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ABSTRACT
Context: Clinical reports showed sildenafil beneficial therapy on severe chronic obstructive pulmonary
disease (COPD) with pulmonary hypertension (PH) patients.
Objective: The study investigated therapeutic effects of silenafil on pulmonary damage induced by cigar-
ette smoke exposure and bacterial inhalation in rats.
Materials and methods: Female Sprague-Dawley rats (200–250g) were divided into control group (no
exposure, n¼ 10) and exposure group (n¼ 50) suffered from cigarette smoke exposure and Klebsiella
pneumonia inhalation for 8weeks. Then rats were orally given normal saline (control group or model
group), 2.0, 3.0, or 4.5mg/kg sildenafil for 4weeks, respectively. Pulmonary pressure, RVHI and morpho-
logical analysis of pulmonary vascular remodeling, respiratory functions assay, morphological analysis of
pulmonary alveoli, and expression of PCNA and caspase-3 of epithelial cells in bronchioles wall
were examined.
Results: Compared to model rats, 2.0, 3.0, and 4.5mg/kg sildenafil increased VT by –0.6 to 9.58%, PEF by
3.12 to 6.49%, EF50 by 0.81 to 6.50%, decreased mPAP by 4.43 to 25.58%, RVHI by 6.54 to 26.41%, show-
ing a dose-dependent improvement. Furthermore, 4.5mg/kg sildenafil significantly increased MAN by
39.70%, LA/CSA by 37.07%, decreased muscular pulmonary arteries by 48.00%, WT by 12.83%, MT by
22.89%, caspase-3 expression by 17.71%, and showed improvement on abnormality in lung interstitial
and bronchioles by microscopy.
Discussion and conclusion: Our results demonstrated that sildenafil decreased pathological changes in
alveoli, bronchioles, interstitial tissue, and arterioles of rats with COPD and PH.
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Introduction

Sildenafil is the first oral drug for pulmonary hypertension (PH)
treatment by FDA recommendation. It is well-known that silde-
nafil is an efficient inhibitor of phosphodiesterase (PDE)5 which
metabolizes the secondary messenger cyclic guanosine mono-
phosphate (cGMP). Through inhibition of PDE5 by the drug,
prolonged duration of cGMP exerts vasodilator and anti-prolif-
erative actions to vascular smooth muscle cells in lung arterials,
resulting in decrease of pulmonary arterial pressure and repres-
sion of vascular remodeling (Peinado et al. 1998; Barber�a et al.
2001; Schermuly et al. 2008; Klinger et al. 2013). Besides its
beneficial effect on pulmonary vessels, some reports showed sil-
denafil had some advantageous effect on chronic obstructive pul-
monary disease (COPD) and PH patients (Barnes et al. 2019),
such as increase of exercise capacity (Chen et al. 2015; Shrestha
et al. 2017), improvement in the BODE index and quality of life
(Vitulo et al. 2017), etc., suggesting possible inhibitory effect on
lung abnormality.

Thus, animal COPD models were used for exploration of sil-
denafil on pulmonary damage. For guinea-pigs or mice, sildenafil
reduced significantly airspace enlargement induced by cigarette

smoke (CS), suggesting protective effect on emphysema in
COPD patients (Dom�ınguez-Fandos et al. 2015; Seimetz et al.
2015). Further study showed that cGMP played a key role in pre-
serving lung structures through mediators such as vascular endo-
thelial growth factor A and fibroblast growth factor 10, and
antioxidant enzymes, such as superoxide dismutase, and anti-
inflammation by preventing the activation and adherence of cir-
culating inflammatory cells (Weissmann et al. 2014). However,
in the above studies, duration of sildenafil administration was
the same as the duration of the toxic substance attack, represent-
ing a preventive experimental design, in contrast to clinical
research in which silde-nafil administration started and ended in
the stage of COPD and PH, showing therapeutic design of silde-
nafil administration. Therefore, these experimental results could
not accurately illustrate sildenafil therapeutic actions on pulmon-
ary damage to COPD and PH.

In previous studies, a rat model induced by CS exposure and
bacterial inhalation showed stable pulmonary damage and arter-
ial remodeling, including of increase of bronchiole wall thickness,
alveolar size, bronchiole stenosis and arteriole wall thickness,
even in 20weeks after stop of CS exposure and bacterial
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inhalation (Li et al. 2012). Therefore, the rat model was chosen
for this study.

This work examined the therapeutic effect of sildenafil on
pulmonary damage in COPD and PH induced by CS exposure
and Klebsiella pneumonia inhalation in rats.

Materials and methods

All experimental protocols were approved by the Experimental
Animal Care and Ethics Committees of Henan University of
Chinese Medicine (DWLL2018030063, Zhengzhou, China).
Analyses of results were performed in a blinded and rando-
mised fashion.

Exposure to smoke and inhalation of Klebsiella pneumonia

Female Sprague-Dawley rats (200–250 g) were purchased from
Laboratory Animal Center of NanJing Qing Long Mountain,
China. Rats were divided randomly into control group (no
exposure, n ¼ 10) and exposure group (n¼ 50). According to a
previous study (Li et al. 2012), whole body of the rats in expos-
ure group was exposed to cigarette (Hongqi CanalVR Filter tip cig-
arette, tobacco type, tar: 10mg, nicotine content: 1.0mg, carbon
monoxide: 12mg, Henan Tobacco Industry, Zhengzhou, China)
smoke of 8 cigarettes per treatment, twice a day, during the first
two weeks; then 15 cigarettes per treatment, three times a day,
from week 3 to week 8. Klebsiella pneumonia (KP; strain No:
46114) was provided by the National Center For Medical
Culture Collections (Beijing, China). Suspension (100 lL) of
Klebsiella pneumonia (6� 108 CFU/mL) was dropped into nasal
cavities in the rats for 5 days, from week 1 to week 8. Then, the
exposure and inhalation were stopped and the rats were treated
as follows.

Drug administration

Ten rats died of exposure to smoke and inhalation of Klebsiella
pneumonia, and the remaining rats were divided into four
groups (model; 2mg/kg sildenafil; 3mg/kg sildenafil and 4.5mg/
kg sildenafil) in accordance with almost equal pulmonary func-
tion impairment among the groups. A rat was administrated
orally normal saline (2mL/d) in control or model groups or dif-
ferent dose of sildenafil according to its group for 4weeks.

Respiratory function tests

Unrestrained whole-body plethysmography (UWBP, Buxco
Electronics, Troy, NY) was applied for respiratory function tests
weekly as previously described (Li et al. 2012). Tidal volume
(VT), peak expiratory flow (PEF) and 50% tidal volume expira-
tory flow (EF50) were recorded and analyzed.

Detection of pulmonary pressure, evaluation of right
ventricular hypertrophy, and preparation of microscopy

On the end day of administration, five rats in each group were
randomly chosen for pulmonary arterial pressure (PAP) assay,
including of mean pulmonary artery pressure (mPAP), pulmon-
ary artery diastolic pressure (PADP), and pulmonary artery sys-
tolic pressure (PASP). The rats were anaesthetized by 3%
pentobarbital sodium (40mg/kg) and a catheter (Portex FineBore

Polythene Tubing, 0.58mm, Smiths Medical International Ltd.,
Keene, NH) was inserted into pulmonary artery through right
jugular vein, then, PAP was measured according to a report
(Deten et al. 2003). Then, the rats were euthanized with 80mg/
kg pentobarbital sodium (absolute lethal dose, i.p.) and the cath-
eter was back to right ventricle. After the rats died and aorta
abdominals were cut off, sterile saline and 4% paraformaldehyde
were successively perfused through the aforementioned catheter
until colorless paraformaldehyde flew out from aorta abdominals.
Other rats suffered from the same performances except
PAP assay.

Trachea was exposed and 4% paraformaldehyde poured slowly
into lung by trachea, then, carefully cut off bones and tissues
combined with the lung. The complete lungs were taken from
and put into 4% paraformaldehyde. Then, hearts were removed
and were divided into the left ventricle plus septum (LVþ S)
and the right ventricle (RV) for right ventricular hypertrophy
index (RVHI) evaluation. The RVHI was calculated according to
the formula:

RVHI ¼ RV=ðLVþ SÞ:
After 12 h 4% paraformaldehyde fixation, left lobes of lung

were cut into small pieces, embedded by paraffin, prepared in
5 lm sections and then stained with hematoxylin-eosin (H&E),
Victoria blue or Van Gieson (VG), respectively.

Morphological analysis of pulmonary arteries

Lung slices of VG stain were applied for pathologic changes of
pulmonary arteries. Pulmonary arterioles from 50 to 200 lm
diameters were captured at a magnification of 400 times with an
Olympus PM-10AD optical microscope and photographic system
(Olympus Optical Co., Ltd., Japan). The average external diam-
eter (D) and complete vascular area, average lumen diameter (L)
and lumen area, and average medial wall thickness (M) between
internal and external elastic lamina of muscular arteries were
measured by Image Pro Plus 6.0 software (Media Cybernetics,
Inc., USA). The results were calculated as follows:

Average vascular wall thickness % WT%ð Þ ¼ ðD�LÞ
D

� 100

Average medial wall thickness % MT%ð Þ ¼ 2M
D

� 100

Average lumen area % LA=CSA%ð Þ ¼ lumen area
vascular area

� 100

In addition, all vessels were classified into nonmuscular ves-
sels (only with an elastic lamina), partially muscular vessels (with
a partial elastic lamina and a complete elastic lamina) and mus-
cular vessels (with two complete elastic lamia). Then each type
vessels percent of total vessels was calculated.

Morphological analysis of alveoli

Slices stained by HE were applied for mean linear intercept
(MLI) and mean alveolar numbers (MAN). The parameters of
MLI and MAN were measured with IPP6.0 software; then, MLI
and MAN were calculated as previously described (Voswinckel
et al. 2004; Alejandre-Alcazar et al. 2007; Seimetz et al. 2011).
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PCNA and caspase-3 expression of epithelial cells in
bronchioles

Expression of proliferating cell nuclear antigen (PCNA) and cas-
pase-3 of epithelial cells in bronchioles was measured by immu-
nohistochemistry. Paraffin-embedded lung tissue was sliced into
5lm thick, deparaffinized and blocked with 3% hydrogen perox-
ide solution for 10min to eliminate endogenous peroxidase activ-
ity, then incubated in polyclonal anti-PCNA or anti-caspase-3
antibody solution (Boster Biological Technology Co., Ltd, China;
1:100 dilution) overnight at 4 �C, respectively. After being
washed with phosphate buffer solution 3 times, the slices were
incubated with horseradish peroxidase (HRP)-labeled anti-rat
immunoglobulin G (Boster Biological Technology Co., Ltd,
China) and counterstained with hematoxylin. In each slice, all
bronchioles were separated out from their outlines at 400 times
magnification, then reserved for analysis with IPP 6.0 software.
The ratio of integral optical density (IOD) of epithelial cells in
total area of epithelial cells were calculated.

Statistical analysis

All values were shown as mean ± standard deviation (SD). Data
were analyzed using one-way analysis of variance (ANOVA) fol-
lowed by S-N-K test (equal variances assumed) or Dunnett’s post
hoc test (equal variances not assumed). Statistical significance
was set at p< 0.05. All statistical analyses were performed with
Statistical Product and Service Solution (SPSS), version 16.0
(Chicago, IL).

Results

Inhibition of sildenafil treatment on pulmonary
hypertension, pulmonary vascular remodeling, and right
heart hypertrophy

Rats suffered from the exposure developed pulmonary hyperten-
sion (Figure 1(A1)) and pulmonary vascular remodeling which
showed muscular vessels percent increase, nonmuscular vessels
percent decrease, muscular vascular wall thickness increase and
medial wall thickness increase, and vascular lumen stenosis
(Figure 1(B1–B3)). Moreover, the rats also showed right ventricle
hypertrophy (Figure 1(A2)). In comparison with model rats, 2.0,
3.0 and 4.5mg/kg sildenafil decreased mPAP by 4.43, 13.28, and
25.58% (p< 0.05), PASP by 1.34, 14.93, and 21.88% (p< 0.05),
PADP by 9.11, 13.58, and 27.77% (p< 0.05), RVHI by 6.54,
10.99, and 26.41% (p< 0.05), showing dose dependent inhibition
(Figure 1(A1) and (A2)). Furthermore, in comparison with
model rats, 4.5mg/kg sildenafil decreased muscular pulmonary
arteries by 48.00% (p< 0.01), WT by 12.83% (p< 0.01), MT by
22.89% (p< 0.05), increased nonmuscular pulmonary arteries by
75%, and LA/CSA by 37.07% (p< 0.05), showing that sildenafil
inhibited vascular remodeling in several ways, including of inhib-
iting thickness increase of vascular walls and vascular media, and
inhibiting vascular transforming from nonmuscular vessels to
muscular vessels (Figure 1(B1–E3)).

Effect of sildenafil on pulmonary function

We examined three parameters of pulmonary function, VT, PEF
and EF50, at 0 and 4weeks after stop of smoke and bacteria
exposure. Similar to previous studies (Li et al. 2012), pulmonary
function decline in rats suffered from exposure sustained at least

4 weeks after exposure stop (Figure 2). In comparison with rats
of model group, 2.0, 3.0 and 4.5mg/kg sildenafil increased VT
by –0.60, 4.19 and 9.58%, PEF by 3.12, 4.41, and 6.49%, EF50 by
0.81, 5.69 and 6.50%, with dose-dependent improvement (Figure
2). The results were consistent with a previous report, which
showed that a similar PDE5 inhibitor, Tadalafil, could decrease
pulmonary functional deterioration in COPD mice induced by
tobacco smoke (Seimetz et al. 2015). However, the improvement
might be weak due to no significant difference between a silde-
nafil group and model group (Figure 1). Furthermore, the results
were insufficient for supporting for therapeutic action of sildena-
fil on pulmonary damage, therefore, other examinations were
necessarily carried out.

Effect of sildenafil on pathological changes of
pulmonary tissue

In the study, model rats showed emphysema supported by MAN
and MLI results (Figure 2(A4,A5)), and view of photomicro-
graphs (Figure 2(B1–E3)), as similar as a report on mice COPD
induced by tobacco smoke exposure (Seimetz et al. 2015).
However, in the study, obvious increase in septal wall thickness
could be viewed, with severe inflammatory cells infiltration in
septal wall and interstitium, around broncholi and vessels
(Figure 2(B1–C3)) in HE stains. Furthermore, VG stains showed
obvious collagen fibrils accumulation in pulmonary interstitium.
The above results suggested more severe pulmonary tissue dam-
age in the rats than in the reported COPD mice, which might
not cause a significant improvement of silden on pulmonary
function. Sildenafil increased significantly MAN by 39.70%
(p< 0.05) and decreased MLI by 19.82% (Figure 2(A4,A5)), sug-
gesting inhibition for emphysema, as similar to the previous
reports (Dom�ınguez-Fandos et al. 2015; Seimetz et al. 2015).
Furthermore, view of photomicrographs showed inflammation
cells infiltration reduction in the sildenafil group rats as similar
as a previous report (Seimetz et al. 2015), which might illustrate
decrease of collagen fibrils accumulation in interstitium.

Effect of sildinafil on PCNA and caspase-3 expression of
epithelial cells in bronchioles

Interestingly, HE and VG stains showed not only mucous epithe-
lium hyperplasia, goblet cells proliferation and mucous increase in
lumen (Figure 3(A2,C2)) but also cilia cells decrease and mucous
epithelium exfoliation (Figure 3(B2,D2)), suggesting complex mix-
ture of proliferation and apoptosis in epithelial cells of bronchioles
of model rats. For further confirming the judgment, we examined
the expression of two key proteins of bronchioles. One was PCNA
which was often assessed cellular proliferation and another was
caspase-3 which was often assessed apoptosis. In comparison to
control group, PCNA and caspase-3 expression of model group
increased by 37.78 and 32.91% (p< 0.01) (Figure 4(A1–D)), sup-
porting coexistence of cellular proliferation and apoptosis in bron-
chiolar epithelial cells. Comparing to model group, 4.5mg/kg
sildinafil decreased PCNA by 17.74% and caspase-3 by 17.71%
(p< 0.05) (Figure 4(A1–D)), appearing to significantly improve
apoptosis of epithelial cells on bronchioles.

Discussion

Previous studies have shown PAP reduction of sildenafil on
experimental PH models induced by hypoxia, CS exposure and
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Figure 1. Effect of sildenafil on pulmonary hypertension, right heart hypertrophy and pulmonary vascular remodeling. Mean pulmonary artery pressure (mPAP), pul-
monary artery systolic pressure (PASP) and pulmonary artery diastolic pressure (PADP) were shown in (A1). The ratio of right ventricular (RV) mass to left ventricular
plus septum (LVþ S) mass was shown in (A2). Percentage of nonmuscular (non), partially muscular (partial) and fully muscular (full) pulmonary arteries related to the
total number of pulmonary arteries was shown in (B1). Percentage of vascular wall thickness (WT) and medial wall thickness (MT) related to vascular external diameter
was shown in (B2). Percentage of lumen area (LA) related to complete vascular area (CSA) was shown in (B3). The above data were presented as mean± SD; n¼ 10/
group, except n¼ 5 in A1; �p< 0.05 vs. smoke and bacteria exposed group (Model group); ��p< 0.01 vs. Model group. Representative photomicrographs of vascular
remodeling stained by Victoria blue stain were shown in (C1, C2, and C3), with scale bars ¼ 40lm. Representative photomicrographs of vascular remodeling stained
by hematoxylin and eosin stain were shown in (D1, D2, and D3), with scale bars ¼ 160lm, and were shown in (E1, E2, and E3), with scale bars ¼ 40lm.
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Figure 2. Effect of sildenafil on lung function, emphysema development and lung interstitial abnormality. Lung function quantified by peak expiratory flow (PEF),
50% tidal volume expiratory flow (EF50) and tidal volume (VT) was shown in (A1), (A2), and (A3). Emphysema evaluated by mean linear intercept (MLI) and mean
alveolar numbers (MAN) was shown in (A4) and (A5). The above data were presented as mean± SD; n¼ 10/group; �p< 0.05 vs. model group); ��p< 0.01 vs. model
group. Representative photomicrographs of emphysema development stained by hematoxylin and eosin stain were shown in (B1, B2, and B3) with scale bars ¼
160lm, and in (C1, C2, and C3), with scale bars ¼ 40lm. Representative photomicrographs of interstitial abnormality stained by Van Gieson stain were shown in
(D1, D2, and D3) with scale bars ¼ 160lm and in (E1, E2, and E3) with scale bars ¼ 40lm.
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momocrotaline (Sebkhi et al. 2003; Schermuly et al. 2004;
Weissmann et al. 2007; Dom�ınguez-Fandos et al. 2015; Seimetz
et al. 2015). In spite of discrepant results of pulmonary vascular
remodeling, most of the studies supported anti-remodeling
action of sildenafil (Sebkhi et al. 2003; Schermuly et al. 2004;
Weissmann et al. 2007; Dom�ınguez-Fandos et al. 2015; Seimetz
et al. 2015). In the present study, sildenafil appeared to mediate
a significant repression of PAP and vascular remodeling in rats.
Further, the study illustrated sildenafil functioned in two ways to
repress smooth muscle cell (SMCs) proliferation: one is reduc-
tion from nonmuscular vessels to muscular vessels; another is
inhibitory thickness increase to the vascular media membrane.
Moreover, similar to a previous study, the study showed reduc-
tion of lumen stenosis and right heart hypertrophy after sildena-
fil treatment (Schermuly et al. 2004).

Some clinical reports pointed out beneficial effects of sildena-
fil therapy on severe COPD with PH patients (Chapman et al.
2009; Blanco et al. 2010, 2013; Lederer et al. 2012; Rafiei et al.
2012; Sharif-Kashani et al. 2014; Chen et al. 2015; Shrestha et al.
2017; Vitulo et al. 2017). For further exploration of the mechan-
ism leading to the above results, a severe COPD with PH animal
model is essential. The model should appear not only pulmonary
functional reduction and pulmonary pathological changes but

also PH and pulmonary vascular remodeling. Although some
studies reported stable pulmonary functional reduction and pul-
monary pathological changes induced by CS exposure and
Klebsiella pneumonia inhalation in rats (Li et al. 2012; Zhao
et al. 2018; Ma et al. 2019), research of PH and pulmonary vas-
cular remodeling in the rat model was deficient. In the study,
besides of lung function drop and severe pulmonary lesions
including of emphysema, inflammatory cells inflation and fibro-
sis accumulation increase in interstitium, model rats appeared to
PAP increase and pulmonary vascular remodeling including of
thickness increase of vascular walls and vascular media, and
muscular vessels increase. Therefore, the rat model was suitable
for valuation of therapy of drugs to COPD and PH.
Furthermore, sildenal therapeutic administration but not pre-
ventive administration was more suitable to illustrate the results
from clinical reports. However, in the previous studies (Sebkhi
et al. 2003; Schermuly et al. 2004; Weissmann et al. 2007;
Dom�ınguez-Fandos et al. 2015; Seimetz et al. 2015), protective
administration of sildenafil was carried out from exposure start
to end.

In contrast to these studies, therapeutic administration of sil-
denafil was carried out from starting of COPD condition with
drop of lung function; hence, the study gave more advantageous

Figure 3. Effect of sildenafil on structural abnormality in bronchioles. Representative photomicrographs of bronchial abnormality stained by hematoxylin and eosin
stain were shown in (A1, A2, and A3) with scale bars ¼ 160lm, and in (B1, B2, and B3), with scale bars ¼ 40lm. Representative photomicrographs of bronchial
abnormality stained by Van Gieson stain were shown in (C1, C2, and C3) with scale bars ¼ 160lm, and in (D1, D2, and D3), with scale bars ¼ 40lm.
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information. Sildenafil therapy did not significantly improve lung
function and was different from previous reports, but showed
lung function increase with dose dependence from 2.0 to 4.5mg/
kg. We inferred that a cause of the different results was more
severe damage of lung induced by CS exposure and Klebsiella
pneumonia inhalation in rats due to fibrosis accumulation increase
in interstitium apart from emphysema in previous reports (Kiss
et al. 2014; Weissmann et al. 2014; Dom�ınguez-Fandos et al.
2015), and the another cause was low dose of sildenafil.
Furthermore, therapeutic sildenafil could partly inhibit pulmonary
lesions in the rats, such as decreasing emphysema supported by
MAN result as similar as a previous report (Dom�ınguez-Fandos
et al. 2015), reducing interstitium fibrosis and inflammatory infla-
tion. The results suggested anti-inflammation should be a main
mechanism of sildenafil therapy, in line with some previous pro-
tective studies showing that sildenafil reduced neutrophil and
mononuclear cells recruitment, decreased multiple cytokines and
chemokines expression, and decreased inflammatory cell inflation
(Kiss et al. 2014; Weissmann et al. 2014).

Furthermore, proliferation of epithelial cells, decrease of
ciliated cells, exfoliation of epithelium, and infiltration of
inflammation cells were observed in bronchioles of model rats,
suggesting that damage was closely related to repair in

epithelium of bronchioles. The regeneration and repair of this
epithelium is a key process to ameliorate function and integ-
rity of the small airways (Hogg et al. 2004; Beers and
Morrisey 2011). Therefore, cell proliferation is a vital evalu-
ation marker. PCNA is a nuclear protein and is expressed in
the G1/M phase of the cell cycle. Due to close relation to
DNA synthesis, the expression levels of PCNA is a common
indicator for cell proliferation. In the study, in comparison
with control rats, the expression in the epithelium of bron-
chioles showed no significant increase; in comparison with
model rats, the expression showed no significant change in
rats of 4.5mg/kg sildenafil group. Furthermore, the evaluation
of damage of epithelium in bronchioles was essential for silde-
nafil therapy. In the study, as a common indicator for apop-
tosis, caspase-3 expression in epithelium of bronchioles was
assayed. Significant increase of its expression in model rats
suggested aberrant increase of apoptosis, resulting in damage
of epithelial cells in the bronchioles. In comparison with
model rats, the expression in the sildenafil group was signifi-
cant decreased, further supporting its therapeutic effect on pul-
monary damage. For further unravelling therapeutic strategies
of sildenafil, additional research will be essential for exploring
processes of anti-apoptosis in the bronchiolar epithelium.

Figure 4. Effect of sildenafil on proliferating cell nuclear antigen (PCNA) and caspase-3 expression of epithelial cells in bronchioles. Representative photomicrographs
of PCNA and caspase-3 expression in bronchioles with immunohistochemical stain were shown in (A1, A2, and A3 as PCNA) and (B1, B2, and B3 as caspase-3) with
scale bars ¼ 40lm. The data of PCNA IOD/area was shown in (C) and the data of caspase-3 IOD/area was shown in (D). Data were presented as mean± SD; n¼ 10/
group; �p< 0.05 vs. model group); ��p< 0.01 vs. model group.
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Conclusions

The results indicated that therapeutic sildenafil reduced pulmon-
ary damage induced by CS exposure and bacterial infection in
rats, suggesting a close relation between anti-inflammation and
inhibitory pulmonary damage. These findings contributed to a
better understanding of sildenafil treatment for COPD and PH.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This study was sponsored by the National Administration of
Traditional Chinese Medicine and Research Base of the First
Affiliated Hospital of Henan University of Chinese Medicine under
No. JDZX 2015156 of second batch of project on basic work con-
struction and Natural Science Fund of China [No. 81603473].

References

Alejandre-Alcazar MA, Kwapiszewska G, Reiss I, Amarie OV, Marsh LM,
Sevilla-P�erez J, Wygrecka M, Eul B, K€obrich S, Hesse M, et al. 2007.
Hyperoxia modulates TGF-b/BMP signaling in a mouse model of bron-
chopulmonary dysplasia. Am J Physiol Lung Cell Mol Physiol. 292:
L537–L549.

Barber�a JA, Peinado VI, Santos S, Ramirez J, Roca J, Rodriguez-Roisin R.
2001. Reduced expression of endothelial nitric oxide synthase in pulmon-
ary arteries of smokers. Am J Respir Crit Care Med. 164:709–713.

Barnes H, Brown Z, Burns A, Williams T. 2019. Phosphodiesterase 5 inhibi-
tors for pulmonary hypertension. Cochrane Database Syst Rev. 1:
CD012621.

Beers MF, Morrisey EE. 2011. The three R’s of lung health and disease:
repair, remodeling, and regeneration. J Clin Invest. 121:2065–2073.

Blanco I, Gimeno E, Munoz PA, Pizarro S, Gistau C, Rodriguez-Roisin R,
Roca J, Barber�a JA. 2010. Hemodynamic and gas exchange effects of silde-
nafil in patients with chronic obstructive pulmonary disease and pulmon-
ary hypertension. Am J Respir Crit Care Med. 181:270–278.

Blanco I, Santos S, Gea J, G€uell R, Torres F, Gimeno-Santos E, Rodriguez
DA, Vilar�o J, G�omez B, Roca J, et al. 2013. Sildenafil to improve respira-
tory rehabilitation outcomes in COPD: a controlled trial. Eur Respir J. 42:
982–992.

Chapman TH, Wilde M, Sheth A, Madden BP. 2009. Sildenafil therapy in
secondary pulmonary hypertension: is there benefit in prolonged use?
Vascul Pharmacol. 51:90–95.

Chen X, Tang S, Liu K, Li Q, Kong H, Zeng X, Xie W, Wang H. 2015.
Therapy in stable chronic obstructive pulmonary disease patients with pul-
monary hypertension: a systematic review and meta-analysis. J Thorac
Dis. 7:309–319.

Deten A, Millar H, Zimmer HG. 2003. Catheterization of pulmonary artery
in rats with an ultraminiature catheter pressure transducer. Am J Physiol
Heart Circ Physiol. 285:H2212–H2217.

Dom�ınguez-Fandos D, Vald�es C, Ferrer E, Puig-Pey R, Blanco I, Tura-Ceide
O, Paul T, Peinado VI, Barber�a JA. 2015. Sildenafil in a cigarette smoke-
induced model of COPD in the guinea-pig. Eur Respir J. 46:346–354.

Hogg JC, Chu F, Utokaparch S, Woods R, Elliott WM, Buzatu L, Cherniack
RM, Rogers RM, Sciurba FC, Coxson HO, et al. 2004. The nature of
small-airway obstruction in chronic obstructive pulmonary disease. N
Engl J Med. 350:2645–2653.

Kiss T, Kovacs K, Komocsi A, Tornyos A, Zalan P, Sumegi B, Gallyas F Jr,
Kovacs K. 2014. Novel mechanisms of sildenafil in pulmonary

hypertension involving cytokines/chemokines, MAP kinases and Akt.
PLoS One. 9:e104890.

Klinger JR, Abman SH, Gladwin MT. 2013. Nitric oxide deficiency and endo-
thelial dysfunction in pulmonary arterial hypertension. Am J Respir Crit
Care Med. 188:639–646.

Lederer DJ, Bartels MN, Schluger NW, Brogan F, Jellen P, Thomashow BM,
Kawut SM. 2012. Sildenafil for chronic obstructive pulmonary disease: a
randomized crossover trial. COPD. 9:268–275.

Li Y, Li SY, Li JS, Deng L, Tian YG, Jiang SL, Wang Y, Wang YY. 2012. A
rat model for stable chronic obstructive pulmonary disease induced by
cigarette smoke inhalation and repetitive bacterial infection. Biol Pharm
Bull. 35:1752–1760.

Ma J, Tian Y, Li J, Zhang L, Wu M, Zhu L, Liu S. 2019. Effect of Bufei
Yishen granules combined with electro-acupuncture in rats with chronic
obstructive pulmonary disease via the regulation of TLR-4/NF-jB signal-
ing. Evid Based Complement Alternat Med. 29:6708645.

Peinado VI, Barber�a JA, Ramirez J, Gomez FP, Roca J, Jover L, Gimferrer
JM, Rodriguez-Roisin R. 1998. Endothelial dysfunction in pulmonary
arteries of patients with mild COPD. Am J Physiol. 274:L908–L913.

Rafiei MR, Aghadavoudi O, Hojjat M. 2012. The effect of sildenafil on
respiratory weaning of patients with chronic obstructive pulmonary dis-
eases admitted to intensive care unit. Med Arh. 66:104–106.

Schermuly RT, Kreisselmeier KP, Ghofrani HA, Yilmaz H, Butrous G,
Ermert L, Ermert M, Weissmann N, Rose F, Guenther A, et al. 2004.
Chronic sildenafil treatment inhibits mono- crotaline-induced pulmonary
hypertension in rats. Am J Respir Crit Care Med. 169:39–45.

Schermuly RT, Stasch JP, Pullamsetti SS, Middendorff R, M€uller D, Schl€uter
KD, Dingendorf A, Hackemack S, Kolosionek E, Kaulen C, et al. 2008.
Expression and function of soluble guanylate cyclase in pulmonary arterial
hypertension. Eur Respir J. 32:881–891.

Sebkhi A, Strange JW, Phillips SC, Wharton J, Wilkins MR. 2003.
Phosphodiesterase type 5 as a target for the treatment of hypoxia-induced
pulmonary hypertension. Circulation 107:3230–3235.

Seimetz M, Parajuli N, Pichl A, Bednorz M, Ghofrani HA, Schermuly RT,
Seeger W, Grimminger F, Weissmann N. 2015. Cigarette smoke-induced
emphysema and pulmonary hypertension can be prevented by phospho-
diesterase 4 and 5 inhibition in mice. PLoS One 10:e0129327.

Seimetz M, Parajuli N, Pichl A, Veit F, Kwapiszewska G, Weisel FC, Milger
K, Egemnazarov B, Turowska A, Fuchs B, et al. 2011. Inducible NOS
inhibition reverses tobacco-smoke-induced emphysema and pulmonary
hypertension in mice. Cell 147:293–305.

Sharif-Kashani B, Hamraghani A, Salamzadeh J, Abbasi Nazari M,
Malekmohammad M, Behzadnia N, Fahimi F. 2014. The effect of amlodi-
pine and sildenafil on the NT-ProBNP level of patients with COPD-
induced pulmonary hypertension. Iran J Pharm Res. 13:161–168.

Shrestha SK, Srivastava B, Karki M, Khatri DB, Pradhan RM. 2017. Effect of
sildenafil citrate on pulmonary arterial systolic pressure and sub-maximal
exercise capacity in chronic obstructive pulmonary disease. Kathmandu
Univ Med J. 15:271–278.

Vitulo P, Stanziola A, Confalonieri M, Libertucci D, Oggionni T, Rottoli P,
Paciocco G, Tuzzolino F, Martino L, Beretta M, et al. 2017. Sildenafil in
severe pulmonary hypertension associated with chronic obstructive pul-
monary disease: A randomized controlled multicenter clinical trial. J
Heart Lung Transplant 36:166–174.

Voswinckel R, Motejl V, Fehrenbach A, Wegmann M, Mehling T,
Fehrenbach H, Seeger W. 2004. Characterization of post-pneumonectomy
lung growth in adult mice. Eur Respir J. 24:524–532.

Weissmann N, Gerigk B, Kocer O, Nollen M, Hackemack S, Ghofrani HA,
Schermuly RT, Butrous G, Schulz A, Roth M, et al. 2007. Hypoxia-
induced pulmonary hypertension: different impact of iloprost, sildenafil,
and nitric oxide. Respir Med. 101:2125–2132.

Weissmann N, Lobo B, Pichl A, Parajuli N, Seimetz M, Puig-Pey R, Ferrer E,
Peinado VI, Dom�ınguez-Fandos D, Fysikopoulos A, et al. 2014.
Stimulation of soluble guanylate cyclase prevents cigarette smoke-induced
pulmonary hypertension and emphysema. Am J Respir Crit Care Med.
189:1359–1373.

Zhao P, Li J, Tian Y, Mao J, Liu X, Feng S, Li J, Bian Q, Ji H, Zhang L.
2018. Restoring Th17/Treg balance via modulation of STAT3 and STAT5
activation contributes to the amelioration of chronic obstructive pulmon-
ary disease by Bufei Yishen formula. J Ethnopharmacol. 217:152–162.

PHARMACEUTICAL BIOLOGY 123


	Abstract
	Introduction
	Materials and methods
	Exposure to smoke and inhalation of Klebsiella pneumonia
	Drug administration
	Respiratory function tests
	Detection of pulmonary pressure, evaluation of right ventricular hypertrophy, and preparation of microscopy
	Morphological analysis of pulmonary arteries
	Morphological analysis of alveoli
	PCNA and caspase-3 expression of epithelial cells in bronchioles
	Statistical analysis

	Results
	Inhibition of sildenafil treatment on pulmonary hypertension, pulmonary vascular remodeling, and right heart hypertrophy
	Effect of sildenafil on pulmonary function
	Effect of sildenafil on pathological changes of pulmonary tissue
	Effect of sildinafil on PCNA and caspase-3 expression of epithelial cells in bronchioles

	Discussion
	Conclusions
	Disclosure statement
	References


