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Purpose. To investigate the effect of 17a-ethynylestradiol (EE)-induced cholestasis on the expression of
organic cation transporters (Octs) in the liver and kidney, as well as the pharmacokinetics and
pharmacodynamics of metformin in rats.

Methods. Octs mRNA and protein expression were determined. The pharmacokinetics and tissue uptake
clearance of metformin were determined following iv administration (5 mg/kg). Uptake of metformin,
glucagon-mediated glucose production, and AMP-activated protein kinase (AMPK) activation were
measured in isolated hepatocytes. The effect of metformin (30 mg/kg) on blood glucose levels was tested
using the iv glucose tolerance test (IVGTT).

Results. The mRNAs of hepatic Octl, renal Octl, and Oct2 were decreased by 71.1%, 37.6%, and
94.5%, respectively, by EE cholestasis. The hepatic Octl and renal Oct2 proteins were decreased by
30.6% and 60.2%, respectively. The systemic and renal clearance of metformin were decreased. The in
vitro hepatocyte uptake of metformin was decreased by 86.4% for Vy,... Suppression of glucagon-
stimulated glucose production and stimulation of AMPK activation in hepatocytes by metformin were
diminished. In addition, metformin did not demonstrate a glucose-lowering effect during IVGTT in EE
cholestasis.

Conclusion. The antidiabetic effect of metformin may be diminished in diabetic patients with EE
cholestasis, due to impaired hepatic uptake of the drug via OCT1.
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INTRODUCTION

Biguanide metformin (Fig. 1) is widely used as a first-line
therapy for the treatment of type 2 diabetes (1). It was
developed during the late 1950s, was first marketed in Europe in
1959, and has been available in the US since 1995 (2). Metformin
ameliorates hyperglycemia by reducing gastrointestinal glucose
absorption and hepatic glucose production, and by improving
glucose utilization (1). Molecular mechanisms underlying
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metformin action appear to be related to its activation
(phosphorylation) of the energy sensor, AMP-activated protein
kinase (AMPK), which suppresses glucagon-stimulated glucose
production and causes an increase in glucose uptake in muscle
and hepatic cells (3,4). Serine-threonine kinase 11 (STKI11/
LKB1), which phosphorylates AMPK, also is reportedly
involved in the effects of metformin (5,6).

Recently, metformin has been found to improve vascular
function (7), reverse fatty liver disease in obese mice (8),
prevent pancreatic cancer (9), and it has been used with oral
contraceptives for the treatment and/or prevention of poly-
cystic ovary syndrome (10). In addition, although the use of
metformin is not yet accepted, evidence is accumulating that
it may be a useful treatment for gestational diabetes (11). In
gestational diabetes, treatment with additional insulin for
persistent maternal hyperglycemia has been shown to im-
prove perinatal outcomes. However, the use of insulin is also
associated with hypoglycemia and weight gain, suggesting
that the use of safe and effective oral hypoglycemic agents
may offer advantages over insulin. Metformin may be a
feasible option for the treatment of gestational diabetes,
because it improves insulin sensitivity and is not associated
with weight gain or hypoglycemia (1,12).

Estrogen has long been known to cause intrahepatic
cholestasis in susceptible women during pregnancy (0.5-1.8%
of pregnant women suffer from intrahepatic cholestasis, (13-15),
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Fig. 1. Chemical structure of metformin.

after the administration of oral contraceptives, or during
postmenopausal hormone replacement therapy (16). Experi-
mental intrahepatic cholestasis induced by 17a-ethynylestradiol
(EE) is a widely used in vivo animal model used to examine
the molecular mechanisms involved in estrogen-induced cho-
lestasis (17). In EE-induced cholestasis, the expression of
transporters is generally reduced in association with impaired
biliary secretory function. For example, EE-induced a reduction
in ATP-dependent transport of taurocholate by canalicular
vesicles (18), and decreased expression of the bile salt export
pump (Bsep [Abcb11]) (19) and multidrug resistance associated
protein 2 (Mrp2 [Abcc2]) (20,21). Induced expression of
basolateral multidrug resistant protein 3 (Mrp3 [Abcc3]) by
EE may represent a compensatory mechanism to prevent
intracellular accumulation of common Mrp substrates, either
endogenous or exogenous, due to reduced expression and
activity of apical Mrp2. (22). Basolateral sodium/taurocholate
cotransporter, (Ntcp [Slc10al]), organic anion transporter 1
(Oatpl [Slcolal]), Oatp2 [Slcolad], and Oatp4 [Slcolb2] were
also down-regulated at the protein level in EE-induced
cholestasis (23). However, P-gp was not impaired (24).

Metformin is the substrate of organic cation transporters
1 and 2 (OCT1 and OCT2) (25,26). Recently, genetic poly-
morphisms in OCT1 and OCT2 have been found to be
associated with changes in the pharmacokinetic and pharma-
codynamic responses to metformin (27,28). The purpose of
the present study, therefore, was to determine the effects of EE-
induced cholestasis on the expression of Octl and Oct2 in the
liver and kidney, and subsequently on the pharmacokinetics and
pharmacodynamics of metformin.

MATERIALS AND METHODS
Materials

1,1-dimethylbiguanide hydrochloride (metformin), 17a-
ethynylestradiol (EE), antipyrine, 1,2-propanediol, bicincho-
ninic acid, glucagon, pyruvate, and L-lactate were purchased
from Sigma-Aldrich (St. Louis, MO, USA). [**C]-metformin
hydrochloride (specific activity 112 mCi/mmol) was purchased
from Moravek Biochemicals, Inc. (Brea, CA, USA).

Animals

Male Sprague-Dawley rats (Orient Bio Inc., Seong-
Nam, Korea), weighing 240-290 g, were used in this study.
All rats were maintained on water and a standard diet
and were housed in a temperature- (20-23°C) and
humidity-controlled (50-60%) room under a constant
12 h light/dark cycle. All animal experiments were
performed according to the Guidelines for Animal Care
and Use, Seoul National University.
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Induction of Intrahepatic Cholestasis in Rats
by 17o-Ethynylestradiol Administration

Intrahepatic cholestasis was induced by the daily subcu-
taneous injection of 17a-ethynylestradiol (EE) in 1,2-
propanediol (10 mg/kg) for five consecutive days. Control rats
were injected daily with 1,2-propanediol alone. All studies
were performed at 24 h after the last administration of EE.

Cholestatic Parameters

The degree of EE-induced cholestasis was estimated by
the determination of bile acids, alkaline phosphatase, and
testosterone in serum (analyzed by Green Cross Reference
Laboratory, Seoul, Korea). For bile flow estimation, the
common bile duct of the rats was cannulated using polyeth-
ylene 10 tubing. After a 30 min collection of the bile juice in
the EP tube, the mean bile flow was estimated gravimetrically,
assuming a bile solution density of 1.0. The rats were
euthanized, and the liver and kidney were excised and fixed
with 4% neutral buffered formaldehyde solution. Paraffin
sections were then stained with hematoxylin and eosin, and
light microscopy of liver and kidney specimens was conducted.

Pharmacokinetics of Metformin in Rats

Control and EE cholestatic rats were anesthetized with
ketamine (45 mg/kg, im) and acepromazine (5 mg/kg, im) and
the femoral artery and vein were cannulated with a polyeth-
ylene tube (PE-50; Clay Adams, Parsippany, NJ, USA) filled
with heparinized saline (20 TU/ml) to prevent blood clotting.
After recovery from the anesthesia, the rats were intravenously
administered metformin at a dose of 5 mg/kg. Blood samples
were taken from the femoral artery cannula of each rat at 0, 1,
3,5, 10, 30, 60, 90, and 120 min after metformin administration.
The blood volume withdrawn at each time point was replaced
with an equal volume of saline to compensate for fluid loss.
The plasma samples were separated by centrifugation and
stored at —80°C until HPLC analysis. Briefly, for the analysis of
plasma samples, an aliquot of 100 pl of the sample was spiked
with 20 pl of internal standard acetonitrile solution (antipyrine,
50 pg/ml) and 180 pl acetonitrile and mixed. The mixture was
then centrifuged and evaporated to dryness. Pellets were
dissolved in 200 pl of DDW for HPLC analysis. 100 pl of the
supernatant was injected for HPLC analysis.

The area under the plasma concentration-time curve
from zero to infinity (AUC) was calculated by the trapezoidal-
extrapolation method (29). For extrapolation, the area from
the last datum point to time infinity was estimated by the
terminal-phase rate constant. Standard methods (30) were
used to calculate the time-averaged total body clearance (CL),
renal (CLg) and nonrenal (CLng) clearance, and the apparent
volume of distribution at steady state (Vg4s) by a non-
compartmental analysis using WinNonlin® 3.1 (Pharsight Co.,
Mountain View, CA, USA).

The glomerular filtration rate (GFR) was estimated by
calculating the creatinine clearance (CL,,), assuming that the
kidney function was stable during the experimental period.
The CL. was calculated by dividing the total amount of
unchanged creatinine excreted in urine over 24 h by the
AUC_ 54 1, of creatinine in plasma.
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In Vivo Tissue Uptake Clearance

The early-phase tissue uptake clearance (CLypiake) by
the liver or kidney was determined in vivo within 3 min after
the /v administration of metformin. Rats were anesthetized
with ketamine and acepromazine and the femoral artery and
vein were cannulated with a polyethylene tube (PE-50; Clay
Adams, Parsippany, NJ, USA), filled with heparinized saline
(20 TU/ml). Metformin (5 mg/kg) was intravenously adminis-
trated to control and EE cholestatic rats, and blood samples
were collected at 0, 0.5, 1, 2, 3 min. The animals were
sacrificed at 3 min after the administration of metformin, and
the liver and kidney were immediately dissected. Tissues were
weighed and homogenized with one volume of PBS. A 100 pul
aliquot of both homogenized tissues and blood samples was
spiked with 20 pl of internal standard acetonitrile solution
(i.e., 50 pg/ml of antipyrine) and 180 ul acetonitrile, and
mixed. The mixture was then centrifuged and evaporated to
dryness. The resulting pellets were dissolved in 200 pl of
DDW for HPLC analysis. One hundred microliters of the
supernatant was injected for HPLC analysis. In vivo uptake
clearance, CLpake, Was estimated using Eq. 1, where X3 min
represents the amount of metformin in the tissue at 3 min and
AUC) 3 min represents the area under the curve up to 3 min.

CLuptake - X3min /A UCO—Smin (1 )

Plasma Protein Binding Study

The plasma protein binding of metformin in control and
EE cholestatic rats was determined by ultrafiltration using
Amicon centrifuge micropartition devices (Centricon, Amicon,
Millipore Corporation, Bedford, MA, USA). Plasma was
incubated in the presence of 10 pg/ml metformin at 37°C for
12 min. After incubation, 100 pl of aliquot was taken for the
determination of total plasma concentration. The plasma was
then placed in an ultrafiltration apparatus and centrifuged at
5,000 rpm for 12 min. After centrifugation, the concentration in
the filtrate was determined as the unbound concentration. The
concentration of metformin was determined by HPLC analysis
according to the method mentioned above.

HPLC Analysis

The concentration of metformin was determined by the
modified reversed-phase HPLC method (26). The HPLC
system involved a Waters 717 plus autosampler, a 515 HPLC
dual pump, and a 2487 Dual \ absorbance detector (Milford,
MA, USA). The HPLC was performed using a C;g pBondapak
(150%3.9 mm i.d. 10 pm, Waters, Milford, MA, USA). The
mobile phase consisted of 10 mM phosphate buffer containing
10 mM sodium dodecyl sulfate (pH 7) and acetonitrile
(65:35). The flow rate of the mobile phase was 1 ml/min,
and the wavelength of the UV detection was 236 nm.

Real-time RT-PCR Analysis

The Oct mRNA expression in liver (Octl [slc22al]) and
kidney (Octl and Oct2 [slc22a2]) was examined in control
(n=4) and EE cholestatic rats (n=4). Total RNA was
extracted from the liver and kidney tissues using TRIzol
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reagent (Invitrogen, Carlsbad, CA, USA) according to the
standard protocol. The concentration and purity of the RNA
were determined by spectrophotometry. Reverse transcription
was performed on 1 pg of isolated rat total RNA using the
RNA LA PCR kit Ver. 1.1 (Takara Shuzo Co., Ltd., Shiga,
Japan). Quantitative real-time PCR was performed on the
LightCycler 1.5 system (Roche Applied Science, Indianapolis,
IN, USA) using the FastStart DNA Master’>YS SYBR Green
Kit (31), according to the protocol (Roche Applied Science,
Indianapolis, IN, USA). Primers specific for Mrp2, Octl,
Oct2, and P-actin (as the reference) were all designed by
Perfect Real-time Support System (Takara Bio, Takara Shuzo
Co., Ltd., Shiga, Japan). The cycling conditions were carried
out as follows: initial denaturation at 95°C for 6 min, followed
by 40 cycles of denaturation at 95°C for 15 s, annealing at
59°C for 5 s and extension at 72°C for 10 s. To distinguish the
specific amplification product from non-specific products or
primer dimers, a melting curve was constructed from the
amplification reaction obtained by maintaining the
temperature at 65°C for 15 s, followed by a gradual
temperature increase rate of 0.1°C/s to 95°C. For this study,
the signal acquisition mode was set at continuous.

Western Blot Analysis of Octs

Western blot analysis was performed to determine the
levels of Octl in the liver and Octl and Oct2 in the kidney.
Liver and kidney (n=4) were homogenized in ice-cold cell
lysis buffer (Cell Signaling Technology, Beverly, MA, USA)
containing protease inhibitors (Complete® protease inhibitor
cocktail tablet, Roche Diagnostics, Mannheim, Germany).
The homogenate was centrifuged at 3,000xg for 10 min, and
the membrane fraction pellet was obtained from the super-
natant after centrifugation at 100,000xg for 1 h at 4°C. The
pellet was resuspended in the lysis buffer. The protein
concentration was determined using the bicinchoninic acid
(BCA) assay and samples were stored at —80°C. Aliquots of
liver total membrane (45 pg) and kidney total membrane
(40 pg) were separated with 10% sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis. The blotting mem-
brane was blocked with phosphate-buffered saline containing
0.1% Tween 80 and 5% skim milk or BSA for 1 h at room
temperature. The blots were washed and then incubated
overnight at 4°C with polyclonal primary antibody (1:1,000)
of anti-rOctl or anti-rOct2 (Alpha Diagnostic Int., San
Antonio, TX, USA). The bound antibody was visualized on
X-ray film by chemiluminescence detection, using a secondary
antibody coupled to horseradish peroxidase (Pierce Chemical,
Rockford, IL, USA).

In Vitro Uptake into Hepatocytes

Primary hepatocytes were isolated from control and EE
cholestatic rats using the standard collagenase method (32).
The cell suspension (2 ml, 3x10° cells per milliliter) was
preincubated on the medium for 5 min at 37°C. An aliquot of
a ["*C]metformin solution was added to the suspension to
give a final medium concentration of 5-1,000 pM (0.1 pCi/
ml). An aliquot (200 pl) of the suspension was sampled at 20,
40, 60 and 90 s. The amount of substrates in the hepatocytes
was plotted against time. The initial rate of uptake of the
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metformin into the hepatocyte, which was calculated from the
linear portion of the plot, was then plotted against the initial
concentration of the substrate on the medium. A nonlinear
regression analysis was performed on the fit of the plot to the
following equation, using WinNonlin® 3.1.

VO - Vmax . S/(Km + S) + CLlinear -S (2)

V, is the initial uptake rate of the metformin (pmol/min/10°
cells), S is the concentration of metformin in the medium
(UM). Vi and K, are the maximum uptake rate and the
medium concentration at half maximal rate, respectively, and
CLjinear represents the linear uptake clearance.

Hepatocyte Glucose Production

Glucose production in primary hepatocytes was measured
by modifying a previously described method (3). Primary
cultures of hepatocytes from control and EE cholestatic rats
were incubated at 37°C at 4x10° cell per milliliter in
bicarbonate-buffered saline medium containing 10 mM
L-lactate, 1 mM pyruvate, and 0.3 pM glucagon, with a gas
phase of O,/CO; (19:1), with or without 2 mM metformin for
180 min. Glucose was measured using Accu-CHEK® Sensor
Comfort Glucose (Roche Diagnostics GmbH, Germany).

Primary hepatocyte samples were homogenized for
30 min in ice-cold lysis buffer containing 50 mM NaF with
protease inhibitors (Complete® protease inhibitor cocktail
tablet, Roche Diagnostics, Mannheim, Germany). After
centrifugation at 14,000xg for 10 min at 4°C, the supernatants
were removed in order to determine the protein content and
perform Western blot analysis. Forty micrograms of proteins
from the supernatant were separated by SDS gel electropho-
resis. Primary antibodies were directed against AMPKa,
AMPKa phosphorylated at Thr172, and p-actin (all from
Cell Signaling Technology, MA, USA).

Intravenous Glucose Tolerance Test

Control and EE cholestatic rats were fasted overnight
(18 h) prior to the IVGTT. The carotid artery and the jugular
vein of each rat were cannulated with a polyethylene tube under
light ether anesthesia. Each rat was housed individually in a
metabolic cage (Daejong Scientific Co., Seoul, Korea) and
allowed to recover from anesthesia for 34 h prior to the
experiment. A baseline blood sample was collected through a
carotid artery cannula. The rats were administered metformin
(30 mg/ml/kg) or the equivalent volume of saline intravenously.
After 1 min, glucose (40% D-glucose, 1 g/kg) was injected
intravenously, then blood samples were collected at 1, 5, 10,
20, 30, 45, and 60 min after the glucose administration. The
change in plasma glucose concentration (A Plasma Glucose
Concentration=plasma glucose concentration during IVGTT-
baseline plasma glucose concentration) after the glucose
treatment in the control and EE cholestasis groups was
compared (27,33). The area under the curve (AUCy_¢p min) Of
A Plasma Glucose Concentration in each rat during IVGTT
was calculated using WinNonlin® 3.1. Glucose was measured
using Accu-CHEK® Sensor Comfort Glucose.
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Statistical Data Analysis

All in vivo and in vitro data are presented as mean+SD
for all experiments. When it was necessary to compare the
means between treatments, an unpaired Student’s t-test was
applied to analyze the data. A P value of less than 0.05 was
considered significant.

RESULTS
Induction of Cholestasis

In this study, intrahepatic cholestasis was induced by the
daily subcutaneous injection of EE for five consecutive days;
control rats were injected with the vehicle only. The body
weight of the rats was monitored over the 6 days of the
experimental period for both control and EE cholestatic rats.
EE-treated rats had lower body weight compared with control
rats at day 6 (Table I). The body weight of the control rats
increased continuously during the experimental period, while
the body weight of the EE cholestatic rats decreased during
the same period. Liver weight increased, but bile flow was
reduced by cholestasis (Table T). In addition, serum alkaline
phosphatase and bile acids were significantly increased, but
testosterone level was decreased by EE cholestasis (Table I).
Light microscopy of liver specimens found damage as
previously reported (34,35), but no significant findings were
detected in the kidneys of any group of rats (data not shown).
These observations suggest that EE administration led to
experimental cholestasis in this study.

Pharmacokinetics of Metformin in Rats

Mean plasma concentration—time profiles of metformin
in control and EE cholestatic rats are shown in Fig. 2, and
pharmacokinetic parameters are summarized in Table II. The
plasma concentrations of metformin in the EE cholestatic rats
were significantly higher for the initial 5 min period after the
drug administration. As a result, the area under the plasma
concentration-time curve (AUC) was increased 1.3-fold by
EE cholestasis. The systemic clearance (CL) and renal
clearance (CLR), but not the nonrenal clearance (CLyg),
were significantly decreased by EE cholestasis. However,
creatinine clearance (CLcr) did not differ significantly
between the control and the EE cholestatic rats, suggesting
that the CLg decrease was not associated with impairment of

Table I. Characteristics of Control and EE Cholestatic Rats

Parameters Control EE cholestasis

Initial body weight (g) 269.0+3.7 2745+3.1
Final body weight (g) 296.0+2.4 242.4+7.8%*
Liver weight (g) 10.4+0.9 13.1+0.9%
Bile flow (pul/min/g liver) 2.6+0.6 1.2+0.1*
Serum

Alkaline phosphatase (U/L) 187+38.8 331+26.1%

Bile acids (umol/L) 13.3+2.1 39.1+7.5%

Testosterone (ng/ml) 1.6+0.2 0.08+0.04

Each value represents the mean+SD, n=4
*p<0.05; **p<0.001 from the control group by Student’s r-test
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Fig. 2. Plasma concentration profile of metformin in control (filled

circles) and EE cholestatic rats (empty circles). Metformin was

injected intravenously at 5 mg/kg. Each data point represents the

mean+SD for four rats.

the glomerular filtration rate. The distribution of the drug at a
steady state (Vgss) was decreased 0.57-fold by EE cholestasis.

In Vivo Tissue Uptake Clearance of Metformin

In vivo tissue uptake data are summarized in Table III.
Due to the decreased amount of the drug (X3 min) taken up
by the liver and kidney under increased plasma AUC
(AUCo3 min) for the initial 3 min period, the uptake
clearance (CLypake) for the liver and kidney was decreased
to 28% and 62%, respectively, by EE cholestasis.

Plasma Protein Binding of Metformin

Metformin binding to plasma proteins was negligible,
and there was no difference between experimental groups
(8.4+0.91% and 9.5+1.9% for control and EE cholestatic
rats, respectively, mean+SD, n=4).

Table II. Pharmacokinetic Parameters of Metformin after Intravenous
Injection, at a Dose of 5 mg/kg, into Control and EE Cholestatic Rats

Parameter Control EE cholestasis
AUC (pg'min/ml) 235.5+£22.7 297.3+36.2%
CL (ml/min/kg) 21.4+2.0 17.0+2.1*
CLg (ml/min/kg) 17.6+2.5 13.5+0.3%
CLnr (ml/min/kg) 39+1.2 3.3+0.6
Vs (ml/kg) 766+180 434+43.7*
CLcRr (ml/min/kg) 3.72+0.38 3.69+0.55

Each value represents the mean+SD, n=4
*p<0.05 from the control group by Student’s t-test
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Table III. Distribution of Metformin after Intravenous Injection, at a
Dose of 5 mg/kg, into Control and EE Cholestatic Rats

Control EE cholestasis

Plasma

AUCy_3 min (pg'min/ml) 63.4+9.8 85.4+1.9*
Liver

X3 min, tiver (1g/g liver) 28.6+£2.2 11.4+1.2%%*

CLuptake, liver (Ml/min/g liver) 0.46+0.07 0.13+0.02*
Kidney

X3 min, kidney (1g/g kidney) 119.6+22.8 99.1+14.0

CLuptake, kidney (ml/min/g kidney) 1.88+0.11 1.16+£0.19%*

Each value represents the mean+SD, n=3
*p<0.05; *¥*p<0.01, ***p<0.001 from the control group by Student’s
t-test

Real-time RT-PCR Analysis

Results of the real-time RT-PCR analysis are summarized
in Fig. 3. mRNA levels for hepatic Octl, renal Octl, and renal
Oct2 were decreased, after normalization for the mRNA level
of B-actin (a reference marker), by cholestasis to 28.9+6.2%,
62.4+12.5% and 5.5+1.2% of their respective control values
(Fig. 3A,B). The Mrp2 mRNA expression in the liver was
decreased by EE cholestasis (47.4+6.4% of the control,
Fig. 3A), which is consistent with previous reports (20,21).

Western Blot Analysis of Octs

Consistent with the results for mRNA (Fig. 3A), the
density of the hepatic Octl band was decreased by EE
cholestasis (Fig. 4A), indicating the expression of Octl in the
liver decreased to 69.4+14.6% of the control value (Fig. 4B).
The expression level of Oct2 protein in the kidney was also
decreased by EE cholestasis (i.e., 39.8+22.9% of the control,
Fig. 5A,B), consistent with the result for the corresponding
mRNA (Fig. 3B). Despite the significant decrease in the level
of mRNA for renal Octl (Fig. 3B), the protein level of renal
Octl was not decreased significantly by EE cholestasis (100+
16.3% and 82.6+14.6%, Fig. 5A,B).

In Vitro Uptake of Metformin into Hepatocytes

The effect of EE cholestasis on the metformin uptake
into hepatocytes was measured in vitro. The temporal uptake
profiles were apparently linear for 90 s for both control and
EE cholestatic hepatocytes (data not shown). The plots of the
initial uptake rates (velocity, Vy)), which were represented by
the slopes of the lines vs. the initial substrate concentrations
(S), exhibited curvilinear relationships for both control and
EE cholestatic hepatocytes (Fig. 6). The uptake rate of
metformin into hepatocytes could be fitted to a saturable
and a nonsaturable component (Fig. 6). The results of the
nonlinear regression analysis of the data according to Eq. 2
are summarized in Table IV. A significant decrease in Viax
(13.6% of control) was observed for EE cholestatic hepato-
cytes. However, no significant changes were observed in K,
and passive diffusion clearance (CLj;,ear) With EE cholestasis.
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Fig. 3. mRNA expression of Mrp2, Octl and Oct2 by quantitative
RT-PCR analysis in the liver (A) and kidney (B) of control and EE
cholestatic rats. Data shown correspond to transporter mRNA levels
and are expressed as a percentage of those found in control rats. *p<
0.05, **p<0.001 from the control group by Student’s t-test. The data
are expressed mean+SD of approximately four to six rats.

As a result, the intrinsic clearance (CL;y,, i.€., Vinax/Km) for
carrier-mediated uptake was decreased to 12.5%, consistent
with reduced expression of hepatic Octl (Fig. 4) with EE
cholestasis (i.e., 2.63 vs 0.33 pl/min per 10° cells).

Hepatocyte Glucose Production

OCT1-mediated hepatic uptake of metformin appears to
play a key role in determining one of the major pharmacologic
effects of the drug (i.e., inhibition of hepatic gluconeogenesis)
(27). Therefore, the relationship between the hepatic uptake
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of metformin in EE cholestasis and the effect of the drug on
hepatic gluconeogenesis was investigated in vitro (Fig. 7). In
control and EE cholestatic hepatocytes, glucagon-stimulated
glucose production, increasing the glucose concentration in
the medium in the absence of metformin (filled circles in
Fig. 7A,B). The production of glucose was significantly
suppressed (40%) by the presence of 2 mM metformin in
control hepatocytes for a 180 min period (open circles in
Fig. 7A), consistent with the pharmacological effect of
metformin (i.e., glucose lowering effect). It is interesting that
this effect of metformin (2 mM) was not observed for EE
cholestatic hepatocytes (open circle in Fig. 7B).

Results of Western blot analysis for phosphorylation
levels of AMPK (p-AMPK) in hepatocytes after the
glucose production study are shown in Fig. 7C. Consistent
with the above results (Fig. 7A,B), the level of p-AMPK
was increased by the metformin treatment in control
hepatocytes, but not in the EE cholestatic hepatocytes,
suggesting that metformin no longer promoted AMPK
activation (i.e., inhibition of hepatic glucose production).
The levels of AMPK and p-actin did not differ between the
treatments.

Intravenous Glucose Tolerance Test

The in vivo effect of metformin on blood glucose levels
was investigated during the IVGTT in control and EE cho-
lestatic rats. A Plasma Glucose Concentration was decreased

A

Control EE cholestasis

Octl

S-actin

120 ;

100

80 1

60

40

20 1

Immunoblot density (% of control)

Control EE cholestasis

Fig. 4. Protein expression of Octl in the liver of control and EE
cholestatic rats. A Representative Western blot. B Results of Octl
protein expression represent the normalized (i.e., with the band
density for p-actin) densitometry in the liver of control and EE
cholestatic rats. Data are expressed as a percentage of control value
(mean+SD, n=4). *p<0.05 from the control group by Student’s ¢-test.
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Fig. 5. Protein expression of Octl and Oct2 in the kidney of control and
EE cholestatic rats. A Representative Western blot. B Results of
densitometry of Octl and Oct2 protein expression in the kidney of control
and EE cholestatic rats. Data are expressed as a percentage of control
(mean+SD, n=4). *p<0.001 from the control group by Student’s r-test.

until 60 min after glucose administration in control and EE
cholestatic rats (i.e., without metformin pretreatment; Fig. 8A).
No significant differences in A Plasma Glucose Concentration
or the mean AUC of the concentration were observed between
control and EE cholestatic rats under these conditions (e.g.,
75.1+5.38 and 81.1+4.81 mg/min per milliliter of AUC for
control and EE cholestatic rats, Fig. 8A). The A Plasma
Glucose Concentration of control rats was significantly low-
ered only by the metformin treatment (30 mg/kg) for 10-
45 min post-glucose injection period, but in EE cholestatic rats,
no significant differences in the A Plasma Glucose Concentra-
tion as a result of the metformin treatment were observed
(Fig. 8B). As a result, the mean AUC of the A Plasma Glucose
Concentration was significantly lower for control rats com-
pared to cholestatic rats (64.7+7.71 and 94.3+18.8 mg/min per
milliliter, p<0.05). This suggests that metformin (30 mg/kg) has
no glucose level lowering effect during IVGTT in EE
cholestatic rats, which is consistent with the results in Fig. 7.
No significant differences in A Plasma Glucose Concentration
or the mean AUC of the concentration were observed among
control, EE cholestatic rats and EE cholestatic rats with
metformin.
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Fig. 6. Concentration dependency for the uptake of metformin by
isolated hepatocytes from control (A, filled circles) and EE cholestatic
rats (B, empty circles). The concentrations of metformin in the uptake
studies were 5, 10, 25, 50, 100, 250, 500, 750, 1,000 uM. The transport
of metformin into hepatocytes is shown with the fitted lines for the
uptake data (solid), saturable (dashed), and nonsaturable (dotted)
components, respectively. Fitted lines were generated using mean
uptake parameters in Table IV. Each point and vertical bar represents
the mean+SD of three experiments.

DISCUSSION

A number of drugs and physiological substances are
classified as organic cations that are transported by organic

Table IV. In vitro Kinetic Parameters for Metformin Uptake by
Control and EE Cholestatic Rats Hepatocytes

Control EE cholestasis
Ky, (kM) 222.0+19.6 206.3+13.0
Vimax (pmol/min/10° cells) 584.3+118.8 79.4+28.4%
CLin (LL/min/10° cells) 2.63+0.48 0.33+0.19*
CLiinear (WL/min/10° cells) 0.69+0.10 0.53+0.05

Each value represents the mean+SD, n=3; CL;,,, intrinsic clearance
was calculated by dividing V. by Ki,
*p<0.01 from the control group by Student’s t-test
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Fig. 7. Effect of metformin on glucose production in primary
hepatocytes from control rats (A) and EE cholestatic rats (B), and
phosphorylation of AMPK (p-AMPK; C). Hepatocytes from control
rats and EE cholestatic rats were treated with (i.e., + metformin,
empty circles) or without (i.e., filled circles) metformin (2 mM). Each
data value in A, B is represented as the mean+SD of three
experiments (n=4). *p<0.01, **p<0.001 from the without metformin
group by Student’s t-test.

cation transporters (OCTs) (36). OCT family members such
as OCT1, OCT2, and OCT3 have been identified, and their
physiological and pharmacokinetic roles have been evaluated
(36, 37). Octl is expressed abundantly in the liver and kidney
(38) of rats, whereas Oct2 is expressed predominantly in the
kidney, but not in the liver (39). These transporters are

Jin et al.

localized to the basolateral membranes of renal proximal
tubules. Oct3 is expressed predominantly in the placenta, but
has also been detected in the intestine, heart, brain, lung, and
very weakly in the kidney (40). In the renal proximal tubules
of rats, Octl and Oct2 are considered to mediate the
basolateral uptake of various cationic compounds.

Experimental intrahepatic cholestasis induced by 17a-
ethynylestradiol (EE) treatment is a widely used animal
model of the clinical counterparts of oral contraceptive-
induced cholestasis, intrahepatic cholestasis of pregnancy,
and cholestasis induced by postmenopausal hormone replace-
ment therapy (17).
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Fig. 8. Change in plasma glucose concentrations (presented as A
Plasma Glucose Concentration) after the intravenous glucose toler-
ance test (40% D-glucose 1 g/kg) in the control and EE cholestatic rats
without (A) or with (B) pretreatment of metformin (iv, 30 mg/kg).
Each data value is represented as the mean+SD (n=5). *p<0.05,
*#p<0.01 from the control group by Student’s -test.
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In the present study, we examined the effect of EE
cholestasis on the pharmacokinetics of the organic cation
drug, metformin, in association with the expressional change
of Octl and Oct2 in rat liver and kidney. Previous transport
studies demonstrated that metformin is a substrate for OCT1
and OCT2, but not for OCT3 (27). Down-regulation of Mrp2
is known to cause cholestatic liver injury via inhibition of
biliary excretion of bile acids (20,21). In the present study,
mRNA levels of hepatic Mrp2 (47%) as well as hepatic Octl
(29%) were significantly reduced in EE cholestatic rats
compared to control rats (Fig. 3A). In the case of hepatic
Octl, the decrease in protein level with EE cholestasis (69%
of control) was comparable to that of mRNA (Fig. 4). The
reduction of hepatic expression of Octl appears to be a
general outcome of experimental cholestasis, because a
similar reduction that was induced by bile duct ligation
(BDL) (41) or intraperitoneal injection of lipopolysaccharide
(LPS) was also observed in rats with experimental cholestasis
(42). An elevated hepatic level of bile acids, as well as
diminished bile flow, appear to be responsible for the
reduction of Octl in the BDL model (43). However, EE
cholestasis in the present study is characterized by the
reduction of bile flow (Table I) and bile acid synthesis, with
only a mild increase in bile acids in the serum, but not within
hepatocytes (18,35,44), and minor morphological changes in
hepatocytes with evidence of an increased mitotic index (17,
34). Elucidation of the factors and mechanisms that regulate
the expression of Octl in each cholestasis model will require
further investigation.

Hepatic uptake is one of the main processes that
determine the intrahepatic concentration of drugs. Hepatic
uptake clearance (CLypake) of metformin in vivo was
decreased to about 28% of control in EE cholestatic rats
(Table I1T), which is consistent with the fact that metformin is
a substrate of Octl and the expression of the transporter was
significantly reduced by EE cholestasis (Figs. 3A and 4).
Decreased hepatic uptake of metformin was also reported for
Octl knockout mice, supporting the principal involvement of
Octl in the uptake (26).

The mRNA expression of Octl and Oct2 in the kidney
was significantly depressed by EE cholestasis (Fig. 3B). The
decrease in Oct2 mRNA was remarkable compared with that
in Octl mRNA, suggesting that Oct2 was more sensitive to
EE cholestasis. Western blot analysis also revealed the
suppressed expression of Oct2, but not of Octl (Fig. 5). A
similar result was reported for BDL-induced cholestatic rats,
in which a sufficient increase in Octl mRNA expression in
the kidney was not associated with significant changes in the
Octl protein level (41). As a consequence of the down-
regulation of renal Oct2, CLyptake Of metformin in the kidney
was decreased to about 62% of control in EE cholestatic rats
(Table IIT). Down-regulation of renal Oct2 as well as hepatic
Octl, and a subsequent reduced distribution of metformin to
the liver and kidney, appear to be responsible for the 43%
decrease in Vg of the drug by EE cholestasis (Table IT).

It was recently reported that the expression of Oct2 was
up-regulated by testosterone and down-regulated by estradiol
in rats (45), and that the lowered plasma level of testosterone
was responsible for the decreased Oct2 expression (46). It
was proposed that testosterone induced the expression of
Oct2, but not of Octl and Oct3, via the androgen receptor-
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mediated transcriptional pathway (47). Consistent with these
reports, the serum testosterone level in the present study was
significantly reduced in EE cholestatic rats (1.6 vs 0.08 ng/ml,
Table I). However, testosterone dependency should await
further careful study, because testosterone-independent Oct2
suppression in the kidney has been reported recently in
uranyl nitrate-induced acute renal failure rats (48). In that
sense, the factors and underlying mechanisms that regulate
the expression of Oct2 will require further study.

EE cholestasis in the present study exhibited a 30%
increase in the AUC and a 21% decrease in the CL of
metformin (Fig. 2 and Table II). Based on the literature (25),
renal Oct2, compared with hepatic Octl, should be more
important to the plasma pharmacokinetics of metformin: only
0.5% of the iv dose is eliminated via biliary excretion, and the
rest is eliminated via urinary excretion (26). Sambol et al. (49)
suggested that the pharmacokinetics of metformin is related
to renal function. Consistent with these reports, the decrease
in systemic clearance (CL) in the EE cholestatic rats had
nothing to do with nonrenal clearance (CLng), and could be
explained solely by the decrease in renal clearance (CLg;
Table II). The glomerular filtration rate (GFR), which was
estimated by the creatinine clearance, was not changed by EE
cholestasis (Table II). Therefore, down-regulation of renal
Oct2, not of GFR, appears to be responsible for the decrease
of CLgr and CL of metformin in EE cholestatic rats.

It was recently reported that some diabetic patients did
not respond sufficiently to metformin, even under approved
dosage conditions (50). In the previous report (27), it was
suggested that an uptake transporter, OCT1, played a key
role in the antidiabetic efficacy of metformin. Although the
plasma concentration profile of metformin was not signifi-
cantly different between Octl™* mice and Octl™ mice,
OCT1 genetic variants are known to be associated with
different responses to metformin in healthy human volunteers
(27). Consistent with this report, hepatic concentration of
metformin was reduced in EE cholestatic rats following iv
administration of metformin (Table III) and the maximum in
vitro uptake velocity (Vi) of metformin into hepatocytes
was decreased 7-fold by EE cholestasis, probably due to
reduced Octl expression (Fig. 6 and Table IV). In line with
decreased hepatic uptake of metformin, distinct inhibition of
glucagon-stimulated glucose production in control
hepatocytes (i.e., 40% for 180 min, Fig. 7A) disappeared in
EE cholestatic hepatocytes (Fig. 7B). These in vitro results
are consistent with the in vivo IVGTT data (Fig. 8).

The glucose tolerance test has been frequently used in
investigating the effect of metformin on glucose utilization
after glucose ingestion (27,51). We conducted the IVGTT
study of metformin according to the design of a previous
paper (27). Because metformin does not induce hypoglycemia
under normal conditions, the blood glucose reduction effect
of metformin was investigated under the administration of
glucose. Metformin pretreatment caused plasma glucose
levels to fall more rapidly in control rats than in EE
cholestatic rats during the IVGTT, with a resultant decrease
in the AUC of A Plasma Glucose Concentration (Fig. 8B).
According to the previous report (52), the predominant
mechanism of metformin action is to suppress hepatic glucose
production rather than to enhance insulin sensitivity in
peripheral tissue. Therefore, a different effect of metformin
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in control and EE cholestatic rats in vivo might represent the
different suppression of metformin against hepatic glucose
production.

Zhou G., et al. (3) reported that activation of AMPK by
metformin leads not only to the lowering of hepatic glucose
production, but also to a reduction of hepatic steatosis and an
increase in insulin sensitivity. When the phosphorylation level
of AMPK in primary hepatocytes after the glucose produc-
tion study for 180 min was detected by Western blot,
metformin stimulated AMPK phosphorylation in control
hepatocytes, but not in EE cholestatic hepatocytes (Fig. 7C).

In conclusion, the antidiabetic effect of metformin, an
Octl substrate drug, is expected to diminish in diabetic
patients with EE cholestasis, due to impaired hepatic uptake
of the drug via the transporter. Since a variety of substrates
are subjected to being transported via OCTs, the regulation
may have broader implications for the understanding of the
altered pharmacokinetics and pharmacologic effects of rele-
vant substrate drugs of the transporters in experimental, as
well as in clinical, estrogen-induced cholestasis.
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