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ABSTRACT
Objectives: Pulmonary arterial hypertension (PAH) is a rare and severe disease with incompletely 

under stood pathogenesis. PAH is associated with pulmonary arterial remodeling and inflammation. We 
evaluated the effects of Sildenafil on the Monocrotaline (MCT) –induced disease in Wistar rats, for po-
tential benefit in the early phases of inflammation and vascular remodeling. 

Material and Methods: MCT-injected rats, MCT-injected sildenafil-treated rats (starting day 1 
with 2 x 0.2 mg/day; total of 2 mg/kgc/day) and saline-injected control rats were evaluated at day 14 and 
day 28 following MCT for pulmonary morphological changes – lesions, inflammation (inflammato ry in-
dex), arterial morphometry (hypertrophy index), immunohistochemistry for smooth muscle cell mar k er. 

Outcomes: The administration of sildenafil following MCT significantly reduced the severity of in fla-
m mation in the acute stage of the disease (reduction of the inflammatory index by 6.038% (p <0.05)) and 
prevented pulmonary arterial remodeling (reduction of the hypertrophy index by 7.306% (p<0.001)). It 
also improved survival in the early phase with a mortality rate during the first 14 days of 4 in the MCT-
exposed rats vs 1 in the MCT-exposed sildenafil-treated rate.

Conclusions: Early administration of sildenafil in the MCT experimental PAH improves inflamma-
tion and survival, and prevents pulmonary vascular remodeling. Our study suggests that one of the me-
chanisms involved, besides vasodilatation and anti-proliferative effect, could be a direct anti-inflamma-
tory effect of sildenafil.

Keywords: pulmonary arterial hypertension, monocrotaline, sildenafil,
inflammation, pulmonary arterial remodeling
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INTRODUCTION

Pulmonary arterial hypertension (PAH) 
manifests as a progressive increase of 
the pulmonary arterial resistance, 
lea d ing to right heart failure and de-
a th. In the absence of treatment, 

PAH has a very poor prognosis, with a mean 
su r  vi val of 2½ years when NYHA III and of me-
rely 6 months when NYHA IV (1).

PAH is characterized by an increased mean 
pulmonary artery pressure (mPAP) ≥25 mmHg, 
with a normal pulmonary artery wedge pres-
sure (2).

The main morphopathological finding in 
PAH is the remodeling of small pulmonary arte-
ries (muscular arteries and arterioles), with 
mar ked hyperplasia and proliferation of the 
smooth muscle cells, leading to their thickening 
and hyperconstriction. Intimal hyperplasia also 
occurs, with marked thickening of the intima, 
plexiform lesions and vascular fibrinoid necro-
sis leading to their obstruction. In situ thrombo-
sis is an additonal mechanism, contributing fur-
thermore to the development of PAH (3).

The pathogenesis of PAH remains uncertain 
(4). It is a multi-factorial disease in which pre-
disposed individuals (genetically - BMPR2 mu-
tation; with PAH associated conditions – sclero-
derma, portal hypertension, HIV infection and 
others), under the influence of environmental 
factors, develop pulmonary arterial endothelial 
dys function, leading to pulmonary artery remo-
deling, with increase of pulmonary vascular re-
sistance and PAH.

Elevated pulmonary vascular resistance ap-
pears to be the result of an unbalance between 
vasodilators and vasoconstrictors factors, in ad-
dition to a remodeled pulmonary arterial wall. 
Key vasodilator molecules are the nitric oxide 
(NO) and prostacyclin. The NO deficit, a po-
tent vasodilator locally produced by the endo-
thelial cell, seems to play an important part in 
the pathogenesis of PAH (5). Studies have 
shown that NO is a very active local mediator 
with numerous roles:
- vasodilatation;
- anti-thrombotic effect;
- mitosis inhibition and anti-proliferative eff e-

c t  over the smooth muscle cells.
Smooth muscle cell NO-relaxation is real-

ized throughout the activation of an intra-cyto-
plasmic guanil-cyclase which transforms GTP 

to cyclic GMP (cGMP). High intracellular levels 
of cGMP are also responsible for the anti-mito-
genic effect of NO. The NO acts shortly as it is 
rapidly inactivated by the binding to the hemo-
globin of local erythrocytes. Phosphodiesterase 
5 (PDE5) rapidly inactivates the cGMP by chan-
ging it into a inactive linear form.

Sildenafil (SIL) is a strong PDE5 inhibitor. 
PDE5 inhibition leads to a significant increase 
of intra-cellular cGMP and therefore vasodila-
tation and probably smooth muscle cells’ mito-
sis inhibition. 

Studies on the monocrotaline (MCT) in-
duced disease in the Wistar rat have shown the 
beneficial effects of sildenafil regarding the pul-
monary arterial remodeling, PAH and right he-
art failure. The main mechanisms are vasodila-
tation (6,7) and suppression of vascular re  mo-
  deling (8). Sildenafil upregulates MKP-1 ex  p r e -
ssion and promotes degradation of ph o s p h  o  r y-
lation of ERK1/2, which suppresses the pr o  l i  f e -
ration of pulmonary artery smooth mu s c le ce l ls 
– in a porcine experimental model (9). 

Clinical studies in PAH patients have shown 
that sildenafil improves symptoms, NYHA class, 
exercise capacity and hemodynamics (10-14).

Inflammation seems to play an important 
role in PAH pathogenesis (15), both in humans 
and in the MCT experimental model. Lympho-
cytes and macrophages infiltrates were found 
in the plexiform lesions of idiopathic PAH, with 
increased local expression of chemokines 
CCL2, CCL5 and CXCL1 (fractalkine) (16-18). 
PAH is associated with inflammatory states – 
HIV infection, systemic auto-immune diseases 
(scleroderma) (15). Pro-inflammatory cytokines 
levels – including IL1 and IL6, are increased 
both in idiopathic PAH (19) and MCT-disease 
(20-21). Dexametasone reversed the MCT-dis-
ease in rats and improved survival, through 
mechanisms that involve reduction of IL-6-ex-
pressing inflammatory cells, restoration of pul-
monary BMPR2 and reduced proliferation of 
vascular smooth muscle cells (22).

The objectives of this study were to evalu-
ate the effects of Sildenafil treatment during the 
early stages of the MCT-disease in the Wistar 
rats, using a morphopathological assessment of 
the pulmonary parenchyma.

We hypothesized that Sildenafil administra-
tion from day 1 following MCT injection will 
prevent/reduce both pulmonary vascular re-
modeling and acute inflammation.  
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METHODS AND MATERIALS 

Study design 

Thirty-six female Wistar rats (mean age of 
120 days; mean weight of 196 g), kept in a te-
m perature-controlled room, with a daily con-
stant 14:10 h light/dark ratio, were randomly 
di vided into 3 groups: 
- saline-injected control group (C-G; n=6);
- MCT-injected group (MCT-G; n=15);
- MCT-injected and sildenafil-treated group 

from day 1 to day 28 (oral administration of 
1 ml of Sil solution, every 12 h; total of 2 
mg/kg/day) (SIL-G; n=15).
Each animal had ad libitum access to rat 

chow and water.
MCT-exposed rats received on day 1 a sin-

gle subcutaneous inter-scapular injection of 
MCT – 60 mg/kg.

Sacrifices were made in each group on day 
14 (C-G n=3; MCT-G n=9; SIL-G n=9) and 
on day 28 (C-G n=3; MCT-G n=6; SIL-G 
n=6), using an intra-peritoneal injection of 50 
mg/kg sodium thiopental.

The experiments performed during our 
study respected the Romanian legislation re-
garding laboratory animal testing.

Solutions protocols

For the MCT solution, 1 g of monocrotaline 
(Sigma-Aldrich) was dissolved in 5.2 ml of 1 N 
HCl, to which 30 ml of sterile water was then 
added. The pH was adjusted to 7.0 using 1 N 
NaOH, after which sterile water was added for 
a final 50 ml total volume of MCT solution. 

The sildenafil solution was obtained using 
Sildenafil tablets of 50 mg (Viagra®). One half 
tablet (25 mg of sildenafil) was crushed into 
thin powder, which was then dissolved into 
125 ml of sterile water. A watery solution of Sil-
de nafil 0.2 mg/ml was obtained.

Morphological analysis. 
Immunohistochemistry 

Both lungs were harvested from each rat 
and received an intra-tracheal low-pressure 
formol injection, in order to keep the airways 
opened and to avoid baro-trauma. Afterwards, 
the lungs were preserved in the same formol 
solution.

Sections of 10 μm thick paraffin-embedded 
peripheral parenchyma (one sample for each 

lung) were prepared and stained with hema-
toxylin and eosin.

Immunohistochemistry using actine mono-
clonal antibody as a smooth muscle cell marker 
was also performed.

The slides were evaluated by light micros-
copy and the types of lesions, the extent of in-
flammation and the degree of vascular remod-
eling were assessed by a researcher blinded to 
the treatment groups.

Each slide suffered a blinded qualitative and 
quantitative analysis.

Pulmonary arterial morphometry

The hematoxylin-eosin stained slides and 
the actine-marked immunohistochemistry sli-
des were computer-scanned using the MOTIC 
2000 microscope. The images were acquired 
using the Motic Image Plus 2.0 software.

Two slides/animal (one/lung) were analyzed. 
In medium, ten randomly chosen resistance ar-
teries (diameter < 500 μm) were evaluated per 
slide. The following measurements were per-
formed: internal diameter (ID measuring the 
luminal diameter) and external diameter (ED 
measuring the total diameter of the vessel), us-
ing the GSA ImageAnalyser v3.8.1 morphome-
try software. The hypertrophy index (HI; the 
wall/vessel thickness %) was defined as: (ED – 
ID) / ED %.

HI = (ED – ID) / ED %

Inflammatory index (Iix)

The Iix defines the percentage of tissue oc-
cupied space for each pulmonary slide and was 
measured using the GSA ImageAnalyser v3.8.1 
morphometry software. It is a new measurable 
inflammatory marker which we propose for 
objective evaluation of the degree of inflamma-
tion and overall pulmonary remodeling.

In order to determine the Iix we measured 
the tissue surface area (TSA) and the complete 
section area (CSA) for each slide.

Iix = TSA/CSA %
We consider the Iix to be influenced:

- in the acute phase (day 14) by the degree of 
edema (vascular, perivascular, bronchial, 
pe  ri bronchial, alveolar septae) and by the 
am o unt of the alveolar infiltrates

- in the chronic phase (day 28) by the degree 
of vascular remodeling and pulmonary fibr-
o sis (edema significantly diminished)
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Data analysis

The resulting data are expressed as mean ± 
standard deviation. Data were analyzed using 
the Kolmogorov-Smirnov normality test follo w-
ed by the one-way Anova test and Tukey’s mul-
tiple comparison text. Differences were con-
sidered significant for p <0.05. Analyses were 
performed using Excel 2007, GraphPad Prism 
v4.03 and InStat v3.05.  

RESULTS 

Typical pulmonary lesions present both in 
spontaneously deceased and in sacrificed 

MCT-inoculated rats show that we have suc-
cessfully re a  li   zed the monocrotaline experi-
me ntal disease in the Wistar rat.

The control group showed no significant ab-
normalities, except for a minimum degree of 
emphysema – a disruption of the alveolar walls 
due to the preparation technique (Figure 1). 
Furthermore, a small degree of emphysema ap-
pears equally in all three groups, thus not sig-
nificantly influencing the conclusions of our 
study (Figures 2, 3 and 4).

MCT exposure leads to the development of 
a series of modifications involving both small 
ar te ries and small airways. An acute pneumo-
nia-like process – with vascular, peri-vascular, 
alveolar and peri-bronchial lympho-monocita-
ry infiltrates and edema, appears during the 
first 14 days (Figures 2, 3 and 4). Between day 
14 and 28, the inflammatory lesions regress, 
the small pulmonary vessels suffer extensive 
vascular remodeling – with intimal and medial 
hypertrophy of the muscular arteries and arte-
rioles, and interstitial fibrosis develops. All these 
modifications observed in our MCT-exposed 
rats represent typical findings in the monocro-
taline-induced experimental disease (23-25).

Sildenafil improves survival during the 
first 14 days in the MCT-induced disease in 
the Wistar rat (Figure 5).

TABLE 1. Morpho-pathological findings in the MCT-exposed group

Slide no Edema Atelectasis
Alveolar 

macrophage

Lympho-
plasmocitary 

infiltrates
BALT*

Alveolar 
hemorr-

hages

Hypertro-phic 
vessels

56 ++ - - Moderate + + +
57 ++ - - Moderate + + +
151 +++ - - Moderate + + +
237 ++ - - Moderate + + +
238 ++ - - Moderate + + +
166 +++ - - Moderate + + +

FIGURE 1. Photograph from saline-injected control group (C-G). 
Normally looking parenchyma with small degree “emphysema” 
(alveolar wall disruption) – secondary to the preparation technique 
(intra-tracheal formol injection). Hematoxylin-eosin stain.

FIGURE 2. Photograph from MCT-injected group (MCT-G) – day 14. 
Peri-vascular edema, diffuse lympho-monocitary infiltrates; mild 
thickening of intimal and medial layers of small arteries secondary to 
edema and endothelium hypertrophy. Hematoxylin-eosin stain.
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A total of 9 rats died during the first 14 days 
following MCT: 4 in the MCT-G and 1 in the 
SIL-G, while the rest of them were sacrificed 
respecting the protocol at day 14 (C-G n=3; 
MCT-G n=3; SIL-G n=6) and day 28 (C-G 
n=3; MCT-G n=6; SIL-G n=6). There was no 
spontaneous death in the control group. Two 
deaths occurred in both MCT and SIL groups 
between day 14 and 28. 

Sildenafil significantly reduces inflamma-
tion in the MCT-induced disease in the Wis-
tar rat.

The qualitative comparison analysis shows 
the presence of the same types of lesions in 
both MCT-exposed groups (MCT-G in Table 1; 
SIL-G in Table 2). However, the extension de-
gree and severity of inflammatory lesions are 
strikingly lower in the sildenafil-treated group. 
The Control group showed no significant pul-
monary lesions (Figure 1).

The Iix comparison (Table 3) showed a sig-
nificant reduction of 6.038 % (p <0.05) in the 
sildenafil treated group (Iix SIL-G = 52.94 ± 
6.605 %) in comparison with the MCT group 
(Iix MCT-G = 58.97 ± 7.832 %) (Figure 6; Figure 
7). 

Sildenafil prevents the pulmonary arterial 
remodeling in the MCT-induced disease in 
the Wistar rat (Figure 8).

The saline-injected control group has a 
mean HI of 24.84 ± 6.572, significantly lower 
in comparison to the MCT-exposed groups. 
Sildenafil significantly decreases by ∆ = 7.306 
% (p<0.001) the HI in the MCT-exposed rats 
(HI MCT-G = 50.38 ± 11.44 %; HI SIL-G = 43.07 
± 11.11 %) (Table 4). Sildenafil prevents and 
reduces the degree of thickening and hyperpla-
sia of muscular pulmonary arteries and arteri-
oles, thus diminishing the pulmonary arterial 
remodeling.  

TABLE 2. Morpho-pathological findings in the MCT-exposed sildenafil-treated group

Slide no Edema Atelectasis
Alveolar 

macrophage

Lympho-
plasmocitary 

infiltrates
BALT*

Alveolar 
hemorr-

hages

Hypertro-phic 
vessels

29 - - - Minimal + - -
30 - - - Minimal + - -
33 + - - Mild + - +
34 + - - Mild + - +
209 ++ - - Moderate + + +
210 ++ - - Moderate + - +
297 - - - Minimal + - -
298 - - - Minimal + - -

FIGURE 3. Photograph from MCT-injected group 
(MCT-G) – day 14. Vascular wall thickening and 
severe inflammatory infiltrate. Monoclonal 
Anti-Actine Antibody Stain.

FIGURE 4. Photograph from MCT-injected sildenafil-treated group 
(SIL-G) – day 14. Near to normal looking parenchyma with minimal 
pari-vascular inflammatory infiltrate, without edema or vascular 
wall thickening. Monoclonal Anti-Actine Antibody Stain.
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DISCUSSIONS 

The MCT-induced disease is a PAH inflam-
matory model. It has an initial acute inflam-

matory phase, which reaches its maximum 
during the first 14 days, primarily involving the 
endothelium of small pulmonary arteries, with 
progressive perivascular, alveolar and peribron-
chial extension – when most severe, taking the 
form of an acute diffuse pneumonitis (pneumo-

nia-like process). The second phase of the dis-
ease evolves between day 14 and 21, with re-
gression of the inflammation and development 
of pulmonary artery remodeling – with muscu-
larization of the small pulmonary arteries and 
arterioles, associated with thickening and hy-
perplasia of the intimal and medial layers. At 
day 28 – end-phase of the disease, the inflam-
matory lesions are almost completely gone and 
PAH with right ventricular hypertrophy develop 
(23-25).

The complete pathogenesis of the MCT-in-
duced disease leading to PAH in the Wistar rat 
remains unknown.

MCT is metabolized in the liver to Ehrlich 
reactive (E+) metabolites, the monocrotaline 
pyrroles (MCTP). These MCTP are entirely re-
sponsible for the pulmonary toxic effect. With-
out the MCT activation by the liver, no pulmo-
nary disease develops.

The pulmonary endothelial cell is consid-
ered to be the main target for the MCT intoxi-
cation. This hypothesis is supported by the cir-
cu latory proximity of the liver to the lung 
en do thelium, evidence of increased thymidine 
uptake and decreased 5-hydroxytryptamine 
clearance by endothelial cells, and extra-vascu-
lar leakage of large macromolecules. Further-
more, specific pulmonary endothelial cell pro-
teins have been identified as binding targets for 
MCTP: galectin-1, protein-disulfide isomerase, 
probable protein-disulfide isomerase, b- or g-
cytoplasmic actin, and cytoskeletal tropomyo-
sin, affecting the integrity of the endothelial la-
yer.

Previous studies on the MCT model have 
shown the efficacy of early (before day 14) an-
ti-inflammatory or immunosuppressive therapy 
for preventing the pulmonary arterial remodel-
ing (22,26-31).

Sildenafil has been proven efficient in the 
MCT model during the pulmonary remodeling 
process (after day 14) and in the late-stage dis-
ease, after PAH development (day 21-28) (6-9), 
beneficial effects up until now thought to be 
secondary only to vasodilatation and pulmo-
nary vascular proliferation reduction.

Our study offers a new insight into the un-
derstanding of the interaction between silde-
nafil and the MCT-induced disease, by showing 
that sildenafil has also the ability, when admin-
istered early, to reduce inflammation and im-
prove survival – with a very probable causal 
effect. Thus, besides the vasodilator and anti-

TABLE 3. Inflammatory index measurements in the 3 groups. 
Sildenafil significantly reduces the Iix in the MCT exposed rats 
(Figures 6 and 7).

MCT SIL Control
Mean Iix % 58,97 52,94 46,33
Std. Deviation % 7,832 6,605 8,913
Std. Error 1,846 1,377 2,573

Tukey's 
Multiple 

Comparison 
Test

Mean Diff. P value 95% CI of diff

 MCT vs SIL 6,038 P < 0.05 0.2647 to 11.81

TABLE 4. Hypertrophy index measurements in the 3 groups. 
Sildenafil significantly reduces the HI in the MCT exposed rats 
(Figure 8).

MCT-G SIL-G Control
Mean HI % 50,38 43,07 24,84
Std. Deviation 11,44 11,11 6,572
Std. Error 0,8254 0,6985 0,7005

Tukey's 
Multiple 

Comparison 
Test

Mean Diff. P value 95% CI of diff

 MCT vs SIL 7,306 P < 0.001 4.897 to 9.715

FIGURE 5. Survival rate during the first 14 days in MCT-G and 
SIL-G.
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proliferative effects, sildenafil also manifests a 
clinically significant anti-inflammatory effect in 
the MCT-disease. This finding is concordant 
with previous experimental observations regar-
ding the potential anti-inflammatory effect of 
sil denafil (32,33) and has direct clinical conse-
quences.

Although most idiopathic PAH patients are 
considered to be non-responsive to anti-in-
flammatory therapies, significant clinical im-
provement has been observed in those with 
concomitant inflammatory diseases (PAH asso-
ciated with scleroderma (34) or connective-tis-
sue disease [35[) who received immunosuppre-
ssive / anti-inflammatory therapy. Fur th er more, 
the greatest benefit occurs in those with early-
stage disease and less severe PAH (36), suggest-
ing that anti-inflammatory therapy is probably 
more efficient on “active” proliferative lesions 
rather than on late “fixated” vascular lesions 
(22). Thus, patients suffering from inflammato-
ry diseases at risk for developing in time PAH, 
could benefit from sildenafil treatment during 
the early sub-clinical phases of the pulmonary 
disease.

The main limitations of our study are the 
absence of an MCT-exposed sildenafil-treated 
starting day 14 group and also the lack of he-
modynamic evaluation.  

CONCLUSIONS

Early administration of Sildenafil starting day 
1 following MCT exposure 1) improves sur-

vival during the first 14 days, 2) significantly re-
duces inflammation during the acute phase of 
the disease and 3) prevents/reduces the dis-
ease-specific pulmonary arterial remodeling.

We have shown that early administration of 
sildenafil reduces the degree of inflammation, 
prevents and diminishes the pulmonary vascu-
lar remodeling and improves survival in the 
monocrotaline-induced disease in the Wistar 
rat, thus offering new perspectives for the use 
of sildenafil in human PAH associated with in-
flammatory diseases. Sildenafil remains inter-
esting as a therapeutic approach for other acute 
pulmonary interstitial inflammation.

FIGURE 6. Inflammatory index in the SIL-G significantly lower than 
in the MCT-G.

FIGURE 8. Hypertrophy index in SIL-G significantly lower than in 
MCT-G.

FIGURE 7. Inflammatory index (Iix) measurement.Rats sacrificed at 
day 14: A from the Control Group, B from the MCT-exposed 
not-treated group and C from the MCT-exposed Sildenafil-treated 
group. The digitally acquired pulmonary slides (original images: A2; 
B2; C2) are analyzed using the morphometry software which uses 
color codes (images A1; B1; C1) in order to define and measure the 
tissue surface area – TSA (black area) and the complete surface area 
– CSA (yellow + black area). The values are numerically expressed in 
μm2 and the software automatically calculates the Iix = TSA/CSA %, 
as shown in the red box. 
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