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Abstract

Reduced levels of cGMP-dependent protein kinase I (PKG-I) in vasculature have been shown to contribute to diabetic vascular dysfunctions.
However, the underlying mechanisms remain unknown. In this report, using primary rat aortic smooth muscle cells (VSMC), we investigated the
mechanisms of glucose-mediated regulation of PKG-I expression. Our data showed that high glucose (30 mM glucose) exposure significantly
reduced PKG-I production (protein and mRNA levels) as well as PKG-I activity in cultured VSMC. Glucose-mediated decreases in PKG-I levels
were inhibited by a superoxide scavenger (tempol) or NAD(P)H oxidase inhibitors (diphenylene iodonium or apocynin). High glucose exposure
time-dependently increased superoxide production in VSMC, which was abolished by tempol or apocynin treatment, but not by other inhibitors of
superoxide-producing enzymes (L-NAME, rotenone, or oxypurinol). Total protein levels and phosphorylated levels of p47phox (an NADPH
oxidase subunit) were increased in VSMC after high glucose exposure. Transfection of cells with siRNA–p47phox abolished glucose-induced
superoxide production and restored PKG-I protein levels in VSMC. Treatment of cells with PKC inhibitor prevented glucose-induced p47phox
expression/phosphorylation and superoxide production and restored the PKG-I levels. Decreased PKG-I protein levels were also found in femoral
arteries from diabetic mice, which were associated with the decreased DEA-NONOate-induced vasorelaxation. Taken together, the present results
suggest that glucose-mediated down-regulation of PKG-I expression in VSMC occurs through PKC-dependent activation of NAD(P)H oxidase-
derived superoxide production, contributing to diabetes-associated vessel dysfunctions.
© 2007 Elsevier Inc. All rights reserved.
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Diabetes is associated with an increased risk of micro-
vascular and macrovascular complications including nephro-
pathy, hypertension, and atherosclerosis [1]. The signaling
pathway of nitric oxide (NO), cGMP, and cGMP-dependent
protein kinase (PKG) has been shown to be down-regulated
under diabetic conditions and contributes to the development of
diabetic vascular complications [2–7].

PKG is a serine/threonine kinase consisting of a regulatory
and a catalytic domain within one polypeptide chain. In
mammalian cells, two genes encoding PKG have been
identified, type I and type II [8]. Vascular smooth muscle
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cells contain the type I isoform of PKG, PKG-I. PKG-I mediates
many effects of NO/cGMP on vasodilation, vascular smooth
muscle cell proliferation, differentiation, and apoptosis [9,10],
suggesting that PKG-I plays an important role in maintaining
normal vascular functions. Decreased levels of PKG-I have
been observed in aorta or vascular smooth muscle cells from
both type 1 and type 2 diabetic rat models [5,11], which were
associated with abnormal vasodilation or vascular smooth
muscle cell migration. Although the underlying mechanisms at
the level of NO and cGMP production in vascular cells under
diabetic conditions have been addressed by a number of studies
[12–14], the mechanism by which glucose regulates PKG-I
expression in vascular smooth muscle cells (VSMC) has not
been previously determined.
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Hyperglycemia has been shown to induce the production
of reactive oxygen species (ROS) in vasculature in patients
with diabetes, which is involved in the onset or development
of diabetic vascular complications [15–19]. VSMC form the
medial layer of blood vessels and represent a dynamic
component of the vasculature. VSMC contain numerous
sources of ROS, including the NADPH oxidase, xanthine
oxidase, the mitochondrial respiratory chain, lipoxygenases,
and nitric oxide synthases [20,21]. The major source of ROS
in the VSMC is the NAD(P)H oxidase family of enzymes
[22]. Vascular NAD(P)H oxidase is a multisubunit enzyme
complex [21,23]. Accumulating evidence suggests that NAD
(P)H oxidase plays an important role in diabetic vascular
complications [24,25]. The increased expression of NAD(P)H
oxidase subunit proteins has been observed in the vasculature
from animal models of diabetes or from diabetic patients
[18,26,27]. In addition, high glucose exposure increased
superoxide production in VSMC via a protein kinase C
(PKC)-dependent NAD(P)H oxidase activation [28]. How-
ever, whether NAD(P)H oxidase-derived superoxide produc-
tion contributes to glucose-mediated regulation of PKG-I
expression in VSMC is not known.

Hence, the present study was undertaken to investigate how
high glucose concentrations regulate PKG-I expression in aortic
smooth muscle cells and whether PKC-dependent activation of
NAD(P)H oxidase-derived superoxide is a major participant in
signaling events between high glucose and decreased PKG-I
expression.

Materials and methods

Materials

Lucigenin, NADH, NADPH, diphenylene iodonium (DPI),
tempol, LY83583, L-NAME, oxypurinol, rotenone, anti-phos-
phoserine antibody, and streptozotocin were purchased from
Sigma (St. Louis, MO, USA). DEA-NONOate was purchased
from Alexis Biochemicals (San Diego, CA, USA). Dihydroethi-
diumwas purchased fromMolecular Probes (Eugene, OR, USA).
Apocynin was purchased from Acros Organics (Morris Plains,
NJ, USA). MnTBAP and GF 109203X were purchased from
Calbiochem (La Jolla, CA, USA). All drug solutions were
prepared fresh before each experiment. Anti-α-smooth muscle
actin antibody was purchased from Sigma. Anti-PKG-I antibody
was purchased from StressGen Biotechnology (Victoria, BC,
Canada). Antibodies against p22phox, p47phox, Nox1, and Nox4
were purchased fromSanta Cruz Biotechnology (Santa Cruz, CA,
USA). Secondary antibody was purchased from Jackson
ImmunoResearch Laboratories, Inc. (West Grove, PA, USA).
Anti-VASP and anti-VASP-phospho-specific (Ser239) antibodies
were purchased from Calbiochem. Fetal bovine serum (FBS) and
Dulbecco's modified Eagle's medium (DMEM), Fungizone,
penicillin, and streptomycin were purchased from Invitrogen
(Carlsbad, CA, USA). Elastase was purchased from Elastin
Products Corp. (Owensville, MO, USA). Collagenase type IV
was purchased fromWorthington Biochemical Corp. (Lakewood,
NJ, USA).
Preparation and culture of rat VSMC

Rat VSMC were isolated from the thoracic and abdominal
aortas of rats as described previously [29]. Briefly, four to six
rats were killed and aortas were excised and placed in an iso-
lation medium of DMEM containing 1 mg/ml BSA, 2.5 μg/ml
Fungizone, 50 U/ml penicillin, and 50 μg/ml streptomycin.
After a thorough cleaning, aortas were placed in digestion
medium (0.1 mg/ml elastase and 180 U/ml collagenase type IV
in isolation medium) for 15 min. The tunica adventitia was
removed, and the remaining medial layers were minced and
further digested for 2 to 3 h in digestion medium containing
180 U/ml collagenase until a single cell suspension was
obtained. Cells were washed twice with isolation medium and
plated in culture flasks. Cells were maintained in DMEM
containing 10% FBS, 50 μg/ml streptomycin, and 50 U/ml
penicillin and subcultured weekly. VSMC prepared from this
method were not contaminated with fibroblasts or endothelial
cells as evidenced by a greater than 90% positive immuno-
staining of smooth muscle α-actin with fluorescein isothio-
cyanate-conjugated α-actin antibody. Cells of passage 2 were
used in these studies.

Western immunoblotting analysis

Primary VSMC were seeded in six-well plates at a density
of 3×104 cells/ml. Cells were grown in growth medium
containing 10% fetal bovine serum for 2–3 days until cells
reached 80% confluence and then rendered quiescent by
culturing in serum and insulin-free DMEM containing 5 mM
glucose for 48 h. Cells were treated with serum-free medium
containing either 5 (normal glucose) or 30 mM D-glucose
(high glucose) in the presence or absence of reagents for 24
to 48 h. After incubation for the indicated times, cells were
harvested in ice-cold PEM buffer (20 mmol/L sodium
phosphate (pH 6.8), 2 mmol/L EDTA, 15 mmol/L β-mercap-
toethanol, 0.15 mol/L NaCl, 10 μg/ml leupeptin, and 5 μg/ml
aprotinin) [30], homogenized using a sonicator, and briefly
centrifuged. The supernatants were analyzed for PKG
expression, phospho-VASP, total VASP, and total p47phox
levels by immunoblotting. The membrane fraction of cell
lysate was prepared by ultracentrifugation as described prev-
iously [31]. The protein levels of p22phox, Nox1, and Nox4
in the membrane fraction were also determined by immuno-
blotting analysis.

For detection of phosphorylation of p47phox, after 24 h of
normal or high glucose exposure in the presence or absence of
PKC inhibitor, cell lysates (0.5–1 mg) were immunoprecipi-
tated (IP) using anti-p47phox antibody overnight at 4°C
followed by precipitation with agarose-immobilized protein
A. The immunoprecipitated proteins were boiled and separated
on 10% SDS–PAGE. Protein bands were transferred onto
PVDF membrane and probed with anti-phosphoserine antibody.
The protein levels of p47phox in the immunoprecipitates were
also determined by Western blotting analysis using anti-
p47phox antibody. The phosphorylated p47phox levels were
normalized to the total p47phox proteins.
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RNA isolation and Northern blot assay

After treatment, total RNA from VSMC was extracted and
equal amounts were denatured, electrophoresed, and transferred
to nylon membranes. RNAwas fixed by UV cross-linking. The
PKG-I probe (∼1 kb) was radiolabeled using a Random Prime
DNA-Labeling Kit (Roche Molecular Biochemicals) with
[α-32P]dCTP. The membrane was prehybridized in ExpressHyb
hybridization solution (Clontech, Palo Alto, CA, USA) for
30 min at 68°C, and hybridization was carried out at 68°C for
1 h in fresh hybridization solution with denatured probe. The
membrane was washed three times with 2× SSC (1× SSC is
0.15 M NaCl and 0.015 M sodium citrate), 0.05% SDS for
15 min and then twice with 0.2× SSC, 0.1% SDS at 50°C for
20 min. Blots were developed, and films were scanned. The
absorbance units were corrected for β-actin levels.

Measurement of superoxide anion in intact cells

The superoxide anion production was measured using the
lucigenin-enhanced chemiluminescence method as described
previously [20]. Briefly, VSMC were cultured to reach 80%
confluence and made quiescent in serum-free medium for 2
days and then treated with normal glucose (5 mM) medium in
the absence or presence of 0.5 μM superoxide generator,
LY83583, for 6, 12, and 24 h. After treatment, cells were har-
vested with type I collagenase. After brief centrifugation, cell
pellets were resuspended into Krebs–Hepes buffer (mmol/L:
NaCl 99.01, KCl 4.69, CaCl2 1.87, MgSO4 1.20, K2HPO4 1.03,
NaHCO3 25.0, pH 7.4), saturated with 95% O2 and 5% CO2, at
room temperature, containing 5 μmol/L lucigenin for determin-
ing superoxide anion levels. The chemiluminescence was
measured every 15 s for 10 min in a luminometer (Centro LB
960 microplate reader; Berthold Technologies). The superoxide
anion generation was expressed as relative chemiluminescence
(light) units (RLU) × 104/μg protein.

Measurement of NAD(P)H-dependent oxidase activity in cell
homogenates

NADPH oxidase activity in cell homogenates was measured
as described previously [20]. Briefly, quiescent VSMC were
exposed to normal (5 mM) or high glucose (30 mM) medium
for different times in the presence or absence of inhibitors.
Then, cells were washed five times in ice-cold phosphate-
buffered saline and scraped from the plate in the same solution
followed by centrifugation at 800g, 4°C, for 10 min. The cell
pellets were resuspended in lysis buffer containing protease
inhibitors. Cell suspensions were homogenized on ice. The
homogenate was stored on ice and the protein concentration was
measured by the BCA method. Aliquots of the homogenates
were used immediately to measure NADPH-dependent super-
oxide generation. To start the assay, 100 μl of homogenates was
added to 900 μl of 50 mM phosphate buffer, pH 7.0, containing
1 mM EGTA, 150 mM sucrose, 5 μM lucigenin, 100 μM
NADPH, and 100 μM NADH. Photo emission was measured
every 15 s for 10 min in a luminometer (Centro LB 960
microplate reader; Berthold Technologies). A buffer blank was
subtracted from each reading. The superoxide generation was
expressed as RLU × 104/μg protein.

Staining of VSMC with dihydroethidium (DHE) to detect in situ
superoxide anion production

VSMC were grown to 80% confluence on plastic coverslips
in 35-mm culture dishes and treated with normal or high
glucose medium for 24 to 48 h in the presence or absence of
apocynin (100 μM) or tempol (1 mM). Then cells were treated
with the superoxide-sensitive fluorescent dye DHE (2 μM in
PBS) and incubated in the dark for 30 min at 37°C.
Fluorescence was visualized under a fluorescence microscope.

Transfection of cells with siRNA–p47phox

VSMC were cultured in six-well plates with a cell density of
1.5×105 and transiently transfected with 0.4 μg of siRNA
targeting to p47phox (sc-45918 from Santa Cruz) by using the
siRNA transfection reagent (sc-29528). For a negative control,
cells were transfected with a control siRNA duplex (sc-37007)
consisting of a scrambled sequence that did not knock down any
known cellular mRNA. After 48 h of transfection, cells were
harvested. RT-PCR (primer set was purchased from Santa Cruz
(sc-45918-PR)) and Western blotting analysis were used to
determine the extent of siRNA-mediated p47phox knockdown.

In another set of experiment, after transiently transfected
with siRNA for 48 h, cells were treated with normal or high
glucose medium for 24 h. The superoxide anion level was
measured by lucigenin assay as described previously. The
protein levels of PKG-I in cell lysate were determined by
Western blotting.

Animals and streptozotocin-induced diabetes

Eight-week-old female C57BL/6J mice were purchased from
The Jackson Laboratory and housed in a pathogen-free
environment and had ad libitum access to water and standard
mouse chow diet. These mice were made diabetic with
intraperitoneal injection of streptozotocin (STZ) (40 mg/kg
wt/day) for 5 consecutive days as described previously [32].
Control animals received intraperitoneal injections of citrate
buffer alone. Each group contained 10 mice. Blood glucose
levels were measured 2 weeks after the first STZ injection and at
biweekly intervals thereafter using a glucometer. Mice that had
blood glucose levels >300 mg/dl were considered diabetic.
After 16 weeks, mice were sacrificed and the femoral artery was
harvested for the arterial relaxation studies.

Arterial relaxation studies

The direct relaxation effect of a nitric oxide donor (DEA-
NONOate) on arterial vessels was evaluated in endothelium-
denuded mouse spiral femoral artery strips (150 μm in width,
3 mm in length, and about 30–40 μm in thickness). Femoral
arteries were removed from streptozotocin-induced diabetic



Fig. 1. High glucose down-regulates PKG-I expression (protein/mRNA) and
activity in VSMC. VSMC (p2) were cultured, made quiescent in serum-free
medium for 48 h, and treated with 5 mM glucose, 30 mM glucose, or 25 mM
mannitol + 5 mM glucose (as an osmotic control) for the indicated periods. The
media were changed every 24 h. (A) Cells were harvested and PKG-I protein
levels were analyzed by immunoblotting. The blot is representative of three
independent experiments. Relative PKG-I levels were determined by scanning
the densitometry of immunoblots and normalized to β-actin levels. (B) Total
RNA was extracted. PKG-I mRNA levels were analyzed by Northern blotting
normalized to β-actin levels. (C) Phospho-Ser239–VASP levels and total VASP
levels in cell lysate were analyzed by immunoblotting. Results are the means ±
SD (n = 3). *p < 0.05 vs NG.
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mice or control mice. Isometric tension was measured at 24°C
with a force transducer as previously described [33]. After
equilibration and submaximal precontraction with 27 mM high
potassium solution, 1 μM acetylcholine was added. Lack of
relaxation in response to 1 μM acetylcholine was used as an
indication that the endothelium layer was denuded. After being
washed, the strips were again contracted with 27 mM high
potassium, and the effects of DEA-NONOate on vasodilation
were assessed.

Statistical analysis

Data are expressed as the means ± SD. Statistical evaluation
of the data was performed using the unpaired t test, considering
the p value of <0.05 as significant.

Results

High glucose concentrations down-regulate PKG-I expression
and activity in cultured vascular smooth muscle cells

PKG is a major downstream effector of the NO/cGMP
signaling pathway and mediates many effects of NO/cGMP on
vasodilation, vascular smooth muscle cell proliferation, differ-
entiation, and apoptosis [9,10]. Decreased PKG-I levels have
been reported in aorta from type 1 diabetic rats [34]. However,
the molecular mechanisms by which hyperglycemia regulates
PKG expression are not known. In this study, first, we deter-
mined how high glucose concentrations regulated PKG expres-
sion (protein and mRNA levels) and its activity in isolated
primary rat aortic smooth muscle cells.

As shown in Fig. 1A, 24 or 48 h high glucose treatment
significantly reduced PKG protein levels in VSMC. Further-
more, 24 h high glucose treatment reduced PKG-I mRNA levels
by 70% compared with basal levels (Fig. 1B). We also
determined levels of the phosphorylated VASP at the serine
239 site to reflect PKG activity [35]. As shown in Fig. 1C, the
amount of phospho-Ser239–VASP was markedly lower after 24
or 48 h high glucose treatment. These data indicate that high
glucose concentrations down-regulate PKG mRNA/protein
levels as well as PKG activity in VSMC.

Role of superoxide in glucose-mediated down-regulation of
PKG expression

It is well known that diabetes is associated with increased
ROS, and increasing evidence suggest that ROS play an
important role in diabetic endothelial dysfunction and vascular
smooth muscle dysfunction [15]. However, whether ROS are
involved in high-glucose-mediated down-regulation of PKG
expression in VSMC is not known.

To determine the involvement of ROS in glucose-mediated
regulation of PKG expression in VSMC, first, MnTBAP (with
catalytic activities similar to those of the ROS scavenging
enzymes superoxide dismutase (SOD) and catalase [36]) was
utilized. As shown in Fig. 2A, 40 μM MnTBAP treatment
prevented high-glucose-mediated down-regulation of PKG
protein levels in VSMC without an effect on PKG expression
under normal glucose levels, suggesting that ROS are involved
in high-glucose-mediated down-regulation of PKG expression
in VSMC.



Fig. 3. PKG protein levels were reduced in VSMC after exposure to a
superoxide generator (LY83583). Quiescent VSMC (p2) were treated with
LY83583 (0.5 μM) in the presence of normal glucose medium for the indicated
periods. Then the cells were harvested. (A) Superoxide production was
measured by lucigenin-enhanced chemiluminescence assay as described under
Materials and methods. Superoxide production at 0 h was set to 100%. Results
are expressed as % of the control group. The experiments were repeated three
times. The results shown aremeans ± SD. *p < 0.05 vs control. (B) PKG-I protein
levels in cell lysate were analyzed by immunoblotting. Relative PKG-I levels
were determined by scanning densitometry of immunoblots and normalized to
β-actin levels. Results are the means ± SD (n = 3). *p < 0.05 vs control.

Fig. 2. High-glucose-mediated down-regulation of PKG-I protein levels was
inhibited by antioxidant, superoxide scavenger, or NADPH oxidase inhibitors.
Quiescent VSMC (p2) were treated with normal or high glucose medium for
24 h in the presence or absence of (A) an antioxidant, MnTBAP (20 or 40 μM),
or (B) NAD(P)H inhibitors DPI (10 μM) and apocynin (100 μM) or the super-
oxide scavenger tempol (1 mM). After 24 h, cell lysates were prepared and
PKG-I protein levels were analyzed by immunoblotting. Results are the means ±
SD (n = 3). #p < 0.05 vs NG; *p < 0.05 vs HG control.
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Because NAD(P)H oxidase-dependent superoxide produc-
tion has been considered to be an important source of ROS in the
vasculature [21], next, NADPH oxidase inhibitors (DPI and
apocynin) and a superoxide scavenger (tempol) were used to
determine the involvement of NAD(P)H oxidase-dependent
superoxide in glucose-mediated PKG-I expression. DPI is a
nonspecific flavoprotein inhibitor, whereas apocynin is a
specific inhibitor of NADPH oxidase, which binds to p47phox
and prevents its association with the membrane-bound cyto-
chrome b558 domain [37]. Administration of tempol, DPI, or
apocynin prevented high-glucose-mediated down-regulation of
Fig. 4. Superoxide anion levels increased in VSMC after high glucose exposure. (A)
(30 mM), or 25 mM mannitol + 5 mM glucose for various times. (B) VSMC (p2) we
presence of normal or high glucose medium for 24 h. (C) VSMC (p2) were treated wi
normal or high glucose medium for 24 h. At the end of the incubation, cells were harv
using lucigenin (5 μM)-enhanced chemiluminescence with NADH/NADPH (100 μM
to 100%. Results are expressed as % of NG treatment. The experiments were repeate
HG. (D) VSMC (p2) were treated with 5 mM glucose, 30 mM glucose, or 25 mM ma
or tempol (1 mM). After 24 h treatment, VSMC were incubated for 30 min with the
fluorescence microscope. The experiments were repeated three times. The images w
shown. (For interpretation of the references to colour in this figure legend, the read
PKG-I levels in VSMC (Fig. 2B). To provide additional support
for the above observation that superoxide anion down-regulates
PKG-I expression, we examined whether a superoxide gen-
erator, naphthoquinolinedione LY83583 [38], can regulate
PKG-I expression. LY compound (0.5 μM) generated super-
oxide anion in VSMC (Fig. 3A) and significantly reduced PKG-I
expression in VSMC under normal glucose conditions (Fig. 3B).
Taken together, these data suggest that superoxide anion is
Quiescent VSMC (p2) were treated with normal glucose (5 mM), high glucose
re treated with MnTBAP (40 μM), tempol (1 mM), or apocynin (100 μM) in the
th L-NAME (10 μM), oxypurinol (10 μM), or rotenone (1 μM) in the presence of
ested and cell homogenates were prepared. The superoxide levels were measured
) as substrates. Superoxide production under normal glucose conditions was set
d three times. The results shown are means ± SD. *p < 0.05 vs NG; #p < 0.05 vs
nnitol + 5 mM glucose for 24 h in the presence or absence of apocynin (100 μM)
superoxide-sensitive dye dihydroethidium (red staining) and observed under a

ere acquired with identical acquisition parameters and representative images are
er is referred to the web version of this article.)
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Fig. 5. Effect of glucose on the expression of NADPH oxidase subunits in
VSMC. VSMC (p2) were treated with normal or high glucose medium for 24
and 48 h. After treatment, cells were harvested. The protein levels of p22phox,
Nox1, and Nox4 in the cell membrane fraction and the protein level of p47phox
in the cell lysate were determined by immunoblotting analysis. β-Actin was
used to confirm equal amounts of protein loading. Relative protein levels were
determined by scanning densitometry of immunoblots and normalized to β-actin
levels. Results are the means ± SD (n = 3). *p < 0.05 vs NG.
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involved in high-glucose-mediated down-regulation of PKG-I
expression in VSMC.

Effect of high glucose on superoxide production in VSMC

First, we assessed superoxide anion production in the
homogenates of VSMC after glucose treatment for different
times using a lucigenin (5 μM)-enhanced chemiluminescence
assay with NADH/NADPH (100 μM) as substrates. As shown
in Fig. 4A, high glucose treatment increased superoxide
production in VSMC in a time-dependent manner. Mannitol
treatment has no effect on superoxide production, suggesting
that high-glucose-increased superoxide production was not due
to glucose-induced osmolarity change.

Next, to examine the possible source of increased superoxide
anion levels in high-glucose-treated VSMC, several inhibitors of
superoxide-producing enzymes or superoxide scavengers were
used to treat VSMC. The superoxide scavenger (tempol) or a
specific inhibitor for NADPH-dependent oxidase (apocynin)
abolished the high-glucose-induced increase in superoxide
anion levels determined by either lucigenin assay (Fig. 4B)
or the superoxide-sensitive dye DHE staining of VSMC (Fig.
4D). In contrast, high-glucose-induced superoxide production
in VSMC was unaffected by L-NAME (an inhibitor of nitric
oxide synthase), rotenone (an inhibitor of mitochondrial
respiratory chain complex I), or oxypurinol (an inhibitor of
xanthine oxidase) treatment (Fig. 4D). Taken together, these
data suggest that NADPH oxidase is primarily responsible for
high-glucose-induced superoxide production in VSMC.

Mechanisms of glucose-induced NADPH oxidase activation
and its role in glucose-mediated down-regulation of
PKG-I expression

NADPH oxidase includes the membrane-bound flavocyto-
chrome b558 formed by gp91phox and p22phox and the
cytosolic proteins p47phox, p67phox, and Rac. Recently, novel
gp91phox (Nox2) homologues, termed Nox1, Nox3, Nox4, and
Nox5, were identified in nonphagocytic cells, including Nox1
and Nox4 in the vasculature [21,23,39]. First, we determined
whether NADPH oxidase-mediated superoxide production in
VSMC after high glucose exposure was due to an increase in the
subunit proteins of NADPH oxidase. Western blotting was
performed to determine the levels of p22phox, Nox1, and Nox4
in the cell membrane fraction and p47phox in cell lysate. The
result showed that there was no alteration in the protein levels of
p22phox, Nox1, and Nox4 in high-glucose-treated VSMC.
However, p47phox levels in cell lysate were significantly
increased after high glucose exposure (Fig. 5).

To further investigate the potential importance of a glucose-
mediated increase in p47phox levels in superoxide production
and PKG-I expression in VSMC after high glucose exposure,
cells were transiently transfected with siRNA–p47phox. The
mRNA and protein levels of p47phox were markedly reduced in
cells transfected with siRNA–p47phox compared to cells
transfected with control siRNA (Figs. 6A and B). Inhibition
of p47phox abolished the high-glucose-mediated increase in
superoxide production in VSMC (Fig. 6C) and restored PKG-I
levels in VSMC under high glucose conditions (Fig. 6D). Taken
together, these data suggest that high-glucose-mediated down-
regulation of PKG-I in VSMC occurs through NADPH oxidase-
dependent superoxide production.

Effect of PKC-dependent NADPH oxidase activation on PKG-I
expression under high glucose conditions

It has been reported that high glucose levels stimulate
ROS production in VSMC through PKC-dependent activa-
tion of NADPH oxidase [28]. Therefore, we determined
whether this pathway is involved in glucose-mediated PKG-I
expression by using a PKC-specific inhibitor, GF 109203X.
As shown in Fig. 7A, high glucose treatment not only
increased the total protein levels of p47phox but also in-
creased the levels of phosphorylated p47phox at serine residues.
The ratio of phosphorylated p47phox to total p47phox protein
levels was significantly increased in VSMC after high glucose
exposure compared to normal glucose exposure. GF com-
pound treatment inhibited high-glucose-mediated increase in
p47phox expression as well as phosphorylation. High-
glucose-induced superoxide production (Fig. 7B) and high-
glucose-mediated down-regulation of PKG protein levels (Fig.
7C) were also prevented by GF compound. These data
demonstrate that PKC-stimulated p47phox expression/phos-
phorylation leads to the activation of NADPH oxidase and is
involved in glucose-mediated down-regulation of PKG
expression in VSMC.



Fig. 6. Effect of siRNA–p47phox transfection on superoxide production and PKG-I protein levels in VSMC after high glucose exposure. VSMC (p2) were
transiently transfected with siRNA–p47phox or a negative control. (A) After 48 h, the mRNA levels of p47phox were determined by RT-PCR analysis. The β-
actin mRNA was used as an internal control. (B) The protein levels of p47phox were determined by Western blot analysis. The blot is representative of three
independent experiments. (C) Relative p47phox levels were determined by scanning densitometry of immunoblots and normalized to β-actin levels. In different
sets of experiments, transfected cells were treated with normal or high glucose medium for 24 h. The superoxide production in cell homogenates was measured by
lucigenin assay. (D) PKG-I protein levels in cell lysates were determined by immunoblotting. Results are the means ± SD (n = 3). *p < 0.05 vs siRNA control. #p <
0.05 vs siRNA-control in HG.
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Effect of hyperglycemia-mediated down-regulation of vessel
PKG-I levels on arterial relaxation

To determine the role of hyperglycemia-mediated down-
regulation of PKG-I levels in vessel functions, we performed
the arterial relaxation studies using isolated femoral arteries
from control or streptozotocin-induced diabetic mice. The
animal characteristics are shown in Table 1. First, total protein
was extracted from femoral arteries and the PKG-I protein
levels were determined by immunoblotting. As shown in Fig.
8A, PKG-I protein levels were significantly reduced in femoral
arteries from diabetic mice compared to the control mice. Next,
we investigated whether the decrease in PKG-I protein was
associated with a reduction in arterial relaxation. The direct
relaxation effect of the nitric oxide donor DEA-NONOate on
arterial vessels was evaluated in endothelium-denuded mouse
femoral artery strips. During submaximal contraction with high
potassium (27 mM), relaxation to DEA-NONOate (50 nM) was
significantly attenuated in the femoral artery from diabetic mice
compared to the control mice (Fig. 8B), suggesting that
hyperglycemia-mediated decrease in PKG-I levels contributes
to the defect in vasorelaxation under diabetes conditions.
Discussion

The NO/cGMP/PKG signaling pathway has been shown to
be down-regulated in the vasculature from diabetic animals or in
glomerular mesangial cells after high glucose exposure, con-
tributing to the development of diabetic vascular complications
[5,6,11]. Although the glucose-mediated NO production and
bioavailability have been previously addressed by a number of
studies [40–42], there are very few studies that address the
mechanisms of reduced expression of PKG-I (a major down-
stream effector of NO/cGMP signaling) in VSMC under
diabetes conditions. In this study, by using primary rat smooth
muscle cells, we examined the mechanisms by which glucose
regulates PKG expression. We found that: (1) Acute high
glucose exposure down-regulates not only PKG activity but
also PKG expression (protein and mRNA levels). (2) High
glucose exposure increases superoxide production in VSMC via
NAD(P)H oxidase. (3) High glucose exposure stimulates
p47phox expression/phosphorylation in VSMC via a PKC-
dependent mechanism. SiRNA-mediated knockdown of
p47phox abolished glucose induced superoxide production
and prevented glucose-mediated down-regulation of PKG-I



Fig. 7. Effect of PKC inhibitor on p47phox expression/phosphorylation,
superoxide production, and PKG-I protein levels in VSMC after high glucose
exposure. Quiescent VSMC (p2) were treated with a PKC inhibitor (GF
109203X, 3 μM) in the presence of normal or high glucose medium for 24 h.
Then cells were harvested. (A) Cell lysates were immunoprecipitated (IP) using
anti-p47phox antibody followed by immunoblotting analysis with anti-
phosphoserine antibody to detect phosphorylated p47phox at serine residues.
Total p47phox protein levels in the immunoprecipitates were determined by
immunoblotting using anti-p47phox antibody. The immunoblots were analyzed
by densitometry. Results were normalized to total p47phox. (B) Superoxide
production in cell homogenates was measured by lucigenin-enhanced
chemiluminescence assay. Superoxide production from the control group in
normal glucose medium was set to 100%. Results are expressed as % of the
control group. (C) PKG-I protein levels in cell lysate were analyzed by
immunoblotting. Relative PKG-I levels were determined by scanning densito-
metry of immunoblots and normalized to β-actin levels. Results are the means ±
SD (n = 3). *p < 0.05 vs NG control; #p < 0.05 vs HG control.

Table 1
Animal characteristics

Parameters Control mice Diabetic mice

Initial body weight (g) 19.7±0.2 20.1±0.1
Final body weight (g) 26.4±1.2 21.2±0.5
Initial blood glucose (mg/dl) 176.7±14 172.5±9.7
Final blood glucose (mg/dl) 165.8±13.8 551±33 ⁎

Data are means ± SD (n = 6).
⁎ p < 0.05 vs control.
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levels. (4) Hyperglycemia-mediated down-regulation of vessel
PKG-I levels was associated with the attenuated arterial
relaxation from diabetic animals. Taken together, our studies
demonstrated that PKC-dependent activation of NADPH
oxidase-derived superoxide production mediates glucose
down-regulation of PKG-I expression in VSMC, contributing
to diabetes-associated impaired vasorelaxation.

It is well known that the levels of PKG expression in
vascular smooth muscle cells vary greatly under different
Fig. 8. Effect of hyperglycemia-mediated down-regulation of vessel PKG-I
levels on arterial relaxation. (A) Expression of PKG-I from femoral arteries was
determined by Western blotting. The blot is representative of three independent
experiments. Relative PKG-I levels were determined by scanning densitometry
of immunoblots and normalized to β-actin levels. Results are the means ± SD
(n = 3). *p < 0.05 vs control. (B) Vasorelaxation to DEA-NONOate (50 nM) in
femoral arteries derived from diabetic or control mice. The rings of femoral
arteries were contracted with 27 mM (high) potassium and then treated with
DEA-NONOate (50 nM). The percentage of relaxation was measured and
plotted. Percentage relaxation is the force of the maximal high potassium
contraction minus the force after the addition of DEA-NONOate divided by the
force of the maximal high potassium contraction × 100. Contractions in response
to high potassium were similar in the two groups. Data shown are the means of
percentage of relaxation of vessels ± SD (n = 5). *p < 0.05 vs control.
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growth conditions [10]. Cell passage and density have been
shown to affect PKG expression. Cornwell et al. [43] reported
that VSMC isolated from the rat aorta express PKG-I at high
levels, but expression decreases markedly upon passage of the
cells. In addition, early passage vascular smooth muscle cells
express low levels of PKG-I when the cells are plated at low
density, whereas expression of PKG increases at confluence.
However, the mechanism responsible for the alteration of
PKG expression under different growth conditions is
unknown at this time. Because cell passage and cell density
dramatically affect PKG expression in VSMC, in order to
eliminate the effect of the above-mentioned factors on
glucose-mediated PKG expression in our system, we made
the culture conditions of VSMC uniform in our studies. Only
passage 2 primary rat VSMC were used in the studies. Our
results showed that high glucose treatment significantly
reduced PKG protein/mRNA levels as well as PKG activity
in VSMC. Mannitol, as an osmolarity control, had no effect
on PKG expression. Moreover, experimental diabetes-
mediated decrease in PKG protein levels in aorta was restored
to control levels by insulin treatment [5]. Our results together
with this report suggest that hyperglycemia-mediated down-
regulation of PKG expression is not due to increased
osmolarity.

Accumulating evidence showed that diabetes is associated
with increased ROS, which play an important role in diabetic
vascular dysfunction [15]. Vascular smooth muscle cells can
produce ROS through activation of NAD(P)H oxidase. The
NAD(P)H oxidase is an important source of ROS in
vasculature [20,44,45]. Moreover, this enzyme is also a
major source of increased superoxide production in vessels
from diabetic patients [27]. Consistent with the studies from
Inoguchi et al. [28], our data showed that high glucose
exposure increased superoxide production in VSMC via a
PKC-dependent activation of NAD(P)H oxidase. PKC stimu-
lated p47phox protein expression/phosphorylation in VSMC
leading to high-glucose-induced NADPH oxidase activation.
Furthermore, when NAD(P)H oxidase activation was inhibited
by PKC inhibitor treatment or by transfection of the cells with
siRNA–p47phox, high-glucose-mediated down-regulation of
PKG-I expression in VSMC was abolished, suggesting that
NAD(P)H oxidase-derived superoxide production contributes
to glucose regulation of PKG protein expression. However,
these data are inconsistent with those of Oelze et al., which
show that PKG protein levels were not altered in normal
endothelium-intact aorta treated with diethyldithiocarbamate
(an inhibitor of CuZn SOD) for 30 min to increase superoxide
production or in aorta from hyperlipidemic rabbits [46]. This
difference might be due to the different natures of these
experimental systems: intact vessel versus isolated vascular
smooth muscle cells. In addition, 30 min superoxide exposure
might not be long enough to affect PKG protein expression in
aorta from normal rabbits. The possibility of additional
mechanisms contributing to the above discrepancy warrants
further investigation.

In addition to glucose-mediated down-regulation of PKG
expression in VSMC, PKG-I expression is also regulated byNO,
cGMP, or inflammatory cytokines (IL-β, TNF-α, and LPS)
[47–49]. Studies from Soff et al. [47] and Gao et al. [49] showed
that exposure of vessel or VSMC to NO donor reduced PKG
expression levels (protein and mRNA levels) as well as PKG
activity. Studies from Browner et al. showed that inflammatory
cytokines (IL-β, TNF-α, and LPS) increased inducible nitric
oxide synthase expression, resulting in increased NO and cGMP
levels and leading to decreased PKG expression (protein and
mRNA levels) in VSMC [48]. In our studies, NO and cGMP
levels were significantly decreased in VSMC after glucose
treatment (data not shown). Therefore, it is unlikely that the
effect of glucose on PKG expression in VSMC is through altered
NO or cGMP levels.

At this time, the molecular mechanisms of glucose-mediated
regulation of PKG remain unclear. Our studies showed that
glucose treatment decreases steady-state mRNA levels as well
as protein levels of PKG, suggesting that high glucose regulates
PKG expression at the transcriptional or posttranscriptional
level. Further studies need to be performed to investigate the
above possibility.

In conclusion, our data present the first evidence that PKC-
dependent activation of NAD(P)H oxidase-derived superoxide
production is involved in glucose-mediated down-regulation of
PKG-I expression in VSMC, contributing to diabetes-associated
impaired vasorelaxation. This suggests an important role for the
NAD(P)H oxidase system in the pathophysiology of vascular
dysfunction in diabetes mellitus.
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