���� choleretic HAs �
%](����� MHA %�D���7��
/

�����+�����A�F�A�7#��
F�A���/'&)) BAIF   "	��
/ DHA %��
/
��#�F�A%���%](�� BADF    �D�� THA �


>�?�@"�)�7#��
�K'��� &������+�����A�F�A%���������/'�7#��
��7'&)) BADF &�� BAIF    �A�
���%�����'

"!'���"��D'�
/,�&��'!!��
/C��%<����
/ canaliculi  F�A vesicular transport ��)�D�%�L���,��
/�#���$�D!

���)�����"�)�7#��
 ������*����7'�
7%(:/!���%���������?���("!' choleretic HAs  3 �����D�%�
/
�"A!'

��)���F�A vesicle ��:!,�D ��
F�A horseradish peroxidase <�/'%�L�����
7���"!' transcytotic vesicular 

pathway  C�������*�&��'>�?�@�
/&���D�'���"!' HAs �D!���"�) horseradish peroxidase &��

���)�����������(��?�"!' vesicular exocytosis <�/'%�L���,��#����)�����A�'����7#��
�
/,�D"�7���)���

,����
 MHA 

���'��
����� 
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1. ��
�)
'����)��
%�	� 

��K&�� (��?���������"��� 250-280 ���� ����K�
���������!'&�D'���� ����
� ,�A��)���'�

!�������/'�:��D!��#������!' ������!'%��/��A��A�
�����)��K�A�
 sodium pentobarbital �����	 

50 ����������D!�7#��������%�L��������� �D!��%����D!'�!%(:/!�����A������
F� ���'�����7��!��D!%"A�

,�F��D!�7#��
 &��%�A�%�:!� femoral %(:/!%�J)�7#��
&��F�A�7#�%��:!�A�
!���� 1.2 ����������D!��/���'

��
2<�O��
��!"	� hydorxyacetophenone )#	��
.���� horseradish peroxidase (HRP) ,��/��%' 

%�J)���!
D�'�7#��
����D�'%��� 15 ���
 ������!'%��/�������]
� HAs (�K��
/ 3.1) %"A��KD�(�'

�#�,�A�D���A���
�
���]
��#�,��D!��A�
"��� 125 ��:! 250 ,��������D!�7#��������%�L��������� 

���'�����7��#���� infusion ���%"A��KD�(�'�#�,�A�A�
"��� 8 ��:! 16 ,��������D!���
�D!�7#��������

%�L��������� �!�����	 45 ���
%(:/!F�A!����������/'"!'�7#��
�'�
/&�A��#����]
� HRP %"A�,� ���'���

��7��#����%�J)�7#��
����D�'%��� 2 ���
%�L�%�����7'��7� 10 ���
 ����D�'%��� 5 ���
%�L�%�����7'��7� 30 

���
 &������D�'%��� 10 ���
%�L�%�����7'��7� 40 ���
����#���) ��7'�
7F�A taurocholate %�L������)���

)�� �#���	!����������/'"!'�7#��
&�������	"!' HRP �
/+K�"�)!!��� 

��
2<�O�1�"	� Colchicine )#	�
��!��
�
()�-���
.�����/��%'"	� MHA 

%(:/!���%���)�)��"!' colchicin <�/'%�L����
�)
�7'����#�'��"!' microtubule �
/�
�D!���"�) 

HRP ������!'%��/�������]
� colchicine "��� 2 ,���������D!�7#��������%�L���������%"A��KD femoral 

vein �D!�%��/����CD����%(:/!%�J)�7#��
%�L�%��� 2.5 ��/���' ��7'�
7 HRP ��+K�]
����'����
/���,��"!'�7#��


+�'�'�
/ ���'�����7�����A�
���]
� MHA �D����"�)!!�"!' HRP F��7#��
�
/,�A�
7�#���%�

)��)�D��
/,�A

������D��
/,�A��) colchicin %(

'!
D�'%�

�  

 


�5
'� 2.1  

&��'+�'���'��A�'��'

%��
"!'Hydroxy 

acetophenone analogues 
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��
����
�(.���
"��		�"	� HRP ,��/��%' 

����%"A�"A�"!' HRP F��7#��
��%������,�A���!�������!!�<�%���/�"!'��� 4-aminoantipyrine 

�
/����
����:/� 510 ����%��� �#������	���"�)!!�"!' HRP �
/���,�A���#���	&��&��'C�%�L���

�������D!���
�D!�7#�����"!'��)%�L��������'����#������A�' standard curve&�A� �����	 HRP 

��7'����
/+K�"�)!!����#���	,�A���(:7��
/F�A���; 

 

��
����
�(.�
���Y�)� 

 C�������!'&��'%�L��D�%]�
/
 � S.E.M ���%��

)%�

)����&���D�'!
D�'�
��
�#���$

����D�' ���D���
F�A��?
��%����������&������ (ANOVA) &������A�
 post her Student-Newman-

Keul's test <�/'����&���D�'!
D�'�
��
�#���$(����	��
/�D� p�0.05 

 

1���

%�	� 

1. �
��
"	���
 hydroxyacetophenone )#		�)
���
.�����/��%' 0�(��
.���� HRP 		�
���/��%' 

��������!)>�?�@"!' hydroxyacetophenone �
/�
�D!���"�) HRP ��7� �#�%�L��A!'�!F�A>�?�@

��������A�������/'�7#��
�'�
/�D!� <�/'F�A%��������	 30 ���
 &�A���'���#����F�A HRP ��� infuse 

MHA &�� THA "��� 16 �mol/min/kg C��
/,�A()�D������+%(�/�!����������/'"!'�7#��
,�A+�' 

224.0+4.5 &�� 218.0+13% ����#���) �D�� DHA &�� Taurocholate ��F�AC��
/�/#���D��:! �����A�!����

������/'�7#��
/,�A 188.8+3.3% &�� 184+3% ����#���) �D�� MHA "����/#������A�������/'�7#��
,�A 

153.0+6.5% (�K��
/ 2.2A, B) %�:/!!����������/'�7#��
�'�
/ �#����]
� HRP F���K���� HRP ��+K�"�)

!!�����'�7#��
%�L� 2 peak ��
 peak &��!!����
/ 4-8 ���
 &�� peak �
/ 2 !!����
/ 20-30 ���
 F� 

peak &����)D')!�+�'���"�)!!�����' paracellular "	��
/ peak �
/ 2 %�L����"�)CD��%"A��KD%<�����)

�D!�&�A��D!
"�)!!����
/ cannaliculi  

���F�A MHA ��%(�/����"�)��7'"!' HRP F��7#��
��7'F� peak &�� &�� peak �
/ 2 >�?�@"!' MHA 

F����"�) HRP ��"�7���)"����
/F�A��'�K��
/ 2.3  �
/�D��������F��:! THA <�/'�
C������A���7' BADF 

&�� BAIF ,�D�
C�%��
/
�&��'���"�) HRP ��7' 2 peak 
�/',���D���7� DHA ���
C������"�) HRP !!�

F��7#��
 �A�
 �
 MHA %�L�������%�

��
/�
C��D! vesicular exocytosis ��'��,�A�#�������*�)�)��"!'

����#�'��"!' MHA �D!,�  
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�5
'�  2.2  &��'C�"!' hydroxyacetophenones (MHA, DHA, THA) &�� taurocholate �
/�
�D!!�������

,��"!'�7#��
 (A) &��!�������,��"!'�7#��
���%�L�%�!��%<J���"!'���D���)��� (B) 

  *p�0.05 &�� **p�0.01 &��'����&���D�'!
D�'�
��
�#���$������D���)���  

 † p�0.05 &��'����&���D�'!
D�'�
��
�#���$��� MHA �
/����%"A�"A��/#� 

 

 1�"	�  Colchicine )#	�
��!"	� MHA ,���
�
()�-���
.�����/��%' 

%(:/!���*�+�'��,�"!' MHA F�����#�F�A%��� vesicular exocytosis �D�%�L� microtubule 

dependent ��:!,�D ��',�AF�A colchicine &�D��������!' ()�D����F�A colchicine "��� 2 mg/kg %�L�%��� 

2.5 �.�. ,�D�
C��D!������/'�7#��
��7'����) basal  &�D����)������/'���D!
Z���'���%��� ���F�A MHA 
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F�������
/,�A��) colchicine �
7���#�F�A�7#��
���'!
D�'��� MHA "����K'������!'���%(�/�������/'

�7#��
,�A�����D� low dose (�K��
/ 2.4) 

%�:/!F�A HRP ,�F���������!'��'��D��()�D� colchicines %(�/����"�)!!�"!' HRP F� peak 

&�� &�D,�
�)
�7'���"�) HRP F� peak �
/ 2 <�/'%�L� transcytotic vesicular pathway �
/!���
 microtubule 

F�����#� vesicle ,�"�)��7' (�K��
/ 2.5) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


�5
'� 2.3  &��'+�'C�"!' hydroxyacetophenones &�� taurocholate �D! ���"�)!!�"!' horseradish peroxidase 

(HRP) F��7#��
 (A) C�"!'��� infusion �A�
 DHA, THA &�� taurocholate �D!���"�)!!�"!' HRP(B) 

C�"!' MHA �
/�
�D!���"�)��7'����"!' HRP F��7#��
 (C) &��C�"!' DHA,  THA &��taurocholate �
/�


�D!���"�)��7'����"!' HRP F��7#��
 (D) *p�0.05 &�� **p�0.01 &��'����&���D�'!
D�'�
��
�#���$

������D���)��� † p�0.05 &��'����&���D�'!
D�'�
��
�#���$��� MHA �
/����%"A�"A��/#� 
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�5
'� 2.4   &��'C�"!' colchicine pretreatment �
/�
�D!������/'"!'�7#��
�����������A��A�
 MHA (A) &��'+�'!����

������/'�
/&�A���' (B) &��'+�'!����������/'���%�L�%�!��%<J��� ]
� colchicine �����	 2 mg/kg �D!��#����

���!) 2.5 ��/���'�D��
/,�A&��'%�L��D�%]�
/
�S.E.M �����������!' 4-5 ��� *p�0.05 &�� **p�0.01 

&��'����&���D�'!
D�'�
��
�#���$������D���)��� 


�5
'� 2.5   &��'C�"!' colchicine pretreatment �
/�
�D!���"�) horadish peroxidase (HRP)F��7#��
(A) &���
�D!���

"�)��7'����"!' HRP(B) ,�A]
� colchicine �����	 2 mg/kg �D!��#�������!) 2.5 ��/���'F���K���D�

��)��� �D��
/,�A&��'%�L��D�%]�
/
�S.E.M �����������!' 4-5 ��� *p�0.05 &�� **p�0.01 &��'����

&���D�'!
D�' �
��
�#���$������D���)��� † p�0.05 &�� † † p�0.01 &��'����&���D�'!
D�'�
��
�#���$

��� colchicine 
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�
����
�� 

�������
�
7%(:/!���*�>�?�@"!'��������A�������/'�7#��
"!' HAs analogues �
/�
�D! vasicular 

transport  ��
F�A horseradish peroxidase F��7#��
%�L� marker ���������!)()�D�F�)���� analogues 

��7'��� �
%(

' MHA %�D���7� �
/�����A�������/'�7#��
&)) BAIF &���
�������(��?�F�%��')������D�'

>�?�@�����A�������/'�7#��
 (choleretic activities) &�����"�)"!' horseradish peroxidase F��7#��
 ���F�A 

colchicine pretreatment ��,������%��� biliary exocytosis "!' horsecradish peroxidase &�� 

choleretic activities "!' MHA F�����#���A��
/ vesicular transport &��������/'�7#��
"�7� integrity "!' 

microtubules  ��� MHA, DHA &�� THA �
���'��A�'�
/��A�
���&�DF�A>�?�@�D�'��� %�L��
/�KA����
�D� 

THA �����A�������/'�7#��
&)) BADF &�D,�D�
>�?�@�����A����"�)"!' HRP �D�� DHA <�/'�
��	��)���

%�L� hydrophobic �����D�F�AC�
�)
�7'���"�)"!' HRP ��
��(��� C��������
�
7()�D� vesicular 

exocytosis pathway �����+!?�)�
��,�"!' MHA �����A�������/'�7#��
&)),�D"�7���)����7#��
,�A 

"	��
/>�?�@��������A�������/'�7#��
"!' DHA &�� THA !����%�
/
�"A!'��)��,�!:/���
F�%<���<�/',�D

+K� label �A�
 horseradish peroxidase 

F�������*�F����D� control ()�D� ���"�) HRP !!���'�7#��
�
 2 peak ��
 peak &���
/ 4-8 

���
 &�� peak 2 �
/ 20-30 ���
 ���'���]
�()�D� peak &��"!' HRP F��7#��
%���������%��:/!��
/CD�� 

paracellular pathway ����D�' hepatocytes "	��
/ late peak %�L� transcellular exocytosis "!' HRP F�

������*��
7 MHA %(�/����"�)"!' horseradish peroxidase ��7'�D�'&��&���D�'���' ���%(�/�"�7�F�

�D�'&��%���������%(�/� permeability "!' tight junction <�/'��,�F����%(�/� permeability  "!' tight 

junction 
�',�D���)&�D��� �A�
����#�'��"!' tight junction +K���)�����
 osmotic &�� hydrostatic 

pressure F�����D�'�
/%��� osmotic choleresis �������"!' osmotic active compound F��7#��
�#�F�A%��� 

osmotic gradient �#�F�A�7#��
,��CD�� tight junction &�� metabolites %�L�������/'�
/�#�F�A%��� osmotically 

active biliary "!' MHA �:! 4-hydroxyacetophenone-4-O-�-glucuronide &�� choleretic activity "!' 

MHA �
/()�J�
�������(��?���)�����	"!' metabolites �
/"�)!!��� !
D�',��J��� MHA %!'!�����


�������
���
��'��) tight junction proteins ��:! micro filaments <�/'�#���A��
/���*� integrity &�� 

function "!' barrier ��7�����D�'%�:!�&���7#��
  

MHA <�/'!!�>�?�@"�) HRP F� peak ���'��7� >�?�@��%(�/�"�7�%�L�,����"���"!'����
/F�A&��

>�?�@��'��D��+K�
�)
�7'��
 colchicines <�/'%�L����)D'�
7�D�%�
/
�"A!'��) transcytotic microtubule-dependent 
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vesicle transport &�����)����� exocytosis !
D�',��J��� colchicines ,�D�
C���>�?�@"!' MHA �
/

"����K' <�/'
�',�D�
�#�!?�)�
�
/���)��� &�D!
D�',��J������"��D'!����
�'�'!
KD�
/ canalicular 

membrane ���'����#�F�A��� colchicine &���#�F�A MHA "�)!!���F��7#��
 %�:/!+K� infuse �
/!�����
/�K'

��D����"��D' Mrp2, the multispecific resistance-associated protein-2, �
)�)���#���$F����"�)�7#��


&�� endogenous &�� exogenous compounds <�/'����!)�A�
 glucuronide, glutathione &�� sulfate 

conjugates &��F��#��!'%�

���)���"�)"!' osmotically active metabolites "!' MHA ���%��F�

������*� Mrp2 F� deficient rats <�/'>�?�@"!' colchicines &��"!' MHA �
/�#�F�A%���(
�?����( MHA 

!���������A����&������"!' vesicles <�/')���� Bscp &�� Mrp2 MHA %�L���������
/()F�
� Yin 

Zhi Huang �
/��'���&(�
��
�F�AF����"�) bilirubin F�%�J�&��%��� &��F�A���*�!���� neonatal 

jaundice !
D�',��J���)�)��"!' MHA F�����D�
���*���
!!�>�?�@%�L�&))%�

������)�
/()F�

�������
�
7
�'�A!'���*��D!,�  

F���'��'"A����) MHA  ��� THA &�� DHA <�/'�����A�������/'�7#��
&)) BADF ,�D�
C�

�����A����"�) HRP !!�F��7#��
 F�����#�'��"!'�����7'�!'�
7,�D%�
/
�"A!'��) transcytotic vesicle 

pathway ��� colchicines ,�D�
C��D!!����������/'"!' basal bile acid �A�
  >�?�@�
/&���D�'���"!' HAs 

��7' 3 ���� �
/�
�D!���"�) HRP %"A�F��7#��
 
�',�D�
�#�!?�)�
�
/���%�� !
D�',��J���%�L��
/���)����
�D� 

���%��
/
�&��'%(

'%�J��A!
"!'���'��A�'��'%��
!���#�,��KD���%��
/
�&��'!
D�'���F���	��)���

��'%��
;������  ����&���D�'F�>�?�@"!' HAs �
/&���D�'��� �
��
'���D��
�������(��?���)�#����&��

�#�&��D'"!' hydroxyl groups )� acetophenone nucleus ��
 strong polar hydroxyl group �
/�#�&��D'�
/ 

4 )� benzene nucleus �
�����#���$�D!������/'"!'�7#��
F�"	��
/ hydroxyl groups �
/�#�&��D'�
/ 2 &�� 

6  �
�����#���$�D!���%��
/
��#����"�)"!' solid materials %"A�F��7#��
 <�/'!������!)�A�
����7#��


&�� cholesterol  %�L��A� �!�����
7��� DHA &�� THA �
>�?�@F����
�)
�7'��� uptake ����7#��
F� 

ileal brush border membrane vesicles �
/&���D�'���<�/'>�?�@�
/&���D�'���"!' HAs analogues ��7' 3 ���

�D!���"�) HRB ��7'F��7#��
�
/(),�AF�������*��
7!�����
�������(��?���)��	��)�����' 

physiochemical ����&���D�'<�/'%�L�C���������)��) protein/transporter ��:! binding site F�����#�

�������
�&���D�'��� 

��D����
���� HAs analogues ��7' 3 ���� <�/'�
���'��A�'��'%��
��A�
��� &�D�
>�?�@ �D! 

vesicular transport "!' HRP �D�'������&���
%(

' MHA %�D���7��
/�����+%(�/����"�)��7' paracellular 
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&�� transcellular vesicular transport pathways <�/'+K� label �A�
 HRP  ����
/ THA &�� DHA ,�D�
>�?�@

F���������A����"�) HRP %"A�F��7#��
��7� ����,�A�D�>�?�@��������A�������/'�7#��
"!'�����7'�!',�D

%�
/
�"A!'��) vesicular exocytosis pathway  &����� MHA ���
����
����#����)������*� cholestatic 

liver injury  �
/���)����� transcytotic vesicular pathway �
/+K� impair 
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��I�)��	�#��"	��/��%'   

 ��K�������%(�CKA�7#��������  220-290  ����  (!�
�  7-8 !����
�)  ����#������������!'&�D'���� ����
�

%�
7
'�A�
��?
����[��  �D����K TR- %�
7
',�A�
/  University  of  Rochester  School  of Medicine  Animal  

Facility  &�������%��D��
7,�A�#�������!'  �
/  University  of  Rochester  F�������!'�#����'�!��������� 

1 �:� �#�����)�A�
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��#����)���%�J)�7#��
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D�'  ���%����!%(:/!�D�
F������
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/���/'!!��� &��%(:/!��� infusion �A�
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/!���� 1.2 ���������/��/���' 

��
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"!'�����F�A�'�
/�
/!�	��K�� 37+0.5 !'��%<�%<

��A�
���,;�
/

F�A�����A!��D!%"A���)%��:/!'��)���!�	��K�� "�7��!�������!',�A��)����%�J��!)��� Institutional 

Animal Care and Use Committees  
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�%"A��D!'�A!'%(
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/�#���F�A deplete GSH F�%<�����F�A�D!��
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Dade Behring Holdings, USA) %�J)�7#��
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����)!�,�!!�,<�� �D� electrolyte operating range "!' Na+ �
�D�%�D���) 50-200 �������/���� "!' K+ 

%�D���) 1-10 �������/����"!' (1- %�D���) 50-200 �������/���� &��"!' Total CO2 %�D���) 5-45 �������/���� 

���Billary &�� hepatic content "!' total glutathione ��
F�A enzymatic methods "!' Tietze &�� 

Griffith F��7#��
%��� 500 �l "!' 6% sulfosalicylic acid %(:/!�����!�����
�&��%(:/!�}!'��� autoxidation 
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/ 4 �C %�L�%��� 10 ���
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� �D�� supernatant %�J),�A�
/   -70 �C 

�������/'�#�������D��A�
 spectrophotometry �D����)%�J)F� tared tube <�/'�
 ice-chilled 5% perchloric acid 

&���
 1 ����������� EDTA )���)F�A%�L�%�:7!%�

����&���#�,��U���
/ 7,500 xg �
/!�	��K�� 4 �C  %�L�%��� 5 

���
  ��7'supernatant �D��"!'���!
D�'�#�,���� hepatic glutathione content 
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3. ��
0��0�(����
�(.���
��
-��"	���

'��5J��#��5
(�	�"	��/��%'  

  %�J)���!
D�'�7#��
�
/�D�'%��� 15 ���
 �#����!
D�'�7#��
�
/+K������A��A�
 MHA ��%�:!��'�A�
 absolute 

ethanol 20 %�D� �#�,��A�F�A%�:!�%�L�%��� 30 ���
 ��!'CD�������* Whatman No. 1 "!'%����
/CD�����

��!'�#�F�A&�A'��
F�A speed vacuum �#�����
/,�A������
�A�
 5% "!'���!�<����F� methaonol (mobile 

phase) �#����)�����%�������A�
 HPLC %�L� waters 600 system controller &�� pump F�A water 996 diode 

array detector &�� waters manual injector (Waters Associates, Milford, MA, USA) Separation &�� 

quantization ���&
�F�A �-Bondapak 10 ,�������� 3.9 x 300 ��������� column (Waters Associates) 

mobile phase of 5% acetic acid F� methanol �
/!�������,�� 1 �����%���/���
 &���
/����
����:/� 264 ��

��%��� HPLC peak <�/'()%�L� single major metabolite %�J)�
/ retention time 8-10 ���
   &���D���
/%�L����

�#�����
+K��#������7'��
 co-evaporation with n-butanol under reduced pressure �D� nuclear magnetic 

resonance (NMR) spectra +K�)������A�
 Bruker AVANCE 400 FT-NMR spectrometer C Faellanden, 

Switzerland).  Residual nondeuterated dimethyl sulforide-d6 signal at 2.49 ppm F�A%�L� reference �#����) 
1H-NMR specta High-resolution fast atom bombardment mass spectra +K�����A�
 Finnigan MAT 90 

instrument (Bremen, Germany) �����	"!' 4-hydroxyacetophenone-4-O-�-glucuponide F��7#��
+K�����D� 

spectrophotometrically �
/����
����:/� 264 ����%��� %��

� standards ��� ��� 4-hydroxyacetophenone-

4-O-�-glucronide �
/&
���
 HPLC ����7#��
���!
D�'"!'��K�
/,�A��) MHA 

 

4. ��
����
�(.�
���Y�)�  

"A!�K���7'���&��'�D�%�L� mean+SEM �D��
/,�A��)���'������!)��%��

)%�

)��)�D� controls 

�D!�������!)��
F�A ANOVA &�� Student-Newman-Keul’s test �D���������(��?�����D�'!�������

,��"!'�7#��
&��!�������"�)!!�"!'����7#��
����%��������
F�A Linear regression analysis �D���
�#���$

��'�+���+K�(����	��
/�D� p<0.05 

 

1���

%�	� 

 

1.  1���
)	���	�)#	�����"-�"-�"	� 4-HA 
'��')#	��
.����"	��/��%' (Dose Response Effect of 4-HA 

on Bile Secretion) 

F���K���������� ��� MHA %(�/�������/'"!'�7#��
,�A!
D�'���%�J�F�AC��K'���F��D�'%��� 15 ���


&��"!'���%�J)���!
D�'���'����
/,�A��) MHA �
/����%"A�"A�"!' MHA �
/ 125 &�� 250 ,�������/

�������� ������/'�7#��
%(�/�"�7�%�L� 176+6 &�� 206+5% "!' control ����#���) !
D�',��J���!�������,��
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"!'�7#��
,�A���)�KD����) baseline !
D�'���%�J� (�K��
/ 3.1) F�%���%�

���)�
/���,��%�

�"!'�7#��
,�A%(�/�"�7� 

����%"A�"A�"!'����7#��
,�A���' ����
/!?�)�
,�AF��K��
/ 3.1 �D� slope "!'%�A�)D')!�+�'�������(��?�

����D�'���,��%�

�"!'�7#��
&������7#��
�
/C���!!���F���K�
/,�A��) MHA �D� slope �
/,�A�
7��A�
��)"!'

���D� control "A!��'%���
7&��'F�A%�J��D� ���,��%�

�"!'�7#��
�
/%(�/�"�7�%�:/!'��������%(�/�"�7�"!' BAIF  

 

2. 	�
��=�"	� 4-HA .
�	 MHA )#	��
.����"	� electrolyte 0�(��
"��		�"	� FSH ,��/��%' (Effect of 

4-HA on Biliary Electrolyte and GSH excretion) 

,�A��%����������"A�"A�&�������	"!' Na+, K+, Cl
�

 &�� HCO3
�

 &�� GSH F��7#��
%(:/!�����!)

�D���� osmotically active solute (5) ���,���
/�
C������A���
.�����/��%'0�� BAIF ()�D���� 4-HA ��:! 

MHA ������%"A�"A�"!' Na+, Cl
�

, HCO3
�

 &��%(�/�����%"A�"A�"!' K+ F��7#��
��'����'�
/ 3.1  

�����	"!' inorganic electrolytes %��D��
7%(�/�"�7�%�:/!���,��%�

�"!'�7#��
%(�/�"�7� ��� UDCA <�/'F�A

%�L������)���)!�>�?�@�����A��7#��
�
�������(��?���)���%(�/�����%"A�"A�"!' HCO3
�

 &�����������

%"A�"A�"!' Cl
�

 %(:/!F�AF�����#���%��

)%�

)���'��� UDCA treatment Choleresis ���(��?���)���%(�/�

����%"A�"A�"!' HCO3
�

 &�����������%"A�"A�"!' Cl
�

 F��7#��
 (����'�
/ 3.1)  Linear regression analyses 

"!'!�������,��"!'�7#��
&�� electrolyte outputs ,�A+K�&��',�AF��K��
/ 3.2 !�������,��"!'�7#��
�


�������(��?���) electrolyte output ��7'F���������!'�
/%�L����D� control &��F����D��
/+K����!)�A�
 4-HA 

��:! MHA +�'!
D�',��J��� electrolyte output ��7'����
���%��
/
�&��',�F������'%�

���� &��'�D� 

electrolyte output ,�DF�D�U���
�
/�#���$�
/�#�F�A�7#�,��%"A��KD�7#��
���'����
/���!'�A�
 4-HA ��:! MHA 

 

 

 

 

 

 

 

 


�5
'� 3.1  &��'>�?�@"!' 4-HA ��:! MHA F���������A�������/'�7#��
F���K"���
/���� (a) Choleretic activity "!'��� 

MHA �
/ 125 (�'���%���) &���
/ 250 (�'������) ,�������/�7#��������%�L��������� ��:!"!'���D� control 

(���%��
/
�%���) (b) �������(��?�����D�'���,��"!'�7#��
 "�)����7#��
�
/C���!!��� �7#��
���!
D�'+K�%�J)�
/%��� 

15 ���
 ���'��� MHA +K�]
�%"A��D!'�A!' (�'������); y = 41.95x+85.29, r2 = 0.2972, P<0.005 ��:!���D� 

control (���%��
/
�%���); y = 25.37x + 47.01, p2 = 0.4785, P<0.005  &�� *P<0.05 &���D�'!
D�'�
��
�#���$���

���D� control 
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)�
��
'� 3.1    &��'C�"!' 4-HA ��:! MHA �
/�
�D!����%"A�"A�"!' Inorganic electrolytes F��7#��
 (Na+, K+, Cl 
� &�� 

HCO3

�
)    %�J)�7#��
���!
D�'�
/%��� 15 ���
���'���]
� 4-HA %"A�,�F��D!'�A!' (125 ��:! 250 ,�������/kg

�7#��������) &�����'������]
� UDCA %"A��KD portal vein (50 ��:! 100 ,�������/�7#����������������) �D��
/
&��'�:!�D� means+SEM �����������!' 10-11 ��� 

       *P<0.05  &���D�'!
D�'�
��
�#���$��� individual control �D!����!)�A�
��� 
       **P<0.005  &���D�'!
D�'�
��
�#���$��� individual control �D!����!)�A�
��� 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

�5
'� 3.2  &��'+�'�������(��?�����D�'���,��"!'�7#��
��) electrolyte output �7#��
���!
D�'+K�%�J)%�L�%��� 15 ���
 

���'������]
� 4-HA ��:! MHA %"A��D!'�A!' (�'������) ��:!"!'���D� control  (�'���%���) �7#��
���!
D�'�
7,�A
�#�����%���������������(��?�����D�'���,��"!'�7#��
��) Na+ �
/C���!!��� (a); y = 5.78x+9.06, r2 = 0.6973, 
P<0.005 (control), y = 6.56x +4.08, r2 = 0.9871, P<0.005 (4-HA), K+ (b); y = 76.25x + 44.89, r2 = 0.2219, P = 
0.0269 (control), y = 122.3x + 52.65, r2 = 0.5578, P<0.0001 (4-HA), Cl

�
 (C); y = 8.32x + 15.18, r2 = 0.6798, 

P<0.0001 (control), y = 10.5x + 11.81, r2 = 0.8707, P<0.005 (4-HA), HCO3

�
 (d); y = 14.08x + 42.17, r2 = 

0.2128, p = 0.0307 (control), y = 25.02x + 45.48 r2 = 0.5954, P<0.0001 (4-HA)  
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%�:/!'������ GSH %�L� osmotically active solute �
/�#���$������/'�
/�
C��D! BAIF (2, 3) ��'��7���'

�#�������*�%(:/!���!)�D� GSH %�
/
�"A!'��)���,��"!'�7#��
�
/+K�%��
/
��#��A�
 4-HA ��:! MHA (4-HA-

Induced choleresis ��:!,�D �������)"!' GSH F��7#��
��7'F���������!'���D� control &�����D��
/,�A��)��� 

BSO %(:/!�#��������)"!' GSH �����) +�'&�A�D� BSO �#�F�A GSH �����)�����7�,� &�D BSO �J,�D,�A�


!��?�(��D!���,��"!'�7#��
�
/+K�%��
/
��#��A�
 4-HA (4-HA-induced choleresis) (�K��
/ 3.3) �!�����
7()�D� 

total GSH output F��7#��
,�D,�A�
���%��
/
�&��'!
D�'�
��
�#���$ ���'������!)�A�
 4-HA ��:! MHA 

&��'�D� GSH ,�D%�
/
�"A!'F����,��"!'�7#��
�
/+K�%��
/
��#���
 4-HA��:! MHA 

 

��
"��		�"	� 4-HA .
�	 MHA 0�( metabolites (Biliary Excretion of 4-HA and Its Metabolites) 

������F�A HPLC ������%�����������	���"�)"!' 4-HA ��:!"!' metabolite F��7#��
%(:/!�
/��

���*�>�?�@��������A�������/'�7#��
�D�%�L�C���������"�)��7'"!'���%��D��
7��:!,�D  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


�5
'� 3.3  &��'C�"!'���"�)�7#��
�
/%������ 4-HA ��:! MHA ,�D,�A"�7���) GSH 6 ��������/�7#��������%�L���������, i.p. 

"!' saline  (�'������) ��:!"!' BSO  (�'���%���) +K�]
�F���������!' 4 ��/���'�D!��
/��,�A��) 4-HA ��)��

+K�%�J)F�&�D�����7'"!'������!' &���#�����%�������� total glutatione (a) �!�����
7
�'���D����,��"!'

�7#��
 (b) ����%"A�"A� (c) &�� output ��7'���"!' glutathione (d) *P<0.05 &���D�'!
D�'�
��
���(��?���) 

individual control (b)  
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�5
'� 3.4  &��'�����%������ HPLC "!' 4-HA ��:! MHA metabolite F��7#��
 (a) Refention times "!'�������


����[���
/�
 4-hydroxyacetophenone-4-O-�-glucuronide &�� 4-HA (b) F��7#��
"!'��K"���������
/,�A��) 4-

HA �����++K�����() major metabolite <�/'�J�:! 4-hydroxyacetophenone-4-O-�-glucuronide  (c) ��7' 4-HA 

&�� metabolites F�Z�J���,�D�����++K�����()F��7#��
"!'��K���D� TR
�

 �
/,�A��) 4-HA 

 

,�A()�D�F��7#��
/,�A�����K�����
/,�A��) 4-HA ��:! MHA �
 single major new peak !!����
/ 

retention time 8-10 ���
"!' (�K��
/ 3.4)  ,�D()�D���
/%�L� parent compound F��7#��
  parent compound ��

�����+!!���,�A�
/ retention time 17-19 ���
 (�K��
/ 3.4) ���'��A�'"!' patent compound +K���%��������


F�A NMR &�� mass spectral analysis <�/'()�D�%�L� a pseudomolecular ion [M-H]
�

 �
/ m/z 311.0768 in the 

negative ion high-resolution fast atom bombardment (HR-FAB) mass spectrum �
/�
 molecular formula %�L� 

C14H16O8 "A!�K�"!' 1H-NMR spectral ��'�����)"!' 4-hydroxyacetophenone moiety ����
/()�D�  
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three-proton siglet of the acetyl group at 	 2.51, the proton doublet (J = 8.7 Hz) of H-3 and H-5 at 	 7.10 

&�� the two-proton doublet (J = 8.7 Hz) of H-2 and H-6  at 	 7.92  Glucuronide moiety �
/()&��'%�L� a 

doublet signal at 	 5.18 <�/'��'��) anomeric proton H-1
 &�� broad triplet signals of H-2
, H-3
 &�� H-4
 
at 	 3.30, 3.26 &�� 3.35 �
/ 8.5-8.7 Hz "!'�D� apparent coupling constants �D� relatively large coupling 

constant (7.0 Hz) "!' H-1
 &��'+�' �-orientation "!' sugar acid residue ��'��7����"A!�K�%��D��
7�
7F�A%�J�

�D� �D������!)"!'�7#��
�
7�:! 4-hydroxyacetophenone-4-O-�-glucuronide (�K��
/ 3.5, �A��"��) 

 

 

 

 

 

 

 

 

 


�5
'� 3.5  &��'���'��A�'"!' 4-hydroxyacetophenone (4-HA ��:! MHA) (<
 18) &�� 4-hydroxyacetophenone-4-O-�-

glucuronide ("��) 

 

 

 

 

 

 

 

 

 

 

 

 


�5
'� 3.6  &��'+�'�������(��?�����D�'���,��"!'�7#��
��)!�������"�)!!�"!' 4-hydroxyacetophenone-4-O-�-

glucuronide ���'����
/,�A��) 4-HA ��:! MHA �7#��
���!
D�'+K�%�J)&���#�����%��������  4-

hydroxyacetophenone-4-O-�-glucuronide �
/C���!!�����
F�A HPLC ��'�
/,�A!?�)�
,�AF��D��!����	�&��

��?
������!', y = 34.48x + 86.89, r2 = 0.4583, P<0.005. 
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�����	"!' 4-HA metabolite F��7#��
�
�D��K'+�' 13 mM (�K��
/ 3.6) <�/'�
�������(��?���)�����	"!'

��� 4-HA ��:! MHA �
/,�A��) &��
�'()�D�!����������/'"!'�7#��
�
�������(��?�!
D�'�
��
�#���$��)

�����	"!'��� metabolite �
/+K�"�)!!��� (�K��
/ 3.6) �����	"!'�7#��
�
/+K�"�)!!����D!,������� "!' 4-

hydroxyacetophenone-4-O-�-glucuronide �
�D�%�D���) 34 ,�������� (�K��
/ 3.6) <�/'%�

),�A��)�����	"!'

�7#��
�
/+K�"�)!!�����
����7#��
 (�K��
/ 3.1) ��'��7�!����D��,�A�D� 4-HA ��:! MHA �
��,����"�)�7#��
�
/

"�7�!
KD��)���"�)��� metabolite �
7%"A��KD�7#��
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


�5
'� 3.7  &��'���"��C�"!' 4-HA ��:! MHA �
/�
�D!���"�)�7#��
F���K"�������� TR
�

 (a) ��������!'�
/,�A��) 4-HA �
/

����%"A�"A� 125 (�'���%���) ��:! 250 (�'������) ,�������/�7#��������%�L�����������:!,�A��) solvent 

control (���%��
/
�%���) (b) ��������!'�
/,�A��) UDCA �
/����%"A�"A� 62.5 (�'���%���) ��:! 125 (�'������) 

,�������/�7#��������%�L�����������:!,�A��) solvent control (���%��
/
�%���)  

                 *P<0.05 &���D�'!
D�'�
��
�#���$����D��
/,�A�D!�������!) 
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�����-��.��"	� 4-HA .
�	 MHA ,���
"���/��%',�.��
'��'������=
#	�"	��5
)'� Mrp2 (4-HA fails 

to induce a choleresis in Mrp2-deficient rats) 

F���'��'���"A����K���� ��� 4-HA ��:! MHA ,�D�����+����A����"�)�7#��
F���K TR
�

 <�/'��K

�����
7,�D�
 canalicular Mrp2 transport protein (�K��
/ 3.7) �!�����
7
�',�D()�D� 4-hydroxyacetophenone-4-

O-�-glucuronide F��7#��
"!' TR
�

 (�K��
/ 3.4) %�:/!���!)���"�)"!'�7#��
F���K TR
�

 �
/+K������A��A�
 

UDCA ()�D��
���"�)"!'�7#��
�
/,�A!
D�'�
<�/'%�L�,�����
/,�A������	�,�A (�K��
/ 3.7) ���C��
/,�A�
7F�A%�J�,�A

���%���D����"��D'�����
����
� Mrp2 �
�����#�%�L��D!���"�)"!'�7#��
 &������
/+K�"��D'�:! 4-

hydraxyacetophenone-4-O-�-glucuronide <�/'%�L� substrate "!' Mrp2  

 

	4�5
��1� 

��� 4-HA ��:! MHA %�L�����
/�
!
KD���?�������(),�AF�(:����
Z����   ����
7�
C��D!������/'

�7#��
�����)&��!��%�L�����
/�
)�)���#���$F�����#���F�A���*�����
/%�
/
�"A!'��)����)�(�D!'"!'���

���/'�7#��
    �������
���7'�
7()�D���,�(:7�[���
/�
C��D!������/'�7#��
�:! ����
/ major biliary metabolite "!' 

4-HA ��:! MHA <�/'�J�:! 4-O-�-glucuronide +K����/'%"A��KD�7#��
�
/����%"A�"A��
/�K' ���"�) glucuronide !!�

���%<�����)�A!'!���
����
�"��D'�
/%�

��D� Mrp2  ���������� metaboliteF������	���F��7#��
�
C��D!

������/'"!'�7#��
 

�7#��
�
/!
KDF��D!�7#��
%���"�7����&�'��� osmosis  ����
/�7#�&�� electrolytes %"A��KD�D!�7#��
%�L�C��:)

%�:/!'��������"��D'�������
 (solutes) �D�'Z�
/%"A��KD�D!�7#��
 &))&!��
; �����'��D���
 osmotic driving 

force �K' <�/'����7#��
%�L���������
/�
C��D!������/'"!'�7#��
 (i.e. BADF) !
D�',��J����������
�
/,�DF�D���

�7#��
 %�D� reduced glutathione (GSH) &���������
!����

�!:/�Z  !
D�'%�D� 
� &�����%��
&�����!�

���
Z���� �J�
C��D!������/'"!'�7#��
�A�
%�D���� ���"�)��7'"!' GSH  &�� HCO3
�

  �#�F�A%���������/'�7#��


�
/,�D"�7���)����7#��
 (BAIF)   ���'�����������A��A�
 4-HA ��:! MHA  ()�D�����%"A�"A�"!' Na+, K+, 

Cl
�

 &�� HCO3
�

 %��
/
�&��'%(

'%�J��A!
%�D���7� &���
�D�F��A%�

'��)�D�F�%�:!�  �!�����
7���"�)!!�

"!' GSH �J,�D�
���%��
/
�&��'    

UDCA %�L�����
/�����A� BAIF ��
�#�F�A%������&��%��
/
�����D�' HCO3
�

 ��) Cl
�

 �
/ canalicular 

&�� ductular membrane  �#�F�A����%"A�"A�"!' HCO3
�

 F��7#��
%(�/�"�7� �#�F�A����%"A�"A�"!' Cl
�

 F��7#��


���'����D����� <�/'C��
/,�A�
7&���D�'���C�"!' 4-HA ��:! MHA <�/'�#�F�A����%"A�"A�"!' HCO3
�

 F�

�7#��
���' +�'&�A�D����"�)�7#��
�
/%�L�C������ 4-HA ��:! MHA �����(��?���)���%(�/�"�7�"!'�����	  

inorganic electrolytes &�D���%(�/���'��D��,�D,�A%�L��U���
�����
/�#�F�A%������"�)"!'�7#��
      GSH <�/'%�L� 

osmotically active solute �
/%�
/
�"A!'��) BAIF  �J,�D,�A�
C��D!���"�)�7#��
%�D����   &�A�D����#�F�A����)"!' 

GSH F���)���'%��:!%(

'&�D 30% "!'�D����� ������/'"!'�7#��
 ���,�A��) 4-HA ��:! MHA 
�'%(�/��K',�A   
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�!�����
7
�'()�D� output "!'����7#��
%(�/�"�7��A!
���F�����D�'�
/�
���"�)�7#��
�
/%������ 4-HA ��:! 

MHA    "A!�K��
7��'��)C��
/,�A��)�D!���A��
7�
/�D� 4-HA ��:! MHA �
C���
����D! BAIF  ,�A()�D���� 4-

hydroxyacetophenone-4-O-�-glucuronide ���/'%"A��KD�7#��
�
/����%"A�"A� 13 �������� &�����"�)!!�"!'

��� metaboites �
7�
C���
��'�D!������/'"!'�7#��
�
/%(�/�"�7� �A�
 ��� 4-HA ��:! MHA ����
F��7#�,�A�A!
   

��'��7������+K�%��
/
�&��'F���)�D!��
/����
7��++K��#�%�

'CD��C��'%<���&��+K�"�)!!����%<��� 

�����	"!'�7#��
�
/+K�"�)!!����D!���/',�������"!' 4- hydroxyacetophenone-4-O-�-glucuronide �
�D�

%�D���) 34 �l (�K��
/ 3.6) <�/'��A�
�����)F���	
"!'����7#��
 (�K��
/ 3.1) ��7'�
7�����+F�A!?�)�
>�?�@���"�)

"!'�7#��
,�A   F���'��'"A��,�D()��� parent compound F��7#��
   

,�A�#�������*��D!,�%(:/!
:�
���D�  Mrp2  %�
/
�"A!'��)������/'"!' 4- hydroxyacetophenone-4-O-�-

glucuronide  ��
F�A��K TR
�

 �
/"������
� Mrp 2 <�/'%�L�����
�"��D'�
/�
�����#���$�D!������/'"!' 

glucuronide conjugates %"A��KD�7#��
  ������*��
7()�D� ��K TR
�

 ,�D�����+�
/��"�)�7#��
&��,�D�
���  4- 

hydroxyacetophenone-4-O-�-glucuronide F��7#��
"!'��K���D��
7  C��
/,�A%��D��
7���)�����������
/�D� ���

"�)!!�"!'4- hydroxyacetophenone-4-O-�-glucuronide ��
����
� Mrp2 �#�F�A%���&�'"�)%��:/!���' 

osmotic <�/'�#�F�A%(�/�������/'"!'�7#��
���'����
/,�A��)��� 4-HA ��:! MHA      %�:/!'����D���� 4-HA ��:! 

MHA �
!
KDF�(:� &�� &���
  polyphenol  �#�������F�(:��
/�����++K�%��
/
���%�L� 4-HA ��:! MHA 

��'��7�C�"!' 4-HA ��:! MHA �
/,�A���������*�F����7'�
7 ���
����
��F�����#���!?�)�
C���'���

���*�"!'����
/!
KDF�(:��
7 

����,�A�D� ��� 4-HA ��:! MHA %�L�����
/(),�AF�(:�����,(����
�������+�'�D��������K� �


>�?�@�����A�������/'�7#��
�
/&�' ��,����!!�>�?�@%���������"�)��7'"!'��� metabolite %!'<�/'�
��	��)���F�

�����'�7#�!!���'�D!�7#��
�K' &��!���
����
�"��D'  Mrp2  �#�CD��%"A��KD  canaliculi  ����%"A�F�F���,�"!'

��� bioactive compounds %�D� 4-HA ��:! MHA �
/!
KDF�(:�<�/'�����A����"�)!!�"!'�7#��
�
7�
����
���F�

������*�����)�(�D!'F�����#�'��"!'��)&�������+�#���(����%�L����
�F��DZ 
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)	�
'� 4 

��
2<�O���
 Phloracetophenone 		��
��!�
()�-���
.�����/��%'�%�1#��)��"��#� Mrp 2 

               (Submitted to Am. J. Physiology: Gastrointestinal-Liver, 2006) 

 

�
��%�#	 

 

Phloracetophenone (2,4,6-trihydroxy acetophenone, THA) %�L�����
/�
��	��)����
%�D�F����

"�)�7#��
 !
D�',��J�����,����"�)�7#��
��'��D��
�',�D%�L��
/���)��� �������
�
7,�A���*�>�?�@&����,�

���!!�>�?�@�����A�������/'�7#��
"!'��� THA ��
���*�>�?�@��
��'"!'���F���)�
/&
�!!������

��� (F� isolated perfused rat liver, IPRL) ()�D� ���F�A THA ��
�#� step-wise infusions 1-4 ,����

����D!���
 �
C������A�������/'�7#��
����
 &�������	�7#��
��%(�/����"���"!' THA �
/F�A  ��+�'

����)���/'!����������/'���'�
/  !����������/'"!'�7#��
�
/%(�/�"�7�F� model IPRL �����A�F�A%���������/'

"!'�7#��
�
/,�D,�A"�7���'�D!����7#��
 (bile add-independent bile flow, BAIF)  ��'��D'����,����!!�

>�?�@��
���!:/�  ���!!�>�?�@"!'��� THA F���������A�������/'�7#��
��'��D��!��%���������
/���+K�

���)%��
/
�%�L� metabolite %�D�+K� conjugate �A�
 glucuronide ��:! glutathione &��+K�"�)��7'�A�


����
�"��D' Mrp2  ��',�A�#���������!)>�?�@"!' THA �
/�
�D!���"�)!!�"!' substrates ����"!'

����
�"��D' Mrp2 (multidrug resistance proteins-2) �
/�#���A��
/"�)�����7'�
/ bile cannaliculi ,�A&�D 

sulfabromopthalein (BSP) &�� disulfobromopthalein (DBSP) �
/��)  ()�D� THA �
>�?�@
�)
�7'���"�)

!!�"!' substrates ��7'�!'���F��7#��
!
D�'���%�� ��
��/�,���� BSP �D!�+K�"�)��7'��+K�%��
/
�%�L� 

metabolite �
/ conjugate ��) glutathione "	��
/��� DBSP %�L�����
/�
��� conjugate &�A���+K�"�)

!!�����
���������� conjugation %�L� glutathione !
� ()�D� THA !����&
D'��)�#�&��D'�
/%�L�

common canalicular transport site "!' Mrp2 ,�D,�A&
D'��� conjugate �����������!)>�?�@"!' 

THA �D!�����	"!'���"��D'�D�'Z�
/%�
/
�"A!' ��� THA ,�D�
C��D! subcellular localization &�� 

distribution "!' Mrp2 ��:!"!' bile salt export pump (BSEP) &��,�D�
C��D! integrity "!' tight 

junction �!�����
7
�'()�D���� THA ,�D�����+�����A�������/'�7#��
F���K TR- <�/',�D�
����
� Mrp2 

"A!�K��
7�
7F�A����
�"��D' Mrp2 <�/'��)C���!)���"�)��7' THA metabolite %"A��KD�7#��
%�L��������#��#
�
/

�#�F�A%���>�?�@"!'��� THA <�/'!!�>�?�@�����A�������/'�7#��
��
%������ metabolite F���)<�/'��+K�"�)



BRG4680009                                                                                                                             2546 

 

                                       

          4-2

!!��A�
����
�"��D' Mrp2 �!�����
7()�D� THA �����+)��%�������/'"!'�7#��
F���������!'�
/�


�����/'"!'�7#��
�A�
 estradiol-17�-D-glucuronide 

�������
�
7����,�A�D�>�?�@��������A�������/'�7#��
"!' THA %���������"�)��7'"!' THA- 

metabolites "�7���'�D!����#�'��"!'����
�"��D' Mrp2  ��
 THA ,�D�
C�%��
/
�&��'�����	���

"��D'&�D!����%�D'����#�'��"!'���"��D'  THA 
�'�D�
�������/'"!'�7#��
�
/%���������(�*�
/��)�
/�
��+


"!'��� metabolism F���)&��"�)!!��
/��A�
��� 

 

�
��� 

���C����7#��
����!)�A�
 2 �D�� �:! "�7���'��)���"�)!!�"!'����7#��
 (bile acid-dependent 

flow, BADF) &����:!"�7���)���"�)���!:/���7'F��7#��
 %�D� "�7���)���"�)!!�"!' glutathione (GSH) 

&��"!'�������
 organic &�� inorganic !:/�Z (2, 20, 36) <�/'���C���&))���'�
7%�L����C����7#��
�
/,�D

"�7���'�D!����7#��
 (bile acid-independent flow, BAIF) &�D��"�7���)���"�)��7'"!' osmotically active 

compound %�D� metabolic by-products &�� xenobiotics <�/'%�L�&�'"�)���F�A%������%��:/!��
/ "!'%���

CD��%
:/!��A�%<�����)&��CD�� tight junction &)) passive transport (4) ������/'�7#��
%�L����)�����

�#���$F�����#��������
/%���"�7���
F�&���
/�������
�!��D�'��
��7' <�/'���%��D��
7+K�%��
/
�&��' 

(biotransformation) ��
 Phase I &�� Phase II enzymes F���) �D!��
/��+K�"�)%"A��KD�7#��
 ���!
D�'%�D� 

Phloracetophenene ��:! 2,4,6-trihydroxyacetophenone (THA) %�L��D�� aglycone "!' 

phloracetophenone glucoside <�/'%�L��������!)�
/%���,�A"�7�%!'���?��������
/������D�����"!'

�D�� ������K� Curcuma comosa (Family Zingiberaceae)(24) THA �����+�����A����,��"!'�7#��


&�� %(�/����"�)!!�"!'����7#��
F���K �D'C�F�A����) cholesterol F�%�:!����' "A!�K���'��D��

�
7F�A%�J��D� THA �
���
��(F����(����%�L�
����*������
/�7#��
��/' (cholestasis) &�� �}!'��������/�

F�+�'�7#��
 (gallstones) !
D�',��J�����,��
/ THA %(�/����,��%�

�"!'�7#��
 
�',�D%�L��
/���)��� ���

����
�
7��F�A isolated perfused rat liver (IPRL) F�������*�C�"!' THA �
/�
�D!���,��"!'�7#��
<�/'%�L�

����#�'����
��'"!'����
7�D!��)<�/'�����+������&���
/%�L�C�"!'���,��%�

�"!'%�:!���:!

���&���
/,�DF�D%�:7!%
:/!"!'��)  C��
/,�A����������
�
7&��'F�A%�J��D� >�?�@�����A� "!' THA �
/�
�D!���

"�)�7#��
%�
/
�"A!'��) Mrp2 &�� THA !���
����
�����'���&(�
� F�������*� �����
/�7#��
��/'�
/%�L�

C������ E2-17G 
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��)Y�5
(���� 

������*���,���������A�������/'�7#��
"!'��� THA F���)�
/&
�!!��������� (isolated perfused rat liver)   

&�����*�)�)��"!' THA ��
F�%<����
/�
C��D!���"�)"!' specific substrate "!' Mrp2  &��
�'

�#�������*�F���K TR- <�/'%�L���K�
/�
����)�(�D!'��&�D�#�%���"!'���"��D'  multidrug resistance-

associated protein-2,  Mrp2/Abcc2  &��)D'�
7,�A�D�>�?�@��������A�������/'�7#��
"!'��� THA �D���
/%�L� 

BAIF %���������"�) glucuronide  conjugate  "!'���%!'�A�
���"��D'  Mrp-2  <�/'%�L� osmotically 

active compound �
/�#�F�A�7#����!!��� 

 

���'��
����� 

1. ��
2<�O� isolated perfused rat liver  ������!'�
7F�A��K Sprague-Dawley %(�CKA �7#�������� 

190 +�' 200 ���� <�/',�A��)��� Charles River Laboratories (Whilmingon MA, USA) ������!'���

"�7��!�!
KD��
F�A%':/!�,""!' National Institutes of Health &��,�A��)����%�J��!)��� Yale Animal 

Care and Use Committee ������!'�#�F��A!'���)������"!' Cellular &�� Molecular Physiology 

Core of the Yale Liver Center ��7'�
7%��/��A�
���&
���)��K!!���&���#���� perfusion ��'�
/,�A!?�)�


,�A�D!���A��
7&�A�(6)  "�7�&���#�F�A��K��)�A�
 sodium pentobarbital (50 ����������D!�7#��������%�L�

��������)&�A�F�A�D! PE-10 tubing (Becton Dickinson Primary Care Diagnostics, Sparks, MD, USA)

�!�%"A�,�F��D!�7#��
 &���D! 14-gauge Teflon intravenous catheter (McKesson General Medical, 

Cheshire, CT, USA)�!�%"A�,�F���!�%�:!��#�F�$D ���'�����7� perfusion �A�
 Kreb-Ringer’s 

bicarbonate (KRB) buffer ( pH 7.4 )  <�/'�
!!�<�%��95% �
����)!�,�!!�,<��5% �
glucose1%  &��

�
!�	��K���'�
/�
/ 37oC + 5oC ��� perfusion�#��
/!�������,��"!' buffer %�D���)  30 ����������D!���
 

�D!���!��D!%"A�,�F� inferior vena cava &��
A�
��),�,�AF� temperature-controlled chamber &�� 

�#���� perfusion �A�
 oxygenated KRB buffer �
/!�������,�� 40 ����������D!���
 (4.4 – 5.7 

���������/���
/�7#�����"!'��)%�L�����) ����)"!'���<!!�<�%��&������)!�,�!!�,<��F� KRB 

buffer +K���)���!
D�'�D!%�:/!'�
/����)!!<�%��%�L�95% &������)!�,�!!�,<��%�L�5% �
/!�	��K�� 

37oC + 5oC �A�
 thermister probe (Yellow Springs Instrument Co., Yellow Springs, OH, USA) <�/'+K�

�!�%"A�,�����D�' lobes "!'��) F��A�
������!'�#����]
� trypan blue %"A�,�F���)%(:/!�K 

uniformity "!'��� perfusion �����������
���"!'�
�
/F�A
A!� 
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���������!'"!' isolated perfused rat liver F�A��)) single-pass system "!' oxygenated 

(95% O2 – 5% CO2) KRB (pH 7.4) �
/%��� 15 ���
���'���%��/� perfusion ��� THA ��+K�]
�%"A�,� 

���'�����7��#���������!)���,��"!'�7#��
 ���"�)!!�"!'����7#��
 &�� glutathione !������7'���

!
KDF��7#��
  THA�
/����
,�AF��������
C�� (DMSO:absolute ethanol:KRB �
/!�����D�� 25:15:60) 

+K� infuse %"A��KD perfusate ��
��?
��� a step-wise fashion �A�
!���� 1 ��:! 2 ��:! 4 ,��������D!���
 

(25, 50 &�� 100 ,�������D��� ����#���))F�����D�'%��� 20 ���
 ���!
D�'�7#��
+K�%�J)����D�'%��� 5 

���
��!���7'������!' �7#��
+K�%�J),�AF� pre-weighed tubes F���	
�
/��������� GSH ���A!'%��� 

6% sulfosalicylic acid F����!
D�'�7#��
�
/���#���������� ���!
D�'�7#��
+K��#�����%���������D�����

%"A�"A�"!'����7#��
&��glutathione ��7'����
/!
KDF��7#��
 F���	
�
/�����*�C�"!' THA �
/�
�D!���"�) 

BSP ��:! DBSP��7� THA+K�%����'F� perfusion media �A�
!�����'�
/�
/ 40 ���������D!���
 (1 ,�

������D���) %�L�%��� 45 ���
 <�/'���F�D THA F� perfusion media ���#����'����
/���!)>�?�@"!' 

BSP ��:! DBSP (0.04 ,��������D!���
 (1 ,�������)) �������/'!�������,��"!'�7#��
�'�
/&���


���"�)!!�"!' BSP ��:! DBSP �'�
/ ���!
D�'�7#��
�
/,�A+K��#�����%���������D�����%"A�"A�"!' BSP 

��:! DBSP &�������	�
/+K�"�)!!�"!' BSP ��:! DBSP 

��������!)���
��("!' THA F�������*���:!)��%��!������/'"!'�7#��
 (cholestasis) �
/

%���������,�A��)��� E2-17G ������!'%��/�������F�A����7#��
 taurocholate (TC) �
/����%"A�"A� 0.5 

,��������D!���
 (12.5 ,�������D���)���'����
/���"�)!!�"!' TC +�' Steady state �D!��%��� THA 

�'F� perfusion medium ���'���%�J) control period <�/'F�A%��� 15 ���
 &��F�A�A�
 !���� 40 ,����

����D!���
 (1 �������D���) (�A!���) single bolus injection "!' E2-17G (1 ,��������D!�7#�������� 

100 ����) ���'�����7��#��������D�!�������,��"!'�7#��
&���D�����%"A�"A�"!'����7#��
&�� 

glutathione !������7'����
/!
KDF��7#��
 

 

2. ��
2<�O� Bile fistula rat ,�.�� TR- 

TR- rat �#������ University of Rochester School of Medicine Faculty (Rochester, NY, USA) 

�D!��#�������!'F�A��K'�!�������/'�:� ������!'%��/��A��A�
�����)��K�A�
 sodium 

pentobarbital (50 ����������D!�7#��������%�L���������) ���'�����7�%����D!'�!��K!!�%(:/!%�L����

�����A������
F�&�A��!��D! Polyethylene %"A�,�F��D!�7#��
%(:/!%�J)�7#��
�
/���/'!!�������D�'%��� 15 
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���
 �7#��
�
/,�A+K�%�J),�AF� pre-weighed tubes �D!���!��D! Polyethylene %"A�,�F� femoral vein %(:/!

�#���� infusion �A�
 normal saline �
/!���� 1.2 ����������D!��/���' ��'!?�)�
,�A�D!���A��
7 (23)  ��7'�
7

!�	��K��"!'�D�'��
"!'��K+K����*�F�A�'�
/�
/ 37 + 0.5oC ��
F�A���,;�
/F�A�����A!� 

���'����#����%�J) control samples %��J�&�A��#����]
� THA %"A�F��D���A�"!' duodenum 

�A�
����%"A�"A� 125 ��:! 250 ,��������D!�7#��������%�L��������� (0.5 ���������) �D!�����!
D�'�7#��


+K�%�J)!
D�'�D!%�:/!'%�L�%��� 90 ���
 ���'�����7��#���!����!'����/'�7#�����!
����7'���/'&���D��
/,�A

�#����#���	��!�������,��"!'�7#��
 

 

3. Immunohistochemistry 0�( confocal analysis 

%(:/!���*�)�)��"!' THA �D!�����	"!' bile salt export pump (Bsep) multidrug resistance-

associated protein 2 (Mrp2) &�� tight junction-associated protein <�/'�:! Zonula occludens (ZO-1) 

������*��
7��&
�������!'"!' Bsep "!' Mrp2 &��"!' ZO-1 !!������� ������!'%��/��A��A�


���]
� THA %"A��KD IPRL %�L�%��� 25 ���
 �����7������)%�L� a small cubic pieces &�A��#����&�D&"J'

��
����
�A�
 Freon/Liquid nitrogen &��%�J),�A�
/ -80oC �������/'���#���F�A  F����%��

�%�:7!%
:/!��7� 

��� small cubic pieces "!'%�:7!%
:/!��)F�A%�L� 4-6 �m-thick sections &����',�A)� slides ��)�
/+K� slice 

+K� fix F� cold acetone (-20oC) %�L�%��� 20 ���
 ���'�����7� rehydrate ��
���&�DF� blocking buffer 

(PBS, 1% BSA, 0.05% Triton X-100) %�L�%��� 20 ���
 ���
A!� Bsep &�� Mrp2 �#�,�A��
���&�D

%�:7!%
:/!%�L�%��� 2 ��/���'�
/!�	��K���A!'F� Bsep antibody (1:200) &�� Mrp2 antibody (1:100) �
/+K�

%�:!��'F� blocking buffer ���'����A�'�A�
 PBS-0.05% Triton X-100 %�:7!%
:/!+K�&�D%�L�%��� 60 ���


F� secondary antibody �
/%�:!��'F� blocking buffer ��7'�
7 Alexan594-conjugated goat anti-rabbit 

(1:500) F�A%�L� secondary antibody �#����)
A!� Bsep &�� Alexa 488-conjugated goat anti-mouse 

(1:500) F�A%�L� secondary antibody �#����)
A!� Mrp2 �D�����
A!� ZO-1 ��7���)�
/+K� slice +K�&�DF� 

primary antibody "!' ZO-1 (1:400) %�L�%��� 2 ��/���' ���'�������A�' ��)+K��#�,�&�DF� secondary 

antibody (1:500) %�L�%��� 60 ���
 ���'�����7��#��������%�J� Fluorescent localization ��
F�A%��:/!' 

Zesis LSM 510 confocal microscope (Carl Zeiss Inc, NY, USA) 
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4. Analytical methods 

�����%����������7#��
��7'���F�A Sigma diagnostic bile acid reagent kit (Trinity Biotech, Co 

Wicklow, Ireland) <�/'F�A������� 32-hydroxysteroid dehydrogenase enzymatic method (17) ��7'�
7

Glutathione ��7'���F��7#��
������%������,�A����7#��
���!
D�'<�/'+K�%�J),�AF� pre-weighed tube �
/)����

"A�'F��A�
 6% sulfosalicylic acid %(:/!��� minimize oxidation "!' GSH ���'�����7��#��������

��%�������D�����
������%�"!'&�' ��
�#����"�7��!� enzymatic recycling "!' Tietze (33) <�/'"�7�

�!��
7+K����)%��
/
���
 Griffth (8) ����%"A�"A�"!' BSP &�� DBSP F��7#��
/+K������������D�����


������%�&�'�
/����
���:� 580 ����%��� ���'���%�:!��' BSP &�� DBSP �A�
 0.1 N NaOH 

 

��
����
�(.�
���Y�)� 

C�������!'+K�&��'%�L��D�%]�
/
 + S.E.M. F����%��

)����&���D�'�����'���D� control 

��)���D��
/,�A��) THA F�A��?
 Student’s pair t-test �D�����%��

)%�

)����&���D�')�'�������
/

�����D� 2 ���D�"�7�,� F�A��?
�����%����������&������ (ANOVA) &�� Student-Newman-Keul’s test 

��7'�
7�D�����&���D�'!
D�'�
��
�#���$+K�(����	��
/ P<0.05 

 

1���
����� 

1. 1�"	� THA 
'��')#		�)
���
�.�"	��/��%' (BFR) 

����#� step-wise infusion �A�
 THA (1, 2 &�� 4 ,��������D!���
) %"A��KD isolated perfused 

rat liver �#�F�A!����������/'�7#��
 (BFR) %(�/�"�7���������	"!' THA �
/%(�/��K'"�7� &�� BFR �
7%(�/�"�7�

+�' steady state �
/%��� 10-15 ���
 ���'���%��/���� infusion (�K��
/ 1) ��7'�
7�
/����%"A�"A�"!' THA 1 ,�

�������D!���
�
C��#�F�A���,��"!'�7#��
%(�/�"�7�!
D�'����
&�� BFR �'�
/�
/ 1.8+0.1 ,��������D!

���
 (n = 4) %�:/!%�

)��)���������
/ BFR %�D���) 1.0+0.1 ,���������D!���
�D!�7#�����"!'��)%�L�

���� �
/����%"A�"A�"!' THA 2 ,��������D!���
�
C��#�F�A BFR %(�/�"�7�+�'����)�K'����
/ 2+0.2 

,���������D!���
�D!�7#��������%�L����� "	��
/ THA �
/����%"A�"A� 4 ,��������D!���
,�D�����+

�#�F�A BFR %(�/�"�7�,�A!
D�'�D!%�:/!'�D���D� BFR F���������D���)�����7� �D!
Z���'%�:/!%���%(�/�"�7� 

��'��7� THA �����A�F�A���,��"!'�7#��
<�/'&���������%"A�"A�"!' THA �
/%(�/�"�7���+�'����)!�/����

<�/',�D�����+�#�F�A���,��"!'�7#��
%(�/�"�7�,�A 
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2. 1�"	� THA 
'��')#	��
.����"	��
%�/��%'0�( glutathione ,��/��%' (GSH + GSSG) 

F�������*�)�)��"!' THA �
/�
�D!������/'"!'�7#��
 ����7#��
 &�� glutathione F� isolated 

perfused liver ()�D�F����D���)��� ����%"A�"A�"!'����7#��
�
�D����'!
D�'���%�J�&���
�D��/#�����
/ 

0.9+0.2 ���������D������'����#���� infusion %�L�%��� 30 +�' 35 ���
 (�K��
/ 2 A) �#����)����%"A�"A�

"!'����7#��
F����D��
/,�A��) THA ()�D��
�D����'���%���<�/'F�AC��
/��A�
��)C��
/,�A������D���)��� 

����%"A�"A�"!'����7#��
���'!
D�'�
��
�#���$��+�' 0.4+0.04 ��������D��� (P<0.05) ���'����
/,�A��) 

THA 15 ���
 (�K��
/ 2A) !
D�',��J��� ����7#��
��7'����
/!!���F��7#��
 ,�D,�A&���D�',�������D�

��)��� (�K��
/ 2B) �#����)����%"A�"A�&�� glutathione ��7'����
/+K�"�)!!�F��7#��
 (GSH + GSSG) 

F����D��
/,�A��) THA��7�()�D��
�D����'F�"	��
/����) glutathione F����D���)���!
KDF�����)�'�
/

��!�������!' (�K��
/ 2C &�� 2D) ��7'�
7�
/����%"A�"A�"!' THA 1 ,��������D!���
 �
C�F�A����

%"A�"A�"!' glutathione ��7'����
/!
KDF��7#��
�
�D����'���%�L� 67.3+5.1% "!'�D��
/,�A������D���)��� 

<�/'%�L��D��
/����D!��
/,�A��) THA %�L�%��� 10 ���
 %�:/!����%"A�"A�"!' THA %(�/�"�7� �D�����%"A�"A�

"!' glutathione �J���'!
D�'�D!%�:/!'��!�������!' (�K��
/ 2C) �#����)!�������"�)!!�"!' GSH 

F��7#��
��7��
�D����'!
D�'�
��
�#���$���'����
/,�A��) THA �
/����%"A�"A� 4 ,��������D!���
 <�/'�D��
/

,�A���%�L� 45.0+8.9% %�

)��)���D���)��� (�K��
/ 2D) !
D�',��J���()�D�F��D�' 5 ���
&�����'���

,�A��) THA !�������"�)!!�"!' glutathione �
�D�%(�/�"�7����%�L� 130.2+4.8% "!'���D���)��� 

F�"	��
/�D�����%"A�"A�"!' GSH ,�D�
���%��
/
�&��'!
D�'�
��
�#���$ <�/'C��
/,�A���������!'�
7

%��:!�%�L� “washout” phenomenon 

 

3. �
��
"	� THA )#	��
"��		�"	���
 BSP 

Multidrug resistance-associated protein 2 (Mrp2) �
)�)���#���$�D!���"��D'%(:/! ���"�)

!!�"!' metabolite �
/%�L� glucuronide sulfate, glutathione S-conjugation &�����"�)!!�"!' GSH 

(7) ����
� Mrp2 !��%�L��������#���$�
/��)C���!)���"��D'"!' THA %(����D� THA �����+

"��"��'���"�)!!�"!' GSH ��'��7�F��������
�
7��'���*�C�"!' THA �
/�
�D!���"�)!!�"!' BSP 

&�� DBSP <�/'��� 2 �����
7%�L� substrates �
/�
"!'����
�"��D' Mrp2 <�/'!
KD�
/C��"!' canalicular 

membrane ��7'�
7%�:/! infusion BSP �A�
!���� 0.04 ,��������D!���
()�D� BFR ,�D%��
/
�&��'&��
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�'�
/!
KD�
/����) 1 ,���������D!���
�D!�7#�������)��'&��'F��K��
/ 3 F���'��'���"A����� infusion 

�A�
 THA �
/!���� 40 ,��������D!���
 �
C�F�A BFR %(�/�"�7�!
D�'����
+�' 2 %�D� ��
F� 5 ���
&��

"!'��� infusion ���'�����7���'�D!
Z���'!
D�'�D!%�:/!'%�:/!%���%(�/�"�7�(�K��
/ 3A) F�����D�'�
/ BFR 

%(�/�"�7��D�����%"A�"A�&��!�������"�)!!�"!' BSP F��7#��
���' (�K��
/ 3B &�� 3C) <�/'����%"A�"A�

"!' BSP F��7#��
���'!
D�'�
��
�#���$��� 4.8+0.2 ��������D���%�L� 2.6+0.6 ��������D������'��� 

infusion �A�
 THA 10 ���
 C��
/,�A�
7&��'F�A%�J��D� THA !��&
D'��) BSP F�����
/��+K�"�)!!����KD

�7#��
 ���%(�/�"�7�%(

'%�J��A!
"!' BSP �
/+K�"�)!!���F��D�' 10 ���
&�� &��������'"!' BSP �
/

+K�"�)!!���F��7#��
 ���'����
�����F�A��� THA %�L�%��� 10 ���
 %��������/'�A�'"!' BSP F� bile 

canalicoli &�� biliary tree �
/%�L�C�������%(�/�"�7�&��������'"!'���,��"!'�7#��
 <�/'%�

�

��������	��
7�D� washout phenomenon (�K��
/ 3C) 

 

4. 1�"	� THA 
'��')#	��
"��		�"	� DBSP ,��/��%' 

%�:/!'��� BSP +K� contugated ��) glutathione <�/'%�L� 2 non-metabolizable analogue "!' BSP 

�
/(�A!���+K�"�)!!����KD�7#��
&��,�D�#�%�L��A!'CD����� conjugation %��:!���) BSP (5, 9, 14) ��'��7�

�������
�
7��'���!)C�"!' THA �
/�
�D!���"�)!!�"!' DBSP C�������!)()�D���� fusion �A�
 

DBSP ,�D�#�F�A BFR %��
/
�&��' �D����� infusion �A�
 THA <�/'�#�,�(�A!������)��� infusion �A�
 

DBSP ()�D� BFR %(�/�"�7�!
D�'���%�J���� 0.9+0.1 %�L� 1.4+0.2 ,���������D!���
�D!�7#�����"!'��)

%�L����� !
D�',��J��� ���%(�/�"�7�"!'������/'�7#��
 (BFR) ,�D�
����&���D�'��'�+���������D���)���

&���
�D����'���%���"!'������!' �!�����
7
�'()�D� THA �#�F�A����%"A�"A�&�������	���"�)

!!�"!' DBSP F��7#��
���'!
D�'����
 (�K��
/ 4B &�� 4C) ��7'�
7%�L��
/�D���'%���D�>�?�@���
�)
�7'"!' 

THA �
/�
�D!���"�) DBSP F��7#��
%���"�7�%�J���D�&���
C����%����D����"�)!!�"!' BSP F��7#��
 ��7'

��7�C�������*�%��D��
7��'�
7F�A%�J��D� THA �
>�?�@
�)
�7'���"�)��7'F��7#��
 (bile excretory phase) 

�����D�
�)
�7'��� form metabolite �
/%�L� intracellular step of phase II conjugation "!' BSP 

 

5. 1�"	� THA 
'��')#	 immunofluorescent localization "	� Mrp2, Bsep 0�( ZO-1 ,�)�� 

%�:/!'������,�A��) THA �#�F�A!����������/'"!'�7#��
�����)%(�/�"�7�!
D�'���%�J�+�'&�A��%(�/�

%(

'��/�����%�D���7� ��'��7�>�?�@��������A���
���7�"!' THA !��%��������������A����%��:/!��
/"!' 



BRG4680009                                                                                                                             2546 

 

                                       

          4-9

vesicles �
/)���� canalicular transport proteins F�AC�� ��7'�
7�����[����'��D��,�A+K�(��K�����
���

�����!) localization "!'����
� Bsep &������
� Mrp2 ��
F�A fluorescent confocal microscopy 

<�/'C�������*�F��K��
/ 5 &��'F�A%�J��D�����
� Bsep &�� Mrp2 F����D��
/,�A��) THA �
�#�&��D'!
KD�
/ 

canalicular membrane %�D�%�

���)F����D��
/��)��� ���&��'!!��
/C��%<���&���#�&��D'�
/!
KD"!'

����
���7'�!'�����
7,�D%��
/
�&��'������D���)��� �!�����
7
�'()�D��#�&��D'�
/!
KD"!' tight 

junction protein (ZO-1) ,�D�
���%��
/
�&��'���'����
/,�A��) THA ��7'�
/����%"A�"A��/#�&���K' (1 &�� 

8 ,��������D!���
) %�:/!%�

)��)���D���)����
/,�D,�A��) THA (�K��
/ 6)  

 

6. 1�"	� THA )#		�)
���
�.�"	��/��%',�.�� TR- 

%�:/!'���%�:/! THA %"A��KD��)��+K�%��
/
�%�L� metabolite �
/!����%�L����F�A osmotic force �#�

F�A%����7#��
 &�� metabolite ��'��D��+K�"�)!!���'����
�"��D' Mrp2 �������
�
7��'�#�������*�C�"!' 

THA �
/�
�D!������/'�7#��
F���K TR- <�/',�D�
����
�"��D' Mrp2 (13) %(:/!�K�D� THA �����++K�"�

�D'CD������
�"��D' Mrp2 &������
�"��D'�
7�
�����#���$�D! choleretic activity "!' THA ��:!,�D 

C�������!)&��',�AF��K��
/ 7 <�/'()�D� THA�
/�����	 125 &�� 250 ,��������D!�7#��������%�L�

��������,�D�����+�����A�������/'�7#��
 &���D� choleretic activity "!' THA ,�D%��
/
�&��'����D�

���� F�"	��
/F���K�����
/,�A��) THA �
/����%"A�"A� 250 ,��������D!�7#��������%�L��������� �
�D� 

BFR %(�/�"�7�%�L� 197.3+13.4% "!'���D���)���<�/',�D,�A��) THA  C��
/,�A�
7&��'F�A%�J��D� Mrp2 �


�����#�%�L��D!>�?�@��������A��7#��
"!' THA 

 

7. 1�"	� THA 
'��')#	4��(�/��%'����
'����%����%-
�� estradiol-17�-D-glucuronide (E2-17G) 

����
/�����*����
��("!' THA �D������+)��%�������/'"!'�7#��
 <�/'%������ E2-17G ,�A

��:!,�D %��/��A�������F�A%��:!�7#��
 Taurocholate (TC) �
/����%"A�"A� 0.5 ,��������D!���
CD��%"A��KD 

IPRL ��!���7'������!'%(:/!%�L����%(�/� endogenous bile acid C��
/,�A()�D� TC �����+%(�/� BFR 

,�A!
D�'�
��
�#���$��
%(�/�+�' 190% "!' BFR %��/��A� (P<0.05) ��'&��',�AF��K��
/ 8 %�:/!�#����]
� E2-

17G %"A���)()�D��D� BFR ���'!
D�'���%�J�%��:! 52.6+15.5% "!'�D� BFR %��/��A� <�/'�D��
/�/#����"!' 

BFR ���,�A���'���,�A��) E2-17G 10 ���
 ���'�����7��D� BFR ���)�KD����)%����
/+K������A���
 TC 

!
D�',��J�������#� infusion �A�
 THA �����+)��%�������7#��
��/'�
/%������ E2-17G <�/'����
7�#�F�A
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����%"A�"A�&�������	���"�)!!�"!'����7#��
���'!
D�'���%�J� (�K��
/ 9A &�� 9B) �������/'+�'

����)�/#�����
/%��� 10-15 ���
 THA <�/'�
C������A�������/'�7#��
���#�F�A����%"A�"A� "!'����7#��


���'&�D�����	�7#��
�
/!!�����7'���,�D&���D�'%�:/!%�

)��)���D��
/,�A��) E2-17G !
D�'%�

� (P<0.05) 

(�K��
/ 9A) �!�����
7()�D� THA �#�F�A����%"A�"A�"!' glutathione !����F��7#��
���'!
D�'������ 

103.0+6.3% %�L� 27.5+7% "!'�D��
/���,�A�D!�,�A��) E2-17G ����%"A�"A��
/���'�
7�D'C��#�F�A���"�)

!!�"!' glutathione ��7'���F��7#��
���' <�/'���'+�' 9.4+3.1% "!'�D��
/���,�A�D!�,�A��) E2-17G <�/'

�D��
/,�A�
7&���D�'����D��
/���,�A�D!�,�A��)��7' THA &�� E2-17G <�/'���%�L� 39.3+5.8% "!'�D��
/���,�A

�D!�,�A��) E2-17G (P<0.05) (�K��
/ 9D) C��
/,�A&��'F�A%�J��D� THA !����%��� form metabolite �
/ 

conjugate ��) GSH �#�F�A�D� GSH !����F��7#��
���'!
D�'��� 

 

1�����
�� 

'������
�
7&��'+�')�)��"!' THA F�����)%<����D!��������A�������/'�7#��
&�������+ 

��������,��
/ THA �#�'���
/�
C��D!���"�)�7#��
 ������&��()�D� THA �
C���
��'�D!��������A� 

������/'�7#��
&��!!�>�?�@!
D�'���%�J�<�/'>�?�@��'��D���
"
��#�������
�D��'�
/%�:/!%(�/� THA F�A�K'"�7� 

��7'�
7!��%�L�C���� a carrier mediated transport maximum (�K��
/ 1) �������
/�!' F�&))�#��!'�
7 

THA ,�D�
C��D!���"�)����7#��
 ��'��7�&��'�D� THA �
C��D! BAIF (bile salt independent fraction) 

�������
/���()�D� THA 
�)
�7'���"�) BSP &�� DBSP <�/'�����7'�!'%�L� substrates "!' multidrug 

resistance-associated protein 2 (Mrp2) C���7'����
/��D��"A�'�A��
7 �
7F�A%�J��D�C����"�)�7#��
�
/%������ 

THA %�L�C���������"�)!!�"!' osmotically active solutes CD�� Mrp2 ����������A�
()�D� THA 

,�D�����+!!�>�?�@�����A�������/'�7#��
F���K TR <�/',�D����
� Mrp2 C��
/,�A�
7�
7F�A%�J��D� bile 

canalicular system ��:! Mrp2 �#�%�L��D!���,��"!'�7#��
&))�
/,�D"�7���'�D!����7#��
 �!�����
7
�'

()�D� THA ,�D�
C��D! subcellular localization "!'����
�"��D'��:!,�D�
C��D!���,�&��'!!�"!' 

����
�"��D'�����
F�%<���,��KDC��%<����A��)� C��
/,�A�
7�
7F�A%�J��D� THA ,�D�
)�)��F� post-

transcriptional modification "!' Mrp2 

�������
�D!���A��
7F� bile fistula rat ()�D� THA �
C��#�F�A%(�/���7' BAIF &�� BADF (23, 26) 

!
D�',��J�����,��
/ THA %(�/� BAIF &�� BADF 
�',�D%�L��
/���)&�D����D� THA �
C���
��'�D!��)

��:!�
C���'!A!�CD����' signaling molecules �
/����� intestine �������
���7'�
7�
7F�A%�J�!
D�'���%���D� 
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THA �
C���
��'�D!��) �!�����
7
�'()�D� THA �����+%(�/� BFR ��
���������������A�������/'

"!'����7#��
��:! glulathione %"A��KD�7#��
 ����
/ THA ,�D�
C��D!���"�)!!�"!'�7#��
�
/���*�,�A������

����
���7'�
7&���D�'���C��
/,�A����������
�D!���A��
7�
/�#�F� bile fistuia rat <�/'()�D� THA %(�/����"�)

����7#��
&���� cholesterol F�%�:!� (23, 26) ����&���D�'�
7!��%�:/!'��������"������7#��
"!' 

isolated perfused rat liver %�:/!%���%(�/�"�7� &��%�:/!'��� washout phenomenon "!'����7#��
F� intact 

animal 

%�:/!'��� THA ,�D,�A�����A����"�)����7#��
 &�� glutathione ��'��7���,��
/ THA %(�/� BFR 

%���������"�)!!�"!' astrotically active solutes "!' biotransformed THA <�/'�J�:! two glucuronide 

metabolites "!' THA (Khamdang et al, unpublished observation) C��
/,�A�
7%��:!���)C�����������


�D!���A��
7<�/' glururonide conjugation "!' phloracetophenone %�L� major biliary metabolite (11, 16) 

Mrp2 �
)�)���#���$�D!���"�)�������!)��
�!� &����
F��
/����!)�A�
 glucoronite, 

glutathione &�� sulfates conjugates %"A��KD�7#��
 (7) &���
)�)���#���$�D!���"�)  metabolite "!' THA 

"A!�����
/,�A����������
�
7()�D� THA ��������A����,��"!'�7#��
,�A������"�)!!�"!' 

osmotically active solute%"A��KD�7#��
��
CD����'����
�"��D' Mrp2 )�)��F����"�)�7#��
"!'THA 

,�D,�A%�
/
�"A!'��)���%��
/
�&��' distribution &�� localization canalicular transporters "!'Mrp2 

"!' Bsep ��:!"!' tight junction protein ZO-1 ��7'�
7)�)��F����"�)�7#��
"!'THA%�
/
���)����
/ 

THA &
D'��)substrates "!'Mrp2%(:/!�
/��+K�"�)!!���F��7#��
 THA!���
���
��(F�����#�,�(����

F�A%�L� anti-cholestatic therapeutic agent 
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�5
'� 4.1    &��'C�"!' THA �D!!�������,��"!'�7#��
F� isolated perfused rat liver ���

���!)  

%��/��A��������#� step-wise infusion �A�
 THA �
/����%"A�"A� 1 2 &�� 4 ,������� 

�D!���
 ��7'�
7&�D������%"A�"A�F�A%��� 20 ���
 C�������!)&��'%�L��D�%]�
/
� 

S.E.M �
/�������������!'�
/��� *p�0.05 &��**p�0.01 &��'+�'����&���D�'!
D�'

�
��
�#���$ ������D���)��� 
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'� 4.2  &��'C�"!' THA �
/�
�D!����%"A�"A�"!'����7#��
 (A) !�������"�)����7#��
(B) ����

%"A�"A�(C)  

&��!�������"!)!!�"!' glutathione !������7'���F��7#��
 (GSH+GSSH) (D) F� isolated 

perfused rat liver ��7'�
7������!)%��/��������#� step-wise fusion �A�
 THA �
/����%"A�"A�1 2 

&��4 ,��������D!���
 ��
F�A%��� 20 ���
�#����)&�D������%"A�"A� C�������!)&��'

%�L� �D�%]�
/
�SEM�
/�������������!'�
/��� *p�0.05 &��**p�0.01 &��'+�'����&���D�' 

!
D�'�
��
�#���$ ������D���)��� 
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�5
'� 4.3     &��'C�"!' THA �
/�
�D!!�������,��"!'�7#��
(A) ����%"A�"A�"!' biliary sulfobromophthalein (BSP)F�

�7#��
(B) &��!�������"�)!!�"!' BSP(C) F� isolated perfused rat liver ��7'�
7��),�A��) BSP �
/����%"A�"A� 0.04 

,��������D!���
��!���7'������!'&��F�"	�%�

�����
/%��� 60 ���
��)���%��/�������!' ��),�A��) 

THA �
/����%"A�"A� 40 ,��������D!���
 C�������!)&��'%�L��D�%]�
/
�SEM�
/�������������!'�
/��� 

*p�0.05 &��**p�0.01&��'+�' ����&���D�'!
D�'�
��
�#���$������D���)��� 
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�5
'� 4.4.      &��'C�"!' THA �
/�
�D!!�������,��"!'�7#��
(A) ����%"A�"A�"!' biliary dibromosulfobromophthalein 

(DBSP)(B) &��!�������"�)!!�"!' DBSP(C) F� isolated perfused rat liver ��7'�
7��),�A��) DBSP �
/����

%"A�"A� 0.04 ,��������D!���
��!���7'������!' &��F�"	�%�

�����
/%��� 60 ���
��)���%��/����

���!' ��),�A��) THA �
/����%"A�"A� 40 ,��������D!���
 C�������!)&��'%�L��D�%]�
/
�SEM�
/�����

��������!'�
/��� *p�0.05 &��**p�0.01&��'+�' ����&���D�'!
D�'�
��
�#���$������D���)��� 
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�5
'� 4.5    &��'C�"!'THA immunoflurescent localization Bile salt export (Bsep)&��multispecific  

resistance-associated protein 2 (Mrp2)F���)�
/,�A��) Vehicle��:!THA�
/����%"A�"A�1 2 &��8,��������D!

���
%�L�%���25���
 �
&�'&��'+�' Fluorescent signal "!'Bsep �
%"

�&��'+�' Fluorescent signal "!'Mrp2 
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�5
'� 4.6.   &��'C�"!'THA �
/�
�D! immunoflurescent  localization "!' Zonula Occluden1 protein  

(ZO-1) F���)�
/,�A��) Vehicle ��:! THA (1 &�� 8 ,��������D!���
) ��(A &��B +D�
�A�


�#���'"
�
�
/%�D����&�D��( C +D�
�A�
�#���'"
�
�
/�����D� 


�5
'� 4. 7    &��'C�"!'THA�
/�
�D!!�������,��"!'�7#��
F���K�
/,�D�
 Mrp2 (TR- rat)&����K�
/�����
/,�A��)THA ]
�%"A�

�D!'�A!'�A�
����%"A�"A� 125&��250 ,��������D!�7#��������%�L����������
/%��� 45  ���
 C�������!)

&��'%�L��D�%]�
/
�SEM�
/�������������!'�
/��� *p�0.05&��**p�0.01 &��'+�'����&���D�'!
D�'�


��
�#���$������D���)��� 
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�5
'� 4.8    &��'C�"!'THA�
/�
�D!�����7#��
��/'�
/%��������E2-17G ��7'�
7��),�A��)Taurocholate�
/ 

����%"A�"A�0.5,��������D!���
��!�������!)%(:/!%��%�
����7#��
��
F��D�'��
 ��),�A��) E2-17G�
/����

%"A�"A� 1,��������D!�7#��������%�L������D!��
/��,�A��)THA�A�
!���� 40 ,��������D!���
��7'&�D���
�
/45 

+�'���
�
/ 90 C�������!)&��'%�L��D�%]�
/
�SEM �
/�������������!'�
/��� *p�0.05&��**p�0.01 &��'+�'

����&���D�'!
D�'�
��
�#���$������D� ��)��� 
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'� 4.9   &��'C�"!'THA�
/�
�D!����%"A�"A�"!'����7#��
(A) !�������"�)����7#��
(B) ����%"A�"A�(C)  
&��!�������"�) glutathione !������7'��� (GSH+GSSH) (D) F������7#��
��/'�
/%������E2-17G ��7'�
7��),�A��)
Taurocholate�
/����%"A�"A�0.5,��������D!���
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 ����7#��
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F��D�'��
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�
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�
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)	�
'� 5. 

��
2<�O�������

�����"	� THA ,���
�%�"���,����	%�#���'���"-	������
"�%"��� 

��
"��#��
%�/��%'
'������-��I�.
�	��# (�
(��(�F� Life Science 78:1630-1636, 2006) 

 

�
��%�#	 

 ,�A�#�������*�)�)��&����,�"!'��� THA <�/'%�L�����
/�
>�?�@�����A�������/'����7#��
 

&����,"���F�%�:!�,�A ��
���*�����,�����#�'��"!' THA �
/!!�>�?�@��,"���F�%�:!��D�

%�
/
�"A!'��)���"��"��'���"��D'����7#��
�
/�#�,�A%�J���:!,�D  ,�AF�A��� HAs �
/�
>�?�@��,"���F�

%�:!�  2  ��������*� ,�A&�D ��� THA &�� 2,6-DHA  �D!����K�<������7#��
F��#�,�A%�J��D�����
F�

��K&��  ()�D���� THA �
/����%"A�"A� 0.5 mM �����+
�)
�7'���"��D'����7#��
 taurocholate CD��%"A�

+�'"!' brush border membrane "!'�#�,�A%�J��D�����
,�A�����	�A!
�� 50  ��
���
�)
�7'%�L�&))

&"D'"����)����7#��
 (competitive) "	��
/ DHA �
>�?�@�
��D������+
�)
�7'���"��D'"!'����7#��
,�A

!
D�'��)K�	�  ��
����%"A�"A��
/F�A���
�)
�7',�A�A!
�� 50 (IC50) %�D���) 1.58 mM &��%�L����
�)
�7'

&)),�D&"D'"����)����7#��
 (non-competitive) �
�D� Ki %�D���) 7.65 mM �!�����
7��� THA &�� DHA 


�'
�)
�7'����#�'��"!' Na+-K+-ATPase F� basolateral membrane "!'�#�,�A%�J��D�����
,�A�A�
  ��


���
�)
�7'%�L�&)) uncompetitive &��%(:/!%�L����
:�
��>�?�@��'��D��,�A�}!���� THA &�� DHA F�

"��� 400 �mol/kg ����� 2 ���7' F�A&�D��K�
/+K�%��
/
��#�F�A�
��%��%�!�!��K'�A�
!����,"����K'

�D����)���F�A����7#��
%�L�%��� 3 �������  ()�D���� THA &�� DHA �����+������)��%��%�!�!�

F�%�:!����%�L��A!
�� 60.4 &�� 58.9 "!'��K���D���)���,�A �!�����
7
�'()�D���� THA �
C��#�F�A

���"��D'����7#��
F��#�,�A%�J��D�����
���' "	��
/����)����#�'��"!' Na+-K+-ATPase ,�D

%��
/
�&��' %�:/!'������!!�>�?�@
�'
�7'������/'����7#��
%"A��#�,�A��'��D���A!'F�A����%"A�"A��K'  <�/'

�����+,�������#�'��"!' enzyme !:/�F��#�,�A%�J�,�A�A�
 ��'����,�A�D�>�?�@"!'��� THA &�� 

DHA F�������
�)
�7'���"��D'����7#��
CD�� brush border membrane &��������#�'��"!' Na+-K+-

ATPase �
/ basolateral membrane ,�DF�A��,�����  ���%�L��D�����/'"!'��,��
/���#�'���D����)>�?�@

!:/�Z %�D�>�?�@��
��'"!'����D! Cyp7A1 F����%�D'�����'%������&��"�)����7#��
!!�����D�'��


%(:/!������)��%��%�! �!�"!'��� HAs %�L��A� 

 

�
��� 

���  hydroxyacetophenones �
/�
C���,"���F�%�:!� &��%(�/� activity "!' enzyme Cyp 7A1 

,�A&�D ��� 2,4,6-THA &�� 2,6-DHA <�/'>�?�@F������,"��� cholesterol F�%�:!���'��D���#�F�A�
���
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"�)��7'����7#��
��'!������%(�/�"�7� >�?�@��'��D��!��%�
/
�"A!'��)���
�)
�7'����#�'��"��D'����7#��
CD��

%<����#�,�A%�J���7'�
/�A��F�"!'�(�'�#�,�A (lumen)   �
/CD�� apical brush border membrane <�/'%�L����

�#�'��"!' ileal bile acid transporter &���
/�A��[��%<����#�,�A (basolateral membrane) <�/'%�
/
�"A!'��)

����#�'��"!' enzyme Na+-K+-ATPase ��
��,���7' 2 %�L�"�7��!��#���$�D!����K�<������7#��
CD��

%<����#�,�A%"A��KD��)  %(:/!��)����������),"���F�%�:!���
��A�'%�L�����7#��
���,"��� cholesterol 

&��"�)��7'��'!������ 

 

��)Y�5
(���� "	���
�����:    

%(:/!���*��D���� HAs 2 ����
�
>�?�@�����A�������/'�7#��
&��������),"���F�%�:!� �:! THA 

&����� 2,6-DHA��
���*�)�)���D!���)�����"��D'����7#��
CD��%<����#�,�A%�J�,��KD���&�%�:!� 

 

���'����� 

1. ��
�)
'�� Brush Border Membrane Vesicle (BBMV) "	������-��I��#��5��� (distal ileum)   

��K&��%(�CKA(��?�� Sprague Drawley �7#����� 200-250 ����  �#����!�!���� 1 �:� �#����

��) CD���� �#��#�,�A%�J��D�����
!!��� (
�������	 15 <� ��� ileocecal valve) CD�%����#�,�A��!�

����
��&��"K�%!�%<�����7� mucosa �#�%<�����'��D��,� homogenate &�� centrifuse &
�  brush 

border membrane vesicle (BBMV) ��
��?
 Magnesium precipitation  (Schmitz 1973 and Ulrich 1990) 

�#���������!)������)�����?�"!' BBMV �
/,�A��
�������� acivities "!' enzyme sucrase, Na+-

K+-ATPase <�/'%�L� marker enzymes "!' brush border membrane &�� basolateral membrane 

����#���) �����7��#�������!)>�?�@"!'���!�<
��;=����D!���"��D'"!'����7#��
�
/�#�,�A%�J��D��

���
 ��
��� incubate BBMV ��)����7#��
�!������� �
/��������'�
 (3H-taurocholic acid) %(:/!������

���"��D'����7#��
CD�� membrane "!'�#�,�A%�J��D�����
 F������
/�
&��,�D�
���!�<
��;=���   

 

2.  ��
2<�O�
(�(����
'��.��(��,���
"��#��
%�/��%'1#��
�� BBMV (Determination of optimum 

time course for uptake of bile acids) 

������*����"��D'����7#��
%"A�%<��� �#���� incubate BBMV ��)����7#��
�!������������'�
 

(3H-taurocholic acid) �
/  25oC F� water bath %�:/!��)%������ incubate ����
/�#���� �
���������
���


���%����������
 (stop solution) �
/%
J���:!F�A mercury chloride <�/'F�A%�L����
�)
�7'���"��D'���

��/�,� �����7��#������!' BBMV ��'��D���A�
�����*��!' GFB "����K(��� 1 ,���!� �A�'�A�
 

stop solution 3 ���7'  �#������*��!'�
/�
 vesicle �A�'!
KD,�F�D scintillation cocktail &�A��#�,����

�����	�����'�
 (����7#��
) �
/+K�"��D'%"A�,�F� vesicle �A�
%��:/!' liquid-scintillation 
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spectrophotometer &��'C�������!'F��K�"!'�����	����7#��
�
/+K�"��D'%"A� vesicle �D!���������

"!' vesicle protein �D! 1 ��D�
%��� (pmol/mg protein/min)  

 %�:/!%��/��������
�
�����#�%�L��
/���A!'���*���%����
/%������F����"��D'��� ��
�#���� 

incubate BBMV ��)����7#��
�!������� �
/��������'�
 (3H-taurocholic acid) F���
�%����D�'Z��� �
/ 5, 

10, 15, 30, 60 &�� 120 �����
 &�A�����
�%����
/�
���"��D'����7#��
,�A�K'��� <�/'���#���F�AF����

���!'�D!Z,�  

 

3.  ��
2<�O�1�"	���
	(&'�)*+���)#	��
"��#��
%�/��%'1#��
�� BBMV "	������-��I��#��5���  

 ������!'�
7%(:/!���*�)�)��"!'��� HAs F����!!�>�?�@
�)
�7'���"��D'"!'����7#��
�
/

�#�,�A%�J��D�����
��
�#�������*���7'F� in vivo &�� in vitro system 

 ��

%�	� in vitro system F�A��K����%��

� BBMV �#���� incubate BBMV ��)����7#��
�!

��������
/��������'�
 (3H-taurocholic acid) F������
/�
&��,�D�
���!�<
��;=��� �#�C�������!'�
/

,�A,�������%"A�"A�"!'���!�<
��;=��������+
�)
�7'���"��D'����7#��
,�A 50% (IC50) &���#�

����%"A�"A��
7,�F�AF������ kinetic �D!,� 

��

%�	� in vivo system �#���
�}!�����
/�����!)�D!��������!'%�L���
�%��������	 

3 ������� �#��#�,�A%�J��D�����
�
/,�A�����������!'�
/,�A��)������D� THA ��:! 2,6-DHA ��%��

�

%�L� brush border membrane vesicle (BBMV) �����7����#���������!)���"��D'����7#��
CD����' 

BBMV ��
��� incubate BBMV ��)����7#��
�
/��������'�
 250 ,���������� �#����%��

)%�

)

�����	���"��D'����7#��
CD����' BBMV "!'�#�,�A%�J��D�����
F���K�
/,�A��)&��,�D,�A��) ���!�

<
��;=��� 

 

4. ��
2<�O���2��)
���
�����/�"	���
 HAs )#	��
"��#��
%�/��%'1#�������-��I��#��5���  

������!'�
7%(:/!���*��K�&))���
�)
�7'"!'��� HAs �D!���"��D'����7#��
�
/�#�,�A%�J��D��

���
 &�����D��'�
/"!'���
�)
�7' (Ki) ������!'�#���
��� incubate BBMV ��)����7#��
�!�������  

�
/��������'�
 (3H-taurocholic acid) �
/����%"A�"A��D�'Z F������
/�
&��,�D�
���!�<
��;=��� C����

���!'�
/,�A���#�,����K�&))���
�)
�7'"!'���!�<
��;=����D�%�L�&))&"D'"�� ��:!&)),�D&"D'"�� 

�����7'�#�,��#���	���D��'�
/"!'���
�)
�7' (Ki) 

C��
/��,�A����������
�
7���#�F�A���)�D���� HAs �
)�)���D!���"��D'����7#��
CD��%"A�

%<����#�,�A%�J�!
D�',� ,�A%��

)%�

)>�?�@����D�'������� (parent compound) &�� metabolite �D!���

"��D'����7#��
CD�� apical brush border membrane %�L�����#�'��"!' ileal bile acid transporter  
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5.  ���������	
��
����� HAs ������	�����
���������  Na+-K+ - ATPase �������������������!  

 �������	
��
�����������	�������	����������!�

�"�����#�	�
��	
�
$�%& Na+-K+ 

ATPase ���	�'("��	�)�
 basolateral membrane *
�#�$�)
�,��".
/��'���	
/1

�
$�%&���%�3.�%�#�37:�"�

���3.;3<%���7; Na =�'*

���& %�>��"�����7;
3����
����#�	�
��	�7.�
�"	���
�#���*
�#�$�)
�,���� 

BBMV 

���	?��
/1
����
�"	���
�#���
/1
@;; Na-dependent @�� secondary active transport 

��������?��#�

�
����7�	*
 in vitro @�� in vivo systems 
C"

��'.�7
 

���������� in vivo system  

 
#�D
( Rat 
��>() 
�#�D
7�/��%�E 200-250 ��7% ?�$�)�7;����������!�

 (THA D��� DHA) 

��	/�� (i.g.) �"�.7
 
/1

.������"��7
��'�D
��	 
%���3�;�#�D
�D
(?�$�)�7;�������D�� 1 3�
 �#�

���>"��7�
#��#�$�)
�,��".
/��'���%�'�./��%�E 15 �%. ?�� ileocecal valve �(�
���&C7�
 mucosa 

���%� 
#�%�
���'% basolateral membrane ��'.�����	 Mircheff and Wright, 1976. @���#���������


/��';
��';����#�	�
��	
�
$�%& Na+-K+ ATPase *
D
(���$�)�7;@��$%"$�)�7;����������!�

 

�"�$/ �#����
/��';
��';3"�3	�����	/U�����'� (Km) @��3"�/U�����'��(	�<� (Vmax) *
@�"����<"% 

?��
7�
?��#����
/��';
��';����#�	�
��	
�
$�%& Na+-K+ ATPase (oubain-sensitive) *
@�"����<"% 

��'����#�/U�����'�*
�E����%� ouabain @��$%"%� ouabain 

���	?���#�$�)%� Na+-K+ ATPase �".
��	 

Na+-K+ ATPase ���
���'.�)�	�7;����
�"	
����
�#���
/1
 ouabain sensitive  

�����D� Ki *
/U�����'���	 ATPase *
=�.����%� ATP 3.�%
�)%�)
�"�	X �7
 �7�	@�" 50- 1000 

$%�3��%���& �7�	*
�E����%�@��$%"%�����������!�

 
#�>��������	���$�)$/ plot D��(/@;;���

'7;'7�	��	����������!�

."�
/1
@;;@�"	�7
 D���@;;$%"@�"	�7
�'"�	$� �.%�7�	
#�$/3#�
.ED�

3"�3	�����	���'7;'7�	 (Ki) 


��?��
���)����%�>�'7;'7�	?�$�)�#����������"�$/��	�������	 metabolite ."�%�>�D���$%" 

�'"�	$�
%���
��';�7;���D�7� (parent compound) 

"������#$! (Results ) 

1. #����������%��&!&�����%��&�������
������'�*��', ��'*C)����7	�� [3H]taurocholate 

>"�
�<	 (vesicle) ��	 brush border membrane, BBMV  �;."�����
�"	���
�7;
.����� uptake ?�


������
�'"�	�.�
�,. ��	?<��(	�<�D��� peak *

.�� 15 .�
������ 25oC @�).���	�'"�	�.�.
�,. ���	


D�<���E&�7	��"�.
/1
�7��E��7�.$/��	��� uptake ���
/1
 Na+-dependent %�����7;
3����
�).' Na+ 

gradient 
%�����	?<��(	�<�?�%���� dissipate ��	 Na+ gradient ����
�"	?����	 @��
.������������� 

uptake ���
/1

.�� 15 .�
���@�).@/�
/���'
3.�%
�)%�)
��	���
�#��� [3H]-tanvocholate �;."�

���;.
����
"	@��	�7��E���	 saturation %�3"� Vmax ��� 1898�150 pmol/mg prot. @�� Km = 

85.4�15.7 �M   
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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. 

 

  
 
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+[I]/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+[I]/Ki) (1/[S])+(1+[I]/Ki)(1/Vmax). 

 
 
 

2. /	/�	
�� THA, DHA 4�& PHA-metabolite ������
������'�*��', $�)�#���� incubate BBMV 

�7; THA @�� DHA ���3.�%
�)
�)
�"�	X
/1

.�� 15 .�
����;."� THA %������'7;'7�	��� uptake ��	

���
�#��� TC $�)�(	�<�@3" 50% ���3.�%
�)%�)
�
�� 0.5 mM (�(/��� 5.1 @�� 5.2) *
��	��	�)�% DHA  

%������*
���'7;'7�	$�)@�	�."����������;?��
�'("�7;�
����	��� �;."�3.�%
�)%�)
���'7;'7�	$�) 50% D��� 

DC 50 ��	 DHA %�3"� = 1.58 mM �����'7;'7�	�(	�<��'("��� 80% ��' DHA ��� 20 mM (�(/��� 5.2) 

 �).' THA 
%���
�)��("�"�	��'?�����<)

/���'
$/
/1
 2,4,6-THA-O-glucuronide ���%��7;
�#��� 

$�)��.?��;�������	 metabolite �7	��"�.�"�����
�"	���
�#��� TC 
�)��(" BBMV �;."���� 

metabolite �7	��"�.$%"%�>�'7;'7�	����
�"	��	���
�#�������#�$�)
�,� ���������(/@;;��	������

�����'7;'7�	 �;."� THA '7;'7�	����
�"	���
�#���>"�
 BBMV @;;@�"	�7
�7;���
�#��� (competitive 

inhibition) �7	�(/ 5.2 �".
��� DHA ��������@;;$%"
�)%�)
 (non-completitive inhibition) �7	�(/ 5.3 

 3. ��������/	/�	
�� THA 4�& DHA ������	�����
�� enzyme Na+-K+-ATPase �;."�

���  THA ��������'7;'7�	����#�	�
��	 Na+-K+-ATPase $�)�(	�<�@3" 50% %�3"� IC50 = 19.1 mM 

�E���� DHA ��������'7	'7�	����#�	�
��	 Na+-K+-ATPase $�)�%;(�E& %�3"� IC50 = 6.3 mM(�(/��� 5.4) 
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���	?�� Na+-K+-ATPase ���
���'.�)�	��%����
�"	���
�#���
/1
 enzyme ���$.�"� Quabain ?7	

$�)�#����/��
%�
>���	����"� activity ��	 enzyme ���$.�"� Quabain �;."�����7�	��	����������

�#�	�
��	 Quabain sensitive ATPase $�)�'"�	C7�
?
 (�(/��� 5.5) 

 

 /	/�	
����� THA 4�& DHA �������'�&'$/�
�$� cholesterol *
D
(@�����
D
��'.
#�*D)

%����7;$�%7
*

�����(	 

���	?��'7	$%"%���������;�;����	����7	��"�.*
D
(@�� @��
����
/1
���

'�
'7
�������	���*
D�������	?�	$�)�#���������*
�7�.&����	 �;."����/��
 THA @�� DHA 

�
�� 400 �mole/Kg @�"D
(@�����
D
��'.
#�*D)%����7;$�%7
*

�����(	
/1

.��
�
 3 �7/��D& ���7;

$�%7
 cholesterol *

�������	?�� 258.7�23.7 mg% *
��<"%3.;3<%�	%�
/1
 156.2�2.6 mg% ��' 

TH A @���	%�
/1
 252.4�16.4 mg% ��' DHA ��'����7�	��	���������"����7; VLDL + LDL 


/1
D�7�*
����E�������7;��	 HDL $%"
/���'
@/�	(�(/��� 5.6) 

 $�)�#�����������������/��
����"�����
�"	���
�#�������#�$�) �;."��
����	������/��


�7	��"�.
/1

.�� 3 �7/��D& THA %������������
"	���
�#���>"�
�#�$�) �E���� DHA $%"%�>��7	��"�. 

�'"�	$��,��%����7�	��	%�������� activity ��	 enzyme Na+-K+-ATPase ��'
�����'"�	'��	 Quabain 

sensitive ATPase �'"�	C7�
?
 

 

   
 

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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Fig. 5.5.  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. 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 
difference from its corresponding vehicle control. 

 

 

  
 

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). 

�8����!"� (Discussion) 

 

  ��%������$���������
����!�

(HAs) 3��  THA @�� DHA %�>�����<)
���D�7�	
�#���

��'����7�	��	��%���
���%����7;���
�#������%���	
�#����("�#�$�)
�,� �#�*D)%�/��%�E���
�#���������%

*
�#�$�)
���%���
 �����7;�3
��
�����*

�����	@��%�����#�	�
��	
�
$�%& Cyp7A *
�7;
���%���



7�
  �).'�����������
���%����#�	�
��	
�
$�%& Cyp7A 
7�
'7	$%"C7�
?
 ��??�
/1
�������	��	@��/

D����������	�)�%��	��� �).'���
�#���*
�#�$�)��%����(��(���%
#���7;%�*C)*D%"����7;$�)���  ��'

>"�
���;.
������
��'�."� enterohepatic circulation ���
�#���
��?��"	>�$/'7;'7�	���;.
���

�7	
3���D&���
�#���*
�7; ��' Cyp7A 
/1

�
$�%&����#�37:*
����(�'7;'7�	   �7	
7�
D
��	D
��	�����?


/1
$/$�)3����$���������������3
��
�������	���
/1
�������	�)�%
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���&�#�$�)>"�

���&;<���	�#�$�)


/1
���;.
������%�D��'�7�
��
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*
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���	,; 6 

���������	
�������&�<�����%�$;��*��',
�� THA ��������=�������&!<����>�>��!����������#$'

���?�����#��������!�'�%�@���� 

 

/	B$'!�� 

$�)�#���������;�;����	��� THA ���%����������<)
���D�7�	
�#���."���%���
�"	����#�?7�������

���?���"�	��'$�)D���$%" *
���.�?7'$�)
����*C)
%���
%��&3�.������	
/1
���/����;��
���'&��	/������

�"�	��'�7;���	�����	
�#��� >��������	�;."����/���%�3.�%
/1
����"��7; �#�*D)�7������D�7�	
�#���

���	�7
�� *
�E�������D�7�	
�#������	 ���7;��	
�
$�%& ALT @�� AST @�� Alkaline phosphatase *


����%�@��*

�#���
���%���
 /��%�E��	 GSH *
�7; @�����D�7�	���%�*

�#������	  ���*D)��� THA 
�)�

��	�#�$�)
�,��".
�)
 ��%�������<)
����7;
�#���*
D
(���$�)�7;���/���%��"�
*D)
���%���
$�) @�"/���U."�

�#�*D)/��%�E��	���/���@�� GSH ���	
3'�(��7;�����	
�#�����7;���	�'"�	%��  �'"�	$��,��%/��%�E

���/���@�� GSH *
�7; @���7C
����*C)@��	3.�%
/1
����"��7;$%"
/���'
@/�	
%���
/��';
��';�7;3"�


D�"�
7�
*
D
(���$�)�7;���/����'"�	
��'.  @��	."���� THA $%"$�)
���%3.�%
/1
��� ?�	
"�?�%���	���
���

�"�	��'�#�?7�/������$�)  �;."���� THA ��%�������<)
����7;/����.���)�%�7;����7;���/������

��	/����.�
���%%�����
 @��	."����*D)��� THA %�>�
/���'
����7;���	���/���?����	
�#���*D)$/*C)��	

���
 ��'
�"	����7;�����	/����.� 3.�%�()3.�%
�)�*?
���'.�7;��$�����#�?7��������"�	X��'�7; @��

/U��7%�7
�&��'��	��D."�	����7;��;;�7.�
�"	����"�	X���?���7;
7;."�%�3.�%�#�37:�'"�	%��*
���

�#�D
�.������*
����#�?7������� 
�����������������
������
 ��'�����??�
������@'"	�7

�	����7.�
�"	

���?���7;( transporter) 
C"
 ��E�
��
/1
�)
 ���	?#�
/1
?��)�	%���������*D)C7�
?
�"�

#�$/*C)?��	 

��'��� THA ��??�C".'�
������
$�)���$%"*C"��D�D
7� 

 

/	��� 

����������	���/��'<��&*C)���������<)
���D�7�	
�#�����	���  %�C".'
�"	����#�?7����������?��

�"�	��' �����	
�#��� *
���.�?7'$�)
����*C)
%���
%��&3�.������	
/1
���/����;��
���'&��	/�������"�	��'

�7;���	�����	
�#��� �).'/���
/1
��D�D
7����%����
#�%�*C)/���'C
&�'"�	�.)�	�.�	�7�	��	�)�


���@��'& .��'������& ���
���� ����D�� @���<���D���%�"�	 X ���/

/���
/���
/1
/�:D���	

���	@.��)�%*
D��'/��
�� /������?�'�7.�'("$�)�7�.$/ ��%���
�)��("�"�	��'%
<�'&$�)�<���	@��
/1


��
D�<��	��3�"�	X ��'
�����"��7�
������	
���&/�����@���#�	�
��	��;;/����� 
%���/���


�)��("�"�	��' ?�>"�

�)�$/*
���@�
����@�����?�'$/��%

���
'����"�	X $�)@�" $� �7; %)�% �%�	 
��%�#��7; �"�	��'�7;/��������	/����.�@���<??�����'>"�
��	
�#��� ?�������������<"%�������!�
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%����������<)
���D�7�	��	
�#���$�)
/1
�'"�	��  ?�	
/1

����	���
"��
*?���?������;�;����	�����<"%����

���!�

�"�����7;���	/������*

�#���   
 
�$�=<��&��B��?@;������ 

1. 3.�%�7%�7
�&��D."�	/��%�E��	
%���
%�3�.���@��3.�%�<
@�	��	���
����������7; 

2. ;�;����	�����<"%�������!�

�"�����#�?7����
%���
%�3�.���*

�#��� 

3. ��$��������������	�����<"%�������!�

���%�>�
/���'
@/�	����7;
%���
%�3�.���*

�#��� 

 

��
,�����#$! 

1.  ������,!��$���	'����?@;����/�*��', 

*C)D
( rat �7
�<& Wistar 
��>() 
�#�D
7�/��%�E 200-250 ��7% 
/1
�7�.&����	
���'	�).'��D��D
(

%�����
 (F.E. Zuellig, Bangkok) ����D��D
( 1 3�
 ��;�).' Nembutal (35-50 mg/kg., i.p.) �#� 

tracheostomy 
����C".'*
���D�'*? cannulate bile duct �).' polyethylene tube (PE) No. 10 
����
�,;
�#��� 

����"� PE No. 50 
�)� femoral vien 
����*C)*
��� infuse �������' �#���� infuse �).' normal saline 
����

��@�
����(:
��'
�#���	�7�.&��D."�	�������	 3.;3<%�<ED=(%���	�7�.&����	*D)�'("��� 37oC �).' rectal 

probe �"�
�)��7; temperature regulator @����'*C)$��"�	*D)3.�%�)�

D
���7.�7�.&  �#����
�,;
�#������$D�

���%�?���"�
�#���
/1

.�� 30 
��� 
�#���C".	 30 
���@��?����	$/@��
�,;�"���� 30 
��� 
����*C)
/1
�7.

3.;3<%(control) D�7	?��
7�
�#��������������'����)�	���?�����; 

 

2  ��������B����$�?$�
�
��������	 (MeHg) ���������'?��	,;�$/ 

���
�,;�7.�'"�	
�#������$D����%�?���"�
�#���?��#�
/1
C".	 X C".	�� 30 
��� D�7	?��
�,;
�#���C".	

��� 2 @�).������/���
�)���	
�)

�����#����
�)��("�7; (Portal vein) �).'3.�%
�)%�)
 20-80 �mol/kg BW  

@��
�,;
�#����"���� 4 C".	 *
�E�
��'.�7

�,;�7.�'"�	
����/��%�E 0.2 %�������� D�7	?��
7�
 ������

?#��.���<"%�������!�

 (acetophenone) �).'3.�%
�)%�)
���
D%���%�
�� 20-80 �mol/kg BW ��'���


�)��("���	�#�$�)
�,��".
�)
 (duodenum) @��
�,;
�#����"���� 4 C".	 C".	�<��)�'��	�������	�#����
�,;


����?�� Abdominal aorta  @�).?�	
�,;�7.�'"�	�7; �7	@>
>7	 

������B��&%�	��>,��B�,     

#��7.�'"�	
�#��� 
���� @���7.�'"�	�7;���
�,;$�)%�.�
3���D&�7	�"�$/
�� 

1. 3#�
.ED��7������D�7�	��	
�#��� (Bile flow rate) 

2. .�
3���D&3.�%
�)%�)
@��/��%�E��	���/��� �����(��$���
 (GSH) *

�#��� @��*
�7; 

3. .�
3���D&D�3.�%
�)%�)
@��/��%�E��	 AST @�� ALT *
����%�  

4. .�
3���D&3.�%
�)%�)
@��/��%�E��	
�
$�%& Alkaline phosphatase *

�#���@��*
����%� 
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5. .�
3���D&����#�	�
��	
�
$�%& glutathione S-transferase *
�7;  

 

3  ��������/	/�	
������&��C�EGC�����������#$'������		�*�	���*��', 


���'%�7�.&����	
C"

��'.�7;�)� 4.2 
�����
�����
D%���%��	���/��� 1 �
��?���)� 4.2 %�

����� D�7	?���7�.&����	$�)�7;���/��� (MeHg) 
/1

.�� 1 C%. ?��#������������
����!�


�)��("

���	�#�$�)*
�
���"�	X�7
 ��'������?�*C)3�� 2,4,6-Trihydroxyacetophenone (THA) 

���	?��
/1
������

%�3.�%��%���*
�������<)
���D�7�	
�#���$�)������<� 

 

4  �������������������	
��
������&��C�EGC��	,;�,"��/���������
$/	�*�
��������	���	���*��', 

- �#�����������'*C)������%������ deplete GSH ?���7; 

- �����%����7;���	���/���*
/����.� 
 

�#�
���� (1.2 %���������"�C7�.�%	) 
 
                                                      ������/���                         �������������!�


�)��("���	�#�$�)
�,� 
 

       

       - 60                  -30                    0                   30                   60                    90                  120        

 

 

 
� 
�,;�7.�'"�	
���� 
 

� 
�,;�7.�'"�	
����?�� 
                                                                                                            Abdominal aorta 

� 
�,;�7.�'"�	�7; 

 4"�"$� 4�'��&!&����
������%����4�&���/�$��!�����@�' �*��', 4�&�$/#���$���	'���       

 

"������#$! 4�&�8����!"� (Results and Discussion) 

 

 �7������D�7�	
�#���*
D
( Wistar rat ���*C)*
��������%��'("/��%�E 63-65 �l/kg/min ���*D)

���/����;��
���'&��	/���
%���
%��&3�.�� (MeHg) 
�)���	 portal vein %�>��#�*D)�7������D�7�	
�#���

���	�7
�� ��'������	@/�?���%�
����	 MeHg ���$�)�7; E ���
.�� 30 
���D�7	?��$�)�7;���/���*


�
�� 20, 40, 60 @�� 80 �mol/kg BW �7������D�7�	
�#������	$/�'("��� 151.87+1.11 (81.5% of control), 

48.15+0.57 (75.7%), 42.11+1.16 (66.2%) @�� 37.94+1.71 �l/kg/min (59.7%) ��%�#��7; (�(/��� 6.1 �) 

�������	
��
������
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*
�E�
��'.�7;/��%�E��	 GSH ���������(��7;���*

�#������	 /��%�E GSH ������	%�3.�%�7%�7
�&�7;

�
����	 MeHg ���$�)�7;
���%���
 (�(/��� 1�)  @���7������D�7�	
�#������	 

 %�D�7���
."��7;�7;���	 MeHg �����	
�#�����' MeHg ?����&%
/1
 complex �7; GSH �"�
 ������ 

GSH *
�(/��������	 �7�	*

�#���@��*
�7;D�7	?��$�)�7;��� MeHg ��??�
���?�����*C) GSH ���&%


/1
 complex �7; MeHg 

 
%���.�
3���D&/��%�E��	 MeHg ����(��7;�����	
�#��� �;."�/��%�E/�������(��7;��� @/���%

�
����	 MeHg ������*D)�7�.&����	 (�(/��� 6.2) @�"
%���3#�
.E
/1
�)�'����	����7;���	��	���/���

���%��%��'�
.���������� �;."�
%���
.��>"�
$/ 120 
��� �)�'����	����7;���	D���/��%�E/���*

�#���


��';�7;/��%�E���*D) (dose) ?�%�3"����	
%���*D)/���*
�
������(	���
 ��'/����
�� 20 @�� 80 

�mol/kg %��)�'����	����7;���	���%�'("��� 12.6+0.07% @�� 4.77+0.10% ��	�
�����*D)��%�#��7; 

�'"�	$��,��%�7�������7;���	��	/���*

�#���?�@���"�	�7
*
C".	 30 
���@�� D�7	?�� 30 
���@��@�).

��7;$%"%�3.�%@���"�	��%�
�����*D)  


%�����?��E���	=�.�3.�%
/1
�����	/����"��7; /��%�E��	
�
$�%& AST, ALT @�� ALP ?��

�7;����7�.���%�*

����
���%���
��%�
��@����'�
.��D�7	?��$�)�7;��	���/��� @��	��	3.�%
/1
���

?�����/���
���%���
 �7	����	��� 1 /����
�� 20 �mol/kg BW �#�*D)
�
$�%&�"�	 X 
D�"�
7�
*

����


���%���
 @�"$%"%�>��"����7;��	
�
$�%& ALP *

�#��� 3"��"�	 X *

����%�3.�%@���"�	?����<"%3.;3<%

�'"�	C7�
?
 
%���
���%�
����	/���?�� 40 �mol/kg BW 
/1
�)
$/ %�>�*D)�7C
��<��7.���@��	3.�%
/1


�����	/����"��7;
/���'
@/�	�'"�	C7�
?
  

 ������%��	���/���*
�7; (�(/��� 6.3) ?�
���%���
��%?#�
.
��	������*D)@��%�>���/��%�E

��	 GSH *
�7;�'"�	C7�
?
 @�����
/���'
@/�	��	/��%�E GSH *
�7;?�@/�>7
��%�
����	���

/��� 

�7	
7�
���/����
�� 40 �mol/kg BW 
�� ?�
#�$/*C)*
�������	�"�$/ 
��������;�������	 

THA  *
����#�?7���� 

 

2. "�
�������&�<�����%�$;��*��', THA ������	�����
���$/	,;�'��$/������	 

 ?�����������)�	�)
���/����
�� 40 �mol/kg 
/1
�
�����%�3.�%
D%���%���?�
#�%�*C)*
���


D
��'.
#�*D)
������������"��7; @��*C)����;/�������=����	 THA *
����#�?7�/��������	
�#��� �7	

�(/��� 4 
%���*D)��� MeHg �
�� 40 �mol/kg �7������D�7�	
�#������	
D���/��%�E 75% ��	3"�3.;3<% 

���*D) THA *
�
�� 300 @�� 600 �mol/kg ��%�������<)
���D�7�	
�#���������	���
���?��3.�%
/1
���

��	/���$�) 3���7������D�7�	
�#���
���%���

/1
 222 @�� 256 % ��� 30 
���D�7	?���(�����<)
 ��	@%)."�3"�

�7	��"�.?�'7	��#��."�3"���<"%3.;3<%�,��% *
��<"%3.;3<%����
���7	��"�.?�����<)

�#���$�)��� 276.54 @�� 

300.48 % ��%�#��7; 
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 ���*D)��� THA 
��'	�'"�	
��'.
��������<)
���D�7�	
�#��� %�>��#�*D)/��%�E��	 GSH *

�#������	 


C"

��'.�7;���*D)���/��� ��'���7;��	 GSH *

�#���
/1
�7��".
��7;�7;�
����	 THA @���7���

���D�7�	
�#������
���%���
 ���*D)��� THA *
D
(���$�)�7;���/���
7�
 ��	@%)."���� THA ?���%�������<)


���D�7�	
�#���*
�7�.&����	�7	��"�.$�)�,��% @�"��� THA $/�����7;��	 GSH *

�#���*D)��#��	$/��� (�(/

��� 5) 3��."���� THA ��??��(� biotransform *
�7; 
���
/1
 metabolite ��� conjugate �7; GSH �"�
���?��7;

���	�������7; ?�	
/1
��
D�<����#�*D)���7;��	 GSH *

�#������	$/��� @�� metabolite ��	 THA ��� 

conjugate �7; GSH *

�#�����?
/1
���>�.D
7	����#�*D)
��� osmotic driving force ��	
�#�*D)���%�*

�#��� 

 ��%���3��."���� THA %�/�������=����
�"
*
�������<)
���D�7�	
�#���?�C".'�����37�	��	

�������.���D�D
7� 
C"
 /���*
�7; ��'
�"	����7;���	���$/�7;
�#���
7�
 @�"/���U."�
%����������	

�=��3.�%
/1
?��	 *
�=�.����%�����7�	��	�'("�).'�7
 ��7;*D)>���	�)�% 3�� ��� THA ��7;%�>������

�7;���	���/��� �����	
�#����7	�(/��� 5 ����7;���	���/���%�@
.�
)%���	��%�
����	��� THA ���*D)


���%���
 

 �'"�	$��,��% �7�	 X ���%�����7;���	���	/��%�E��	���/���������%�'("*
�7;$%"$�)
���%���
%��
7� 


%���
��';�7;������	��	����7;���	 $%"�;."�%�3.�%@���"�	��	����� (P>0.05) /��%�E��	 GSH *
�7;�,


C"

��'.�7
$%"@���"�	?����<"%/������$%"$�)�7;��� THA (�(/��� 6) 
��?��
��'7	�;."� ��� THA %�>��#�

*D) activity ��	 enzyme glutathione-S-transferase (GST) *
�7;
���%���
 (�(/��� 7) ���	
/1
D�7���
D
��	 ���

��?@��	."���� THA ��??�
��� biotransform *
�7; ��'����<)
����#�	�
��	 enzyme GST 
���
/1
 

complex ��	 THA �7; glutathione 

 3.�%�#�37:��	 GSH �"�����#�?7�/������?���"�	��'��%���'�
'7
$�)?�����*D)��� 

buthionine sulfoximine (BSO) ���	'7;'7�	����#�	�
��	 enzyme �-glutamyl-cysteine synthetase ���	
/1
 rate 

limiting enzyme *
����7	
3���D& GSH D��� acivicin  ���	$/'7;'7�	����#�	�
��	 enzyme �-glutamyl 

transferase ��� canalicular membrane �#�*D) GSH *

�#���$%"�(��#���' 
���&�7;?���� cysteine ���*C)*
���

�7	
3���D& GSH �"�$/ �;."����*D)����7	��"�.�7.*��7.D
��	$/?� deplete glutathione =�'*

���&�7; 

���7; glutathione ?����	�'"�	%�� �7������D�7�	
�#���?����	 ����7;���/���?����	$/�).' (�(/��� 

6.8, 9) 

 *
�=�.����%���� depletion ��	 GSH *

���&�7;
7�
 ��� THA '7	��%�������<)
���D�7�	
�#���$�) 

@��	."�������".
D
��	��	 THA *
�������<)
���D�7�	
�#���
7�
 $%"$�)���
�7;���D�7�	 GSH �).'��� THA 

 
%������ THA 
�)��("�7;?#�
.
D
��	?� conjugate �7; glucuronide @�).?�	�7;���	�����	
�#��� 

?��������*D) THA ����<)
���D�7�	
�#��� @�"��7;������7;���	��	���/�����'���$%"$�)
���%3.�%


/1
���*D)@�"�7;
�'
7�
 3��."��"�	��'?��)�	%���$���	���
*
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�L�	,; 6.1  Bile flow rate (�) and biliary secretion of glutathione (GSH) (�) after a bolus injection of 
methylmecury chloride (MeHg) into the hepatic portal vein at a dose of 20-80 �mol/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. 
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�L�	,; 6.2 Biliary excretion of mercury after a bolus injection of methylmercury chloride (MeHg) into the 
hepatic portal vein at a dose of 20-80 �mol/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 that treated with MeHg 20 �mol/kg BW at 
the corresponding time. 

 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 30 60 90 120

B
ili

ar
y 

ex
cr

et
io

n 
of

 m
er

cu
ry

 
( �

m
ol

/k
g 

B
W

)

MeHg 20 umol/kg BW

MeHg 40 umol/kg BW

MeHg 60 umol/kg BW

MeHg 80 umol/kg BW

*

*
*

*

*

*

*

*
*

*
*

*

�.

*

*

*

0

1

2

3

4

0 30 60 90 120

Collection periods (min)

C
um

ul
at

iv
e 

bi
lia

ry
 e

xc
re

tio
n 

of
 m

er
cu

ry
 (%

 d
os

e)

*
*

**

*

*
*

�.

*
*

*
*





















BRG4680009                                                           6-                                                                       2546 16

References: 
1. Ashour H, Abdel-Rahman M and Khodair A.  The mechanism of methylmercury toxicity in isolated 

rat hepatocytes. Toxicol Lett 1993; 69: 87-96. 

2. Ballatori N, Clarkson TW.  Biliary secretion of glutathione and of glutathione-metal complexes.  

Fundam Appl Toxicol 1985; 5 (5): 816-31. 

3. Ballatori N, Clarkson TW.  Biliary transport of glutathione and methylmercury.  Am  J  Physiol 

1983; 244: G435-G441. 

4. Ballatori N, Clarkson TW.  Dependence of biliary secretion of inorganic mercury on the biliary 

transport of glutathione.  Biochem  Pharmacol 1984; 33: 1093-1098. 

5. Ballatori N., Anh T.  Glutathione as a primary osmotic driving force in hepatic bile formation. 

Gastroenterology. 14, G617-G624, 1992 

6. Ballatori N, Truong  AT.  Multiple canalicular transport mechanisms for glutathione S-conjugates: 

transport on both ATP-and voltage-dependent carriers.  J Biol Chem 1995b; 269: 3594-3601. 

7. Ballatori N, Truong  AT.  Mechanisms of hepatic methylmercury uptake. J Toxicol Environ 1995c; 

46; 343-353. 

8. Denny MP, Hare MF, Atchison W.  Toxicol Appl Pharmacol 1993; 122; 222. 

9. Filippelli M., (1987) Determination of trace amounts of organic and inorganic mercury in biological 

materials by graphite furnace atomic absorption spectrometry and organic mercury speciation by gas 

chromatography. Anal Chem. 1987;59(1):116-8.  

10. Gregus Z and Klaassen DC.  Disposition of metals in rats: A comparative study of fecal, urinary, and 

biliary excretion and tissue distribution of eighteen metals. Toxicol Appl Pharmacol 1986 85: 24-38. 

11. Grosso A and DeSousa BC.  Mercury blockage of apical water channels in toad skin (Bufo marinus). 

J  Physiol 1993; 468; 741-752. 

12. Imesch E, Moosmayer M and Anner BM.  Mercury weakens membrane anchoring of Na-K-ATPase.  

Am J Physiol 1992; 262; F837-F842. 

13. Klaassen CD.  Biliary excretion of mercury compounds.  Toxicol Appl Pharmacol 1975; 33; 356-

365. 

14. Li L, Meier PJ, Ballatori N.  Oatp 2 mediates bidirectional organic solute transport: a role for 

intracellular glutathione.  Molel Pharmacol 2000; 58: 335-340. 

15. Meredith MJ and Reed DJ.  Status of the mitochondria pool of glutathione in the isolated 

hepatocytes.  J Biol Chem 1982; 257: 3747-3753. 



BRG4680009                                                           6-                                                                       2546 17

16. Maulusma CC, van Geer MA, Evers R, Ottenhoff R, Borst PO, Elferink RP.  Canalicular 

multispecific organic anion transporter/multidrug resistance protein 2 mediates low-affinity transport 

of reduced glutathione.  Biochem J 1999; 338; 393-401. 

17. Sellinger M, Ballatori N and Boyer JL.  Mechanism of mercurial inhibition of sodium-coupled 

alanine uptake in liver plasma membrane vescicles form Raja erinacea.  Toxicol App Pharmacol 

1991; 107; 369-376. 

18. Shenker BJ, Gue TL, Shapiro JM.  Induction of apoptosis in human T-cells by methylmercury: 

temporal relationship between mitochondrial dysfunction and loss of reductive reserve.  Toxicol 

Appl Pharmacol 1999; 157;23. 

19. Stacey NH and Klaassen CD.  Comparison of the effects of metals on cellular injury and lipid 

peroxidation in isolated rat hepatocytes.  J Toxicol Environ Health 1981; 7: 139-147. 

20. Thompson TN and Klaassen CD.  Disposition of metals after portal and systemic administration to 

rats.  Toxicol Appl Pharmacol 1986; 68; 442-450. 

21. Theodorus PM and Helmut S. Assay of Glutathione, Glutathione Disulfide, and Glutathione Mixed 

Disulfides in Biological Samples. Methods of Enzymol 1981; 77: 373-82. 

22.  Zalupz RK and Lash LH. Toxicology of metals: Interactions between glutathione and mercury in the 

kidney, liver, and blood. Chang WL Ed, Magos L and Suzuki T Assoc Ed, CRC Press Florida, 1996; 

 

-------------------------------------------- 



BRG4680009                                                                                                                            2546 

 
 

5

Research Output 

 

1.  "������#$!	,;#&�'��$/����,?��?�����������>�����&'$/����>���#��CB�������#,!�,* 6 >�*�  

  "������#$!	,;�'��$/����,?��?�����������>�����&'$/����>���4��� 3 >�*�  

Publications 

(1.) Lukmanee Tradtrantip, James L. Boyer, Apichart Suksamrarn, Pawinee Piyachaturawat.. 

Differential effects of hydroxyacetophenone analogues on the transcytotic vesicular pathway in 

rat liver. Eur. J. Pharmacol. (2006) 2006 Oct 10; 547(1-3):152-159. 

 

(2.) Chitrawina Mahagita, Khwanchit Tanphichai, Apichart Suksamrarn, Nazzareno Ballatori , 

Pawinee Piyachaturawat.(2006).4-Hydroxyacetophenone-Induced Choleresis in Rats is 

Mediated by the Mrp2-Dependent Biliary Secretion of its Glucuronide Conjugate. Pharm Res. 
Nov;23(11):2603-2610.  

 

(3.) Jainuch Kanchanapoo, Mrinalini C. Rao, Samaisukh Sophasan, Apichart Suksamrarn, 

Pawinee Piyachaturawat. Inhibitory effects of choleretic hydroxyacetophenones on 

ileal bile acid transport in rats.  Life Science 78 (2006) :1630-1636. 

 

Manuscripts 

(4.) Lukmanee Tradtrantip, Pawinee Piyachaturawat, Carol Soroka, Kathy Harry,Albert 

Mennone2, Chitrawina. Mahagita, Nazzareno Ballatori, and James L. 

Boyer2.Phloracetophenone-Induced Choleresis in Rats is Mediated Through Mrp2 .                

Submitted to Am J. Physiology- Gastroenterology-Liver. 

 
(5.) Pawinee Piyachaturawat, Supaporn Kongsawat, Aporn Chucharunee Surawat 

Jariyawat, Krongtong Yoovathaworn  and Jutamaad Satayavivad. Modulation of 
hepatic excretion of methylmercury by choleretic phloracetophenone in rats. In 
Preparation to submitted to Tox Letter. 

 
(6.) Suparat Khamdang, Apichart Suksamrarn, Pawinee Piyachaturawat. Evaluation on the 

choleretic effect of hydroxyacetophenone on the secreting species of bile acids.  
                  Preparation to submitted to Metabolism. 
 

            ��� ?��?�4��� 3 ��@;�� �!L��&%����'��������� 3 ��@;�� 

 



BRG4680009                                                                                                                            2546 

 
 

6

2. %�$��@�:  

 

3. ����$�: ����$�"������#$!��
���	!������� �B�,�8�$> #���8���#$!4%��>��� ��&#���G 2546 

(����$�>��>!) 
����	 “."�
C7�%��(��7;@
.��	����7�
�'�*D%"
������$�%7
*

����

@�������37�	��	
�#���*
�7;” “Curcuma comosa Roxb. and strategies for development 

of new drugs for lowering plasma lipids and attenuation of cholestasis. ”  �7;��	.7� 

�<%=��7
�& 2547 

4.   �������"������#$!��	,;��&><���>���� 

      4.1. �������"������#$!��	,;��&><���>��������&�	��	! 

4.1.1. Mahagita C., Piyachaturawat P, Stimulating effect of 4-Monohydroxy 

acetophenone on bile acid independent secretion: Analysis of biliary components.  

Abstract # S3-P11  RGJ-Ph.D. Congress VI,  28-30 
%��'
 2548 

4.1.2. Lukmanee Tradtrantip, James L. Boyer, Apichart Suksamrarn, Pawinee 

Piyachaturawat  Mechanism of phloracetophenone on bile secretion in rats.  

/��C<%.�C��������.��'��%�3%@D"	/��
��$�' 3�7�	��� 35 /��?#�/! 2549 .7
��� 3-5 

���=�3% 2549 E ��	@�%
�,
��7� �.	��.7
 �#�
=�
%��	 ?7	D.7�
C�'	*D%" 

Abstract  

 

      4.2. �������"������#$!��	,;��&><���>��������>�����������&�	� 

4.2.1.    Piyachaturawat P, Kongsawat S, Jariyawat S. 

Inhibition on hepatobiliary excretion of methylmercury by a choleretic 

phloracetophenone in rats FASEB J 18 (4): A696-A697 Suppl. S MAR 23 2004 ;�37�'"�


#�>�	�
.�?7'
�)�
�
�*
���/��C<%.�C���� Experiment Biology-2004 meeting  .7
��� 17-

21 
%��'
 2547 
%��	.�C�	�7
 ���� /��
���D�7��
%���� 

4.2.2.-  Piyachaturawat P, Khamdang S, Suksamrarn A  

Evaluation on the choleretic effect of hydroxy acetophenones on the secreting 

species of bile acids   FASEB JOURNAL 19 (4): A749-A749 Part 1 Suppl. S 

MAR 4 2005 ;�37�'"�
#�>�	�
.�?7'
�)�
�
�*
���/��C<%.�C���� Experiment 

Biology-2005 meeting E ��<	 San  Diego  *

���

%��'
 2548 

4.2.3. - Lukmanee Tradtrantip1, Aporn Chuncharunee2, Pawinee Piyachaturawat1 

Modulating effect of Hydroxyacetophenone on hepatobiliary excretion of 

horseradish peroxidase in rats.  FASEB JOURNAL 20 (5): A1278-A1278 Part 2 



BRG4680009                                                                                                                            2546 

 
 

7

MAR 7 2006 ;�37�'"�
#�>�	�
.�?7'
�)�
�
�*
���/��C<%.�C���� Experiment 

Biology-2006 meeting E San Francisco, USA   *

���
 1-5 
%��'
 2549 

 

4.3. ���������$���#$! 

�. �&'$/���XX�C	 (?����	!�)  1  B�  (�G	,;#/4�&%$�
����	!���?�
�) 

�.�. 2547         
.�. �<=��� 3	�.7���� A study of the effect of phloracetophenone on biliary excretion 

of methylmercury in rats /�??<;7

/1
��?��'&3E��D
.C %D�.��'��7'.�7'�7��E& ?. 


3�������%��C �'("��D."�	�7;�<
������"����7;/.
�� ���/��
���7	��� 

 


. �&'$/���XX���� 3 B� (�G	,;#/4�&%$�
����	!���?�
�) 

�.�. 2547         
�	  �<=��7�
& 3#�@�	 (?7
��&
D���	)  A study of the choleretic effect of acetophenones 

and its interactions with organic anion transporters in comparision with nonsteroidalll 

anti-inflammatory drugs. /�??<;7

/1
��?��'&3E�
=�7C�����& %. �<;� 

�.�. 2548         
.�.*?
<C ��:?
=( Effect of phloracetophenone on the intestinal transport of bile 

acids in rats.   /�??<;7

/1
��?��'&3E�
=�7C�����& %. �<;� 

�.�. 2549          
.�. �7��E%E�  ����������'&  
����	 Study of a cellular mechanism of 

phloracetophenone and its analogues on bile secretion in rats /�??<;7
�#� postdoc 


���'.�)�	�7; Drug Discovery  ���  Univ of California at San Francisco (UCSF)  

�.�. 2550-        
.�. ?���.�E� %D�3���   �'("*
��D."�	�������� @���#�.�?7'��� University of  Rochester, 

NY, USA. 

4.4 "�����@;�Y����%�@�#��	<�  

�$/�>�X��Z���	!������=�/$�������&�	� 

 1.  .��'���*D)�7%%
�
����	 Choleretic activities of Curcuma comosa, Department of 

Physiology College of Medicine,  U. of Illinois  .7
��� 13 
%��'
 2547 
%��	C�3��� /��
��

�D�7��
%���� 

2.  .��'���*D)�7%%
���	.�C����*
	�
 “Frontiers of GI Research Seminars” 
����	 The 

modulation of hepatobiliary excretion of methylmercury by a choleretic phloracetophenone in 

rats”, Department of Medicine, Clinical Sciences Building, U. of Illinois .7
��� 14 
%��'
 2547 


%��	C�3��� /��
���D�7��
%���� 



BRG4680009                                                                                                                            2546 

 
 

8

 3. .��'���*D)�7%%
�
����	 Different choleretic effects of hydroxyacetophenone analogs. 

Dept. of Environmental Medicine, NIEHS Environmental Health Science Center. U. of 

Rochester.  .7
��� 13 
%��'
 2549 
%��	 Rochester /��
���D�7��
%���� 

 

           4.5.  "������#$!	,;�,?��?��@;�Y  

1. Khamdang S, Takeda M, Babu E, Noshiro R, Onozato ML, Tojo A, Enomoto A, Huang 

XL, Narikawa S, Anzai N, Piyachaturawat P, Endou H. (2003). Interaction of human 

and rat organic anion transporter 2 with various cephalosporin antibiotics. Eur J 
Pharmacol. 28;465(1-2):1-7. 

2. Khamdang S, Takeda M, Shimoda M, Noshiro R, Narikawa S, Huang XL, Enomoto A, 

Piyachaturawat P, Endou H. Interactions of human- and rat-organic anion transporters 

with pravastatin and cimetidine.  J Pharmacol Sci. 2004 Feb; 94 (2):197-202 

3. Charoenteeraboon J, Nithipatikom K, Campbell WB, Piyachaturawat P, Wilairat P, 

Rongnoparut P.  Induction of human cholesterol 7alpha-hydroxylase in HepG2 cells by 

2,4,6-trihydroxyacetophenone. Eur J Pharmacol. 2005 May 16; 515 (1-3):43-6. 

4. Devakul Na Ayutthaya, W., Pramyothin, P., Piyachaturawat, P., Ekataksin, W., 

Chavalittumrong, P., Chivapat, S., Caichantipyuth, C. (2005). Hepatotoxic effect of 

barakol in mice. J of Trad. Med. 22 (1): 9-14. 

5. Sathaporn Prutipanlai, Sukumal Chong thammakun, Pawinee Piyachaturawat, Orapin 

Wongsawatkul, Piyajit Watcharasit, Jutamaad Satayavivad.  Effect of Permithrin on 

muscarinic cholinergic receptors in mouse striatum. In: International Proceeding “New 

Trends in Alzheimer and Parkinson Related Disorders: ADPD 2005   

6. Jantaratnotai N., Utaisincharoen, P., Piyachaturawat, P., Chongthammakun, S.,     Sanvarinda, 

Y. Inhibitory effect of Curcuma comosa on NO production and cytokine expression in LPS-

activated microglia. Life Sci. 2006 Jan 2;78(6):571-7. 

7. Weihrauch D, Kanchanapoo J, Ao M, Prasad R, Piyachaturawat P, Rao MC. Weanling, 

but not adult, rabbit colon absorbs bile acids: Flux is linked to expression of putative bile 

acid transporters. Am J Physiol Gastrointest Liver Physiol. 2006 Mar;290(3):G439-50.  

 

5. B����>@;��C!��$/�$���>�����@;�Y	$*���4�&������&�	� 

- %�3.�%�".%%���7;�$���>��������&�	� �'�4�� �. '�. �=�C�� �<��#���: =�3.�C�
3%� 

3E�.��'������& %D�.��'��7'��%3#�@D	 



BRG4680009                                                                                                                            2546 

 
 

9

- �,B����>@;��C!��$/�$���>����������&�	��'�4��  

�.  Prof. Dr. Mrinalini C. Rao.,  Department of Physiology and Biophysics, College 

of Medicine, University of Illinois at Chicago *D)3.�%�".%%��*
�)�%(���������
���'.�7; Ileal bile 

acid transporter *
�#�$�) 

�. Prof.  James L. Boyer, Director, Liver Center School of Medicine, Yale University. 

*D)3.�%�".%%��*
��������
���'.�7;��$�����7;���
�#�����	�7;��'
����Technique ���.�?7'���


/1
 Isolated perfused liver, Immunohistochemistry , Bile Couplet @�� Sandwitch culture model  

3. Prof. Dr.  Ned Ballatori, Department of Environmental Medicine, Director, 

Molecular Toxicology and Environmental Medicine Graduate Program, University of Rochester 

School of Medicine, Rochester, NY  *D)3.�%�".%%��*
��������
���'.�7;���*C)D
(�������7.�
�"	 

Mrp2 (TR- rat)  

 ?.  Prof. Dr. Hitoshi Endou, Department of Pharmacology and Toxicology, Kyorin 

University, Tokyo, Japan *D)3.�%�".%%��*
��������
���'.�7;;�;����	����"�����
�"	
�)��("


���&�).' transporter  

 

      

�	
�%       

  (�.��.=�.�E� /�'�?�<�.7�
&) 

 

 



 

 
 

8�B"���: 
 
"������#$!�,?��?��&'$/����>��� 4�& Manuscript  

 

Publications 

(1.) Lukmanee Tradtrantip, James L. Boyer, Apichart Suksamrarn, Pawinee Piyachaturawat.. 

Differential effects of hydroxyacetophenone analogues on the transcytotic vesicular pathway in 

rat liver. Eur. J. Pharmacol. (2006) 2006 Oct 10; 547(1-3):152-159. 

 

(2.) Chitrawina Mahagita, Khwanchit Tanphichai, Apichart Suksamrarn, Nazzareno Ballatori , 

Pawinee Piyachaturawat.(2006).4-Hydroxyacetophenone-Induced Choleresis in Rats is 

Mediated by the Mrp2-Dependent Biliary Secretion of its Glucuronide Conjugate. Pharm Res. 
Nov;23(11):2603-2610.  

 

(3.) Jainuch Kanchanapoo, Mrinalini C. Rao, Samaisukh Sophasan, Apichart Suksamrarn, 

Pawinee Piyachaturawat. Inhibitory effects of choleretic hydroxyacetophenones on 

ileal bile acid transport in rats.  Life Science 78 (2006) :1630-1636. 

 

Manuscripts 
(4.) Lukmanee Tradtrantip, Pawinee Piyachaturawat, Carol Soroka, Kathy Harry,Albert 

Mennone2, Chitrawina. Mahagita, Nazzareno Ballatori, and James L. 

Boyer2.Phloracetophenone-Induced Choleresis in Rats is Mediated Through Mrp2 .                

Submitted to Am J. Physiology- Gastroenterology-Liver. 

 
 



Differential effects of hydroxyacetophenone analogues
on the transcytotic vesicular pathway in rat liver

Lukmanee Tradtrantip a,b, James L. Boyer b, Apichart Suksamrarn c, Pawinee Piyachaturawat a,⁎

a Department of Physiology, Faculty of Science, Mahidol University, Rama 6 Road, Bangkok, Thailand
b Liver Center, Yale University School of Medicine, New Haven, CT, USA

c Department of Chemistry, Faculty of Science, Ramkhamhaeng University, Bangkok Thailand

Received 18 February 2006; received in revised form 8 June 2006; accepted 13 July 2006
Available online 25 July 2006

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 canalicularmembrane domain (Benedetti et al., 1994;
Boyer and Soroka, 1995; Crawford, 1996; Kubitz et al., 2005).

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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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-17β-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 Arte-
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

Fig. 1. Chemical structure of acetophenone analogues.

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 μmol/min/kg after giving an initial dose of 250 μmol/kg into the
duodenum. Low dose of MHAwas continuously infused at a dose of 8 μmol/min/
kg after a bolus injection of 125 μmol/kg. Taurocholate was continuously infused
into femoral vein at a dose of 0.6 μmol/min/kg. Values are means±S.E.M. from
4 to 5 animals. ⁎Pb0.05 and ⁎⁎Pb0.01 significant difference from control at the
corresponding time. †Pb0.05 and ††Pb0.01 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 μmol/kg
body weight and then continuously infused into the duodenum
at a rate of 8 or 16 μmol/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

determined. As a positive control, taurocholate was infused
continuously into a femoral vein at a dose of 6 μmol/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

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. ⁎Pb0.05
and ⁎⁎Pb0.01 significant difference from control at the corresponding time. †Pb0.05 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 Pb0.05.

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 μmol/
kg and infusion rate of 16 μmol/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 μmol/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 μmol/kg and subsequent infusion
at a dose of 8 μmol/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 (Pb0.05).
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, 15min afterMHA administration bile flow rate
increased to a maximum level of approximately 118±10%

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. ⁎Pb0.05 and
⁎⁎Pb0.01 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 declinedwith 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. 5A). In addition as shown in Fig.
5B, horseradish peroxidase appears in bile more rapidly in the

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-β-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

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 theMHA-stimulated horseradish peroxidase excretion. Values are means±SEM
from 4 to 5 animals. ⁎Pb0.05 and ⁎⁎Pb0.01 significant difference from control at
the corresponding time. †Pb0.05 and ††Pb0.01 significant difference from
colchicine at the corresponding time.
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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

excretionwas 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), Ca2+-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. Ca2+-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 α isoform
(Beuers et al., 1996) whereas taurolithocholate decreases bile flow
via PKC ε (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
in newborns (Yin et al., 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 ofMHA 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 (El-
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., 2006).
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. MHAwas 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 Ki of 9.88 mM, while DHA showed non-competitive inhibition with a K i 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 i of 10.1 and

5.0 mM for THA and DHA, respectively. Administration of THA or DHA (400 Amol/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.

D 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

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. [3H]-

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).

Ileal 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 Al of BBMV (50–80 Ag protein)

was incubated at 25 -C. The uptake was initiated by the

addition of 75 Al of uptake solution (150 mM NaCl, 100 mM

mannitol, 20 mM HEPES–Tris buffer, pH 7.5) containing 20

AM [3H]-taurocholate (0.5 ACi) (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 Al of an ice-cold stop solution of a similar

composition as the uptake solution, but with 100 AM HgCl2.

2,4,6 Trihydroxy
acetophenone

2,6 Dihydroxy
acetophenone

O CH3 O CH3

HO OH HO OH

OH

Fig. 1. Chemical structures of 2,4,6-trihydroxyacetophenone and 2,6-dihy-

droxyacetophenone.
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HgCl2 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 Al aliquot of the assay mixture was

immediately filtered through GF/B filters (1 Am 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 AM. 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 2500�g for 15 min 4 -C to

remove nuclei and cell debris, and at 15,000�g for 20 min to

remove mitochondria and large organelles. The post-mitochon-

drial supernatant was then centrifuged at 100,000�g for 1 h.

The membrane pellets were resuspended in buffer containing

250 mM sucrose, 20 mM HEPES–Tris, pH 7.4, and 1 mM

MgCl2 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 Al (50–80 Ag protein) of

basolateral membrane to 500 Al of incubation medium, to

achieve a final composition of 3 mM ATP, 100 mM NaCl, 10

mM KCl, 5 mM MgCl2, 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 Al 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 AM 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 Amol/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 meansTS.E.M. and were compared

statistically by paired Student’s t-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 (IC50) 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
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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 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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by affecting the apparent Michaelis constant (Km), but not the

maximal transport rate (Vmax) of TC transport. The apparent

Km of TC uptake was increased significantly from 82T18 AM
in control to 166T39 AM in THA-treated vesicles ( p <0.05),

whereas the calculated Vmax of TC uptake was not significantly

altered (control: 2044T187 vs. THA: 1885T241 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 Vmax of TC uptake

from 1782T189 to 772T137 pmol/mg protein/min ( p <0.001).

The apparent Km of the TC uptake was not significantly altered

(control: 77T20 vs. DHA: 63T29 AM). The apparent inhibition

constants (Ki) calculated from Michaelis–Menten equation

were 9.9 and 7.7 mM for THA and DHA, respectively.

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 IC50 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 19T3% of total
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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 [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 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 =(Km/Vmax)(1+[I]/Ki)(1/[S])+ (1+[I]/Ki)(1/Vmax).
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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 Km and Vmax. At inhibitor

concentrations of 10 mM, the apparent Km was reduced from

202T29 to 102T16 and 68T26 AM by THA and DHA,

respectively. Vmax was also reduced from 251T13 to 144T6
and 68T6 nmol/mg protein/min by THA and DHA, respec-

tively. K i 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

259T24 mg/dl to 156T26 mg/dl by THA, and to 152T16 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 Km and Vmax 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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4-Hydroxyacetophenone-Induced Choleresis in Rats is Mediated
by the Mrp2-Dependent Biliary Secretion of Its Glucuronide Conjugate
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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+, Clj or

HCO3
j, 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 TRj 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.

KEY WORDS: electrolyte; glucuronide conjugate; hepatic bile secretion; Mrp2/Abcc2;
4-hydroxyacetophenone.

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

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 40Y50% of canalicular bile flow in rats,
and the rest is BAIF. Biliary excretion of GSH and HCO3

j

has been considered as primary driving forces for BAIF
(2Y4). BAIF may also be generated by active biliary secretion
of foreign organic molecules or their metabolites (5Y8).
Inorganic electrolytes (Na+, Clj 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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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). 3a-Hydroxysteroid dehydrogenase, b-NAD, b-
NADPH, 5,5

0
-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 220Y290 g (7Y8 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 TRj 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

Fig. 1. Effect of 4-HA on bile flow in normal Wistar rats.

(a) Choleretic activity of 125 (open circle) and 250 (filled circle)

mmol/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, r2=0.2972, p<0.005, or solvent control

(open triangle); y=25.37x+47.01, r2=0.4785, p<0.005. Values are means

T SEM from five to ten animals. **p < 0.005 and *p<0.05 significantly

different from individual control at the corresponding time.

Table I. Effect of 4-HA on Biliary Concentrations of Inorganic Electrolytes (Na+, K+, Clj and HCO3
j)

BFR (ml/min.kg) Na+ (mM) K+ (mM) Clj (mM) HCO3
j (mM)

Solvent control

Before 65.8T2.5 150.5T0.3 5.78T0.3 95T2.5 22.4T3.6
After 67.6T3.3 152.5T0.3 5.46T0.2 94T2.8 24.4T3.3

4-HA 125 mmol/kg

Before 69.4T2.5 150.8T0.6 4.71T0.2 93.6T1 28.2T0.6

After 118.0T3.9** 147.2T0.6** 4.82T0.2 86.9T0.8** 26.4T0.7**
4-HA 250 mmol/kg

Before 68.5T1.3 152.1T0.9 4.52T0.2 95.4T1.4 28.2T1.0

After 140.5T3.9** 148.2T0.8** 4.93T0.2** 86.3T1.5** 26.3T1.0
UDCA 50 mmol/kg

Before 70.1T6.3 150.7T0.3 5.85T0.6 89.7T1.3 26.5T1.6

After 85.4T6.3** 155.7T0.9* 6.42T0.6* 84.7T1.3* 28.9T1.4*

UDCA 100 mmol/kg

Before 67.1T5.1 151.0T0.5 5.15T0.5 90.7T0.8 27.2T0.4

After 88.3T2.1* 153.3T1.33* 5.37T0.4* 84.7T1.8* 30.9T0.7*

Bile samples were collected for 15 min after intraduodenal injection of 4-HA (125 or 250 mmol/kg body weight) and after UDCA injection

into the portal vein (50 or 100 mmol/kg body weight). Values are means T SEM from 10Y11 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 37T0.5-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.

Analysis of Biliary Components

Bile acid concentrations were determined using the 3a-
hydroxysteroid dehydrogenase procedure (13). Biliary elec-
trolytes including Na+, K+, Clj and HCO3

j 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 CO2. The electrolyte operating range was
50Y200 mmol/l for Na+, 1Y10 mmol/l for K+, 50Y200 mmol/
l for Clj and 5Y45 mmol/l for total CO2.

Biliary and hepatic content of total glutathione was
determined using the enzymatic methods of Tietze (14) and
Griffith (15). Bile was collected under 500 ml 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 j70-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 7,500�g at 4-C for

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, r2=0.6973, p<0.005 (control), y=6.56x + 4.08, r2=0.9871, p<0.005 (4-HA), K+ (b); y=76.25x+44.89, r2=0.2219, p=0.0269 (control),

y=122.3x+52.65, r2=0.5578, p<0.0001 (4-HA), Clj (c); y=8.32x+15.18, r2=0.6798, p<0.0001 (control), y=10.5x+11.81, r2=0.8707, p<0.005 (4-

HA), HCO3
j (d); y=14.08x+42.17, r2=0.2128, p=0.0307 (control), y=25.02x+45.48, r2=0.5954, p<0.0001 (4-HA).
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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
throughWhatman 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 m-Bondapak C18, 10 mm, 3.9 �
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 8Y10 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-d6
signal at 2.49 ppm was used as reference for 1H-NMR
spectra. High-resolution fast atom bombardment mass spectra

were measured with a Finnigan MAT 90 instrument (Bremen,
Germany). The amount of 4-hydroxyacetophenone-4-O-b-
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 T SEM. Data obtained
after treatment was compared with their respective controls
before treatment using ANOVA, followed by Stu-
dentYNewmanYKeul’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
176T6 and 206T5% of control by 4-HA doses of 125 and 250
mmol/kg, respectively. However, the choleresis was transient,
and bile flow rate rapidly returned to baseline levels (Fig. 1).

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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Fig. 4. HPLC analysis of possible 4-HA metabolites in bile. (a) Retention times of a standard solution

containing 4-hydroxyacetophenone-4-O-b-glucuronide and 4-HA. (b) Bile was found to contain one

major metabolite in Wistar rats treated with 4-HA, and this compound was subsequently identified as 4-

hydroxyacetophenone-4-O-glucuronide. (c) Neither 4-HA nor any metabolites were detected in bile

from TRj rats treated with 4-HA.
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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+, Clj

and HCO3
j and GSH were analyzed. As shown in Table I,

4-HA slightly reduced the biliary concentrations of Na+, Clj,
HCO3

j 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 HCO3

j and a decrease in Clj concentration
(16)was also examined for comparison.AfterUDCA treatment,
the choleresis was associated with an elevation of HCO3

j and a
reduction of Clj 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

retention time of 8Y10 min (Fig. 4). No parent compound was
detected in bile (the parent compound eluted at a retention
time of 17Y19 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]j at m/z
311.0768 in the negative ion high-resolution fast atom
bombardment (HR-FAB) mass spectrum, compatible with a
molecular formula of C14H16O8. The

1H-NMR spectral data
were consistent with a 4-hydroxyacetophenone moiety, based
on the three-proton singlet of the acetyl group at d 2.51, the
proton doublet (J=8.7Hz) ofH-3 andH-5 at d 7.10, and the two-
proton doublet (J=8.7 Hz) of H-2 and H-6 at d 7.92. The
presence of a glucuronide moiety was suggested by a doublet
signal at d 5.18 corresponding to the anomeric proton, H-1

0
, and

broad triplet signals of H-2
0
, H-3

0
and H-4

0
at d 3.30, 3.26 and

3.35 with apparent coupling constants of 8.5Y8.7 Hz. The
relatively large coupling constant (7.0 Hz) of H-1

0
indicates a

b-orientation of the sugar acid residue. Thus, these data indicate
that this biliary constituent is 4-hydroxyacetophenone-4-O-b-
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-b-
glucuronide was 34 ml (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 TRj rats that lack the canalicular Mrp2
transport protein (Fig. 7). In addition, 4-hydroxyacetophenone-
4-O-b-glucuronide was not detected in bile from TRj rats

Fig. 5. Structures of 4-hydroxyacetophenone (4-HA) (left), and 4-

hydroxyacetophenone-4-O-b-glucuronide (right).

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, r2=0.4583, p<0.005.

6 Mahagita et al.



(Fig. 4). As expected, TRj animals treated with UDCA
demonstrated a robust choleresis (Fig. 7). These results indicate
thatMrp2-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

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 HCO3

j (4) have been widely considered as
the major solutes for BAIF. After giving 4-HA, the
concentrations of Na+, K+, Clj and HCO3

j 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+, Clj and HCOj

3 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 HCO3

j in exchange with Clj

at canalicular and ductular membranes (16), was examined
for comparison. A single injection of UDCA produced an
increase in biliary HCOj

3 concentration and a decrease in
Clj concentration from control, and these results differ from
those of 4-HA showing a decrease in biliary HCO3

j

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 ml (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-b-
glucuronide, studies were carried out in TRj rats that lack
functional Mrp2 transport activity. TRj 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 (10Y12,17) 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

Fig. 7. Lack of choleretic effect of 4-HA in TRj Wistar rats.

(a) Animals treated with 125 (open circle), 250 (filled circle) mmol/kg

body weight of 4-HA or solvent control (open triangle). (b) Animals

treated with 62.5 (open circle), 125 (filled circle) mmol/kg body weight

of UDCA or solvent control (open triangle). *p<0.05 significantly

different from pretreatment value at the corresponding time.
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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 �mol/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-17�-D-glucuronide (E2-17G) 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 
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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 E2-17G induced cholestasis.  
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Materials and Methods 
1. Chemicals 
THA was purchased from Fluka Chemie AG (Buchs, Switzerland).  Taurocholate 

(TC), estradiol-17�-D-glucuronide (E2-17G), glutathione reductase, the reduced form of 
glutathione (GSH), the reduced form of �-nicotinamide adenine dinucleotide phosphate , 
tetrasodium (�-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% O2-5% CO2) Kreb-Ringer’s bicarbonate (KRB) buffer 
(pH 7.4) containing 0.1% glucose and maintained at 37ºC ± 0.5º 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% O2/5% CO2 and maintained at 37ºC ± 0.5ºC 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 O2 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% O2-5% CO2) 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: 
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KRB, 25:15:60) and was infused into the perfusate at a rate of 1, 2, or 4 μmol/min (25, 
50, and 100 μM, 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 
μmol/min (1mM) forty-five minutes after BSP or DBSP were infused at a constant rate 
of 0.04 μmol/min (1μM) 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 E2-17G -
induced cholestasis was examined.  After an initial 15-min control period, taurocholate 
(TC) at a dose of 0.5 μmol/min (12.5 μM) 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 μmol/min (1 mM) together with a single 
bolus injection of E2-17G (1 μmol/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± 
0.5ºC 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 μmol/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 
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at -80ºC until use.  For tissue preparation, small cubic pieces of liver tissue were cut into 
4-6 μm-thick sections, and mounted on slides.  Liver slices were fixed in cold acetone (-
20ºC) 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 3�-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 μmol/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 μmol/min caused an immediate 
increase in bile flow and maintained BFR at 1.8 ± 0.1 μl/min/g liver (n=4) compared to 
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1.0 ± 0.1 μl/min/g liver under basal condition.  THA at 2 μmol/min further increased 
BFR to a maximum level of 2 ± 0.2 μl/min/g liver, whereas THA at 4 μmol/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 μmol/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 μmol/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 
μmol/min did not alter BFR which was steadily maintained at ~ 1 μl/min/g liver.  In 
contrast, simultaneous infusions of THA (40 μmol/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 
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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 μl/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 
μmol/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 μmol/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- 
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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 μmol/kg body 
weight is not observed in the TR- mutant rat, whereas in normal rats THA at a dose of 
250 μmol/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 (E2-17G ) induced cholestasis 
 Finally we examined the therapeutic potential of THA by determining if THA 
could reduce the cholestatic effects of the steroid, E2-17G.  Taurocholate (TC) at a dose 
of 0.5 μmol/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 E2-17G 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 E2-17G injection.  Thereafter, BFR gradually returned toward the TC-
stimulated level.  In contrast, THA infusions partially prevented the E2-17G induced 
cholestasis.  In addition, the decrease in BFR induced by E2-17G was delayed in time.  
Moreover, recovery of BFR in THA-infused liver occurred faster, returning to control 
values 20 min after E2-17G administration (Fig. 8).  E2-17G 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 E2-17G 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).  E2-17G had no effect on the total concentration of glutathione in bile 
of control animals (Fig. 9C).  However when THA was infused with E2-17G,  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 E2-17G 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-17�-D-glucuronide (E2-17G).  E2-17G is an endogenous estrogen 
metabolite that induces an acute, dose-dependent, and completely reversible cholestasis 
in rat (18-19).  Although the mechanism by which E2-17G induces cholestasis is 
incompletely understood, Mrp2 mediated E2-17G 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 E2-17G-induced cholestasis, presumably 
by competing with E2-17G 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 E2-17G 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 



 12

the biliary excretion of GSH suggesting again that competition for excretion of Mrp2 
substrates accounted for attenuation of  E2-17G’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 E2-17G.  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 Effect of THA on bile flow rate in the isolated perfused rat liver.   
            THA at a dose of 1, 2, and 4 μmol/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. 
 

Fig. 2 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 at a 
dose of 1, 2, and 4 μmol/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. 
 

Fig. 3 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 μmol/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 μmol/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 

(DBSP) concentration (B) and DBSP excretion rate (C) the isolated perfused rat 
liver.  DBSP at a dose of 0.04 μmol/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 μmol/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. 5 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 μmol/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.   

 
Fig. 6 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 μmol/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.  

 
Fig. 7.  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 �mol/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  E2-17G –induced cholestasis.  Taurocholate at a dose of 0.5 
μmol/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 μmol/min from 45 to 
90 min of perfusion.  E2-17G at a dose of 1 μmol/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. 9   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 E2-17G –induced cholestasis.  
Taurocholate at a dose of 0.5 μmol/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 μmol/min from 45 to 90 min of perfusion.  E2-17G at a dose of 1 μmol/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. 
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