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Aim: Dopamine receptors are present in the nervous system and also widely distributed in the periphery. The aim of this study was to
investigate the role of D, subtype dopamine receptors (DRD,) in the regulation of dehydroepiandrosterone sulfotransferase (SULT2A1)
in HepG2 cells.

Methods: HepG2 cells were treated with DRD, agonists with or without DRD, antagonist for 9 d. DRD, and SULT2A1 mRNA expression,
protein expression, and SULT2A1 activity were detected using RT-PCR, Western blotting and HPLC, respectively. The level of CAMP was
measured using a commercial kit.

Results: All the 5 DR subtypes (DRD,-DRDs) were found to be expressed in HepG2 cells. Treatment of HepG2 cells with the specific
DRD, agonists SKF82958 (2.5 ymol/L) or SKF38393 (5 and 50 umol/L) significantly increased the mRNA and protein expression of
both DRD; and SULT2A1, and increased SULT2A1 activity and cAMP levels. These effects were partially blocked by co-treatment with
the specific DRD, antagonist SCH23390 (2.5 ymol/L). In addition, transfection of HepG2 cells with DRD,-specific siRNAs decreased
DRD; mRNA expression by 40%, which resulted in the reduction of SULT2A1 mRNA expression by 60%, protein expression by 40%, and
enzyme activity by 20%.

Conclusion: DRD; activation upregulates DRD, and SULT2A1 expression and SULT2A1 activity in HepG2 cells, suggesting that the DRD,
subtype may be involved in the metabolism of drugs and xenobiotics through regulating SULT2A1.
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Introduction

Dopamine is the predominant catecholamine neurotransmit-
ter in the human central nervous system, where it controls a
variety of functions including cognition, emotion, locomotor
activity, hunger and satiety, and endocrine system regulation.
Dopamine exerts its functions by binding to dopamine recep-
tors!". Dopamine receptors (DRs) are widely expressed in the
brain, belong to the seven transmembrane domain-containing
G protein-coupled receptor family, and include five different
receptor subtypes (named DRD;-DRDs). There are distinct
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similarities between the DRD; and DRD; subtypes and among
the DRD,, DRD;, and DRD, subtypes, which has led to the
classification as the D;-like and D,-like receptor subfamilies,
respectively?. In recent years, it has been found that DRs
are not restricted solely to the nervous system but are instead
widely distributed in the periphery, mainly at the levels of the
cardiovascular system, the hepatobiliary system, the gastroin-
testinal system and the kidney. In particular, dopamine recep-
tors are differentially expressed along the nephron where they
regulate renal hemodynamics, electrolyte and water transport,
and rennin secretion”. Dopamine receptors are also known
to influence vasodilation and to change cardiac contractility
within the cardiovascular system!°.. Shannon et al demon-
strated that DRD, is expressed in rat cholangiocytes but that
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DRD; and DRD; were absent. However, this group did not
thoroughly investigate the expression of all these DRs in hepa-
tocytes and rat liver. Their results also indicated that the DRD,
agonist quinelorane has an inhibitory effect on ductal secretion

in secretin-stimulated choleresis!®.

Zhang et al recently dem-
onstrated that DRD, mediates the inhibition of dopamine on
distal colonic motility. The increased dopamine content and
DRD; receptor expression in the smooth muscle layer may be a
compensatory mechanism to balance enhanced colonic motil-
ity in response to acute cold-restraint stress”. In addition, the
results of a recent study published in Cell suggest that DRs are
expressed in cancer stem cells and breast cancer cells and may
serve as a biomarker for diverse malignancies®. The growing
information regarding the roles and functions of DRs in the
peripheral nervous system prompted us to address the fol-
lowing questions: First, are DRD;-DRD; receptors expressed
in hepatocytes? Second, do these DRs have certain functions
that are involved in liver metabolism? Third, do agonists and
antagonists of specific DR subtypes regulate drug-metaboliz-
ing enzymes?

No other studies have so far found the existence of dopa-
mine receptors in liver tissue or in hepatocytes or described
a role for these receptors in the hepatic system except for two
reports. One study showed that the expression of dopamine
receptors was significantly different between diabetic and
normal rats”. The other report used immunohistochemistry
to show that DRD, was expressed in liver but did not inves-

ol However, the brain

tigate the expression of the other DRs
dopaminergic system has been demonstrated to regulate the
expression of liver cytochrome P450 (CYP450) enzymes by
altering the levels of pituitary hormones and cytokines"""?,
Furthermore, no in vitro studies have been performed to
investigate the role of dopamine receptors in the regulation
of CYP450s. As one of the major superfamilies of phase II
drug-metabolizing enzymes, the induction of SULTs by hor-
mones and other endogenous molecules has been widely
described™ . However, neither the induction of SULT by
the important neurotransmitter dopamine nor the role of DRs
in the regulation of sulfotransferases (SULTs) has been well
studied. To the best of our knowledge, there are only two
reports on the regulation of SULTs by the dopamine analogue
methamphetamine (METH), which is a potent modulator of
dopamine signaling in the brain and can increase the synaptic
levels of dopamine, serotonin and norepinephrine” 3, One
study used microarrays to screen a series of candidate genes
after single-dose METH treatment in rats and found that
METH treatment induced rat brain SULT1A1 by 4.3-fold in the
amygdala™!. The other study was performed by our group
and found that a 7-d treatment of METH significantly induced
the expression of SULT1A1, SULT2A1, and SULT1E1 at the

>l However,

mRNA and protein levels in rat liver and brain
there are currently no data to indicate the regulatory mecha-
nism of SULT by METH in the rat liver and brain. Consider-
ing the role of the brain dopaminergic system in the regula-
tion of CYP450 isoforms in rat liver and the tight relationship

between the action mechanisms of METH, dopamine, and
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the dopaminergic system, we hypothesized that dopamine
receptors play an important role in the liver in the regulation
of drug metabolizing enzymes, including sulfotransferase iso-
forms.

Dehydroepiandrosterone (DHEA)-sulfotransferase
(SULT2A1) is a highly abundant, cytosolic sulfo-conjugating
enzyme that is found in first-pass enterohepatic tissues and in
steroidogenic adrenal tissue™ >, Similar to all other members
of the SULT family, SULT2A1 utilizes 3’-phosphoadenosine
5’-phosphosulfate (PAPS) as the sulfate-donating cofactor.
SULT2AT1 specifically sulfates hydroxysteroid DHEA and also
catalyzes the sulfation of endogenous steroids (testosterone,
estrogen and pregnenolone), clinically active drugs and envi-
ronmental chemicals® *!. SULT2A1 has been reported to be a
target of many receptors that are activated by endogenous and
xenobiotic agents. It remains unknown whether dopamine
receptors affect SULT2A1 expression and activity in organs
that are involved in biotransformation.

The purpose of this study was to investigate the influence
of dopamine D, receptor activation on SULT2A1 expression
and activity. To accomplish this goal, we first examined the
mRNA expression of DRD;-DRD; in HepG2 cells. The human
hepatoma cell line HepG2 is widely used to study the induc-
tion of drug-metabolizing enzymes in vitro”. We then evalu-
ated the effects of different dopamine receptor agonists that
were combined with a specific DRD; antagonist on both DRD,
expression and SULT2A1 expression and activity in HepG2
cells. Finally, we also investigated the effects of DRD; knock-
down on the levels of human cytosolic SULT2A1 mRNA, pro-
tein, and activity and the effects of DRD; agonists on cAMP
(cyclic adenosine monophosphate) levels. Our results reveal
that the activation of the DRD; subtype plays an important
role in SULT2A1 regulation in HepG2 cells.

Materials and methods

Materials

The following chemicals were used in our studies: dopamine,
SKF38393, SKF82958 and SCH23390 (Sigma-Aldrich, St Louis,
USA); fetal bovine serum (Hyclone, UT, USA); penicillin/
streptomycin (Invitrogen, USA); Dulbecco’s modified Eagle’s
medium (DMEM, M&C Gene Tech Co Ltd, Beijing, China);
0.25% trypsin-EDTA (Beijing Dingguo Biotechnology Co, Ltd,
China), 3’-phosphoadenosine 5 -phosphosulfate (PAPS) and
DHEA (Hubei Jianyuan Chemical Co Ltd, Wuhan, China); and
theophylline (National Institutes for Food and Drug Control,
Beijing, China). Rabbit anti-human SULT2A1 antibody was
a gift from Dr David RINGER (American Cancer Society).
Rabbit anti-actin and anti-DR (DRD,-DRDs) antibodies were
purchased from Beijing Biosynthesis Biotechnology Co, Ltd
(Beijing, China). Horseradish peroxidase-linked anti-rabbit
antibody was purchased from Cell Signaling Technology Inc
(Danvers, MA, USA).

HepG2 cell culture and treatment
HepG2 cells were obtained from the Cancer Institute and
Hospital of the Chinese Academy of Medical Sciences (Beijing,
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China). Cells were cultured in DMEM that was supplemented
with 10% fetal bovine serum and 100 U/mL of penicillin and
streptomycin. The cultures were maintained in a humidified
atmosphere with 5% CO, at 37°C. The medium was changed
every 2 or 3 d with sub-culturing. All experiments using
HepG2 cells were performed between passages 8 and 16 dur-
ing which phase II enzyme expression did not significantly
Change[27]. To treat the HepG2 cells with the DRD; agonists
and the specific DRD; antagonist SCH23390, the cells were
seeded in 10-cm plates at a density of 2.5x10 cells per plate.
HepG2 cells were treated on the first day with the dopamine
receptor agonist with or without the specific DRD; antagonist
at the indicated concentrations by adding the compounds to
the culture media. The control treatments included cells that
were maintained for the same period of time in medium that
was supplemented with the chemical solvent. The medium
was changed every 2 d with the addition of fresh agonist.
The cells were harvested on d 9. To carry out the DRD;-
small interfering RNA (siRNA) transfection experiments in
HepG2 cells, the cells were seeded in 6-well plates at a density
of 5x10° cells per well. Lipofectamine 2000 (Invitrogen) was
used for siRNA transfections by following the manufacturer’s
instructions.

Western blot analysis

Cells were homogenized in ice-cold RIPA buffer (50 mmol/L
Tris pH 7.4, 150 mmol /L NaCl, 1% NP-40, 0.5% sodium deoxy-
cholate, 0.1% SDS, protease inhibitor and 1 mmol/L phenyl-
methanesulfonylfluoride [PMSF]). Protein concentrations
were determined by using a modified Bradford protein assay
kit (Beyotime Institute of Biotechnology, Haimen, China).
Protein lysates (20 png) were separated by 12% SDS-PAGE and
transferred to polyvinylidene difluoride (PVDF) membranes
(Pierce, Rockford, IL, USA). Membranes were then probed
with the following antibodies: anti-human actin (1:1000), anti-
human SULT2A1 (1:1000), and anti-human DR (1:500). Horse-
radish peroxidase-linked anti-rabbit antibody was used as
the secondary antibody. The membrane was developed with
SuperSignal Ultra (Pierce, Rockford, IL, USA). Individual pro-
tein bands were quantified by densitometry with an imaging
system (Bio-Rad, USA) and normalized to -actin. Immunob-
lotting was performed as previously described.,

Real-time reverse-transcription polymerase chain reaction (RT-
PCR) analysis

Total RNA was purified from HepG2 cells using an CellAmp
Direct RNA Prep Kit for Real-Time PCR (Takara, Japan)
according to the manufacturer’s protocol. The concentration
and purity of the extracted RNA was assessed by measur-
ing the 260/280 absorption ratio using a spectrophotometer.
cDNA was synthesized from 2 pg of RNA using a reverse
transcriptase M-MLV synthesis kit (Takara, Japan). RT-
PCR was performed on the MyiQ5 real-time PCR detection
system (Bio-Rad, USA) with SYBR Premix Ex Taq (Takara,
Japan). The PCR products for human p-actin, SULT2A1,

DRD;, DRD,, DRD;, DRD,, and DRDs were synthesized with
the primer pairs FP (forward primer) 5-CGCGAGAAGAT-
GACCCAGAT-3"/RP (reverse primer) 5-TCACCGGAGTC-
CATCACGAT-3" (hACTIN, Gene ID: 60), FP 5'-ATCCAATCT-
GTGCCCATCTG-3"/RP 5 -AATAACTGGATGGGGAG-
GTG-3" (hSULT2A1, Gene ID: 6822), FP 5-CAGCGAAGTC-
CACATTCC-3'/RP 5'-TTTCTGGTGGTGACAGGAG-3’
(hDRD,, Gene ID: 1812), FP 5-CGAGCATCCTGAACTT-
GTG-3'/RP 5-TGAGTCCGAAGAGGAGTGG-3" (hDRD,,
Gene ID: 1813), FP 5-GGAGCCGAAGTGGTAAAC-3'/RP
5-CACCTGTGGAGTTCTCTGC-3" (hDRD;, Gene ID: 1814),
FP 5-GACCTCCTCCTCGCTCTC-3'/RP 5-GAACCTGTC-
CACGCTGAT-3" (hDRD,, Gene ID: 1815), FP 5-CTCAACTG-
GCACAGGGAC-3'/RP 5-GATGAGCGAGGAAGAGATG-3¥
(hDRD;, Gene ID: 1816). All the primers were purchased from
AuGCT DNA-SYN Biotechnology Co, Ltd (Beijing, China).
Samples were run in triplicate under the following conditions:
initial denaturation for 30 s at 95°C and 45 continuous cycles
of 15s at 95°C, 30 s at 60°C and 33 s at 72°C. The gene expres-
sion levels in each sample were normalized to human p-actin
mRNA.

SULT2A1 activity assay

The activity of SULT2A1 in the cell cytosol was determined
using a high performance liquid chromatographic (HPLC)
method as previously described™.. Briefly, all the enzymatic
assays were performed in a total reaction volume of 250 pL
that included 50 pg of protein from HepG2 cell cytosols as the
enzyme source, 0.2 pmol/L of DHEA as the substrate and 10
pmol/L of PAPS as the cofactor. After a 30 min incubation
at 37°C in a shaking water bath, the reaction was stopped by
adding 250 pL of methanol as the stop buffer. Data are pre-
sented as the average from three individual experiments.

siRNA-mediated knockdown of DRD,

Three sets of synthetic DRD;-siRNAs (Shanghai GenePharma
Co Ltd, China) were used in parallel in six-well plates.
Lipofectamine 2000 (Invitrogen) and DMEM were used for
transfecting 50 nmol/L of the siRNA duplexes according to
the manufacturer’s instructions. To assess the knockdown
efficiency of DRD;, the mRNA and protein levels were moni-
tored at 24 h and 48 h, respectively, in cells that were trans-
fected with DRD;-siRNA. HepG2 cells that were untreated,
transfected with non-targeting siRNA (Shanghai GenePh-
arma Co Ltd, China) or mock transfected with Lipofectamine
The siRNA that was used for the
experiments decreased DRD; expression by 40% (siRNA
sense: 5'-GCCUGUCGAAUGUUCUCAATT-3’, anti-sense:
5-UUGAGAACAUUCGACAGGCTT-3, targeting position
of bp 1690-1710, Shanghai GenePharma Co Ltd, China). Fol-
lowing transfection with DRD;-siRNA, SULT2A1 mRNA and
protein levels were measured after 24 h and SULT2A1 activity
was determined after 48 h. Cy-3 fluorescently labeled FAM
non-targeting siRNA (Shanghai GenePharma Co Ltd, China)
was used in the optimization of the transfection procedure.

2000 served as controls.

Acta Pharmacologica Sinica
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cAMP assay

HepG2 cells were treated with dopamine (at 0, 0.25, and 2.5
pmol/L) and SKF38393 (0, 0.05, 0.5, and 5 pmol/L) for 7 d.
After the treatment, the medium was aspirated and 1 mL of 0.1
mol/L HCl was added for every 35 cm” of surface area. The
cells were scraped off with a cell scraper and transferred to
centrifuge tubes. The cells were then lysed using an ultrasonic
cell disruption system and centrifuged at a speed of 12000
rounds per minute for 10 min. Protein lysates were collected,
homogenized and quantified by the BCA protein method. The
amount of cAMP was determined by using the cAMP Direct
Immunoassay Kit (Catalog #K371-100, Biovision) according
to the recommended protocol. The concentration range was
0.039-10 pmol/well, and the accuracy and precision of this
method was validated by the manufacturer.

Statistical analysis

The results were expressed as the mean+SD and were ana-
lyzed using analysis of variance followed by a paired com-
parison (Bonferroni). P<0.05 was taken as the minimal level of
significance.

Results

The expression of DRD,-DRD; in HepG2 cells

We first examined whether dopamine receptors are expressed
in HepG2 cells. Indeed, we found that all five of the dopamine
receptors subtypes (DRD;-DRDs) were expressed at different
mRNA and protein levels in HepG2 cells. The mRNA expres-
sion levels of the DRD;-like family members were higher
than the DRD,-like family members. The cycle threshold (Ct)
values for DRD,;, DRD,, DRD;, DRD,, and DRDs were 29.18,
32.09, 35.18, 38.07, and 26.46, respectively. The Ct values for
DRD, and DRDjs were both lower than 30, and the values for
the DRD,-like family members were higher than 30. Western
blot results are shown in Figure 1, which indicate that all the
DRD;_.DRDjs subtypes are expressed in HepG2 cells. These
results confirm that dopamine receptors are present in HepG2
cells and suggest that hepatic dopamine receptors may play a
role in hepatic tissues.

DRD, EG— — DRD. S— S—

DRDQ. -

Figure 1. Representative Western blots of dopamine receptors (DRD,/
DRD,/DRD5/DRD,/DRDs) and B-actin in HepG2 cells. Each protein lysate
(20 pg) was loaded twice in parallel.

DRD:; s—  a—

BACHN — —

Role of DRD, activation in SULT2A1 induction
We then determined whether DRD; activation induced
SULT2A1 expression by treating HepG2 cells with the
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non-specific agonist dopamine and specific DRD; agonists
SKF82958 and SKF38393™*. As shown in Figure 2, the non-
specific agonist dopamine moderately increased DRD; mRNA
expression by approximately 2-fold, whereas the specific
agonists SKF82958 and SKF38393 induced a robust increase in
DRD; mRNA expression (~30-fold and ~8-fold, respectively)
when HepG2 cells were treated with these compounds at the
highest concentrations. The overall magnitude of SULT2A1
mRNA induction in HepG2 cells was consistent with the
extent of DRD; activation. The induction of SULT2AT mRNA
expression by dopamine was lower than with SKF38393
and SKF82958. The extent of SULT2A1 mRNA induction in
SKF38393- and SKF82958-treated cells was approximately 10-
and 40-fold, respectively. Western blot results corroborated
the real-time PCR results by showing that dopamine and a
high concentration of SKF82958 induced SULT2A1 protein
expression. SKF38393 induced SULT2A1 protein expression
in a concentration-dependent manner (Figure 2). The induc-
tion of SULT2A1 mRNA and protein levels correlated with the
induction of its enzyme activity (Figure 2).

Role of repression of DRD, activation in SULT2A1 induction

To assess the effect of repression of DRD, activation on
SULT2A1 induction, HepG2 cells were treated with dopa-
mine receptor agonists in combination with the specific DRD,
antagonist SCH23390"".  As shown in Figure 3, the expression
of SULT2A1 mRNA was induced 20-fold by treatment with
a high concentration of SKF82958 in combination with the
antagonist SCH23390 but only 2-fold by treatment with a high
concentration of SKF38393 in combination with SCH23390.
Notably, the mRNA levels of SULT2A1 that were induced by
high concentrations of the DRD; agonists in combination with
the antagonist were much lower than upon induction with
the specific DRD; agonists alone. The induction of SULT2A1
by SKF82958 and SKF38393 decreased remarkably from 40-
to 20-fold and from 10- to 2-fold, respectively. These obser-
vations were further confirmed by assessing the DRD; and
SULT2AT1 protein levels by Western blotting and by assaying
SULT2A1 enzyme activity under the conditions described
above (Figure 3). The induction of SULT2A1 protein expres-
sion in HepG2 cells by the agonists in combination with
the antagonist was also slightly lower than by the agonists
alone. SULT2A1 enzyme activity was negligibly induced by
SKF82958 in combination with SCH23390 and was even less
induced by treatment with SKF38393 in combination with
SCH23390. The decrease in SULT2A1 induction due to the
specific DRD; antagonist prompted us to investigate SULT2A1
induction upon siRNA-mediated knockdown of DRD,.

Role of DRD, knockdown in SULT2A1 induction

We optimized the conditions for siRNA-mediated knockdown
of DRD; to result in a 40% down-regulation of DRD; mRNA
in HepG2 cells that were transfected with 50 nmol/L of the
DRD;-specific siRNA. As shown in Figure 4, the results indi-
cated that 50 nmol/L siRNA was non-cytotoxic and showed
that DRD; levels remained unchanged in mock-transfected
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Figure 2. The effects of DRD, subtype activation by the non-specific DRD, agonist dopamine (A), and by the specific DRD, agonists SKF82958 (B) and
SKF38393 (C) on SULT2A1 and DRD, subtype mRNA level (a), protein level (b) and enzyme activity (c) in HepG2 cells. HepG2 cells cultures were treated
for 9 d with varying concentrations of DRD; agonists as follows: (A) 0, 0.25, 2.5, and 25 umol/L of dopamine; (B) O, 0.025, 0.25, and 2.5 pmol/L of
SKF82958; (C) 0, 0.05, 0.5, 5, and 50 umol/L of SKF38393. SULT2A1 and DRD, mRNA expression levels were determined by relative quantitative
real-time PCR and were normalized to human B-actin mRNA. Protein lysate (20 pg) was used to confirm the increased expression of SULT2A1 and DRD,
by Western blot analysis. B-Actin was used as a loading control. SULT2A1 activity was measured as the rate of the specific reaction with the substrate
DHEA (0.2 pmol/L). °P<0.05, °P<0.01 in comparison with the control treatment.

and non-target siRNA-transfected hepatocytes. In addition,
the cells that were transfected with DRD, siRNA exhibited a
40% decrease in DRD; mRNA and protein levels and a signifi-
cantly lower induction of SULT2A1 than the cells receiving
the control treatments. The magnitude of SULT2A1 induc-
tion at the mRNA, protein and activity levels was reduced by
60%, 40%, and 20%, respectively. It is important to note that
SULT2A1 induction in the non-target siRNA-transfected cells
and mock-transfected cells was not significantly different from
the untreated control cells. These observations further corrob-
orate that the extent of SULT2A1 induction is related to level

of DRD; expression and activity.

Effect of dopamine and SKF 38393 on cAMP levels

To further confirm the function of dopamine in this study, we
investigated the effects of dopamine and SKF38393 on cAMP
levels in HepG2 cells. As shown in Figure 5, the cAMP levels
in HepG2 cells increased in a dose-dependent manner after
treatment with dopamine and SKF38393, which demonstrated
that the two compounds work through the activation of the
DRD; receptors.

Acta Pharmacologica Sinica
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Figure 3. The effects of DRD, subtype activation by the specific DRD; agonists SKF82958 (A) and SKF38393 (B) in combination with a fixed
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HepG2 cells. HepG2 cell cultures were treated for 9 d with varying concentrations of DRD, agonists in combination with the antagonist as follows:
(A) 0, 0.025, 0.25, and 2.5 pmol/L of SKF82958 in combination with SCH23390 (2.5 umol/L); (B) 0, 0.05, 0.5, 5, and 50 umol/L of SKF38393
in combination with SCH23390 (2.5 ymol/L). Treatment with the antagonist SCH23390 (2.5 umol/L) in the absence of the DRD,-specific agonist
was designated as the control treatment. SULT2A1 and DRD; mRNA expressions were determined by relative quantitative real-time PCR and were
normalized to human B-actin mMRNA. Protein lysate (20 pg) was used to confirm the increased expression of SULT2A1 and DRD, by Western blot
analysis. B-Actin was used as a loading control. SULT2A1 activity was measured as the rate of the specific reaction with the substrate DHEA (0.2 pymol/L).

°P<0.05, °P<0.01 in comparison with the control treatment.

Discussion

Currently, five dopamine receptor subtypes (DRD;-DRDs)
have been identified. Based on their function, the DR recep-
tors can be classified as either D;-like receptors or D,-like
receptors. The DRD; and DRDs subtypes are classified as
D;-like subfamily, and DRD,, DRD;, and DRD, are classi-
fied as members of the D,-like subfamily®”. D-like receptors
generally stimulate cAMP accumulation, whereas D,-like
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receptors inhibit cAMP accumulation. DRD, and DRD; are
the most-studied subtypes of the D;-like and D-like receptor
subfamilies, respectively. Similarly, agonists and antagonists
of DRD; and DRD, are primarily used in studies that involve
dopamine receptors regardless of whether the receptors are
present in the central nervous system[l] or in peripheral sys-
tems®®. However, it should be noted that although DRD,,
DRD; and DRD, subtypes have been identified, their specific
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Figure 4. Effects of DRD,-siRNA on DRD; mRNA and protein expression
and SULT2A1 induction. (A) DRD; and SULT2A1 mRNA expression
(normalized to human B-actin mRNA expression) in HepG2 cells 24 h after
transfection with the transfection reagent alone (Mock), the non-targeting
siRNA duplexes (negative control, NC, 50 nmol/L) and the DRD;-siRNA
specific duplexes (50 nmol/L). (B) DRD,; and SULT2A1 protein expression
in HepG2 cells that were treated with the transfection reagent alone
(Mock), the non-targeting siRNA duplexes (negative control, NC, 50 nmol/L)
and the DRD,-siRNA specific duplexes (50 nmol/L) for 48 h. Protein lysate
(20 pg) was used for further analysis with B-actin as a loading control. (C)
The extent of SULT2A1 enzyme activity induction was determined after
transfection with the transfection reagent alone (Mock), the non-targeting
siRNA duplexes (negative control, NC, 50 nmol/L) and the DRD;-siRNA
specific duplexes (50 nmol/L) for 48 h. Untreated cells were designated
as the control sample (Un). °P<0.05, °P<0.01 in comparison with the
control treatment.

agonists and antagonists are very limited. For example, no
studies have been reported on the specific agonist or antago-
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Figure 5. Alterations in cCAMP levels in HepG2 cells that were treated with
varying doses of dopamine (A) or the DRD;-specific agonist SKF38393 (B)
for 7 d (°P<0.01).

nist of DRDs. Therefore, we first screened the effects of
both DRD; and DRD, agonists on the enzymatic activities of
phenol sulfotransferase (SULT1A1), SULT2A1 and estrogen
sulfotransferase (SULT1E1). We found that all the DRD; ago-
nists that were used in this study, including the non-specific
agonist dopamine and the specific agonists SKF38393 and
SKF82958, significantly increased the activities of these three
SULT isoforms. However, we also found that when HepG2
cells were treated with varying doses of the specific DRD,
agonists quinpirole and bromocriptine *"), the enzyme activi-
ties of these SULTSs either increased slightly or did not change
(Supplementary Figure S1). Thus, we focused our investiga-
tion on DRD;,. Furthermore, the real-time PCR results showed
that the mRNA expression of all three SULTs examined in this
study was induced by the specific DRD; agonists SKF38393
and SKF82958. The induction of SULT2A1 was found to be
the most dramatic especially at high concentrations (Figure
2) and was induced to a much higher level than SULT1A1
and SULT1E1 (Supplementary Figure S2). Our preliminary
results also showed that blockade of DRD; had little effect on
the expression and activities of both SULT1A1 and SULT1E1.
Thus, compared with the other two isoforms, SULT2A1 exhib-
ited a higher sensitivity to the activation of DRD;. For this rea-
son, we mainly investigated the role of DRD; in the regulation
of SULT2A1 in the present study.

The results presented above provide the first direct evidence
for the expression of dopamine receptors and the role of the
DRD;-related signaling pathway in the regulation of SULT2A1
in HepG2 cells. In our study, we provided a detailed analysis
of the induction of SULT2A1 by DRD; activation. SULT2A1
expression is tissue-specific, with transcripts found in liver,
adrenal glands, intestine and fetal adrenal glands™!. SULT2A1
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is of interest because of its ability to detoxify environmen-
tal xenobiotics and to sulfate endogenous steroids that have
been linked to steroid-related cancers™”. Reports suggest that
SULT2A1 can be regulated by endogenous steroids through
different nuclear receptors and that this regulation varies for
different nuclear receptors, which is similar to how the CYP450

enzymes are regulated! 3> %I,

Estrogen-related receptor
alpha has been shown to mediate the down-regulation of
human SULT2A1 in HepG2 cells™. The treatment of primary
cultured human hepatocytes with ciprofibrate produced an
approximately 2-fold increase in SULT2A1 mRNA, protein,
and enzyme activity, which suggests a role for the lipid-
sensing PPAR-a (peroxisome proliferator activated receptor
alpha) transcription factor in the transcriptional up-regulation
of human hepatic SULT2A1 gene transcription™. In addi-
tion, human constitutive active receptor (hCAR) was shown to
mediate the induction of hSULT2A1 in HepG2 cells by metho-
trexate. Similarly, human vitamin D receptor (hVDR) also
up-regulated hSULT2A1 gene expression, while the human
pregnane X receptor (hPXR) down-regulated it®. Moreover,
hVDR was shown to compete with hCAR for the hSULT2A1
promoter, and hPXR suppressed hCAR-mediated induction
of hSULT2A1 by methotrexate in Caco-2 cells. These results
indicate that crosstalk occurs among the nuclear receptors in
the hSULT2A1 signal transduction pathway and that interac-
tions among nuclear receptors also depend on ligands (induc-
ers),

SULT2A1 by the nuclear receptor pathway because DRs are

In this study, we did not investigate the regulation of

typical membrane receptors. Whether the activation of the
DRs further influences the nuclear receptor pathway needs
further investigation. It has been suggested that the dopamine
analogue methamphetamine (METH) induces SULT protein
and mRNA expression in rat liver and brain. The induction
of SULT in the brain was found to be much higher than in
the liver™. However, there have been no studies that have
described the mechanism of SULT2A1 regulation by the dopa-
minergic system.

In this study, we showed that SULT2A1 is regulated by a
DRD; non-specific agonist (dopamine) and by specific ago-
nists (SKF38393 and SKF82958) in HepG2 cells. In general,
SULT2A1 mRNA induction in HepG2 cells correlates with
DRD; activation by agonists. The order of magnitude of DRD,
activation (SKF82958>SKF38393>dopamine) matched the
order of SULT2A1 induction because SKF82958 and SKF38393
induced SULT2A1 mRNA levels in HepG2 cells by 40-fold
and 10-fold, respectively (Figure 2). SULT induction by this
magnitude has rarely been described™ ** *!. On the contrary,
DRD; activation was reported to induce the mRNA and pro-
tein expression of other SULT isoforms, including SULT1A1
and SULTI1EL, to a lesser degree (by approximately three-
fold) (Supplementary Figure S2). These results indicate that
the effect of DRD, activation on SULT is selective and specific.
Interestingly, the activation of the brain dopaminergic path-
way by SKF82958 did not significantly influence the expres-
sion of CYP450 isoforms'"!, whereas our results clearly showed
that SKF82958-induced SULT2A1 expression in HepG2 cells.
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This finding implies that the induction of SULT2A1 by hepatic
DRD; activation may serve a function that has yet to be eluci-
dated.

Based on the finding that there was no significant induc-
tion of SULT2A1 activity by the specific antagonist SCH23390
(Supplementary Figure S3), we hypothesized that DRD; acti-
vation would be repressed when an antagonist competitively
occupies the receptor binding sites. In the present study, we
used agonists in combination with an antagonist to underscore
the importance of DRD; expression on SULT2A1 induction
in HepG2 cells. The levels of SULT2A1 mRNA expression,
protein expression and enzyme activity decreased dramati-
cally when HepG2 cells were simultaneously treated with the
specific DRD; agonist and antagonist (Figure 3). This result
confirms our hypothesis and suggests that a selective induc-
tion of SULT2A1 by DRD; activation. Moreover, as a member
of the G protein-coupled receptor family, the activation of the
dopamine receptor may lead to the stimulation of downstream
signaling transmission and to the up-regulation of SULT2A1
expression. These results also confirmed that the mechanism
of SULT2A1 induction by agonists is primarily through DRD,
activation rather than through the direct effects of transcrip-
tion factors in the nucleus after passive diffusion through the
cell and nuclear membranes.

The critical role of DRD; activation in SULT2A1 induction
was further shown by using a siRNA that targeted DRD,
mRNA. Attenuation of DRD, expression in HepG2 cells with
siRNA caused a marked reduction in the overall extent of
SULT2A1 down-regulation. For example, with a 40% reduc-
tion in DRD; mRNA level in cells, we observed an approxi-
mate 60% reduction in SULT2A1 mRNA expression (Figure
4). Blockade of DRD; reduced the modulation of adenylyl
cyclase activity, which resulted in an inhibition of cyclic AMP
accumulation. These findings indicate that G protein-coupled
signaling was altered™. The DRD; receptors can couple to
and activate the G protein, which in turn activates adenylate
cyclase (AC). This enzyme then catalyzes the formation of
cAMP, which acts on various downstream effector molecules.
Therefore, cAMP is a key molecule in the DRD, signaling path-
way™. As shown in Figure 5, both dopamine and SKF38393
significantly up-regulated cAMP levels in HepG2 cells, which
demonstrates that the two drugs work through the activa-
tion of DRD; receptors. This result provides direct evidence
regarding the mechanism of DRD; activation.

In conclusion, our results indicate that DRD, activation
altered SULT2A1 expression and activity. Without the influ-
ence of the central nervous system, dopamine receptor-
specific agonists significantly induced SULT2A1 expression,
and blockade of DRD; mRNA expression reduced SULT2A1
expression in HepG2 cells. Our results also revealed that
SULT2A1 regulation by DRD; is dopamine receptor subtype-
dependent. Understanding the mechanism of SULT2A1
induction by DRD; is important to better characterize the role
of DRD; in the peripheral systems, such as the liver and the
role of SULT2A1 in hormone regulation and chemotherapy.
Ongoing research is currently focused on the characterization



of SULT2A1 induction by DRD; in vivo and on the molecular
mechanisms that underlie this regulation.
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