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Abstract
Objective—Vascular smooth muscle cell (VSMC) proliferation is central to the development of
vascular diseases, including hypertension, which is regulated by numerous hormones and humoral
factors. Our previous study showed that the stimulatory effect of norepinephrine on VSMC
proliferation is inhibited by D1-like receptors and the D3 dopamine receptor, a member of the D2-
like receptor family. Insulin is a proliferative hormone but it is not known if there is any
interaction between insulin and D1-like receptors. We hypothesized that Dl-like receptors may
have an inhibitory effect on the insulin-induced VSMC proliferation; aberrant insulin and Dl-like
receptor functions could be involved in the pathogenesis of essential hypertension.

Methods—VSMC proliferation was determined by [3H]-thymidine incorporation; insulin
receptor mRNA and protein expressions were determined by RT-PCR, immunoblotting, and
immunohistochemistry.

Results—Insulin increased VSMC proliferation in immortalized aortic A10 cells, determined by
[3H]-thymidine incorporation. Although the D1-like receptor, by itself, had no effect on VSMC
proliferation, stimulation with fenoldopam, a D1-like receptor agonist, inhibited the stimulatory
effect of insulin. The inhibitory effect of fenoldopam on insulin-mediated VSMC proliferation was
receptor specific, because its effect could be blocked by SCH23390, a D1-like receptor antagonist.
Fenoldopam also inhibited insulin receptor mRNA and protein expression, which was time
dependent and concentration dependent. A PKC or MAP kinase inhibitor blocked the inhibitory
effect of fenoldopam on insulin receptor expression, indicating that PKC and MAP kinase were
involved in the signaling pathway.

Conclusion—The inhibitory effect of D1-like receptors on insulin-mediated VSMC proliferation
may play an important role in the regulation of blood pressure.
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Introduction
Epidemiological evidence supports a link between insulin resistance and hypertension [1–3].
Insulin resistance refers to the decreased ability of insulin to exert its biological effects on
cells, resulting in over secretion of insulin to compensate for insulin resistance, which leads
to hyperinsulinemia [1–3]. The high levels of insulin may play an important role in the
pathogenesis of hypertension by increasing renal sodium reabsorption [4–6] and by
stimulating the proliferation of vascular smooth muscle cells (VSMCs) [7,8].

Dopamine is an endogenous catecholamine that regulates/modulates many cellular
functions, including behavior, hormone synthesis and release, blood pressure, and
transmembrane ion transport [9–11]. Dopamine receptors are classified into the D1-like and
D2-like subtypes based on their structure and pharmacology. D1-like receptors, composed of
D1 and D5 receptors, stimulate adenylyl cyclase activity, whereas D2-like receptors,
composed of D2, D3, and D4 receptors, inhibit adenylyl cyclase activity and regulate/
modulate the activity of several ion channels [9–11].

Previous studies have shown that stimulation of D1-like receptors causes vasodilation [12].
Vasodilator hormones, such as atrial natriuretic peptide, have been shown to act as
antihypertrophic and antiproliferative factors [13,14]. We have reported that stimulation of
the α1-adrenergic receptor increases VSMC proliferation, whereas in the presence of a D1-
like receptor agonist, fenoldopam, the α1-adrenergic receptor-mediated proliferative effect is
inhibited [15]. These findings led us to hypothesize that Dl-like receptors may have an
inhibitory effect on the insulin-induced VSMC proliferation; aberrant insulin and Dl-like
receptor functions could be involved in the pathogenesis of essential hypertension.
Therefore, the present study was designed to investigate the role of Dl-like receptors on
insulin-mediated VSMC proliferation, and to determine the mechanisms underlying this
regulation in A10 cells, a rat thoracic aorta-derived smooth muscle cell line.

Methods
Cell culture and sample preparation

Embryonic thoracic aortic smooth muscle cells [12,16] (passages 10–20) from normotensive
Berlin–Druckrey IX rats (A10; CRL 1476, ATCC) were cultured at 37°C in 95% air/5%
CO2 atmosphere in Dulbecco’s Modified Eagle’s Medium. A10 cells (80% confluence)
were homogenized in ice-cold lysis buffer (final pH 7.4) (5 ml/g tissue) (20 mmol/l Tris-
HCl, pH 7.4; 2 mmol/l EDTA, pH 8.0; 2 mM EGTA; 100 mmol/l NaCl; 10µg/ml leupeptin;
10µg/ml aprotinin; 2 mmol/l phenylmethylsulfonyl fluoride; 1% NP-40), sonicated, kept on
ice for 1 h, and centrifuged at 16 000 g for 30 min. The supernatants of the samples were
stored at −70°C until use.

Immunoblotting
A10 cells were treated with vehicle (dH2O), a D1-like receptor agonist (fenoldopam)
[11,12,15,17] (Sigma, St. Louis, Missouri, USA) or a D1-like receptor antagonist
(SCH23390) [11,12,15,17,18] (Sigma, St. Louis, Missouri, USA), at the indicated
concentrations and times. Immunoblotting was performed as previously reported
[12,15,17,19]. Protein concentration was determined using a protein assay kit (Bio-Rad

Zeng et al. Page 2

J Hypertens. Author manuscript; available in PMC 2013 July 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Laboratories, Hercules, California, USA) with bovine serum albumin as standard [20]. Cell
lysates were boiled in sample buffer (35mmol/l Tris-HCl, pH 6.8, 4% SDS, 9.3%
dithiothreitol, 0.01% bromophenol blue, 30% glycerol) at 95°C for 5 min. Samples
containing 50 µg of cell protein were separated by SDS-PAGE with 10% polyacrylamide
gel, and then electroblotted onto nitrocellulose membranes (Bio-Rad). Blots were blocked
overnight with 5% nonfat dry milk in PBS-T [0.05% Tween 20 in 10 mmol/l phosphate
buffered (isotonic) saline] at 4°C with constant shaking. The blots were then incubated with
polyconal rabbit anti-human insulin receptor antibody (1:400, Santa Cruz Biotechnology,
Inc; Santa Cruz, California, USA; catalog No. sc-711, lot No. C0107) [21,22] in 5% nonfat
dry milk in TBST (tris buffered saline/Tween buffer) for 1 h at room temperature.
Membranes were washed three times with TBST and then incubated with peroxidase-labeled
goat antirabbit IgG (1 : 5000; Santa Cruz) for 1 h at room temperature and developed for the
detection of the specific protein using enhanced chemiluminescence reagents (Amersham,
Little Chalfont, UK). The amount of protein transferred onto the membranes was normalized
by immunoblotting of α-actin (monoclonal α-actin antibody, Santa Cruz Biotechnology,
Inc., Santa Cruz, California, USA, 1:400) [12,15,17,19].

All immunoblot bands in one group (receptor of interest or actin) were given a value of
100%. The density of each sample was calculated as a fraction of 100%. The ordinates
indicate the ratio of the density of the protein of interest as a fraction of 100% and the
density of actin as a fraction of 100%.

Reverse transcriptase-PCR of insulin receptors
A total of 2–3 µg of total RNA extracted from A10 cells was used to synthesize cDNA,
which served as template for the amplification of insulin receptor and β-actin (as
housekeeping gene) [23]. For β-actin, the forward primer was 5′-
GTGGGTATGGGTCAGAAGGA-3′ and the reverse primer was 5′-
AGCGCGTAACCCTCATA GAT-3′ (GenBank Accession No. NM031144). The
amplification was performed with the following conditions: denaturation at 94°C for 30 s,
annealing for 30 s at 608C, and extension for 45 s at 728C for 35 cycles. For insulin
receptor, the forward primer was 5′-GGA CTG AAG GTA TGA ATG GAG-3′ and the
reverse primer was 5′-TAA CAC AAG CCA AGG AAG GG-3′. (GenBank Accession No.
d12rat56). The amplification was performed with the following conditions: denaturation at
948C for 30 s, annealing for 30 s at 60°C, and extension for 45 s at 728C for 35 cycles. The
insulin receptor mRNA expression was normalized for β-actin mRNA.

Immunohistochemistry
Cells grown in 96-well plates were fixed for 30 min in PBS containing 4%
paraformaldehyde and washed three times with PBS. Fixed cells were incubated with anti-
insulin receptor antibody (1:200) at 4°C overnight. After incubation with the primary
antibodies, cells were rinsed three times with PBS and incubated for 60 min at 37°C with 10
µg/ml of biotin-conjugated goat antirabbit IgG (Jackson ImmunoResearch Laboratories).
The cells were again washed three times with PBS and incubated for 20 min at room
temperature with an avidin-biotin-peroxidase complex (Elite ABC kit; Vector Laboratories
Inc., Burlingame, California, USA). The peroxidase label was then developed for 10 min
using 3-amino-9-ethylcar-bazole and peroxide with a kit from Calbiochem. Staining
distribution and intensity were evaluated and scored by two independent reviewers unaware
of the treatments. The mean optical density was measured at 400 × magnification in five
random fields for every slide, each field contained about 30 cells, and five slides were
assessed in each group.
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Photographs were obtained using a Leica DMLS microscope (Leica Microsystems). Images
were processed using Image Pro Plus 6.0 (Media Cybernetics, California, USA) advanced
acquisition software. The intensity of expression was determined by the computer program
and given as density units, the result of integrated optical density divided by the sum of the
detected area [24].

3H-thymidine incorporation
Cell proliferation was determined by measuring the incorporation of [3H]-thymidine
(Atomic Energy Research Establishment of China, Beijing City, China) into DNA of cells
cultured in 96-well plates [16,25,26]. After induction of quiescence, the cells were
stimulated with insulin (Huofen Co., Shanghai City, China) or vehicle (dH2O) in the
presence or absence of fenoldopam (Sigma Co.), a D1-like receptor agonist, for 24 h. The
antagonists and inhibitors were added to the medium 30 min prior to the corresponding
agonists or activators. Thereafter, [3H]-thymidine (1 µCi/ml) was added to the growth
medium of each well 6 h prior to the measurements. At the end of incubation, the medium
was removed and the cells were treated with 0.25 ml of 0.05% trypsin−0.53 mmol/l EDTA
(Gibco, Grand Island, New York, USA) for 5 min and diluted to 10 ml with a balanced
electrolyte solution [21]. The cells were then treated with 10% trichloroacetic acid to
precipitate acid-insoluble materials from which the DNA was extracted with 0.1 N NaOH.
The DNA was collected on Whatman GF/B filter and washed twice with 5 ml ice-cold PBS.
The filter was then cut and shaken in 3.5 ml scintillation fluid for 24 h before counting in a
liquid scintillation counter (Beckman LS6500, Beckman, Missouri, USA). Protein
concentrations were determined using a BCA protein assay kit (Pierce, Rockford, Illinois,
USA), as previously described [20]. Data are presented as [3H]-thymidine uptake per
microgram of protein.

To determine the specificity of the D1-like receptor agonist, the D1-like receptor antagonist
SCH23390 (Sigma Co.) [11,12,15,17,18] was used to block the effect of fenoldopam.

Determination of the second messenger(s) involved in the antiproliferative effects of D1-
like receptor

To determine the second messenger(s) involved in the effect of D1-like receptors, different
agonists and antagonists were used in this study, including protein kinase C (PKC) inhibitor
peptide 19–31 (catalog No: 05– 23–4904, Calbiochem Co., Darmstadt, Germany) [27],
protein kinase A (PKA) inhibitor 14–22 amide (catalog No: 476485, Calbiochem Co.) [28],
dihydropyridine calcium channel blocker, nicardipine (catalog No: N7510, Sigma Co.) [29],
mitogen-activated protein (MAP) kinse inhibitor PD 98059 (catalog No: P215, Sigma Co.)
[30], PKC activator phorbol 12-myristate 13-acetate (PMA)(catalog No: P8139, Sigma Co.)
[31], PKA agonist Sp-cAMP-S (catalog No: C8990, Sigma Co.), and calcium channel
activator BAY-K8644 (catalog No: K8644, Sigma Co.) [32].

Statistical analysis
The data are expressed as mean ± SEM. Comparison within groups was determined by
repeated measures ANOVA (or paired t test when only two groups were compared), and
comparison among groups (or t test when only two groups were compared) was determined
by factorial ANOVA and Duncan’s test. A value of P<0.05 was considered significant.

Results
The insulin-mediated proliferation of A10 cells is attenuated by a D1-like receptor agonist

Treatment of VSMCs with varying concentrations of insulin (10−9 –10−5 mol/l) for 24 h
resulted in a concentration-dependent increase in [3H]-thymidine incorporation in A10 cells
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(Fig. 1). Fenoldopam, by itself, had no effect on [ H]-thymidine incorporation (Fig. 2a), but
dose-dependently (10−12 –10−5 mol/l) reduced the stimulatory effect of insulin (10−7 mol/l/
24h; Fig. 2b). The effect of fenoldopam was via the D1-like receptor, because the inhibitory
effect of fenoldopam on the insulin-mediated proliferation was blocked by the D1-like
receptor antagonist, SCH23390 (Fig. 2c).

Activation of D1-like receptor decreases insulin receptor expression in A10 cells
To determine the mechanisms underlying the inhibitory effect of fenoldopam on the insulin
receptor-mediated proliferation, we studied the expression of insulin receptors in A10 cells.
The D1-like receptor agonist, fenoldopam, decreased insulin receptor expression in a
concentration-dependent and time-dependent manner (Fig. 3a and b).

The specificity of fenoldopam as a D1-like receptor agonist was also determined by studying
the effect of the D1-like receptor antagonist, SCH23390. Consistent with the results shown
in Fig. 3a and b, SCH23390. Consistent with the results shown in Fig. 3a and b, fenoldopam
(10−6 mol/l/24h), decreased insulin receptor expression (control = 1.2 ±0.03 DU,
fenoldopam = 0.66 ± 0.05 DU, n = 4; P<0.05). The D1-like receptor antagonist, SCH23390
(10−6 mol/l), by itself, had no effect on insulin receptor expression (SCH23390= 1.1 ±0.1
DU), but reversed the inhibitory effect of fenoldopam on insulin receptor expression
(fenoldopam ± SCH23390 = 1.1 ± 0.06 DU, n = 4) (Fig. 3c). Consistent with the results
determined by immunoblotting in Fig. 3c, fenoldopam (10−6 mol/l/24h), decreased insulin
receptor mRNA expression (control = 1.08 ±0.12 DU, fenoldopam = 0.65 ±0.06 DU, n = 4;
P<0.05), which was blocked in the presence of SCH23390 (SCH23390= 1.11 ±0.05 DU,
fenoldopam + SCH23390= 1.09 ±0.04 DU, n = 4) (Fig. 3d).

To confirm, further, the effect of fenoldopam on insulin receptor expression, we studied
insulin receptor protein abundance by immunohistochemistry. Consistent with the results in
Fig. 3c, stimulation of A10 cells with fenoldopam (10−6 mol/l) decreased insulin receptor
protein expression in A10 cells, which was blocked by SCH23390 (10−6 mol/l) (control =
0.076 ±0.004 DU, fenoldopam = 0.050 ±0.007 DU, SCH23390 = 0.075 ± 0.003 DU,
fenoldopam + SCH23390 = 0.070 ±0.007 DU, n = 3; P<0.05) (Fig. 4a and b).

Role of PKC and MAP kinase in the inhibitory effect of fenoldopam on insulin receptor
expression in A10 cells

The PKC inhibitor peptide 19–31 (10−6 mol/l) and MAP kinase inhibitor PD98059 (10−7

mol/l), by themselves, had no effect on insulin receptor expression, but blocked the
inhibitory effect of fenoldopam on insulin receptor expression in A10 cells (Fig. 5a and b),
indicating that PKC or MAP kinase was involved in the inhibitory action of fenoldopam. To
determine the relationship between PKC and MAP kinase in the signaling pathway, we also
studied the effect of a PKC agonist, PMA (10−7 mol/l), on insulin receptor expression in
A10 cells. PMA inhibited insulin receptor expression but the inhibitory effect of PMA on
insulin receptor expression was blocked by the MAP kinase inhibitor PD98059, indicating
that PKC is upstream of MAP kinase (Fig. 5c).

We also studied the effect of a PKA inhibitor (14–22), a PKA agonist (Sp-cAMP-S), a
dihydropyridine calcium channel blocker (nicardipine), and a calcium channel activator
(BAY-K8644) on fenoldopam-inhibited insulin expression in additional experiments.
However, these reagents could not block the inhibitory effect of D1-like receptor on insulin
receptor expression (data not shown).
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Discussion
There are several novel observations in our study. We show that the proliferative effect of
insulin in A10 cells is reduced by activation of D1-like receptors by fenoldopam, although
the D1-like receptors, alone, have no effect on VSMC proliferation. The inhibitory effect of
fenoldopam is via D1-like receptors, because its effect could be blocked in the presence of
SCH23390, a D1-like receptor antagonist. The inhibitory effect of D1-like receptor
stimulation of insulin on VSMC proliferation is caused by a D1-like receptor-mediated
decrease in insulin receptor protein expression, probably at the level of transcription because
fenoldopam also decreases insulin mRNA expression. The fenoldopam-mediated inhibition
of insulin receptor protein expression is mediated by PKC and MAP kinase because either a
PKC or MAP kinase inhibitor could block the inhibitory effect of fenoldopam on insulin
receptor expression.

There is increasing evidence for interactions between insulin and dopamine receptors.
Dopamine D2-like receptors in pancreatic beta cells inhibit insulin secretion [33]. Activation
of D2-like receptors with bromocriptine decreases insulin levels and ameliorates several
metabolic features in obese women [34]. Hyperinsulinemic animals and patients with
noninsulin-dependent diabetes have defective renal dopaminergic system [35–37]. In obese
Zucker rats, a model of type 2 diabetes, renal D1 receptors are downregulated and dopamine
fails to induce diuresis and natriuresis. Treatment with an insulin sensitizer, rosiglitazone,
decreases their plasma insulin levels and restores their renal D1 receptor function. Chronic
exposure of cells to insulin causes a reduction in D1 receptor abundance and uncoupling
from G proteins, and impairment of the inhibitory effect of dopamine on Na+-K+ ATPase
activity [38]. The D1-like receptor agonist, fenoldopam, improves peripheral insulin
sensitivity and renal function in streptozotocin-induced type 2 diabetes in rats [39]. The
counter regulatory actions of the insulin and dopamine receptors extend to effects on
vascular proliferation. Our previous study showed that the D1-like or D3 receptor has an
inhibitory effect on norepinephrine-induced VSMC proliferation, and costimulation of D1-
like and D3 receptors has an additive inhibitory effect, indicating the interaction between
D1-like and D3 receptors in the artery [15]. Our current study shows an interaction between
D1-like and insulin receptors because stimulation with a D1-like receptor agonist,
fenoldopam, inhibits the proliferative effect of insulin in A10 cells.

The mechanisms of the D1-like receptor-mediated inhibition of the insulin-induced VSMC
proliferation are not completely known. In the present study, fenoldopam does not affect the
proliferation of nonstimulated A10 cells. In trypan blue exclusion tests, the 24-h treatment
with fenoldopam does not increase the number of dead cells (data not shown). On the basis
of these observations, it is unlikely that the inhibitory effect of fenoldopam on VSMC
proliferation is due to any cytotoxic effect. We found that along with the inhibitory effect of
fenoldopam on insulin-mediated proliferation, activation of D1-like receptor also decreases
the insulin receptor expression, indicating that the downregulation of insulin receptor
expression may be involved in the fenoldopam inhibitory effect.

The signaling pathway of D1-like receptor continues to evolve. The classic signaling
pathway for D1-like receptors begins with activation of adenylyl cyclase, resulting in an
increase in cAMP levels, and activation of PKA. PKA, in turn, causes phosphorylation and
inhibition of NHE3 and Na+-K+-ATPase in renal tubular cells, effects that are nephron-
segment specific [9,11,40–42]. Another signaling pathway of the D1 receptor involves the
activation of phospholipase C [43], in the presence of the adaptor protein, calcyon [44],
resulting in the production of inositol phosphates and diacylglycerol, activation of PKC and
an increase in intracellular calcium concentration. This pathway, via phosphatidyl-inositol-3
kinase, is involved in D1-like receptor inhibition of Na+-K+-ATPase activity [45–47]. A
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previous study found that inhibition of PKC prevents hepatic insulin resistance [48]. To
determine the mechanisms of D1-like receptor-mediated regulation of insulin receptor, we
used different agonists or antagonists of PKA, PKC, and calcium channels. We found that
the D1-like receptor-mediated inhibition of VSMC proliferation is blocked by the inhibition
of PKC or MAP kinase activity, but not by the inhibition of PKA or blockade of L-type
calcium channels, indicating that PKC and MAP kinase are involved in this action. This is in
contrast to the study of Yasunari et al. [49], who found that the antiproliferative effect of D1-
like receptors is mediated, in part, by inhibition of PKC activity. The reason for the
difference between these two studies is not known; however, there are differences between
our study and that reported by Yasunari et al. [49]. First, we used A10 cells, a rat thoracic
aorta-derived smooth muscle cell line, whereas Yasunari et al. used VSMCs from the renal
artery of Wistar rats. The differences may be vessel specific. Second, the proliferative agents
used are different; we used insulin, whereas Yasunari et al. [49] used platelet-derived growth
factor. It is possible that the signaling pathways are different between insulin and platelet-
derived growth factor.

In summary, we have demonstrated that the proliferative effect of insulin in A10 cells is
reduced by activation of the D1-like receptor. A D1-like receptor downregulation of the
insulin receptor, via PKC and MAP kinase, may be involved in this process.
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Perspectives

VSMC proliferation plays an important role in the pathogenesis of VSM contractility and
hypertension. Insulin increases VSMC proliferation, whereas the D1-like receptor
reduces the insulin-mediated proliferative effects. The development of drugs that
selectively activate dopamine receptor subtypes might be helpful in the prevention of the
vessel wall hypertrophy and hyperplasia, reduce peripheral arterial resistance and
normalize blood pressure, and improve conduit vessel function.
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Fig. 1.
Concentration-dependent stimulatory effect of insulin on vascular smooth muscle cell
proliferation in A10 cells. The proliferation of A10 cells was determined by [3H]-thymidine
incorporation after incubation with the indicated concentrations of insulin (10−9 mol/l−10−5

mol/l) for 24 h. The control is vehicle (dH2O) in this figure. Results are expressed as counts
per minute (cpm)/mg protein (n = 4, *P<0.05 vs. others, ANOVA, Duncan’s test).
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Fig. 2.
Effect of D1-like receptor stimulation on insulin-induced proliferation of A10 cells. (a)
Effect of a D1-like receptor agonist, fenoldopam, on the proliferation of A10 cells. The
proliferation of A10 cells was determined by [3H]-thymidine incorporation after incubation
with the indicated concentrations of fenoldopam (10−8mol/l−10−5 mol/l). The control (c) is
vehicle (dH2O) in this figure. Results are expressed as cpm/mg protein (n = 4, ANOVA,
Duncan’s test). (b) Effect of a D1-like receptor agonist, fenoldopam, on insulin-induced
proliferation of A10 cells. The proliferation of A10 cells was determined by [3H]-thymidine
incorporation after incubation with the indicated concentrations of insulin (10−7 mol/l) with
or without fenoldopam (10−12 mol/l−10−5 mol/l). Control utilized vehicle (dH2O) instead of
fenoldopam in this figure. Results are expressed as counts per minute (cpm)/mg protein (n=
5, *P<0.05 vs. control, ANOVA, Duncan’s test). (c) Effect of a D1-like receptor agonist
(fenoldopam; Fen), and a D1-like receptor antagonist (SCH23390; SCH) on insulin-induced
proliferation of A10 cells. The cells were incubated with the indicated reagents
(fenoldopam, 10−6M; SCH23390, 10−6 mol/l) for 24 h. The control is vehicle (dH2O) in this
figure. The proliferation of A10 cells was determined by [3H]-thymidine incorporation.
Results are expressed as cpm/mg protein (n = 4, *P<0.05 vs. control; #P<0.05 vs. insulin,
ANOVA, Duncan’s test).
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Fig. 3.
Effect of D1-like receptor stimulation on insulin receptor expression in A10 cells. (a)
Concentration-dependent effect of a D1-like receptor agonist, fenoldopam, on insulin
receptor protein expression in A10 cells. The control is vehicle (dH2O) in this figure.
Immunoreactive insulin receptor band was quantified after 24-h incubation with the
indicated concentrations of fenoldopam (10−9 mol/l−10−5 mol/l). Results are expressed as
the ratio of insulin receptor (as a fraction of 100%), to α-actin (as a fraction of 100%)
densities (n = 4, *P<0.05 vs. control (dH2O), ANOVA, Duncan’s test). (b) Time-course of
the effect of a D1-like receptor agonist, fenoldopam, on insulin receptor protein expression
in A10 cells. The cells were incubated at the indicated times with 10−6 mol/l fenoldopam.
The control is vehicle (dH2O) in this figure. Results are expressed as the ratio of insulin
receptor (as a fraction of 100%), to α-actin (as a fraction of 100%) (n = 4, *P<0.05 vs.
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control [0 time], ANOVA, Duncan’s test). (c and d) Effect of a D1-like receptor agonist
(fenoldopam) and a D1-like receptor antagonist (SCH23390) on insulin receptor protein (c)
and mRNA (d) expression in A10 cells. The cells were incubated with the indicated reagents
(fenoldopam, 10−6 mol/l; SCH23390, 10−6 mol/l) for 24 h. The control is vehicle (dH2O) in
this figure. Results are expressed as the ratio of insulin receptor (as a fraction of 100%) to α-
actin for immunoblotting or β-actin for RT-PCR (as a fraction of 100%) (n = 4, *P<0.05 vs.
others, ANOVA, Duncan’s test).
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Fig. 4.
Effect of D1-like receptor stimulation on insulin receptor expression in A10 cells determined
by immunohistochemisty. The A10 cells were treated with fenoldopam (10−6 mol/l/24 h)
with or without the presence of a D1-like receptor antagonist, SCH23390(10−6mol/l/24h).
(a) Representative immunohistochemistry. (b) The optical density of the intensity of staining
of the insulin receptor was determined and the integrated optical density was divided by the
sum of the detected areas.
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Fig. 5.
Effect of PKC or MAP kinase on the inhibitory effect of fenoldopam on insulin receptor
expression in A10 cells. (a) Effect of PKC on the inhibitory effect of fenoldopam on insulin
receptor expression in A10 cells. A10 cells were treated with a D1-like receptor agonist
(fenoldopam, 10−6 mol/l) or/and a PKC inhibitor, peptide 19–31 (PKCI, 10−6 mol/l) for 24
h. The control is vehicle (dH2O) in this figure. Results are expressed as the ratio of insulin
receptor (as a fraction of 100%) to α-actin (as a fraction of 100%) (n = 4, *P< 0.05 vs.
others, ANOVA, Duncan’s test). (b) Effect of MAP kinase on the inhibitory effect of
fenoldopam on insulin receptor expression in A10 cells. A10 cells were treated with a D1-
like receptor agonist (fenoldopam, 10−6 mol/l) and/or a MAP kinase inhibitor PD98059
(10−7 mol/l) for 24 h. The control is vehicle (dH2O) in this figure. Results are expressed as
the ratio of insulin receptor (as a fraction of 100%) to α-actin (as a fraction of 100%) (n = 5,
*P<0.05 vs. others, ANOVA, Duncan’s test). (c) Effect of PKC activator and MAP kinase
inhibitor on insulin receptor expression in A10 cells. The cells were incubated with the
indicated reagents: PKC activator PMA (10−7 mol/l), MAP kinase inhibitor PD98059
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(10−7mol/l) for 24 h. The control is vehicle (dH2O) in this figure. Results are expressed as
the ratio of insulin receptor (as a fraction of 100%), to α-actin (as a fraction of 100%) (n = 5,
*P< 0.05 vs. others, ANOVA, Duncan’s test).
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