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Abstract: The present study aimed to evaluate the preventive effect of sildenafil treatment on 
pulmonary hypertension (PH) induced by monocrotaline (MCT) in rats. Fifty-four 12-week-old male 
Sprague–Dawley rats were injected with MCT or saline solution (MCT-injected rats: n=36; saline: 
n=18). Serial echocardiography and right ventricular systolic pressure (RVSP) measurements via a 
cardiac catheter were performed at 2, 4 and 6 weeks after the injection. After injection of MCT, rats 
received oral sildenafil (MCT/sildenafil group: n=18) or no treatment (MCT group: n=18) until 
undergoing echocardiography and cardiac catheterization. RVSP in the MCT/sildenafil group was 
lower than that in the MCT group at 4 (P<0.001) and 6 weeks (P<0.001). The septal curvature was 
improved in the MCT/sildenafil group compared with the MCT group. This finding showed that sildenafil 
prevented flattening of the interventricular septum because of right ventricular pressure overload. 
The ratio of peak trans-tricuspid early diastolic wave velocity to active filling with atrial systolic velocity 
showed that sildenafil improved diastolic function. Tricuspid annular plane systolic excursion and 
tricuspid annular systolic velocity in the MCT/sildenafil group did not show preserved myocardial 
contraction after administration of sildenafil. Administration of sildenafil leads to a reduction in RVSP 
and improvement in cardiac function in rats with PH induced by MCT. The vasodilatory action of 
sildenafil improves right ventricular diastolic function, but the intrinsic, positive, inotropic effect of 
sildenafil is minimal.
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Introduction

Pulmonary hypertension (Ph) is a progressive disease, 
characterized by an increase in mean pulmonary arte-
rial pressure to ≥ 25 mmhg at rest as assessed by right 
heart catheterization [11]. although invasive hemody-
namic assessment still remains important in evaluation 
of patients with Ph, echocardiography is useful for 
noninvasive and easily repeatable assessment of right 
ventricular function in these patients [11].

Sildenafil citrate is a phosphodiesterase type V in-
hibitor. Sildenafil citrate causes vasodilation by increas-
ing pulmonary vascular concentrations of cyclic guano-
sine monophosphate. a previous study reported decreased 
pulmonary arterial pressure, improvement in symptoms, 
and increased cardiac output with treatment of sildenafil 
for pulmonary arterial hypertension, and secondary pul-
monary hypertension [10, 20, 21]. despite updated 
guidelines and advances in treatment, the long-term 
prognosis for patients with pulmonary Ph remains poor. 
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The previous study indicates that an early diagnosis of 
Ph and early therapeutic intervention may result in an 
improvement in long-term outcomes [5, 7, 15, 16], and 
early phase treatment of sildenafil prolonged survival 
rate in the patients with Ph [29]. Echocardiographic 
measurements of cardiac and hemodynamic parameters 
in the monocrotaline (mcT)-induced Ph rat model have 
already been evaluated [3, 4, 6, 9, 17, 27]. although the 
mcT-induced Ph rat model has contributed to a better 
understanding of echocardiographic assessment of Ph 
[3, 4, 9, 17, 27], the preventive effect of sildenafil on 
right ventricular function is not fully understood. There-
fore, the present study aimed to evaluate the preventive 
effect of sildenafil on right ventricular function using 
echocardiography for the monitoring of Ph. We inves-
tigated several echocardiographic parameters to inves-
tigate the cardiovascular effect of sildenafil on PH.

Materials and Methods

The present study was approved by Tokyo university 
of agriculture and Technology (approval number 24–
53). Rats were managed and cared for in accordance with 
the standards established by Tokyo university of agri-
culture and Technology, as described in its Guide for the 
care and use of Laboratory animals.

Animals
a total of 54 male 12-week-old sprague–dawley rats 

were purchased from charles River Laboratories 
(kanagawa, Japan). They were kept in a constant-tem-
perature room, with a daily constant 12/12-h light/dark 
ratio. monocrotaline (mcT, sigma-aldrich, st. Louis, 
mo, usa), which was dissolved in saline, was ran-
domly administered to 36 rats as a single subcutaneous 
injection (30 mg/kg) at a volume of 3 ml/kg, and an equal 
volume of saline was administered to another 18 rats 
(saline group).

mcT-induced Ph rats (n=36) were randomly assigned 
to two groups: MCT group (n=18) and MCT/sildenafil 
group (n=18). The mcT-injected group (mcT group) 
was the placebo drug group. In the sildenafil-treated 
group (MCT/sildenafil group), sildenafil (10 mg/kg, 
kamagra, ajanta Pharma india co., Ltd., mumbai, india) 
was initiated immediately after mcT injection, for a 
maximum duration of 6 weeks. all of the rats in the 
MCT/sildenafil group were trained to eat margarine, 
which served as the vehicle for sildenafil. The entire 

sildenafil dosage was consumed.

Echocardiographic tests and hemodynamic examinations
in the present study, rats were evaluated at 2, 4, and 

6 weeks after administration of either mcT (2 weeks, 
n=6; 4 weeks, n=6; 6 weeks, n=6; mcT group), vehicle 
(2 weeks, n=6; 4 weeks, n=6; 6 weeks, n=6; saline 
group), or MCT and sildenafil (2 weeks, n=6; 4 weeks, 
n=6; 6 weeks, n=6; MCT/sildenafil group). Echocardio-
graphic tests and hemodynamic examinations were per-
formed in all of the groups. hemodynamic examinations 
were performed after the echocardiographic tests.

Echocardiography
After the rats were anesthetized (isoflurane 1.0% in 

1:1 o2 /air mix; ds Pharma animal health co., Ltd., 
osaka, Japan), their chests were shaved and transtho-
racic echocardiography was performed (Fig. 1). Two-
dimensional echocardiography, pulsed doppler, and 
tissue doppler imaging were performed using the Pro-
Sound SSD α-10 (Hitachi-Aloka Medical, Ltd., Tokyo, 
Japan) with a 10.0-mhz sector transducer. sweep speed 
during the doppler and m-mode recordings was set at 
150–200 mm/s. an electrocardiogram was recorded by 
echocardiography measurement. all of the echocardio-
graphic recordings were stored on an internal hard drive 
of the echocardiography unit and transmitted to the di-
com server online (image onE co., Ltd., Tokyo, Ja-
pan). The following echocardiographic parameters were 
measured. The eccentricity index (EI), defined as the 
ratio of the length of two perpendicular minor-axis di-
ameters, one of which bisects and is perpendicular to the 
interventricular septum, was obtained at end-systole 
[22]. Using the Doppler signals of tricuspid inflow, peak 
trans-tricuspid early diastolic wave (E wave) velocity 
and active filling with atrial systolic (A wave) velocity 
were measured, and E/a was calculated [31, 37]. The 
same tricuspid inflow tract view on the four-chamber 
view was used to evaluate lateral tricuspid annular veloc-
ity (Em) with tissue doppler imaging, using the same 
sample volume. E/Em was also calculated. Tricuspid 
annular plane systolic excursion (TaPsE) was measured 
by m-mode. an m-mode cursor was oriented to the junc-
tion of the tricuspid valve plane and the right ventricular 
free wall using the apical four-chamber view to measure 
TaPsE [13]. Tricuspid annular systolic velocity (sm) 
was acquired in apical four-chamber views at the right 
ventricular free wall using tissue doppler imaging [30].
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The Tei index is expressed by the following formula: 
(myocardial isovolumic contraction time + myocardial 
isovolumic relaxation time)/ ejection time. Ejection time 
was measured from the velocity time integral of sm [1, 
30]. The Tei index was measured in the right ventricular 
free wall using the apical four-chamber view. in the pres-
ent study, the Tei index was determined by tissue doppler 
imaging.

Hemodynamic examinations using a cardiac catheter
after echocardiographic tests, a pressure-sensing cath-

eter (codman microsensor; codman & shurtleff, inc., 
Raynham, ma, usa) was inserted from the right jugu-
lar vein into the right ventricle under anesthesia for 
measurement of right ventricular systolic pressure 
(RVSP).

Statistical analysis
The results are expressed as mean values ± sd. The 

statistical significance of differences in echocardio-
graphic parameters, heart rate, and body weight were 
estimated using two-way analysis of variance for facto-

Fig. 1. A picture of echocardiography. A. the eccentricity index (EI), defined as the ratio of the length of two perpendicular minor-
axis diameters, one of which bisects and is perpendicular to the interventricular septum, was obtained at end-systole. B. 
Using the Doppler signals of tricuspid inflow, peak trans-tricuspid early diastolic wave (E wave) velocity and active filling 
with atrial systolic (A wave) velocity were measured, and E/A was calculated. C. The tricuspid inflow tract view on the 
four-chamber view was used to evaluate lateral tricuspid annular velocity (Em) with tissue doppler imaging. E/Em was 
calculated using E wave from the Doppler signals of tricuspid inflow. Tricuspid annular systolic velocity (Sm) was acquired 
in apical four-chamber views at the right ventricular free wall using tissue doppler imaging. d. The Tei index is expressed 
by the following formula: (myocardial isovolumic contraction time + myocardial isovolumic relaxation time)/ ejection time. 
Ejection time was measured from the velocity time integral of sm. The Tei index was measured in the right ventricular free 
wall using the apical four-chamber view. in the present study, the Tei index was determined by tissue doppler imaging. E. 
Tricuspid annular plane systolic excursion (TaPsE) was measured by m-mode. an m-mode cursor was oriented to the 
junction of the tricuspid valve plane and the right ventricular free wall using the apical four-chamber view to measure TaPsE.
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rial measures with Bonferroni multiple comparisons for 
post hoc analysis. A significant difference was defined 
as P<0.05. statistical analyses were performed using 
statistical software (Prism 6.0v; GraphPad software, 
inc., La Jolla, ca, usa).

Results

Hemodynamic effects
hemodynamic effects are shown in Table 1. RVSP in 

the mcT group was higher than that in the saline group 
and the MCT/sildenafil group at 4 (P<0.001) and 6 weeks 
(P<0.001). The results of RVSP in the MCT/sildenafil 
group showed that continuous administration of silde-
nafil prevented elevated RVSP, with progressive PH 4 
weeks later.

Heart rate results
heart rate results are shown in Table 1. heart rate in 

the MCT/sildenafil group was lower than that in the sa-
line group and the mcT group at 2 (P<0.001) and 6 
weeks (P<0.001).

Effects of sildenafil therapy on right ventricular function 
as evaluated by echocardiography

The serial change in the Ei was similar to the time 
course of RVSP. The EI in the MCT group was higher 
than that in the saline group (P<0.001) and the mcT/
sildenafil group (P<0.001) at 4 and 6 weeks (P<0.001). 
The EI results showed that sildenafil prevented flattening 
of the interventricular septum because of right ventricu-
lar pressure overload after elevated RVSP (Table 1).

E/a in the mcT group was higher than that in the 
saline group (P<0.05) and the MCT/sildenafil group 

(P<0.01) at 6 weeks. This finding indicated that admin-
istration of sildenafil improved diastolic function in the 
MCT/sildenafil group in the progressive stage of PH 
after elevated RVSP. E/Em in the MCT group showed 
deterioration of diastolic function with Ph. E/Em in the 
MCT/sildenafil group showed improvement of diastolic 
function with administration of sildenafil compared with 
the mcT group at 2 and 6 weeks (P<0.001). Sildenafil 
treatment significantly improved right ventricular dia-
stolic function according to E/a and E/Em.

The sequence of TaPsE measurements showed a 
similar change to the serial measurements of sm. TaPsE 
and sm, representing systolic function in the mcT and 
MCT/sildenafil groups, were significantly lower than 
those in the saline group at the following time points. 
TAPSE was significantly lower in the MCT and MCT/
sildenafil groups at 2 and 6 weeks (P<0.001), and it was 
significantly lower in the MCT group at 4 weeks com-
pared with the saline group (P<0.01). Sm was signifi-
cantly lower in the mcT group at 2, 4, and 6 weeks 
compared with the saline group (P<0.01, P<0.01, 
P<0.001, respectively). Sm was significantly lower in 
the MCT/sildenafil group at 6 weeks compared with the 
saline group (P<0.01). The results of TaPsE and sm in 
the mcT group showed that right ventricular systolic 
function had deteriorated before elevated RVSP (Table 
1). Although TAPSE and Sm in the MCT/sildenafil group 
showed improvement of systolic function compared with 
the mcT group at 6 weeks (P<0.05), these parameters 
of systolic function in the MCT/sildenafil group were 
lower than those in the saline group (TaPsE at 2 weeks, 
P<0.001; TaPsE at 6 weeks, P<0.001; sm at 6 weeks, 
P<0.01). These findings indicated that myocardial con-
traction in the MCT/sildenafil group was not improved 

Table 1. summary of right ventricular systolic pressure and echocardiographic parameters

2 week 4 week 6 week

saline mcTa) MCT/sildenafil saline mcT MCT/sildenafil saline mcT MCT/sildenafil

RVSPb) mmhg 30.7 ± 4.8 33.2 ± 2.5 31.8 ± 1.6 28.0 ± 4.7 60.2 ± 14.9*** 28.7 ± 1.8 ††† 29.5 ± 2.7 60.7 ± 16.5*** 29.8 ± 6.6†††

hRc) /min 357 ± 34 339 ± 48 300 ± 18***††† 338 ± 42 325 ± 34 344 ± 60 334 ± 41 341 ± 28 281 ± 27***†††

BWd) g 309 ± 68 285 ± 77 253 ± 28 323 ± 33 329 ± 79 248 ± 8 358 ± 74 357 ± 97 248 ± 13**†

Eie) 0.88 ± 0.09 0.95 ± 0.14 0.98 ± 0.15 0.88 ± 0.1 1.28 ± 0.19*** 0.99 ± 0.10††† 0.91 ± 0.15 1.34 ± 0.43*** 1.0 ± 0.09†††

E/af) 0.99 ± 0.31 1.06 ± 0.33 0.88 ± 0.27 0.91 ± 0.32 0.95 ± 0.34 0.73 ± 0.26† 0.76 ± 0.39 0.95 ± 0.28* 0.71 ± 0.14††

E/Emg) 6.76 ± 3.63 11.86 ± 4.59*** 7.75 ± 1.53††† 5.86 ± 1.53 8.09 ± 3.05 6.86 ± 2.25 6.53 ± 3.81 12.22 ± 7.73*** 7.23 ± 1.52†††

TaPsEh) mm 2.6 ± 0.7 2.4 ± 0.6 1.5 ± 0.4*** ††† 2.0 ± 0.8 1.4 ± 0.5** 1.6 ± 0.3 2.7 ± 1.0 1.4 ± 0.4*** 1.8 ± 0.5***†

smi) cm/s 6.6 ± 1.2 5.4 ± 1.1** 6.0 ± 1.8 7.3 ± 2.2 6.0 ± 1.1** 6.5 ± 0.8 7.5 ± 1.6 5.0 ± 1.7*** 6.0 ± 1.0**†

Tdij) Tei index 0.65 ± 0.21 0.82 ± 0.24** 0.42 ± 0.05***††† 0.43 ± 0.19 0.64 ± 0.11*** 0.43 ± 0.09††† 0.62 ± 0.28 0.78 ± 0.36** 0.56 ± 0.11†††

a)mcT, monocrotaline. b)RVSP, right ventricular systolic pressure. c)hR, heart rate. d)BW, body weight. e)Ei, eccentricity index. f)E/a, the ratio of peak velocity of the early 
tricuspid inflow wave (E) to peak velocity of the late diastolic wave. g)E/Em, the ratio of trans-tricuspid early diastolic wave velocity to early diastolic myocardial velocity. 
h)TaPsE, tricuspid annular plane systolic excursion. i)sm, systolic wave. j)Tdi, tissue doppler imaging. The data represent means ± sd; *P<0.05, ** P<0.01, *** P<0.001 
vs. the saline group. †P<.05, ††P<0.01, †††P<0.001 vs. the mcT group.
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during the examination period. Sildenafil treatment did 
not improve right ventricular contractility according to 
TaPsE and sm.

Throughout the examination period, the Tei index in 
the mcT group showed deterioration of right ventricular 
myocardial function with Ph (2 weeks, P<0.01; 4 weeks, 
P<0.001; 6 weeks, P<0.01 vs. the saline group). The Tei 
index in the MCT/sildenafil group showed that sildenafil 
treatment improved right ventricular myocardial function 
(2, 4, and 6 weeks, P<0.001 vs. the mcT group). The 
Tei index was an early indicator of right ventricular 
myocardial dysfunction with Ph and improvement of 
right ventricular myocardial function after administration 
of sildenafil compared with the EI and E/A (Table 1).

Discussion

The present study aimed to investigate the preventive 
effect of sildenafil on right ventricular function. Our 
study showed that echocardiography was useful for as-
sessment of right ventricular function for monitoring Ph 
and the effect of sildenafil as a therapeutic agent. The 
Tei index indicated improvement of cardiac function in 
the MCT/sildenafil group. Additionally, an improvement 
in diastolic function according to E/a and E/Em was 
observed in the MCT/sildenafil group, and the EI was 
decreased in accordance with the reduction in RVSP.

Echocardiography plays an important role in the di-
agnosis of Ph, which indicates increased right ventricu-
lar pressure [22, 30], systolic function [19, 35], and dia-
stolic function [32]. Echocardiography might be useful 
in assessment of the therapeutic effect of sildenafil on 
right ventricular function in Ph. however, the serial 
changes in parameters of echocardiography after admin-
istration of sildenafil are not fully understood. Therefore, 
we evaluated serial changes in RVSP combined with 
serial changes in echocardiographic parameters. use of 
mcT to induce Ph in rats is a well-established model, 
and use of echocardiography for monitoring Ph has been 
evaluated in this model [6, 23].

in the present study, E/a was improved in the mcT/
sildenafil group in the progressive stage of PH after el-
evated RVSP. The vasodilatory effect of sildenafil re-
duces afterload because of prevention of right ventricu-
lar pressure overload [12] and improved diastolic 
function [2, 8]. Right ventricular E/a is a predictor of 
right ventricular diastolic function [30]. The results of 
E/A in the MCT/sildenafil group indicated that the va-

sodilatory effect of sildenafil led to improvement of right 
ventricular diastolic function. The results of the Ei in the 
MCT/sildenafil group showed that the vasodilatory effect 
of sildenafil reduced afterload and prevented flattening 
of the interventricular septum because of right ventricu-
lar pressure overload. serial changes in the Ei were 
similar to the time course of RVSP in the present study. 
The EI was well correlated with RVSP in a previous 
study [22]. Reduction of RVSP with sildenafil treatment 
might affect improvement of interventricular septal cur-
vature.

The results of TAPSE and Sm in the MCT/sildenafil 
group indicated that the therapeutic effect of sildenafil 
did not prevent systolic dysfunction with progressive 
PH. Sildenafil does not increase cyclic AMP, and lacks 
inotropic effects [28]. additionally, the pulmonary va-
sodilator effect of sildenafil reduces afterload and im-
proves diastolic function. however the lack of inotropic 
effects of sildenafil did not have indirect effects on 
myocardial contractility [28].

The Tei index in the mcT group indicated that car-
diac function was deteriorated at the early phase of dis-
ease. This finding showed that deterioration of right 
ventricular function with progressive Ph occurred before 
elevated RVSP. The Tei index is a useful diagnostic pa-
rameter in patients with right ventricular dysfunction 
[30]. Echocardiography was useful for early detection 
of right ventricular dysfunction in rats with Ph in a pre-
vious study [14], and tissue doppler imaging has been 
shown to be useful for early detection of myocardial 
abnormality [25]. The Tei index in the MCT/sildenafil 
group indicated that the reduction of afterload following 
sildenafil treatment improved cardiac function in the 
early phase of treatment. This finding suggested that 
sildenafil improved right ventricular myocardial function 
in the early phase of treatment.

in early phase of Ph (2-week), the increase of E/Em 
ratio and the decrease of sm were observed in mcT 
group before the increase of Ei, a marker of right ven-
tricular remodeling. The previous study reported that 
Tdi was early detection of right ventricular dysfunction 
[18, 34]. Ei was well correlated with interventricular 
septal curvature caused by elevated RVSP after progres-
sive Ph. The present study suggested that right ven-
tricular function might be deteriorated before elevated 
RVSP.

The increase in RVSP in the MCT group suggested 
progressive Ph in the present study. The reduction in 
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RVSP with sildenafil treatment indicated the vasodila-
tory effect of sildenafil. The serial changes in echocar-
diographic parameters showed that sildenafil improved 
right ventricular myocardial function. The serial change 
in echocardiography was compared with RVSP to eval-
uate the therapeutic effects of sildenafil on cardiac func-
tion for monitoring Ph.

in the present study, echocardiography could detect 
cardiac dysfunction in the early phase of Ph before in-
creased RVSP. Echocardiography indicated not only 
cardiac dysfunction after injection of mcT, but also 
improvement of cardiac function after administration of 
sildenafil in the early phase of PH. The previous study 
reported about therapeutic effect of sildenafil in progres-
sive PH after increased RVSP [3, 4, 6, 9, 17, 27]. How-
ever it had not been fully understood about preventive 
effect of sildenafil. Sildenafil treatment prevented right 
ventricular dysfunction in early phase of Ph and this 
effect contributed in progressive PH after elevated RVSP 
(6-week). This result suggested that right ventricular 
function deteriorated before elevated RVSP, and sup-
ported beneficial effect in early phase treatment of silde-
nafil [29]. Assessment of right ventricular function using 
echocardiography showed that sildenafil improved right 
ventricular function with progressive Ph.

The present study has some limitations. First, tricuspid 
regurgitation velocity was not measured. some of the 
rats in the mcT group had tricuspid regurgitation, but it 
was difficult to obtain an accurate measurement because 
of the small size of the hearts. however, the present study 
did not focus on the utility of tricuspid regurgitation to 
estimate RVSP, but focused on the utility of combina-
tions of parameters for evaluating right ventricular func-
tion for monitoring PH with sildenafil treatment. Addi-
tional studies are required to evaluate echocardiography 
for monitoring Ph and the effect of various therapeutic 
agents. Heart rate of the MCT/sildenafil group was 
lower than that in the saline group and the mcT group. 
The previous study reported that sildenafil reduced heart 
rate by the opening of mitochondrial kaTP channels [26]. 
Sildenafil has beneficial effect for cardioprotective ef-
fects [24, 33, 36]. however the present study did not 
investigated about increased mitochondrial kaTP chan-
nels activity and cardioprotective effects, but the preven-
tive effect of sildenafil on right ventricular function by 
echocardiography.

Conflict of Interest and Ethical Approval

The author declares that there is no conflict of interest. 
all institutional and national guidelines for the care and 
use of laboratory animals were followed.

Acknowledgments

The author thanks dr. sasaki from Tokyo university 
agriculture and Technology for his advice on how to 
prepare mcT solution.

References

 1. Blanchard, D.G., Malouf, P.J., Gurudevan, S.V., Auger, 
W.R., madani, m.m., Thistlethwaite, P., Waltman, T.J., dan-
iels, L.B., Raisinghani, a.B., and demaria, a.n. 2009. util-
ity of right ventricular Tei index in the noninvasive evalu-
ation of chronic thromboembolic pulmonary hypertension 
before and after pulmonary thromboendarterectomy. JACC 
Cardiovasc. Imaging 2: 143–149. [crossRef] [medline]

 2. Borgdorff, m.a., Bartelds, B., dickinson, m.G., van Wiech-
en, M.P., Steendijk, P., de Vroomen, M., and Berger, R.M. 
2014. Sildenafil treatment in established right ventricular 
dysfunction improves diastolic function and attenuates in-
terstitial fibrosis independent from afterload. Am. J. Physiol. 
Heart Circ. Physiol. 307: h361–h369. [crossRef] [med-
line]

 3. Buyukakilli, B., Gurgul, s., citirik, d., hallioglu, o., 
ozeren, m., and Tasdelen, B. 2014. determination of the ef-
fects of pulmonary arterial hypertension and therapy on the 
cardiovascular system of rats by impedance cardiography. 
Croat. Med. J. 55: 498–506. [crossRef] [medline]

 4. carlino, c., Tobias, J.d., schneider, R.i., heller, R.L., alp-
ert, m.a., Grueber, R.E., dellsperger, k.c., and demarco, 
V.G. 2010. Pulmonary hemodynamic response to acute 
combination and monotherapy with sildenafil and brain na-
triuretic peptide in rats with monocrotaline-induced pulmo-
nary hypertension. Am. J. Med. Sci. 339: 55–59. [crossRef] 
[medline]

 5. condliffe, R., kiely, d.G., Peacock, a.J., corris, P.a., Gibbs, 
J.S., Vrapi, F., Das, C., Elliot, C.A., Johnson, M., DeSoyza, 
J., Torpy, c., Goldsmith, k., hodgkins, d., hughes, R.J., 
Pepke-Zaba, J., and coghlan, J.G. 2009. connective tissue 
disease-associated pulmonary arterial hypertension in the 
modern treatment era. Am. J. Respir. Crit. Care Med. 179: 
151–157. [crossRef] [medline]

 6. daicho, T., Yagi, T., Takano, s., marunouchi, T., abe, Y., 
ohara, m., Takeo, s., and Tanonaka, k. 2009. alterations 
in pharmacological action of the right ventricle of monocro-
taline-induced pulmonary hypertensive rats. Biol. Pharm. 
Bull. 32: 1378–1384. [crossRef] [medline]

 7. dimopoulos, k., inuzuka, R., Goletto, s., Giannakoulas, G., 
swan, L., Wort, s.J., and Gatzoulis, m.a. 2010. improved 
survival among patients with Eisenmenger syndrome receiv-

http://dx.doi.org/10.1016/j.jcmg.2008.10.012
http://www.ncbi.nlm.nih.gov/pubmed/19356547?dopt=Abstract
http://dx.doi.org/10.1152/ajpheart.00843.2013
http://www.ncbi.nlm.nih.gov/pubmed/24878769?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24878769?dopt=Abstract
http://dx.doi.org/10.3325/cmj.2014.55.498
http://www.ncbi.nlm.nih.gov/pubmed/25358882?dopt=Abstract
http://dx.doi.org/10.1097/MAJ.0b013e3181c078d7
http://www.ncbi.nlm.nih.gov/pubmed/19996941?dopt=Abstract
http://dx.doi.org/10.1164/rccm.200806-953OC
http://www.ncbi.nlm.nih.gov/pubmed/18931333?dopt=Abstract
http://dx.doi.org/10.1248/bpb.32.1378
http://www.ncbi.nlm.nih.gov/pubmed/19652377?dopt=Abstract


SILDENAFIL EFFECT ON RIGHT VENTRICULAR 221

ing advanced therapy for pulmonary arterial hypertension. 
Circulation 121: 20–25. [crossRef] [medline]

 8. dumas de La Roque, E., Bellance, n., Rossignol, R., Be-
gueret, h., Billaud, m., dos santos, P., ducret, T., marthan, 
R., dahan, d., Ramos-Barbón, d., amor-carro, Ó., sav-
ineau, J.P., and Fayon, m. 2012. dehydroepiandrosterone 
reverses chronic hypoxia/reoxygenation-induced right ven-
tricular dysfunction in rats. Eur. Respir. J. 40: 1420–1429. 
[crossRef] [medline]

 9. Elias-al-mamun, m., satoh, k., Tanaka, s., shimizu, T., 
nergui, s., miyata, s., Fukumoto, Y., and shimokawa, h. 
2014. Combination therapy with fasudil and sildenafil ame-
liorates monocrotaline-induced pulmonary hypertension and 
survival in rats. Circ. J. 78: 967–976. [crossRef] [medline]

 10. Galiè, n., Ghofrani, h.a., Torbicki, a., Barst, R.J., Ru-
bin, L.J., Badesch, d., Fleming, T., Parpia, T., Burgess, G., 
Branzi, a., Grimminger, F., kurzyna, m., simonneau, G., 
Sildenafil Use in Pulmonary Arterial Hypertension (SUPER) 
Study Group 2005. Sildenafil citrate therapy for pulmonary 
arterial hypertension. N. Engl. J. Med. 353: 2148–2157. 
[crossRef] [medline]

 11. Galiè, n., hoeper, m.m., humbert, m., Torbicki, a., 
Vachiery, J.L., Barbera, J.A., Beghetti, M., Corris, P., Gaine, 
s., Gibbs, J.s., Gomez-sanchez, m.a., Jondeau, G., klepet-
ko, W., opitz, c., Peacock, a., Rubin, L., Zellweger, m., 
simonneau, G., Esc committee for Practice Guidelines 
(cPG) 2009. Guidelines for the diagnosis and treatment of 
pulmonary hypertension: the task force for the diagnosis 
and treatment of pulmonary hypertension of the European 
society of cardiology (Esc) and the European Respirato-
ry society (ERs), endorsed by the international society of 
heart and Lung Transplantation (ishLT). Eur. Heart J. 30: 
2493–2537. [crossRef] [medline]

 12. Gan, c.T., holverda, s., marcus, J.T., Paulus, W.J., marques, 
k.m., Bronzwaer, J.G., Twisk, J.W., Boonstra, a., Postmus, 
P.E., and Vonk-Noordegraaf, A. 2007. Right ventricular dia-
stolic dysfunction and the acute effects of sildenafil in pul-
monary hypertension patients. Chest 132: 11–17. [crossRef] 
[medline]

 13. hammarström, E., Wranne, B., Pinto, F.J., Puryear, J., and 
Popp, R.L. 1991. Tricuspid annular motion. J. Am. Soc. 
Echocardiogr. 4: 131–139. [crossRef] [medline]

 14. hardziyenka, m., campian, m.E., de Bruin-Bon, h.a., mi-
chel, m.c., and Tan, h.L. 2006. sequence of echocardio-
graphic changes during development of right ventricular 
failure in rat. J. Am. Soc. Echocardiogr. 19: 1272–1279. 
[crossRef] [medline]

 15. humbert, m., sitbon, o., chaouat, a., Bertocchi, m., habib, 
G., Gressin, V., Yaïci, A., Weitzenblum, E., Cordier, J.F., 
chabot, F., dromer, c., Pison, c., Reynaud-Gaubert, m., 
Haloun, A., Laurent, M., Hachulla, E., Cottin, V., Degano, 
B., Jaïs, X., Montani, D., Souza, R., and Simonneau, G. 
2010. survival in patients with idiopathic, familial, and an-
orexigen-associated pulmonary arterial hypertension in the 
modern management era. Circulation 122: 156–163. [cross-
Ref] [medline]

 16. Humbert, M., Sitbon, O., Yaïci, A., Montani, D., O’Callaghan, 
D.S., Jaïs, X., Parent, F., Savale, L., Natali, D., Günther, S., 

Chaouat, A., Chabot, F., Cordier, J.F., Habib, G., Gressin, V., 
Jing, Z.c., souza, R., simonneau, G., French Pulmonary ar-
terial hypertension network 2010. survival in incident and 
prevalent cohorts of patients with pulmonary arterial hyper-
tension. Eur. Respir. J. 36: 549–555. [crossRef] [medline]

 17. Jasińska-Stroschein, M., Owczarek, J., Wesołowska, A., 
and Orszulak-Michalak, D. 2014. Rosuvastatin, sildenafil 
and their combination in monocrotaline-induced pulmonary 
hypertension in rat. Acta Pharm. 64: 345–353. [crossRef] 
[medline]

 18. Kittipovanonth, M., Bellavia, D., Chandrasekaran, K., Villar-
raga, h.R., abraham, T.P., and Pellikka, P.a. 2008. doppler 
myocardial imaging for early detection of right ventricular 
dysfunction in patients with pulmonary hypertension. J. Am. 
Soc. Echocardiogr. 21: 1035–1041. [crossRef] [medline]

 19. koestenberger, m., nagel, B., Ravekes, W., avian, a., 
heinzl, B., Fandl, a., Rehak, T., sorantin, E., cvirn, G., and 
Gamillscheg, a. 2012. Tricuspid annular peak systolic veloc-
ity (S’) in children and young adults with pulmonary artery 
hypertension secondary to congenital heart diseases, and in 
those with repaired tetralogy of Fallot: echocardiography 
and mRi data. J. Am. Soc. Echocardiogr. 25: 1041–1049. 
[crossRef] [medline]

 20. Lewis, G.d., Lachmann, J., camuso, J., Lepore, J.J., shin, 
J., martinovic, m.E., systrom, d.m., Bloch, k.d., and semi-
gran, M.J. 2007. Sildenafil improves exercise hemodynam-
ics and oxygen uptake in patients with systolic heart failure. 
Circulation 115: 59–66. [crossRef] [medline]

 21. Lewis, G.d., shah, R., shahzad, k., camuso, J.m., Pap-
pagianopoulos, P.P., hung, J., Tawakol, a., Gerszten, R.E., 
systrom, d.m., Bloch, k.d., and semigran, m.J. 2007. 
Sildenafil improves exercise capacity and quality of life in 
patients with systolic heart failure and secondary pulmo-
nary hypertension. Circulation 116: 1555–1562. [crossRef] 
[medline]

 22. López-candales, a., Rajagopalan, n., kochar, m., Gulyasy, 
B., and Edelman, k. 2008. systolic eccentricity index identi-
fies right ventricular dysfunction in pulmonary hypertension. 
Int. J. Cardiol. 129: 424–426. [crossRef] [medline]

 23. mouchaers, k.T., schalij, i., de Boer, m.a., Postmus, P.E., 
van Hinsbergh, V.W., van Nieuw Amerongen, G.P., Vonk 
noordegraaf, a., and van der Laarse, W.J. 2010. Fasudil re-
duces monocrotaline-induced pulmonary arterial hyperten-
sion: comparison with bosentan and sildenafil. Eur. Respir. J. 
36: 800–807. [crossRef] [medline]

 24. Nagendran, J., Archer, S.L., Soliman, D., Gurtu, V., Moudg-
il, R., haromy, a., st aubin, c., Webster, L., Rebeyka, i.m., 
Ross, d.B., Light, P.E., dyck, J.R., and michelakis, E.d. 
2007. Phosphodiesterase type 5 is highly expressed in the 
hypertrophied human right ventricle, and acute inhibition of 
phosphodiesterase type 5 improves contractility. Circulation 
116: 238–248. [crossRef] [medline]

 25. nagueh, s.F., Bachinski, L.L., meyer, d., hill, R., Zoghbi, 
W.a., Tam, J.W., Quiñones, m.a., Roberts, R., and marian, 
a.J. 2001. Tissue doppler imaging consistently detects myo-
cardial abnormalities in patients with hypertrophic cardio-
myopathy and provides a novel means for an early diagnosis 
before and independently of hypertrophy. Circulation 104: 

http://dx.doi.org/10.1161/CIRCULATIONAHA.109.883876
http://www.ncbi.nlm.nih.gov/pubmed/20026774?dopt=Abstract
http://dx.doi.org/10.1183/09031936.00011511
http://www.ncbi.nlm.nih.gov/pubmed/22523357?dopt=Abstract
http://dx.doi.org/10.1253/circj.CJ-13-1174
http://www.ncbi.nlm.nih.gov/pubmed/24553194?dopt=Abstract
http://dx.doi.org/10.1056/NEJMoa050010
http://www.ncbi.nlm.nih.gov/pubmed/16291984?dopt=Abstract
http://dx.doi.org/10.1093/eurheartj/ehp297
http://www.ncbi.nlm.nih.gov/pubmed/19713419?dopt=Abstract
http://dx.doi.org/10.1378/chest.06-1263
http://www.ncbi.nlm.nih.gov/pubmed/17625080?dopt=Abstract
http://dx.doi.org/10.1016/S0894-7317(14)80524-5
http://www.ncbi.nlm.nih.gov/pubmed/2036225?dopt=Abstract
http://dx.doi.org/10.1016/j.echo.2006.04.036
http://www.ncbi.nlm.nih.gov/pubmed/17000367?dopt=Abstract
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.911818
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.911818
http://www.ncbi.nlm.nih.gov/pubmed/20585011?dopt=Abstract
http://dx.doi.org/10.1183/09031936.00057010
http://www.ncbi.nlm.nih.gov/pubmed/20562126?dopt=Abstract
http://dx.doi.org/10.2478/acph-2014-0029
http://www.ncbi.nlm.nih.gov/pubmed/25296680?dopt=Abstract
http://dx.doi.org/10.1016/j.echo.2008.07.002
http://www.ncbi.nlm.nih.gov/pubmed/18765178?dopt=Abstract
http://dx.doi.org/10.1016/j.echo.2012.06.004
http://www.ncbi.nlm.nih.gov/pubmed/22763086?dopt=Abstract
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.626226
http://www.ncbi.nlm.nih.gov/pubmed/17179022?dopt=Abstract
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.716373
http://www.ncbi.nlm.nih.gov/pubmed/17785618?dopt=Abstract
http://dx.doi.org/10.1016/j.ijcard.2007.06.057
http://www.ncbi.nlm.nih.gov/pubmed/17692406?dopt=Abstract
http://dx.doi.org/10.1183/09031936.00130209
http://www.ncbi.nlm.nih.gov/pubmed/20351034?dopt=Abstract
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.655266
http://www.ncbi.nlm.nih.gov/pubmed/17606845?dopt=Abstract


R. YoshiYuki, ET AL.222

128–130. [crossRef] [medline]
 26. Nagy, O., Hajnal, A., Parratt, J.R., and Végh, A. 2004. Silde-

nafil (Viagra) reduces arrhythmia severity during ischaemia 
24 h after oral administration in dogs. Br. J. Pharmacol. 141: 
549–551. [crossRef] [medline]

 27. nakata, T.m., Tanaka, R., Yoshiyuki, R., Fukayama, T., 
Goya, s., and Fukushima, R. 2015. Effects of single drug 
and Combined Short-term Administration of Sildenafil, 
Pimobendan, and Nicorandil on Right Ventricular Function 
in Rats With monocrotaline-induced Pulmonary hyperten-
sion. J. Cardiovasc. Pharmacol. 65: 640–648. [crossRef] 
[medline]

 28. Pavelescu, a. and naeije, R. 2012. Effects of epoprostenol 
and sildenafil on right ventricular function in hypoxic volun-
teers: a tissue doppler imaging study. Eur. J. Appl. Physiol. 
112: 1285–1294. [crossRef] [medline]

 29. Rubin, L.J., Badesch, d.B., Fleming, T.R., Galiè, n., simon-
neau, G., Ghofrani, h.a., oakes, m., Layton, G., serdarevic-
Pehar, M., McLaughlin, V.V., Barst, R.J., SUPER-2 Study 
Group 2011. Long-term treatment with sildenafil citrate in 
pulmonary arterial hypertension: the suPER-2 study. Chest 
140: 1274–1283. [crossRef] [medline]

 30. Rudski, L.G., Lai, W.W., Afilalo, J., Hua, L., Handschum-
acher, m.d., chandrasekaran, k., solomon, s.d., Louie, 
E.k., and schiller, n.B. 2010. Guidelines for the echocar-
diographic assessment of the right heart in adults: a report 
from the american society of Echocardiography endorsed 
by the European association of Echocardiography, a regis-
tered branch of the European society of cardiology, and the 
canadian society of Echocardiography. J. Am. Soc. Echo-
cardiogr. 23: 685–713; quiz 786–688.

 31. Ozdemirel, T.S., Ulaşli, S.S., Yetiş, B., Karaçağlar, E., 
Bayraktar, n., and ulubay, G. 2014. Effects of right ven-
tricular dysfunction on exercise capacity and quality of life 

and associations with serum nT-proBnP levels in coPd: an 
observational study. Anadolu Kardiyol. Derg. 14: 370–377. 
[crossRef] [medline]

 32. Sundereswaran, L., Nagueh, S.F., Vardan, S., Middleton, 
k.J., Zoghbi, W.a., Quiñones, m.a., and Torre-amione, G. 
1998. Estimation of left and right ventricular filling pres-
sures after heart transplantation by tissue doppler imaging. 
Am. J. Cardiol. 82: 352–357. [crossRef] [medline]

 33. Takimoto, E., champion, h.c., Li, m., Belardi, d., Ren, s., 
Rodriguez, E.R., Bedja, d., Gabrielson, k.L., Wang, Y., and 
kass, d.a. 2005. chronic inhibition of cyclic GmP phos-
phodiesterase 5a prevents and reverses cardiac hypertrophy. 
Nat. Med. 11: 214–222. [crossRef] [medline]

 34. Tayyareci, Y., nisanci, Y., umman, B., oncul, a., Yurdakul, 
s., altun, i., umman, s., and Bugra, Z. 2008. Early detection 
of right ventricular systolic dysfunction by using myocardial 
acceleration during isovolumic contraction in patients with 
mitral stenosis. Eur. J. Echocardiogr. 9: 516–521. [medline]

 35. Wahl, a., Praz, F., schwerzmann, m., Bonel, h., koest-
ner, S.C., Hullin, R., Schmid, J.P., Stuber, T., Delacrétaz, 
E., hess, o.m., meier, B., and seiler, c. 2011. assessment 
of right ventricular systolic function: comparison between 
cardiac magnetic resonance derived ejection fraction and 
pulsed-wave tissue doppler imaging of the tricuspid annu-
lus. Int. J. Cardiol. 151: 58–62. [crossRef] [medline]

 36. Wilkins, m.R., Wharton, J., Grimminger, F., and Ghofrani, 
h.a. 2008. Phosphodiesterase inhibitors for the treatment 
of pulmonary hypertension. Eur. Respir. J. 32: 198–209. 
[crossRef] [medline]

 37. Yu, c.m., sanderson, J.E., chan, s., Yeung, L., hung, Y.T., 
and Woo, k.s. 1996. Right ventricular diastolic dysfunc-
tion in heart failure. Circulation 93: 1509–1514. [crossRef] 
[medline]

http://dx.doi.org/10.1161/01.CIR.104.2.128
http://www.ncbi.nlm.nih.gov/pubmed/11447072?dopt=Abstract
http://dx.doi.org/10.1038/sj.bjp.0705658
http://www.ncbi.nlm.nih.gov/pubmed/14744808?dopt=Abstract
http://dx.doi.org/10.1097/FJC.0000000000000236
http://www.ncbi.nlm.nih.gov/pubmed/25806612?dopt=Abstract
http://dx.doi.org/10.1007/s00421-011-2085-y
http://www.ncbi.nlm.nih.gov/pubmed/21785860?dopt=Abstract
http://dx.doi.org/10.1378/chest.10-0969
http://www.ncbi.nlm.nih.gov/pubmed/21546436?dopt=Abstract
http://dx.doi.org/10.5152/akd.2014.4687
http://www.ncbi.nlm.nih.gov/pubmed/24818627?dopt=Abstract
http://dx.doi.org/10.1016/S0002-9149(98)00346-4
http://www.ncbi.nlm.nih.gov/pubmed/9708666?dopt=Abstract
http://dx.doi.org/10.1038/nm1175
http://www.ncbi.nlm.nih.gov/pubmed/15665834?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17921070?dopt=Abstract
http://dx.doi.org/10.1016/j.ijcard.2010.04.089
http://www.ncbi.nlm.nih.gov/pubmed/20537415?dopt=Abstract
http://dx.doi.org/10.1183/09031936.00124007
http://www.ncbi.nlm.nih.gov/pubmed/18591337?dopt=Abstract
http://dx.doi.org/10.1161/01.CIR.93.8.1509
http://www.ncbi.nlm.nih.gov/pubmed/8608618?dopt=Abstract

