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Superoxide from NADPH oxidase upregulates type 5
phosphodiesterase in human vascular smooth
muscle cells: inhibition with iloprost and NONOate

S Muzaffar, N Shukla, M Bond, GB Sala-Newby, AC Newby, GD Angelini and JY Jeremy

Bristol Heart Institute, University of Bristol, Bristol, UK

Background and purpose: To determine whether there is an association between vascular NADPH oxidase (NOX),
superoxide, the small GTPase Rac; and PDE type 5 (PDE5) in human vascular smooth muscle cell (hVSMCs).

Experimental approach: hVSMCs were incubated with xanthine—xanthine oxidase (X-XO; a superoxide generating system) or
the thromboxane A, analogue, U46619 (+ superoxide dismutase (SOD) or apocynin) for 16 h. The expression of PDE5 and
NOX-1 was assessed using Western blotting and superoxide measured. The role of Rac; in superoxide generation was assessed
by overexpressing either the dominant-negative or constitutively active Rac isoforms. The effects of iloprost, DETA-NONOate
and the Rho-kinase inhibitor, Y27632, on PDE5 and NOX-1 expression were also studied.

Key results: Following 16 h incubation, U46619 and X-XO promoted the expression of PDE5 and NOX-1, an effect blocked
by SOD or apocynin when co-incubated over the same time course. X-XO and U46619 both promoted the formation of
superoxide. Overexpression of dominant-negative Rac; or addition of iloprost, DETA-NONOate or Y27632 completely blocked
both superoxide release and PDE5 protein expression and activity.

Conclusions and implications: These data demonstrate that superoxide derived from NOX upregulates the expression of

PDES5 in human VSMCs. As PDE5 hydrolyses cyclic GMP, this effect may blunt the vasculoprotective actions of NO.
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Introduction

Nitric oxide (NO) is an endogenous vascular factor that
protects against vasculopathy (Jeremy et al., 1999). These
protective effects include the inhibition of vascular smooth
muscle cell (VSMC) replication and migration, vasodilation,
inhibition of adhesion molecule expression and prevention
of thrombosis (Jeremy ef al., 1999; Friebe and Koesling,
2003). The biological actions of NO are mediated principally
by the activation of GC, which generates cGMP (Jeremy
et al.,, 1999). In turn, cGMP activates PKG which then
phosphorylates other proteins that elicit vasculoprotection
(Jeremy et al., 1999). The biological effects of the NO-PKG
system are reduced by type 5 PDEs (PDES), which hydrolyze
cGMP to inactive GMP (Maurice et al., 2003; Rybalkin et al.,
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2003). It follows that an increase in PDES activity, by
decreasing intracellular cGMP formation, would diminish
the protective attributes of NO and therefore promote
vasculopathy. Little is known of the factors that may
modulate PDES expression in vascular tissue, however.

A major vascular factor that alters the bioactivity of NO
is superoxide (O27). Increased formation of O3~ is now
considered central to the aetiology of cardiovascular diseases
as O3~ reacts with NO leading to reduced ‘NO drive’ (Cai and
Harrison, 2000; Jeremy et al.,, 2004; Li and Shah, 2004).
A principal intravascular source of O3~ is nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase (Cai
et al., 2003; Muzaffar et al., 2003, 2004a, b, 2005a, b). Many
vasculopathic factors increase the activity and expression of
NADPH oxidase. These include thromboxane A,, cytokines,
angiotensin II, hypoxia and O2~ itself (Muzaffar et al.,
2004a, b, 2005a, b, ¢, 2006). Conversely, NO and NO donors
inhibit the activity and expression of NADPH oxidase (and
therefore O27) in VSMCs through a ¢cGMP-PKG-mediated
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mechanism (Muzaffar et al., 2003, 2004a). This effect of NO
is augmented by sildenafil, a PDES inhibitor (Muzaffar et al.,
2005b). PDES status may therefore be crucial to these
antioxidative actions of NO.

A key effect of O3 is that it activates signal-transduction
systems and kinases, including Rho/Rho-kinase, that control
gene expression (Jin et al., 2004; Li and Shah, 2004), It is not
unreasonable to suggest, therefore, that O3~ may increase
the expression of PDES, which would constitute a self-
amplifying positive feedback mechanism that may augment
vasculopathy by reducing the antioxidative and other
protective actions of NO.

This study was therefore undertaken to determine whether
02~ derived from NADPH oxidase influenced PDES expres-
sion and activity in isolated human VSMCs(hVSMCs).
NADPH oxidase was induced by the thromboxane A,
agonist, U46619. The concomitant expression of NOX-1
and NOX-4 (catalytic subunits of NADPH oxidase found in
VSMCs) was studied in parallel. To study the direct effects of
027, cells were incubated with xanthine-xanthine oxidase
(X-X0O), and PDES and NOX-1 expressions were assessed. As
02~ activates Rho-kinase (Jin et al., 2004), the possible role
of this kinase in mediating the upregulation of PDES was also
studied using the specific inhibitor, Y27632. Phosphory-
lation of the subunit of myosin phosphatase that targets
myosin light-chain (MYPT1) was also studied, as this is
an index of Rho-kinase activity (Ito et al., 2004). Effects on
the activation of the Rho-like small GTPase, Rac;, were
also studied using adenoviruses, as Rac; is a key component
of NOX activation (Hordijk, 2006). Finally, the effects
of iloprost, a prostacyclin mimetic, and an NO donor,
NONOate, were studied as it had been established that
prostacylin and NO inhibited NOX expression and activity
(Muzaffar et al., 2004a, b). It follows, therefore, that iloprost
and NONOate should block the expression of PDES, which
in turn would expand the therapeutic attributes and possible
novel applications of these important drug classes.

Methods

The investigation conforms to the principles outlined in the
Declaration of Helsinki for the use of human tissue or
subjects.

Culture and incubation of VSMCs

Saphenous veins were obtained from patients undergoing
coronary artery bypass graft surgery for which ethical approval
and patient consent had been obtained. Veins were placed in
medium RPMI 1640 containing 2% amphotericin (Gibco BRL,
Paisley, Scotland) and 0.4% heparin (Sigma Chemical Co.,
Poole Dorset, UK). Human VSMCs were then grown in
Dulbecco’s minimum essential medium-Glutamax without
sodium pyruvate (DMEM; Gibco BRL), containing 100U mL™!
penicillin (Sigma), 100 pg mL ™! streptomycin (Sigma) and 10%
foetal calf serum (Gibco BRL). After passage 4, hVSMCs were
seeded in a 6-well or 24-well plates at a density of 6 x 10* cells
per well and cultured for 2 days in DMEM/foetal calf serum.
Cells were then rendered quiescent for 3 days in serum-free
medium (Gibco BRL) before commencing experiment. Under
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these conditions, there was no loss of cell numbers over this
time course. Cells were incubated with the thromboxane A,
analogue, U46619 (100nM) or X-XO system (100pM-
1mUmL™Y) for 16h in the continual presence of one of the
following: superoxide dismutase (SOD; 500 U mL™"); apocynin
(10 uMm); allopurinol (100 um); L-NAME (100 uM); rotenone
(10 uM); Rho-kinase inhibitor, Y27632; iloprost (100ngmL ™)
or NONOate (10uM). Release of O2~ was measured by
ferricytochrome c assay, and protein expression was measured
by the Western analysis.

Measurement of O3~

The measurement of O2~ formation and release by cultured
cells was performed by the detection of ferricytochrome ¢
reduction, as previously described (Muzaffar et al., 2003,
2004a, b, 2005¢). Following incubation, cells were washed
three times with phosphate-buffered saline (PBS) and
equilibrated in DMEM without phenol red for 10 min at
37°C in a 95% air-5% CO, incubator (Heraeus, Hera Cell,
Kandro Laboratory Products, Langenselbold, Germany). A
volume of 20 pM horseradish cytochrome ¢ with or without
500UmL"! copper-zinc SOD was added to the cells and
incubated at 37 °C in a 95% air-5% CO, incubator for an
hour. The final volume of the reaction mixture was 0.5 mL
per well. After 1h, the reaction medium was removed and
maximum rate of reduction of cytochrome ¢ was determined
at 550nM on a temperature controlled Anthos Lucy 1
spectrometer (Lab-tech International, Ringmer, East Sussex,
UK) and converted to micromoles of O2 ™, using AEssonm =
21.1mMcm 'min~! as the extinction coefficient for
(reduced-oxidized) cytochrome c. The reduction of cyto-
chrome c that could be inhibited with SOD reflected actual
formation of O2~. Cells were rinsed in PBS, lysed with 0.1%
v/v Triton-X 100 and total protein content was measured
using the BCA-protein assay Kkit.

Western blotting

For Western analysis of PDES and NOX-1, hVSMC were
washed and lysed with Tris buffer (100 mMm, pH 6.8) contain-
ing 10% glycerol and 1% sodium dodecyl sulphate (Muzaffar
et al., 2003, 2004a,b, 2005c). Extracts were boiled at a 1:1
ratio with the loading buffer containing Tris (125 mM, pH
6.8); 4% w/v sodium dodecyl sulphate; 10% v/v glycerol; 4%
v/v 2-mercaptoethanol and 2mgmL~! bromophenol blue.
Total cell lysates of equal protein (30-50pg) were loaded
onto 10% Tris-glycine sodium dodecyl sulphate gels and
separated by electrophoresis. After transfer to nitrocellulose,
the blots were primed overnight with either NOX-1 or
NOX-4 antibody (both 1:500) or PDES antibody (1:1000) or
Thr®® phospho-MYPT1 (1:1000). The blots were then incu-
bated with the corresponding secondary antibodies conju-
gated to horseradish peroxidase for an hour and developed
by enhanced chemiluminescence (Amersham International,
Little chalfond, Buckinghamshire, UK). Rainbow markers
(10-250kDa; Amersham) were used for molecular weight
determination. Membranes were either reprobed with anti-
GAPDH monoclonal antibody (Chemicon International,
Temecula, CA, USA) or a-actin antibody as an internal
control for equal protein loading.



Quantitative and semiquantitative reverse transcription—-PCR

Total RNA was extracted from hVSMCs using the RNeasy
RNA extRaction kit (Qiagen, Crawley, West Sussex, UK). RNA
quality was determined using an Agilent Bioanalyzer 2100
(Agilent Technologies UK Ltd, Stockport, Cheshire, UK) and
samples with rRNA 285/18S ratios more or equal to 1.8 were
used. First-strand cDNA was synthesized by random priming
using the Quantitect Reverse Transcription kit (Qiagen). The
primer sets used to amplify various NOX isoforms and PDES
were as follows: NOX-1 (forward: 5-GTTTTGGAATTGCAG
ATGAACAAG-3’, reverse: 5'-CATACTGGAAAACATCCTCACT
GG-3'; expected fragment size=268bp), NOX-4 (forward:
5'-CCTCAGCATCTGTTCTTAACCTCA-3, reverse: 5'-GCTGC
ATTCAGTTCAACAAAGTCT-3’; 256bp), NOX-5 (forward:
5'-AAGACACTATCTGGCTGCACATTC-3, reverse: 5'-GGCAA
GTATGCTTTCTTTTCTGGT-3’; 342bp) and PDES (forward:
5'-AAAAGGACTTTGCTGCTTATTTGG-3/, reverse: 5'-AAAAG
AATCGGAGCAATCTTCATC-3’; 242bp). PCR amplification
was performed with Taq polymerase for 35 cycles at 94 °C for
30s, 58°C for 30s and 72°C for 45s. Products were
confirmed by electrophoresis on a 1.5% agarose gel.
Quantitative PCR was performed using a LightCycler (Roche
Products Ltd., Hertfordshire, UK) with QuantiTect SYBR
Green PCR system (Qiagen) and primers for PDES (as above)
and 18S ribosomal RNA (forward: 5'-CGCGGTTCTATTTTGT
TGGT-3', reverse: 5'-CTTCAAACCTCCGACTTTCG-3'). The
relative expression level of PDES in stimulated hVSMCs was
normalized to that of 18S and plotted as percentage change
compared with untreated cells. 2744 method was used to
determine the relative change in PDES gene expression.

Rho-kinase activity assay

Myosin light-chain phosphatase target subunit (MYPT1) is
phosphorylated by Rho-kinase on Thr-696 (Ito et al., 2004).
Rho-kinase activity in hVSMC samples was therefore assessed
quantified by the extent of MYPT1 phosphorylation with
Western blot.

Recombinant adenoviruses and infection of VSMCs

To determine the role of Rac; in mediating PDE5 and NOX-1
expression, an adenovirus driven by cytomegalovirus promoter
containing an empty expression cassette (Ad:Control) was used
as described previously (Bond et al.,, 2004). Rac; mutants
(constitutively active G12V and dominant-negative T17N)
were generated by PCR and cloned into pDC515 shuttle vector
(Microbix, Toronto, Ontario, Canada). Replication-deficient
adenoviruses were generated by recombination of co-trans-
fected shuttle and genomic plasmids in HEK293 cells. Virus
stocks were plaque-purified, amplified, CsCl-banded and
titrated by plaque assay. Asynchronous hVSMCs were infected
with adenovirus at multiplicity of infection of 50 in DMEM/
10% foetal calf serum. Twenty-four hours post-infection, cells
were growth-arrested for 3 days and then treated with either
vehicle alone or U46619 (100nM) for 16 h. Superoxide release
was measured by ferricytochrome ¢ assay and protein expres-
sion was measured by the Western analysis.

Transfection with small interfering RNAs
Predesigned small interfering RNA (siRNA) targeting human
NOX-1 and NOX-4 and scrambled siRNA (as a negative
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control) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Growth-arrested hVSMCs were
trypsinized, pelleted and resuspended in nucleofector solu-
tion, provided in the Basic nucleofector kit for primary
smooth muscle cells (Amaxa biosystems, Cologne,
Germany), at a density of 0.8 x 10° cells (100puL)"!. The
desired siRNA was then introduced into each reaction
mixture at a final concentration of 80pmoles (1png) and
transfection was carried out using Nucleofector II device no.
300661 (Amaxa biosystems), according to the manufacturer’s
instructions. Following transfection, cells were plated out at
a density of 5 x 10* cells per well in a 24-well plate either in
the presence or absence of U46619 (100 nM). The cells were
subjected to analysis 16 h after transfection.

PDES activity assay

Following treatment, hVSMCs were rinsed in cold PBS and
lysed in 200 pL per well (six-well plate) of lysis buffer (20 mm
Tris pH 7.4, 140mM of NaCl, 0.75 mM MgCl,, 1 mM EGTA,
1% Triton X-100 and 20% glycerol) containing protease
inhibitors and phosphatase inhibitors. Insoluble material
was removed by centrifugation at 16 000 g for 5min at 4 °C.
The total protein concentration was measured using the
BCA-protein assay kit and cell lysates were stored at —80 °C
until analysis. PDE activity was determined using a mod-
ification of the assay method of Thompson and Appleman
(1971). The assay consists of a two-step isotopic procedure.
In the first step, cyclic [PH]GMP is hydrolyzed to 5'-[*’H|GMP
by PDE. In the second step, 5'-[’H]GMP is further hydrolyzed
to [*H]guanosine by the snake venom nucleotidase. Before
commencing the assay, 100 pL cell lysate was incubated at
37°C for 10min in the absence and presence of 100nM
sildenafil to define PDES activity. The assay was initiated by
adding 50 L test-mix (0.2 uCi [*H]cGMP, 1 uM cGMP, 10 mMm
Tris pH 7.4, 5mM MgCl,, 100 M EGTA). The reaction was
carried out at 37 °C for 30 min and terminated by immediate
boiling for 2min followed by cooling on ice. Next, 25pL
(1mgmL™") of snake venom (Crotalus atrox) was added to all
samples and incubated at 37 °C for 30 min. A 400 pL of anion
exchange resin slurry (1g AG 1-8X resin/1.1 mL ethanol/
1.1 mL ddH,0O) was added to each reaction, vortexed and
kept at room temperature for 20 min. The resin binds to all
charged nucleotides and leaves [*H]-guanosine as the only
labelled compound to be counted. The samples were
centrifuged at 16000g for 2min to precipitate the resin.
A 150puL aliquot of the supernatant was then added to SmL
of a scintillation cocktail and the radioactivity was measured
by liquid scintillation counting. PDES activity was deter-
mined by subtracting the non-PDES (in the presence of
100 nM sildenafil) from the total PDE activity (in the absence
of sildenafil).

Data analysis

The data were tested for normality by inspecting histograms
and by applying the Kolmogorov-Smirnov test (automati-
cally applied by Sigma Stat as part of the procedure for
producing ANOVA results). In all cases, the data did not
deviate sufficiently from normality to warrant nonpara-
metric statistics. The data were expressed as meants.e.
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mean. Both one-way and two-way ANOVA were used to
determine statistical significance. Two-way ANOVA tests
were used where two conditions existed and one-way
ANOVA was used when comparing effects of drug treatments
with untreated controls.

Drugs

9, 11-Dideoxy-9a2, 1la-methanoepoxyprostaglandin F,o
(U46619) and Rho-kinase inhibitor, (+ )-(R)-trans-4-(1-amino-
ethyl-N-4-pyridyl) cyclohexanecarboxamide dihydrochloride
(Y27632), were purchased from Calbiochem (Nottingham,
UK). Monoclonal antibody to Rac; and polyclonal antibody to
Thr?*°phospho-MYPT1 were obtained from Upstate (AQ15U-
SA) (Watford, Hertfordshire, UK); antibodies against NOX-1
and NOX-4 were purchased from Santa Cruz Biotechnology;
anti-PDES antibody was obtained from Cell Signaling Tech-
nology (Danvers, MA, USA). Cyclic [*HJGMP was purchased
from Amersham Biosciences (Little Chalfond, Buckinghamshire,
UK). Iloprost was purchased from Schering (Berlin, Germany).
All tissue and cell culture reagents were purchased from Gibco
BRL. All the other drugs and anti-a-actin were purchased from
Sigma Chemical Co. (Poole, Dorset, UK) unless otherwise stated.

Results

Incubation of hVSMCs with the thromboxane A, analogue,
U46619, elicited an increase in O2~ formation (Figure 1a).
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Figure 1 Effect of: (a) U46619 g1 00 nM) and (b) xanthine-xanthine

oxidase (X-XO; 10 uM-1 mU mL~") on superoxide (O3 ) formation in
the absence or presence of superoxide dismutase (SOD)
(500UmL™), apocynin (10pum), allopurinol (100 pm), L-NAME
(100 um) and rotenone (10 um) by human isolated vascular smooth
muscle cells following a 16 h incubation. Each point represents the
mean (*s.e.means), n=6. *P<0.05, significantly greater than
control; "P<0.01, significantly reduced compared with relevant
stimulus.
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Incubation of hVSMCs for 16h with an O~ generating
system (10pM xanthine+1mUmL™! xanthine oxidase)
followed by extensive washing of the cells with PBS, also
elicited an increase in the formation of O2~ (Figure 1b). SOD
and apocynin, an inhibitor of NADPH oxidase activity
(Stolk et al., 1994), when co-incubated with U46619 or
X-XO system for 16 h, again followed by extensive washing
of the cells with PBS reduced the increased O3~ formation in
hVSMCs (Figures 1la and b). By contrast, rotenone (10 uMm),
allopurinol (100puM) and L-NAME (100 pM) were without
effect when co-incubated with the thromboxane A, analo-
gue, U46619 (Figure 1a). The inhibitory effect of allopurinol
on X-XO-induced O2~ formation is expected, as this
compound is known to be an inhibitor of xanthine oxidase
(Figure 1b). Incubation with apocynin alone had no effect on
basal O2~ formation (data not shown).

The mRNAs for PDES, NOX-1 and NOX-4, but not NOX-5,
were all detected in human saphenous vein VSMCs by
reverse transcription-PCR (Figure 2).

Overexpression of dominant-negative Racy (Ad:Rac;T17N)
significantly inhibited O3~ release from hVSMCs incubated
with U46619 or X-XO compared with control virus
(Ad:Control) infected cells demonstrating that Rac; is
essential for full NADPH oxidase activity in human saphe-
nous vein VSMCs (Figures 3a and c). This was confirmed by
the expression of constitutively active Rac; (Ad:Rac1G12V),
which further enhanced U46619-stimulated O3~ release
from HVSMC:s (Figures 3b and c).

U46619 or X-XO induced both NOX-1 and PDES expres-
sion in HVSMC:s after 16 h incubation, an effect blocked by
the continual presence of SOD or apocynin (Figures 4 and 5).
Furthermore, expression of dominant-negative Rac; signifi-
cantly inhibited U46619-stimulated PDES protein expres-
sion, indicating the role of Rac; signalling in the regulation
of PDES (Figure 6).

Human VSMCs transfected with NOX-1 siRNA blocked
02~ formation and induction of PDES protein expression
and activity in response to U46619 (Figure 7), whereas
NOX-4 siRNA had no effect on O3~ release and PDES activity
and expression (Figure 7). The representative blots in
Figure 7b show that NOX-1 siRNA transfection of hVSMCs
does not suppress NOX-4 expression and vice versa.

The Rho-kinase inhibitor blocked U46619-stimulated
PDES protein expression (Figure 8a), indicating that
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Figure 2 mRNA expression of PDE5 and NOX isoforms in human
vascular smooth muscle cells. Lane 1, NOX-1; lane 2, NOX-4; lane 3,
NOX-5; lane 4, PDES5. Similar results were obtained with six
independent batches of cells.
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Figure 3 Effect of infection of human vascular smooth muscle cells
with an empty virus (Ad:Control), a dominant-negative Rac mutant
isoform (Ad:Rac; T17N) or a constitutively active Rac mutant isoform
(Ad:Rac1G12V) on O2~ formation following a 16 h incubation with
U46619 (a, b) or xanthine-xanthine oxidase (X-XO) (c). Each point
represents the mean (+s.e.mean), n=6. *'P<0.01, significantly
altered compared with stimulated cells expressing an empty virus.

Rho-kinase may be one of the upstream signalling compo-
nents of PDES. Quantitative reverse transcription-PCR of
U46619-stimulated hVSMCs RNA extracts revealed that
mRNA expression for PDES was increased 2.75 +0.18-fold
over basal levels (Figure 8b). Apocynin prevented the
increased expression of PDE5 mRNA in hVSMCs, whereas
the Rho-kinase inhibitor had no affect (Figure 8b). U46619
and X-XO both increased MYPT1 phosphorylation by
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Figure 4 Effect of U46619 (100 nM) and co-incubation of U46619
with the inhibitors of different sources of O3~ on (a) PDE5S
expression and (b) NOX-1 expression by human isolated human
vascular smooth muscle cells following a 16 h incubation. In (a and
b), densitometric analyses of six blots (expressed as relative OD
mm~2 mean*s.e.mean) In (c), representative  Western blots.
GAPDH expression was used as a loading control. *P<0.001,
significantly greater than control; P<0.01, significantly less than
U46619 alone.

1.5+£0.06- and 1.41+0.03-fold, respectively (Figure 8c).
Apocynin or Rho-kinase inhibitor (Y27632) blocked the
stimulated MYPT1 phosphorylation (Figure 8c). No changes
were detected in GAPDH expression in all studies. Incuba-
tion of cells with iloprost (100ng mL™') or NONOate (1 um)
over the 16h incubation period blocked the increased O3~
formation (Figure 9a) and PDES activity (Figure 9b) in
hVSMCs when co-incubated with U46619, as well as NOX-1
expression (Figure 9¢) and PDES expression (Figure 9).

Discussion

This study demonstrated firstly that U46619 promoted O3~
formation in hVSMCs following a 16h incubation. This
effect was inhibited by apocynin, a NOX inhibitor (Fung
et al., 2005), and SOD (dismutates and removes O3 ") but not
by rotenone (inhibitor of the mitochondrial respiratory
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Figure 5 The effect of xanthine-xanthine oxidase (X-XO; 10 uMm-
TmUmL™") and co-incubation of X-XO with the inhibitors of
different sources of O3~ by on (a) PDE5 expression and (b) NOX-1
expression by human isolated vascular smooth muscle cells
(hVSMCs) following a 16 h incubation. In (a and b), densitometric
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s.e.mean). In (c), representative Western blots. Each point represents
the mean (£s.e.mean), n=6. *P<0.001, significantly greater than
control; TP<0.01, significantly less than X-XO alone.

chain), allopurinol (inhibitor of xanthine oxidase) or
L-NAME (inhibitor of NOS) following this 16 h incubation
(Muzaffar et al., 2006, 2008). These data confirm that the
principal source of increased O2~ formation in hVSMCs, in
response to U46619, is NADPH oxidase.

NOX-1 and NOX-4 but not NOX-5 are expressed in
unstimulated hVSMCs. Furthermore, transfection of cells
with NOX-1 siRNA blocked O3~ formation in response to
U46619, whereas NOX-4 siRNA had no effect, indicating that
the present effects are related to NOX-1 rather than NOX-4.
Furthermore, incubation with U46619 promoted the expres-
sion of NOX-1, a plasma membrane-associated subunit of
the NOX complex (Griendling et al., 2000; Hordijk, 2006).
In turn, 16h incubation with the O2~ generating system
(X-XO) upregulated NOX-1, an effect blocked by apocynin
and SOD. This indicates that O3~ augments the formation of
02~ by positive feedback upregulation of NOX-1 expression
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muscle cells with an empty virus (Ad:Control) or virus overexpressing
dominant-negative Rac (Ad:Rac;T17N) on PDE5 protein expression
following a 16h incubation with 10nMm U46619. Densitometric

analyses of six blots (expressed as relative OD mm~2 mean*

s.e.mean). *P<0.01.

and activity, in agreement with a previous report (Muzaffar
et al., 2006). Notably, incubation for 16h with apocynin
alone (that is, in the absence of X-XO or U46619) had no
effect on O3~ formation, confirming that the present effects
were due to inducible rather than constitutive NOX.

Second, as Rac; plays a key role in mediating the activation
of NOX (Hordijk, 2006), the role of Rac; was investigated
following infection of hVSMCs with appropriate adeno-
viruses. Overexpression of Rac; with a dominant-negative
adenovirus significantly inhibited O3~ release by hVSMCs
incubated with U46619 compared with control virus,
whereas overexpression of constitutively active Rac, further
enhanced U46619-stimulated O3~ release from hVSMCs.
Taken together, these data demonstrate and confirm that
Rac; was essential for NOX activity in hVSMCs, as has been
demonstrated for VSMCs from other species.

This study then demonstrated that U46619 upregulated
the expression of PDES protein and mRNA levels in hVSMCs
following 16 h incubation. This effect on PDES protein and
mRNA levels was negated by co-incubation with the specific
NOX inhibitor, apocynin, and by SOD indicating that O3~
derived from NOX mediates this effect. This conclusion was
supported by the observation that the X-XO mixture, which
generates O3~ in vitro, also upregulated PDES expression, an
effect again blocked by both apocynin and SOD. This is
consistent with a previous study in which it was demon-
strated that O3~ upregulated NOX expression in pig
pulmonary arterial VSMCs (Muzaffar et al., 2006). Further-
more, infection of hVSMCs with dominant-negative adeno-
virus for active Rac; blocked the increase in PDES expression
in response to U46619. Transfection of cells with NOX-1
siRNA blocked both the increase in O~ and the expression
of PDES, whereas transfection with NOX-4 siRNA was
without effect. Taken together, therefore, these data indicate
that upregulation of the Rac;-NOX1 system increased PDES
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scrambled, NOX-1 and NOX-4 siRNA transfected hVSMCs. (b) The upper panel: densitometric analysis of U46619-stimulated PDE5 protein
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NOX-4 siRNA transfected hVSMCs. *P<0.01, significantly reduced compared with corresponding scrambled siRNA; "P<0.01, significantly
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expression, an effect mediated by O2~ derived from NADPH
oxidase.

The next step was to determine how O3 ~ might upregulate
PDES expression. As O~ activates Rho-kinase, as has been
demonstrated in the rat aorta (Jin et al., 2004), the possible
role of this kinase in mediating the upregulation of PDES5 was
studied initially using the specific inhibitor, Y27632. Y27632
completely inhibited PDES expression, demonstrating that
Rho-kinase mediates the upregulation of PDES. U46619 also
increased the phosphorylation of MYPT1, a target protein
that is phosphorylated by Rho-kinase and is a standard assay

for assessing Rho-kinase activity (Ito et al., 2004). Further-
more, the increased phosphorylation of MYPT1 in response
to both U44619 and O3~ was blocked by apocynin, SOD
and by the Rho-kinase inhibitor, Y27632. Apocycin, but not
Rho-kinase inhibition, prevented the expression of PDES
mRNA4, indicating that O2~ derived from NOX-1 affected
PDES expression at a transcriptional level, whereas Rho-
kinase did so at a post-transcriptional level. Many studies
have now demonstrated that Rho-kinase modulates
both transcriptional and/or post-translational modification
of key proteins that regulate diverse cellular functions,

British Journal of Pharmacology (2008) 155 847-856
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including smooth muscle contraction, actin cyto-
skeleton organization, cell adhesion and motility, and gene
expression (Brown et al.,, 2006). Among its many roles,
Rho-kinase has been shown to activate the transcription
factor, AP-1, and fibronectin induction in mesangial
cells (Peng et al., 2008) and to downregulate eNOS expres-
sion (Takemoto et al., 2002) and activity by the PI-3 kinase/
PK Akt system (Ming et al., 2002; Wolfrum et al., 2004).
Other downstream targets include the insulin receptor
substrate-1 (resulting in uncoupling of insulin receptor
from PI-3-kinase and potentially GLUT4 activation) (Farah
et al., 1998) and various cytoskeleton organization regu-
lating proteins, such as F-actin-binding proteins (Izawa
et al., 2000) and intermediate filament proteins (Goto
et al., 1998).

Both iloprost and NO blocked the upregulation of PDES in
response to U46619 in hVSMCs. This is as one would expect,
as it has been demonstrated that both iloprost and NO
donors block upregulation of NOX expression and conco-
mitant O~ formation (Muzaffar et al., 2004a,b). These
inhibitory effects are mediated by activation of cAMP-PKA
and cGMP-PKG systems by prostacylin and NO respectively
(Muzaffar et al., 2004a,b). Thus, through an inhibition of
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NOX, iloprost and NO inhibit the upregulation of PDES.
Therapeutically, iloprost and NO donors are used in clinical
practice to treat a large number of conditions that include
peripheral arterial disease, hypertension, angina pectoris,
peripheral vascular disease and erectile dysfunction
(Jeremy et al., 1999; Muzaffar et al., 2005a). It is possible,
therefore, that the therapeutic action of iloprost and NO
donors involves downregulation of both NOX and PDES.
Furthermore, as iloprost and NONOate are mimetics of
endogenous prostacylin and NO, both of which are vascu-
loprotective, this indicates that these factors may endo-
genously suppress the expression of both NOX and PDES,
which would reduce vasculopathy.

To summarize, the upregulation and activation of Rac; and
NOX and the concomitant formation of O3~ results in an
increase in PDES expression in human VSMCs. The activa-
tion of Rho-kinase by O2~ derived from NOX mediates this
effect. As PDES hydrolyses cGMP (generated by the activa-
tion of GC by NO), this effect would reduce the vasculo-
protective actions of NO. The importance of PDES in the
aetiology of vasculopathies is exemplified by the proven and
postulated therapeutic use of sildenafil and other PDES
inhibitors to treat an array of cardiovascular diseases and
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syndromes. These include erectile dysfunction, pulmonary
hypertension, angina pectoris, myocardial infarction, ischae-
mia reperfusion injury, vein graft disease and heart failure
(Fung et al., 2005). In turn, the overproduction of O~ and
an upregulation of NOX have been demonstrated in these
clinical conditions (Muzaffar et al., 2005a). PDES inhibitors
also influence a wide range of basic vascular functions,
which include the inhibition of VSMCs, augmentation of
angiogenesis and relaxation of vascular smooth muscle
(Jeremy et al., 1999). These effects are expected as the
inhibition of PDES augments the bio-impact of the NO-PKG
pathway, through augmentation of cGMP formation, in
response to NO. PDES inhibition has also been shown to
augment the inhibitory effect of NO on NOX expression and
02~ formation through a potentiation of the cGMP-PKG
pathway (Muzaffar et al., 2005b).

Despite the proven importance of the NO-PKG signalling
axis in providing vasculoprotection (Jeremy et al., 1999,
2004, 2007), little attention has been paid to the possible
impact of PDES status on the progression of vascular
diseases. This study predicts that where there is an increase
in intravascular NOX expression and/or a concomitant
increase in O3~ formation, then there will be a knock-on
effect of PDES upregulation, which would further diminish
the protective role of the NO-PKG system. Such a possibility
warrants further investigation.
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