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INTRODUCTION

Pulmonary hypertension (PH) is common and of adverse 
prognostic significance in patients with chronic heart 
failure (CHF).[1,2] PH in CHF patients is often associated 
with an increase in pulmonary vascular resistance (PVR), 
which may result from constriction and/or remodeling of 
the pulmonary vessels. Only those patients in whom the 
predominant mechanism is pulmonary vasoconstriction 
can be expected to benefit from vasodilator therapy after 
heart transplantation.[3-5]

A possible mechanism of pulmonary vasoconstriction 
in CHF is diminished relaxation of the arteriolar smooth 
muscle. Inhalation of nitric oxide (NO) is now considered 
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ABSTRACT 

To evaluate the vasoconstrictor component of PH in CHF by investigating the hemodynamic response to inhaled nitric oxide 
(iNO) and to determine whether this response was influenced by the phosphodiesterase 5 gene (PDE5) G(1142)T polymorphism. 
CHF patients underwent right heart catheterization at rest and after 20 ppm of iNO and plasma cGMP and PDE5 G(1142)T 
polymorphism determinations. Of the 72 included CHF patients (mean age, 53±1 years; mean left ventricular ejection fraction, 
29±1%; and mean pulmonary artery pressure, 25.5±1.3 mmHg), 54% had ischemic heart disease. Proportions of patients 
with the TT, GT, and GG genotypes were 39%, 42% and 19% respectively. Baseline hemodynamic characteristics were not 
significantly different across PDE5 genotype groups, although pulmonary capillary wedge pressure (PCWP) tended to be lower 
in the TT group (P=0.09). Baseline plasma cGMP levels were significantly lower in the TT than in the GG and GT patients. With 
iNO, PVR diminished in TT (-33%) but not GG (-1.6%) or GT (0%) patients (P=0.002); and PCWP increased more in TT than in 
GT (P<0.05) or GG (P<0.003) patients. The PDE5 G(-1142) polymorphism is therefore a major contributor to the iNO-induced 
PVR decrease in CHF.
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useful for assessing the contribution of vasoconstriction 
to idiopathic PH or PH associated with an underlying 
disease. Inhaled NO is used to treat patients with PH 
associated with various conditions including congenital 
heart disease, valvular heart disease, respiratory failure 
after heart transplantation, and adult respiratory distress 
syndrome.[6] Exogenous NO diffuses rapidly through the 
tissues, increasing the NO exposure of smooth muscle cells 
in pulmonary resistance vessels and thereby producing 
a direct vasodilator effect. Similar to intravenous beta-1 
agonist or phosphodiesterase 3 inhibitor administration, 
NO inhalation is often used to assess the PVR response 
to vasodilation in CHF patients considered for heart 
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transplantation. In CHF patients, the PVR decrease 
produced by NO inhalation is ascribable to an increase 
in left ventricular (LV) filling pressure, as opposed to a 
decrease in pulmonary artery pressure.[7] The mechanisms 
of this LV filling pressure increase are unknown. However, 
studies have shown inter-individual variations in the 
inhaled-NO response that were independent from the 
cause of PH.[7-11]

NO signaling is mainly mediated by cyclic guanosine 
monophosphate (cGMP) accumulation within the cells 
as a consequence of increased guanylate cyclase activity. 
However, cGMP bioavailability is limited by the hydrolytic 
activity of phosphodiesterases (PDE), most notably 
PDE5. [12] A recently identified regulatory region of the 
PDE5 gene (GenBank accession n°AB001615) has two 
functionally relevant AP1 regulatory sequences,[13] of which 
one harbors a T/G polymorphism at position 1142.[14] We 
hypothesized that the PDE5 G(1142)T polymorphism 
affected inhaled-NO responses in CHF patients, indicating 
that it contributed to the inter-individual differences in 
basal pulmonary vasoconstriction across CHF patients.

We prospectively studied 72 consecutive CHF patients 
to evaluate potential associations linking the PDE5 
G(1142)T polymorphism to the pulmonary hemodynamic 
characteristics and/or inhaled-NO response. We report here 
for the first time that the PDE5 G(-1142) polymorphism is 
associated with differences in cGMP levels in CHF patients 
and that the inhaled-NO response, used as a measure of 
pulmonary vasoconstriction, varies with the PDE5 genotype. 

MATERIALS AND METHODS

Inclusion and exclusion criteria
Inclusion criteria were an LV ejection fraction (LVEF) less 
than 35% and a history of symptomatic CHF. Exclusion 
criteria were acute heart failure, severe tricuspid 
regurgitation, severe obstructive lung disease, pulmonary 
embolism, and valvular disease.

The patients were selected among participants in a genetic 
study of the causes of PH. It was supported by a publicly 
funded French research agency (DRRC: Délégation Régionale 
à la Recherche Clinique, www.drrc.aphp.fr, registration 
number, P020902) and approved by the ethics committee 
of the Henri Mondor Teaching Hospital. Written informed 
consent was obtained from all patients before inclusion.

Hemodynamic measurements
Maximal oxygen consumption (VO2) was determined and 
echocardiography (Vivid 7, General Electric) performed 
24 hrs. before or after right-sided cardiac catheterization. 
During echocardiography, left and right ventricular 

functions were assessed as recommended by the American 
Society of Echocardiography[15] and tricuspid regurgitation 
was quantified using standard criteria.

All treatments were stopped 12 hrs. before right-sided cardiac 
catheterization. A Swan-Ganz catheter was introduced up 
to the pulmonary artery. Heart rate, right atrial pressure, 
mean pulmonary artery pressure (mPAP), cardiac output (Q) 
measured by thermodilution, and pulmonary capillary wedge 
pressure (PCWP) were measured while breathing air and after 
breathing 20 ppm of NO for 10 min. via a closed facemask. 
Pulmonary vascular resistance (PVR) was computed as 
follows: PVR = (mPAP - PCWP)/Q.  After catheter removal, 
patients were monitored clinically for 4 hours.

Assay of cGMP 
Venous blood was used for cGMP measurement in all 
patients. In 12 patients, cGMP was also measured after NO 
inhalation in blood collected at the distal pulmonary tip 
of the catheter. After immediate centrifugation at 4°C, the 
serum was separated and stored at -80°C for future use. 
A commercially available cGMP assay was used (Biovision, 
Calif., USA). The cGMP levels in the GG and GT groups were 
pooled and compared to those in the TT group. 

Genetic analysis
Venous blood was collected during the initial evaluation. 
Genomic DNA was extracted from leukocytes using a 
DNA extraction kit (QIAamp DNA blood kit, QUIAGEN, 
Hilden, Germany). The published sequence of the PDE5A 
5’-flanking region (AB001615) was analyzed and amplified 
by polymerase chain reaction (PCR, Ready-To-Go PCR kit, 
Amersham Pharmacia Biotech, Paris, France) in a total 
volume of 25 ml using 40 ng of DNA and 50 ng of each 
primer (upstream, 5’-TTGCTTTTCTTTGGTTGTGGCT-3’; and 
downstream, 5’GTGTCATCCTTGCTTTGTCTG-3’). Each of the 
35 amplification cycles consisted of denaturation at 96°C for 
50 s, annealing at 62°C for 50 sec, and elongation at 72°C for 
1 min. (DNA Thermal Cycler, Perkin-Elmer/Cetus). An initial 
denaturation step was carried out at 97°C for 5 min. and a final 
elongation step at 72°C for 10 min. The PCR products were 
analyzed by gel electrophoresis using 2% Seakem LE agarose 
(BioWhittaker Molecular Applications, Rockland, Me., USA). 

Statistical analysis
Normally distributed data were described as mean±SEM. 
Between-group comparisons of quantitative variables were 
done using ANOVA or the Student t test, as appropriate. 
Qualitative variables were compared using the χ2 test. 
Differences between baseline and inhaled-NO values 
were compared using repeated measures ANOVA with a 
post hoc analysis using Fisher’s probable least-significant 
difference test. P values smaller than 0.05 were considered 
significant. Statistical analyses were performed using 
Statview software (SAS Institute, Cary, NC, USA).
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RESULTS

Study population, baseline characteristics
We studied 72 patients, whose baseline characteristics 
are listed in (Table 1). All patients were receiving optimal 
CHF medications. Hemodynamic parameter values on 
room air are listed in Table 2. Mean values of PCWP and 
PVR were elevated.

Genotype distribution and interaction with 
baseline characteristics
Of the 72 patients, 28 (38.9%) had the TT genotype, 
30 (41.7%) the GT genotype, and 14 (19.4%) the GG 
genotype. The G(-1142) allele accounted for 40.3% of all 
alleles at position 1142. 

Neither the clinical characteristics nor the plasma brain 
natriuretic peptide (BNP) levels differed significantly 
across the 3 genotype groups (Table 1). Plasma cGMP 
under basal conditions was significantly lower in the 
TT group than in the GG or GT group (Fig. 1), suggesting 
increased PDE5 activity in the TT group. 

Baseline hemodynamic characteristics were not significantly 
different across the three genotype groups. A trend toward 
lower PCWP values was found in the TT group compared 
to the GT-GG group, despite the absence of significant 
differences in CHF severity or pulmonary artery pressure 
(Table 1). The transpulmonary gradient (TPG) normalized 
for mPAP was significantly higher in the TT group compared 
to the GG-GT group.

Table 1: Baseline characteristics of the whole cohorte and divided by PDE5 G(1142)T polymorphism
All patients PDE5 genotypes

GG GT TT

N 72 14 30 28
Genotype frequency (%) - 19 42 39
Clinical and echocardiographic characteristics

Age (yrs) 53±1 56±3 53±2 51±2
Male (%) 81 93 80 75
NYHA functional class 2.2±0.1 2.2±0.3 2.3±0.2 2.2±0.2
Ischemic heart disease (%) 54 38 65 49
Systolic BP, mmHg 106±3 106±7 105±5 107±3
Diastolic BP, mmHg 66±1 65±4 67±3 66±2
Peak VO2, ml·kg-1·min-1 16±1 17±2 16±1 16±1
LVEF, % 29±1 28±2 28±2 29±2
LVEDDind, mm·m-2 36±1 36±1 37±1 35±1
TAPSE, mm 16±1 16±1 16±1 16±1
BNP level, pg·ml-1 407±55 433±133 473±95 362±74
cGMP, pmoles·ml-1 114±4 130±7* 116±5†,‡ 103±5

Baseline treatment
Beta-blocker (%) 95 100 88 100
ACE inhibitor (%) 80 90 72 83
Angiotensin receptor antagonist (%) 22 10 29 20
Aldosterone antagonist (%) 70 64 68 76

NYHA: New York Heart Association; BP: blood pressure; LVEF: left ventricular ejection fraction; LVEDDind: left ventricular end-diastolic 
diameter indexed to body surface area; TAPSE: tricuspid annular plane systolic excursion; BNP: brain natriuretic peptide; cGMP: cyclic 
guanosine monophosphate; ACE: angiotensin-converting enzyme. *P=0.003 versus TT, †P<0.08 versus TT, ‡P<0.09 versus GG

Table 2: Hemodynamic characteristics at baseline and after NO inhalation depending on the PDE5 G(1142)T 
polymorphism
Inhaled gas PDE5 
(1102) genotype

Air NO

All GG GT TT All GG GT TT

N 72 14 30 28 72 14 30 28
sPAP, mmHg 38.3±1.9 38.4±4.9 39.6±2.9 36.8±2.8 37.1±1.8 37.4±5.0 38.6±2.9 35.3±2.6
mPAP, mmHg 25.5±1.3 26.3±3.7 26.6±1.9 23.8±1.8 25.4±1.3 25.6±3.5 27.5±2.2 23.0±1.7
PCWP, mmHg 16.1±1.0 18.0±3.4 17.3±1.4 13.9±1.4 17.8±1.1*,† 17.1±3.0 19.1±1.7 16.8±1.6*

TPG, mmHg 9.3±0.5 8.4±0.8 9.3±0.8 9.9±0.8 7.6±0.5*,† 8.5±0.8 8.4±0.8 6.3±0.7*

Cardiac output, L·min-1 4.2±0.1 4.1±0.3 4.2±0.2 4.3±0.2 4.2±0.1 4.2±0.4 4.2±0.2 4.6±0.3
PVR, wood 2.3±0.1 2.2±0.2 2.3±0.2 2.5±0.2 1.9±0.1*,† 2.1±0.1 2.1±0.3 1.5±0.1*

Heart rate, bpm 71±2 68±3 73±3 70±2 71±2 69±3 72±3 71±2

sPAP: systolic pulmonary artery pressure; mPAP: mean pulmonary artery pressure; PCWP: pulmonary capillary wedge pressure;  
TPG: transpulmonary gradient; PVR: pulmonary vascular resistance. *NO versus air, P<0.05, †P<0.05, ANOVA for repeated measurements
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Effect of inhaled NO on hemodynamic 
parameters according to PDE5 genotype
NO was well tolerated, with no effects on heart rate, Q, 
or pulmonary artery pressure (Table 2). NO inhalation 
significantly decreased PVR (Table 2) by increasing PCWP 
and the TPG without decreasing mPAP. 

The hemodynamic effect of NO inhalation was greatest 
in the TT group, where the PCWP increase was largest  

(Fig. 2). In TT, the PVR decrease was significant (Fig. 3) 
and was larger in the group with PH (Fig. 4). After NO 
inhalation, cGMP increased significantly in the TT and GT 
groups but not in GG (Fig. 5). Plasma cGMP elevation was 
not correlated with the PVR decrease.

DISCUSSION

The main finding from this study is that the PDE5 G(- 1142) 
polymorphism influences plasma cGMP levels and 
hemodynamic parameter values under basal conditions 
and after NO inhalation in patients with CHF. 

Baseline characteristics
The G(-1142) allele frequency and PDE5 genotype 
distribution were consistent with a previous report.[14] 
The only baseline feature that differed significantly 
across the three genotype groups (TT, GT, and GG) was 
plasma cGMP concentration, which was lower in the TT 

Figure 1: Plasma cGMP concentration depending on PDE5 G(1142)T 
polymorphism.

Figure 3: Change between baseline and after inhaled NO in pulmonary 
vascular resistance.

Figure 2: Percent of change between baseline and after inhaled NO in 
transpulmonary gradient, mean pulmonary artery pressure, pulmonary 
capillary wedge pressure and cardiac output.

Figure 4: Change between baseline and after inhaled NO in pulmonary 
vascular resistance depending on mean pulmonary artery pressure subgroup.
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group (Fig. 1), suggesting a functional effect of the PDE5 
polymorphism, with the TT genotype being associated 
with greater PDE5 activity and higher clearance of cGMP. 
In the TT group, a trend toward a lower filling pressure 
was noted (P=0.09). A recent in vitro study suggests 
that different PDE5 conformations involving the H-loop 
may affect the interaction of PDE5A1 with cGMP.[16] 
Furthermore, the H-loop variant may have a less critical 
interaction with PDE5 inhibitors,[16] However, plasma 
cGMP levels depend not only on cGMP clearance, but 
also on cGMP synthesis, which involves endogenous 
NO production (soluble guanylate cyclase) and atrial 
natriuretic peptides (particulate guanylate cyclase). 
However, in our study plasma BNP levels were not 
significantly different across genotype groups (Table 1), 
suggesting that the lower cGMP level in the TT group may 
have been due to greater PDE5 activity. PDE5 activity in 
pulmonary arteries, and therefore plasma cGMP levels, 
may affect pulmonary vascular tone. Conceivably, the 
higher cGMP levels in the GG and GT groups may explain 
the trend toward an increase in baseline PCWP in these 
genotype groups. Thus, the higher cGMP levels (due to 
diminished PDE5 activity) in the GG and GT groups may 
indicate greater pulmonary vasodilation with increased 
venous blood return to the left cardiac chambers and, 
therefore, increased basal PCWP in CHF patients. 
The TT group, in contrast, may have a higher basal 
pulmonary vessel tone associated with lower capillary  
pressures.

No significant differences were found across genotypes 
for baseline LV function (LVEF) or right ventricular 
function (TAPSE) (Table 1), suggesting that PDE5 
activity did not affect ventricular function under basal 
conditions. Similarly, earlier experimental studies 
found no effect of PDE5 inhibition on basal contractility 
of human papillary muscle strips[17] or failing canine 

hearts.[18] Nevertheless, increased PDE5 expression has 
been found in myocardial specimens from patients with 
ventricular hypertrophy.[19]

Effect of inhaled NO on pulmonary artery
Our study agrees with a previous report that inhaled NO 
significantly diminished PVR and the TPG in patients with 
CHF, by increasing PCWP.[7,20] A possible explanation is 
that NO inhalation induced pulmonary dilatation with 
shifts of blood volume from the pulmonary arterial to 
the pulmonary venous compartment. LV failure causes an 
increase in pulmonary venous volume and, therefore, in LV 
filling pressure.[21,22] Here, we found that the PVR decrease 
in response to inhaled NO response was dependent on 
the PDE5 G(-1142) polymorphism. The TT genotype was 
associated with a greater PVR decrease due to larger 
increase in PCWP and decrease in TPG. NO inhalation 
increased plasma cGMP concentrations in all genotype 
groups. However, the effects of NO inhalation depend also 
on the severity of the hemodynamic abnormalities.[7] Loh 
et al. showed that the response to inhaled NO was greater 
in patients with decompensated CHF than in patients 
with compensated CHF. We included only patients with 
compensated CHF. Among them, those having mPAP values 
greater than 25 mmHg exhibited a stronger response to 
inhaled NO. However, in the TT-genotype patients with 
mPAP values lower than 25 mmHg, the PVR response 
remained significantly greater than in the other two 
genotype groups (Fig. 3). 

Conceivably, changes in PDE5 activity related to the 
PDE5 G(1142) polymorphism may affect the regulation 
of pulmonary artery vasodilation at baseline and after 
NO inhalation. The TT genotype may be associated with 
greater PDE5 activity responsible for an increase in basal 
vascular tone and, therefore, for protection of the LV from 
excessive filling pressures. 

We used a moderate NO dose (20 ppm). The use of higher 
dosages (40 or 80 ppm) would perhaps have eliminated 
the differences across genotypes. However, in earlier 
studies a moderate dose of inhaled-NO was as effective 
as a higher dose in decreasing PCWP in patients with 
congestive CHF.[23] Furthermore, most of the inhaled NO 
response was achieved with only 10 ppm in patients 
who had secondary or primary PH,[9] and inhaled NO 
was as effective as vasodilators selectively affecting the 
pulmonary vasculature.[24] Furthermore, in patients with 
stable severe CHF, high doses of NO have been reported 
to induce pulmonary edema.[25] In the 12 patients whose 
plasma cGMP levels were measured after NO inhalation, 
we found no correlation between the individual cGMP 
response to NO and the magnitude of the pulmonary 
vasorelaxation response, in keeping with a previous 
study.[8]
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Figure 5: Plasma cGMP concentration depending on PDE5 G(1142)T 
polymorphism at baseline and after inhaled NO.

Damy et al.: PDE5 polymorphism and NO pulmonary responses



Pulmonary Circulation | July-September 2011 | Vol 1 | No 3 382

Limitations
This study has several limitations. First, the sample size 
is relatively small for a genetic study. However, our study 
sample is the largest included to date in an evaluation 
of the response to NO inhalation, and we studied the 
functional activity of a genetic polymorphism as opposed 
to its distribution frequency. Second, we cannot rule out an 
interaction between the medications taken by our patients 
and the NO response. In previous studies, the patients 
were not receiving beta-blockers. We discontinued beta-
blocker therapy only 12 hrs. before right-sided cardiac 
catheterization to avoid undue risk to the patients. We 
found no significant effects of the PDE5 polymorphism 
on baseline hemodynamics, although there was a trend 
toward lower PCWP values in the TT group. Further 
studies are needed to evaluate the impact of the PDE5 
polymorphism on the effect of PDE5 inhibitors. Recently, 
oral PDE5 inhibitors approved for the treatment of 
erectile dysfunction or primary PH were found to benefit 
patients with or CHF.[26,27] Some studies found that the 
hemodynamic response to PDE5 inhibitor administration 
was increased by concomitant NO inhalation.[20,28]

CONCLUSIONS

Our data suggest that the PDE5 G(-1142) polymorphism 
is functional and may affect pulmonary artery tone at 
baseline, thus influencing the response to inhaled NO 
in patients with CHF. Further studies are necessary to 
determine the clinical and therapeutic implications of this 
polymorphism in CHF patients.
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