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Abstract

Concentration-dependent regulation of 3-methylcholanthrene (MC) inducibility of UDP-glucuronosyltransferase UGT1A6 by the
synthetic glucocorticoid, dexamethasone (DEX) was studied. Treatment of cultured rat hepatocytes with MC, 0.1, 1, and 10 pM DEX, and
MC combined with DEX, resulted in different induction patterns measured in the intact cells compared to that observed in the microsomes
prepared from the same cells. DEX treatment in various concentrations caused a concentration-dependent increase in p-nitrophenol (p-
NP) conjugation in intact cells (3-, 4-, and 5-fold over control, respectively), and it positively regulated MC induction (4-, 5-, and 6-fold
over control, respectively). In contrast, DEX had smaller effect on microsomal p-NP conjugation (115, 200, 220% of control, respectively)
and although MC induction was increased significantly by 0.1 pM DEX (520% of control), but higher concentrations of DEX (10 pM)
decreased the degree of induction to 410%. Similar results obtained from in vivo experiments showed that at high DEX concentration
(100 mg/kg), the rate of MC induction (540%) decreased (420%). Permeabilization of the plasma membrane resulted in a 15-fold increase
of p-NP conjugation indicating the importance of transport in the rate of overall p-NP elimination, and the induction pattern was similar to
that observed in microsomes isolated from cells. Hyper-osmolarity (405 mOsmol/L) led to a 3-fold decrease of p-NP conjugation, the loss
of DEX inducibility and reduction of the MRP2 protein level. Our results suggest coordinated regulation of UGT1A6 inducibility and
substrate or product transport by DEX. © 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

UDP glucuronosyltransferases (UGTs) catalyse the
transfer of glucuronic acid from UDP-glucuronic acid to
a wide variety of endogenous and exogenous substrates. As
glucuronides are usually less active biologically, more
polar and readily excreted from an organism compared
to their parent aglycone, the UGTs are considered to be
important for the detoxification and elimination of these
substances [1,2]. The UGTSs have been classified into two
families. Members of family 1 conjugate a wide range of
substrates, including bilirubin and xenobiotic phenols.
UGT1 enzymes are encoded by a unique gene complex,
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with tandem individual promoters and first exons linked to
four common exons by differential splicing. Each UGT
exhibits its own unique profile of substrate and tissue
specificity and regulation by endogenous and exogenous
compounds [3-5].

Recent knowledge concerning regulation of UGTs is
still scarce. It is well documented that the expression
of many UGTs is influenced by inducers belonging to
different classes: polyaromatic hydrocarbons (PAH), phe-
nobarbital, clofibrate, rifampicin, glucocorticoids, antiox-
idants, etc. [6—10]. In addition, hormonal factors have also
been shown to be involved in the regulation of UGT
activity [11]. There is evidence to support that UGT1A6
and UGT1A9 are regulated via Ah receptor, and recently
UGT1A7 was also reported to be under the control of PAH
[6,9]. The role of Ah receptor in the regulation of
UGTI1ALl, the only relevant bilirubin conjugating isoform
in human, has also been suggested [12]. It was proposed
that bilirubin is an endogenous ligand of Ah receptor and
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regulates its own metabolism in this way [13]. Prough ez al.
extensively studied the effect of glucocorticoids on expres-
sion of genes regulated by the Ah receptors [11]. They
proved that at least three of these genes are under the direct
control of glucocorticoid receptor.

The coordinated regulation of drug metabolizing
enzymes and some of the ATP-dependent transporter
proteins including the apical conjugate export pump
MRP2 has been described by different groups [15,16].
MRP2 is regarded as a carrier protein of conjugates playing
important role in the canalicular secretion of glucuronides
[15,17]. The expression of MRP2 has been described to
depend on DEX concentration and osmolarity in cultured
rat hepatocytes [18-20].

In the present study, UGT1A6 expression on enzyme
activity level using p-NP as substrate and on protein level
by immunoblot analysis was studied following in vivo or in
vitro treatment with MC and various concentrations of
DEX separately and in combination, respectively. MRP2
expression on protein level was also demonstrated by
immunoblot analysis. The coordinated regulation of con-
jugation and transport by DEX was investigated in the
intact hepatocytes, and the effect of DEX on the two
processes was separated by permeabilization of the plasma
membrane and also by the change of osmolarity.

2. Materials and methods
2.1. Chemicals

UDP-glucuronic acid, MC, DEX, Williams’ Medium E,
collagenase, saponin, D-saccharic acid 1,4-lactone were
purchased from Sigma, sodium dodecyl sulfate (SDS),
methyl propyl ketone were from Merck. Rat polyclonal
antibody against UGT1A6 was a generous gift of Dr. B.
Burchell (Dundee, Scotland). The anti-MRP2 EAG15 anti-
body was kindly provided by Dr. D. Keppler (Heidelberg,
Germany). All other chemicals were purchased from
Reanal.

2.2. Primary hepatocyte cell culture

Hepatocytes were prepared from male Wistar rats
(200 g) by in situ liver collagenase perfusion [21]. Cell
viability (>85%) was determined by trypan blue exclusion.
Cells were seeded on collagen-coated dishes
(60 mm X 15 mm and 35 mm x 10 mm) at a density of
4.5 x 10° and 1.33 x 10° cells per dish, respectively, in
Williams® Medium E containing 10% of foetal calf serum,
100 nM insulin, 2.5 pg/mL amphotericin B, 0.1 mg/mL
gentamicin, and 30 nM Na,SeOs. Calf serum and ampho-
tericin B were present for the first 24 hr than omitted. Cells
were maintained at 37° in a humidified atmosphere of 95%
air/5% CO,. Four hours after plating, and every day there-
after, the medium was changed to Williams’ Medium E

supplemented with 3.7 uM MC, 0.1, 1, and 10 uM DEX,
3.7uM MC combined with 0.1, 1, and 10 pM DEX.
Control medium contained vehicle, 0.1% DMSO. The
induction period lasted for 72 hr. Cells washed twice with
PBS were incubated with p-NP for 20 and 40 min, respec-
tively. In some experiments, cells were exposed to hyper-
osmotic medium (405 mOsmol/L). Osmolarity was
changed by alteration of the NaCl concentration of the
medium. Hepatocytes were permeabilized by saponin treat-
ment (0.005%) for 5 min. For preparing microsomes, cells
were scraped and sonicated on ice followed by centrifuga-
tion at 10,000 g for 30 min, and the microsomes were
sedimented at 100,000 g for 60 min. For MRP2 immunoblot
analysis, preparation of microsomes was carried out in the
presence of 1 mM phenylmethanesulphonyl fluoride. Pro-
tein concentration was determined by the method of Lowry,
using BSA as protein standard [22]. Microsomes were stored
at —70°, and were used for the determination of UGT activity
and for Western immunoblot analysis.

2.3. Enzyme assays in cell culture

UGT1AG6 activity was determined in intact cell culture
using p-NP as substrate [23]. Cells were treated with
Williams’® Medium E containing p-NP (0.1 mM). p-NP
UGT activity was measured by HPLC detection of
p-NP-glucuronide peak, using p-NP-glucuronide as a stan-
dard [24]. Medium was withdrawn at 10 and 20 min of
incubation and was injected directly into the HPLC. The
chromatographic equipment consisted of two Isco Model
2350 pumps, an Isco V* type UV detector (Isco), a Hypersil
ODS 150 mm x 4 mm reversed-phase column with parti-
cle size of 3 pm (BST). The mobile phase for determina-
tion of p-NP and its glucuronide consisted of 15%
acetonitrile, 85% 0.02 M potassium phosphate buffer,
pH 1.8, containing 2.5 mM SDS. The flow rate was
1 mL/min, and the eluate was monitored at 305 nm. In
medium containing 0.1 uM p-NP, the rate of conjugation
was linear up to 60 min. The detection limit for p-NP-
glucuronide was 1 pM. In the case of permeabilized cells,
the incubation media was supplemented with 4 mM UDP-
glucuronic acid and cells were incubated with p-NP for 3
and 6 min [23].

2.4. Enzyme assays in microsomes

Male Wistar rats, five animals per group, were treated
with 20 mg/kg MC in corn oil (i.p.), 100 mg/kg DEX in
corn oil (p.o.) and MC combined with DEX for 3 days.
Control animals were treated with corn oil. Twenty-four
hours after the last injection, livers were removed, and
microsomes were prepared as described earlier. p-NP
conjugation was determined according to the method of
Burchell and Weatherhill [25], the incubation mixture
contained 0.1 mM p-NP, 2 mM b-saccharic acid 1,4-lac-
tone, 4 mM UDPGA and 0.2 mg of protein in a final
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volume of 200 pL. The microsomes were preincubated
with 0.05% Triton X-100 for 20 min on ice.

2.5. Western blot analysis

The microsomes were prepared for immunoblot analysis
by suspension in sample loading buffer, heated at 100° for
5 min except for MRP2, where the boiling step was
omitted. Proteins were separated by SDS—polyacrylamide
gel electrophoresis (7.5%). After separation, the proteins
were transferred to nitrocellulose membranes, treated with
PBS-Tween 20 (0.1%) containing 3% BSA overnight at 4°
[26]. The membranes were washed in PBST before addi-
tion of primary antibodies, Rat-anti-liver antibody (RAL)
(1:3000 dilution of 46.5 mg protein/mL) or rat anti-MRP2
EAGI15 (1:10000 dilution), respectively [27]. Following
incubation with primary antibodies, the membranes were
washed, and incubated with secondary antibody, horse-
radish peroxidase-conjugated anti-sheep IgG (Calbio-
chem), or anti-rabbit IgG (Gentest), respectively.
Immunoreactive proteins were visualized by chemilumi-
nescence method (Amersham International).

3. Results

Primary rat hepatocytes were treated with various con-
centrations of DEX ranging from 0.1 to 10 pM and 3.7 pM
MC separately and in combination for 72 hr. The UGT1A6
activity was determined using p-NP as substrate. The rate
of conjugation was measured both in intact cells by HPLC
analysis of the medium (Fig. 1A) and in the microsomes
prepared from the induced cells (Fig. 1B). Enzyme activity
data obtained from experiments with intact cells indicate
that DEX enhanced p-NP glucuronidation in a concentra-
tion-dependent manner (275, 350, and 504% of the control,
respectively). Basal rate of conjugation was not influenced
markedly by MC treatment alone (150%), however, it was
positively modulated by the presence of DEX, and the
potentiation by DEX showed concentration dependence
(443,502, and 628 % of the control, respectively). In contrast,
the effect of DEX on p-NP conjugation measured in the
microsomes prepared from the same induced hepatocytes
showed a distinctly different pattern. The level of induction
by DEX was much less pronounced than that observed in
intact cells. Only a 2-fold induction was detected even at the
highest DEX concentration (10 uM). It was surprising that
the concentration dependence for DEX potentiation of MC
induction showed a biphasic response in contrast to the data
obtained in intact cells. At 0.1 pM concentration, DEX
increased MC induction to 3-fold of basal induction, and
the rate of induction was not increased by higher DEX
concentrations, moreover, in 10 pM concentration the
potentiation effect of DEX decreased.

In addition to experiments carried out in vitro, the effect
of DEX, MC, and their combination was observed in vivo
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Fig. 1. Alteration of MC inducibility of p-NP conjugation by DEX in
primary culture of rat hepatocytes (A) and in the microsomes prepared
from the same cells (B). Hepatocytes were treated with 0.1, 1, and 10 uM
DEX, 3.7 uM MC and DEX combined with MC, respectively, for 72 hr.
Glucuronidation was measured in the presence of 0.1 mM p-NP at 10 and
20 min of incubation by HPLC (A). Microsomes were prepared from the
cells and UGT1AG6 activity was determined in 200 pL of 0.1 mM Tris—HCl
buffer containing 1 mM p-NP, 2 mM b-saccharic acid 1,4-lactone, 4 mM
UDP-glucuronic acid and 0.2mg of microsomal protein. Substrate
disappearance was measured spectrophotometrically (B). Data are given
as means £ SD of three separate experiments that were performed in
triplicate.

as well. Male Wistar rats were treated with 20 mg/kg of
MC (in corn oil, i.p.), 100 mg/kg of DEX (in corn oil, p.o.)
and MC in combination with DEX, respectively, for 3 days.
p-NP conjugation was measured in the microsomes pre-
pared from the livers 24 hr after the last injection. In vivo
DEX treatment had no effect on p-NP conjugation, MC
treatment resulted in a 5-fold increase, while the combina-
tion of the two inducers reduced the induction to 4-fold
(Fig. 2). Exactly the same results were obtained in vitro
(Fig. 1B) by changing the DEX concentration from 0.1 pM
that is commensurate with physiologic glucocorticoid
serum level to 10 uM in the presence of MC.
Glucuronidation of p-NP was also measured in saponin
treated hepatocytes in the presence of 4 mM UDPGA
(Fig. 3). Permeabilization of plasma membrane enhanced
the rate of p-NP glucuronidation 15-fold over the intact
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Fig. 2. In vivo induction of p-NP conjugation by DEX and MC separately and in combination. Male Wistar rats, five animals per group were treated with
20 mg/kg MC in corn oil (i.p.), 100 mg/kg DEX in corn oil (p.o.) and MC combined with DEX, respectively, for 3 days. Microsomes were prepared 24 hr
after the last treatment, and UGT1A6 activity was measured. Refer to Fig. 1B for experimental details.

cells. The administration of UDPGA to the non-permea-
bilized cells did not increase the rate of conjugation (data
not shown). The rate of induction by DEX treatment in the
permeabilized cells showed very similar pattern to that
obtained in the microsomes of in vitro treated cells. DEX
treatment had little effect, treating the cells with the highest
DEX concentration (10 pM) resulted in only a 2-fold
increase in the rate of conjugation.

The great increase in the rate of p-NP glucuronidation
following permeabilization of plasma membrane indicates
that the transport might be of determining importance in
the overall p-NP elimination from the cell. Primary rat
hepatocytes were treated with DEX, MC, and MC + DEX
in norm-osmotic medium for 48 hr. Thereafter, they were
exposed to hyper-osmotic (405 mOsmol/L) medium con-

taining the inducers at the same concentration. The meta-
bolism of p-NP to its glucuronide conjugate was measured
following a 24-hr hyper-osmotic incubation. In the med-
ium of cells kept under hyper-osmotic conditions, the
amount of p-NP-glucuronide decreased to 30% of control
cells (Fig. 4). The rate of metabolism was not affected by
DEX treatment at either concentration. MC treatment
resulted in a 175% increase in the amount of p-NP-glucur-
onide, and the coadministration of MC with DEX (0.1, 1,
and 10 uM) slightly enhanced p-NP elimination (167, 202,
and 256% of untreated, respectively).

The UGT1A®6 protein expression after 72 hr of induction
by MC and DEX is shown in Fig. 5. The induction pattern
of the amount of UGT1AG6 protein and the enzyme activity
data of the microsomes (Fig. 1B) was similar. MC treat-
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Fig. 3. Alteration of MC inducibility of p-NP conjugation by DEX in intact and saponin-treated primary rat hepatocytes. Treatment of hepatocytes and
determination of UGT1A6 activity in intact cells were carried out as described in Fig. 1A. Hepatocytes were permeabilized after 72 hr of induction with
0.005% saponin for 5 min. In the case of permeabilized cells, the incubation medium contained 4 mM UDP-glucuronic acid, and the incubation time was 3
and 6 min, respectively. Data are given as means + SD of three separate experiments that were performed in triplicate.
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Fig. 4. Alteration of MC inducibility of p-NP conjugation by DEX in primary rat hepatocytes maintained under norm-osmotic and hyper-osmotic conditions.
Cells were incubated in norm-osmotic medium (305 mOsmol/L) containing 0.1, 1, and 10 uM DEX, 3.7 pM MC, and DEX combined with MC for 36 hr and
subsequently were exposed to hyper-osmotic medium (405 mOsmol/L) containing the inducers at the same concentration for 24 hr. Glucuronidation was
measured as described in Fig. 1A. Data are given as means & SD of three separate experiments that were performed in triplicate.

ment enhanced both the UGT1A6 protein level and the
enzyme activity to 175% of the control. DEX at 1 pM had
only a slight effect (139%). DEX increased MC induction
on protein level, the potentiation was not dependent on

UGT1A6

UGT1A6 protein level
(relative density)

DEX concentration (204, 225, and 220% of the control).
DEX enhanced MRP2 protein level to 140 and 240% at 0.1
and 10 pM concentration, respectively. Under hyper-
osmotic conditions MRP2 protein level decreased (Fig. 6).
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Fig. 5. Immunoblot analysis of UGT1A6 induction by DEX and MC separately and in combination. Hepatocytes were treated with 0.1, 1, and 10 pM DEX,
3.7 uM MC, and DEX combined with MC, respectively, for 72 hr. Microsomes were prepared, fractionated, blotted, and reacted with specific primary
antibodies (RAL). Each line contained 15 pg of protein. Relative levels of UGT1A6 were determined by UN-SCAN-IT digitizing Software (Silk Scientific).
Data shown are representative of three independent experiments.
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Fig. 6. Effect of DEX and hyper-osmolarity on MRP2 protein level. Hepatocytes were treated with 0.1 and 10 uM DEX for 72 hr. After 48-hr treatment,
some dishes were exposed to hyper-osmotic media for 24 hr. Microsomes were prepared, fractionated, blotted, and reacted with specific primary antibodies
(EAG15). Each line contained 17 pg of protein. Relative levels of MRP2 were determined by UN-SCAN-IT digitizing Software (Silk Scientific). Data shown

are representative of two independent experiments.

4. Discussion

The results reported in the present study suggest the
coordinate regulation of UGT1A6 and the transport of its
glucuronide from the rat hepatocyte by DEX. The simul-
taneous induction of metabolizing enzymes and transport
proteins by different types of inducers has been published,
and it may be important in chemoprotection against xeno-
biotics [15,16]. In previous reports it was clearly demon-
strated that some of the genes of the Ah battery, including
UGT1AG6 is under the direct control of glucocorticoid
receptor [11,14]. It has been shown that although DEX
itself has little effect on the expression of these genes, it up-
regulates PAH induction; however, in some cases (GST
Ya;, ALDH3) negative regulation by DEX (<1 uM) was
also demonstrated. The concentration dependence of DEX
on UGT1AG6 induction by PAH has not been investigated.
The effect of DEX on p-NP conjugation measured in intact
cells compared to that in the microsomes from DEX treated
cells seems to be different. In the microsomes, DEX
considerably up-regulated UGT1A6 induction at 0.1 uM
concentration, but higher DEX concentrations did not
result in further increase in the rate of conjugation. On
the contrary, in the intact cells DEX up-regulated MC
induction in a concentration-dependent manner, and DEX
treatment itself caused pronounced concentration-depen-
dent increase of p-NP conjugation. An explanation for this
discrepancy might be that in the case of intact cells the
amount of p-NP-glucuronide is influenced by both

UGT1AG6 expression and transport activity. However, the
rate of microsomal conjugation of p-NP depends only on
UGT1AG6 expression in the presence of excess UDP-glu-
curonic acid following Triton X-100 treatment. To prove
the importance of the transport in p-NP elimination and to
clarify the role of DEX in this process, the following
experiments were performed: (1) permeabilization of
plasma membrane of the hepatocytes by saponin treatment,
(2) down-regulation of MRP2 by hyper-osmotic incuba-
tion, (3) in vivo treatments of rats by MC and DEX
separately and in combination.

1. The up-regulation of MRP2 expression by DEX has
been shown in rat hepatocytes [19,20]. In vitro and in
vivo evidences demonstrated that DEX treatment led to
a marked increase of hepatic amounts of MRP2 mRNA
[18]. In accord with these findings, our present results
also support that DEX positively regulates MRP2
expression. MRP2 is considered to play essential role
in the transport of conjugates in drug metabolism
process [17]. The concentration dependence of p-NP
conjugation on DEX observed in intact cells may be due
to alteration of transport processes, e.g. enhanced MRP2
expression. Permeabilization of the plasma membrane
allows separation of the effect of DEX on UGT1A6 and
transport activity. Providing excess of UDP-glucuronic
acid after permeabilization of the membrane enables
one to investigate the effect of various DEX concentra-
tions on UGT1AG6 expression in the hepatocytes. The
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induction profile obtained in saponin treated cells was
the same as that obtained in the microsomes. All these
findings are in good agreement with previous studies
[11,14] describing that DEX itself only slightly affects
UGTI1A6 expression, but in small concentration
(0.1 pM) up-regulates the induction of UGT1A6 by
PAH. In higher concentration (10 pM) negative re-
sponse was observed. The concentration-dependent up-
regulation of p-NP conjugation observed in intact cells
can be, at least, partly due to the enhanced transport
processes, e.g. the enhanced MRP2 protein level.

Immunoblot experiments support the finding that
DEX at 0.1 uM increases the inductor effect of MC,
but at higher concentrations no further increase in
UGT1AG6 protein level can be detected.

2. Another line of evidence concerning the role of MRP2
in p-NP elimination is the negative effect of the
enhanced osmolarity on p-NP conjugation. As shown
by Kubitz et al. [20] MRP2 expression is regulated by
cell osmolarity. In their experiments, hyper-osmolarity
down-regulated MRP2 at the mRNA and protein level
by 46%. In our experiments hyper-osmolarity de-
creased p-NP conjugation by 70%, and simultaneously
significantly reduced MRP2 protein level. Although
MC inducibility of conjugation was still observed, the
effect of DEX diminished.

3. Prough et al. [11] demonstrated that glucocorticoid
regulation of PAH induction occurs in vivo as well. The
developmental changes in the in vivo response to
glucocorticoid treatment are due to the difference in
the basal circulating levels of these steroids in different
ages. In adult rats, the physiological glucocorticoid
concentration is sufficient to potentiate MC induction,
that is the reason for the finding that UGT1A6 enzyme
activity in the liver of MC-treated animals showed the
same rate of induction as the microsomes of
MC + 0.1 uM DEX-treated hepatocytes. The combi-
nation of DEX and MC treatment in vivo corresponds
to the combined MC + 10 uM DEX treatment in vitro,
resulting in the same reduced scale of induction.

In conclusion, the difference between in vitro and in vivo
results suggest that DEX treatment itself has little effect on
UGT1AG6 expression, however, UGT1AG6 gene is under the
control of the glucocorticoid receptor. At small concentra-
tion, DEX (<0.1 uM) positively regulates PAH induction
of UGT1AG6 similarly that shown for CYP1A1 [14]. At
high concentration, DEX (10 uM) negatively regulates MC
induction both in vitro and in vivo. In addition, DEX is a
potent inducer of MRP2, and the induction pattern shows
concentration dependence. Therefore, at least, two steps in
the elimination of p-NP and probably of many other
xenobiotics are under the control of glucocorticoids. The
effect of DEX on the rate of the overall elimination process
measured in the intact hepatocytes is the result of coordi-
nated induction of the two proteins.
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