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Abstract. – OBJECTIVE: The aim of this study 
was to explore the influences of sevoflurane in-
halation therapy on circulation function and pul-
monary fibrosis in rats with pulmonary arterial 
hypertension (PAH) and the nuclear factor-κB 
(NF-κB) signaling pathway. 

MATERIALS AND METHODS: A total of 30 
adult male Sprague-Dawley rats were randomly 
divided into three groups, including control group 
(CTL group, n=10), PAH group (n=10), and PAH + 
sevoflurane group (n=10) using a random number 
table. Subsequently, the pulmonary artery right 
ventricular systolic pressure (RVSP) and right 
ventricular hypertrophy index (RVHI) were mea-
sured. Rats in PAH group were subcutaneously 
injected with 60 mg/kg monocrotaline once to es-
tablish the model of PAH. 28 d later, the differenc-
es in the morphology of pulmonary tissues and 
the protein expression levels of phosphorylated 
inhibitory κB (p-IκB), p-P65, P65, cyclin D1, pro-
liferating cell nuclear antigen (PCNA) and tubulin 
among the three groups were analyzed via hema-
toxylin-eosin (HE) staining and Western blotting, 
respectively. Meanwhile, the messenger ribonu-
cleic acid (mRNA) expression level of P65 was 
determined via Reverse Transcription-quantita-
tive Polymerase Chain Reaction (RT-qPCR). Addi-
tionally, changes in the expression levels of Ki-67 
and α-smooth muscle actin (α-SMA) in rat pulmo-
nary tissues of the three groups were evaluated 
through immunohistochemistry. 

RESULTS: According to HE staining results, 
compared with CTL group, rats in PAH group 
exhibited significant thickening of the pulmo-
nary artery wall, reduction of the vascular lu-
men, inflammatory cell infiltration, and throm-
bosis in some small arteries. This indicated that 
the PAH model was successfully established in 
rats. Compared with PAH group, PAH + sevo-
flurane group showed a significantly improved 
morphology of rat pulmonary tissues. Western 
blotting demonstrated that the protein expres-
sion levels of p-IκB, p-P65, and P65 in rat pul-
monary tissues of PAH group were remarkably 
higher than CTL group (p<0.01). However, they 

were notably down-regulated in PAH + sevoflu-
rane group when compared with those in PAH 
group (p<0.05). The above experimental results 
suggested that the NF-κB signaling pathway in 
pulmonary tissues of rats in PAH group was ac-
tivated and was inhibited by sevoflurane. Sub-
sequent RT-qPCR results indicated that no sig-
nificant (N.S.) differences were observed in the 
mRNA level of P65 among the three groups. 
Compared with CTL group, PAH group showed 
significantly up-regulated levels of Ki-67 and 
α-SMA in rat pulmonary tissues (p<0.01). How-
ever, their expression levels were markedly re-
duced in PAH + sevoflurane group when com-
pared with PAH group (p<0.05). Finally, the 
detection of pulmonary circulatory function-re-
lated indicators illustrated that RVSP and RVHI 
increased significantly in PAH group in compar-
ison with CTL group. However, they declined re-
markably in PAH + sevoflurane group when com-
pared with those in PAH group (p<0.05). 

CONCLUSIONS: Sevoflurane down-regulates 
the levels of p-IκB, p-P65, and P65 to repress the 
activation of the NF-κB signaling pathway. This 
may reduce pulmonary fibrosis and ultimately 
prevent PAH.
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α-smooth muscle actin (α-SMA); standard error of the 
mean (SEM); phosphorylated inhibitory κB (p-IκB); IκB 
kinase (IKK); tumor necrosis factor (TNF); proliferating 
cell nuclear antigen (PCNA).

Introduction

Pulmonary arterial hypertension (PAH) is a 
progressive and incurable disease. Its main patho-
logical mechanism is that pulmonary vascular 
resistance and persistent elevation of pulmonary 
arterial pressure are caused by aberrant prolifera-
tion of endothelial cells. This may lead to elevat-
ed right ventricular systolic pressure (RVSP) and 
right ventricular hypertrophy, ultimately resulting 
in right heart failure and death1-3. The pathogen-
esis of PAH involves persistent vasoconstriction, 
vascular remodeling, and in situ thrombosis. 
Scholars,5 have reported that abnormal prolifer-
ation of pulmonary artery smooth muscle cells 
(PASMCs) affects vascular remodeling, thereby 
playing a crucial role in the onset of PAH. Ad-
ditionally, the nuclear factor-κB (NF-κB) signal-
ing pathway is aberrantly activated in the PAH 
model. Currently, the main treatment agents for 
PAH include prostaglandins, PDE5 inhibitor, and 
endothelial receptor agonist. However, due to lim-
ited efficacy, current treatments can only partly 
alleviate the symptoms of PAH.

Sevoflurane, as a novel anesthetic, exhibits cer-
tain superiority in cardiovascular anesthesia. Its 
perioperative application has been confirmed to 
relieve myocardial ischemia and protect cardiac 
function. Meanwhile, it can mitigate myocardial 
ischemia-reperfusion injury in cardiopulmonary 
resuscitation patients6-9. However, the cardiopro-
tective mechanism of sevoflurane in PAH has 
been rarely elucidated. Furthermore, whether 
such a mechanism depends on the influence on 
NF-κB signaling pathway remains to be deeply 
studied. Therefore, the aim of the present work 
was to explore whether sevoflurane produced a 
positive effect on the circulatory function of PAH 
rats via the NF-κB signaling pathway.

Materials and Methods

Animal Feeding, Treatment, 
and Grouping

A total of 30 male Sprague-Dawley (SD) rats 
weighing 175-200 g were fed in the specific patho-
gen-free animal room under a 12/12 h light-dark 
cycle. All rats were given free access to food and 

water. Experimental rats were randomly assigned 
into three groups, namely control group (CTL 
group), PAH group, and PAH + sevoflurane group. 
This research was approved by the Ethics Commit-
tee of Qilu Hospital of Shandong University.

Establishment of PAH Model and Drug 
Administration

Rats in PAH group and PAH + sevoflurane 
group were subcutaneously injected with 60 mg/
kg monocrotaline once to construct the model of 
PAH. Subsequently, rats in PAH group were fed 
for another 28 d. Meanwhile, rats in PAH + sevo-
flurane group were administrated with 1.5% sevo-
flurane via inhalation daily for 28 d.

Hematoxylin-Eosin (HE) Histological 
Staining

Rats were first sacrificed via cervical spine dis-
section. Subsequently, the skin and subcutaneous 
tissues were cut open along the sternal midline us-
ing dissecting scissors disinfected with 75% alco-
hol. The ribs in the right of the sternum were cut 
off to separate and collect intact pulmonary tissues. 
Next, the tissues were rinsed with normal saline to 
remove residual blood therein, dried using filter pa-
per, and weighed. 5 mm-thick tissues were then ob-
tained using a blade. After fixing with 10% neutral 
formaldehyde solution for 24 h, the tissues were 
dehydrated and blocked. Meanwhile, the result-
ing tissues measuring 2.5×1.5×1.5 cm (thickness 
× length × width) were obtained. After that, they 
were placed in an embedding cassette, dehydrated, 
soaked, and embedded in paraffin. Prior to section-
ing, paraffin-embedded tissue samples were frozen 
at –20°C and sliced into 5 μm-thick sections when 
the tissues were hard to a certain degree.

Tissues sections were first baked in an oven at 
64°C for 45-50 min. Then, they were de-paraffin-
ized in hot xylene (I) at 64°C, xylene (II), and xylene 
(III) separately for 5 min. After that, they were hy-
drated in absolute alcohol (I), absolute alcohol (II), 
95% ethanol, 85% ethanol, and 75% ethanol, with 
each for 2 min respectively. After washing slightly 
with water for 1-2 min, tissue sections were stained 
with hematoxylin solution for 4 min. Then, they 
were washed again with running water for 2 min to 
clear away the hematoxylin solution. Later, the sec-
tions were treated with 1% hydrochloric acid alco-
hol for 5 s, slightly washed with water for 5 s, and 
treated with bluing reagent for 5-10 s. After rinsing 
with running water for 2 min, the resulting sections 
were stained with 0.5% eosin solution for 3 min, 
followed by washing with distilled water for 1-2 s. 
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Subsequently, the sections were dehydrated in 80% 
ethanol, 95% ethanol, and absolute alcohol for 15-30 
s, 15-30 s, and 4 min, respectively. After transpar-
entized in xylene (I) and (II) for 4 min each, they 
were sealed in neutral resin. Finally, the sections 
were photographed under a microscope. The images 
of tissue samples were acquired and analyzed using 
the Leica Application Suite imaging system.

Detection of the NF-κB Signaling 
Pathway in Pulmonary Tissues 
via Western Blotting

Tissue lysis buffer was prepared using an ap-
propriate volume of radioimmunoprecipitation 
assay (RIPA) evenly mixed with phenylmeth-
ylsulfonyl fluoride (PMSF) at 100:1 (Beyotime, 
Shanghai, China). Pulmonary tissues were col-
lected from rats of the three groups. After add-
ing with the lysis buffer at 1: 10, the tissues were 
homogenized on ice using a tissue homogenizer 
for 5 min, followed by centrifugation at 4°C and 
14,000 rpm for 30 min. The protein supernatant 
was then aspirated and subjected to a heat bath 
at 95°C for 10 min for protein denaturation. The 
prepared protein samples were stored in a refrig-
erator at –80°C for use, and the concentration of 
protein samples was quantified using the bicin-
choninic acid (BCA) kit (Pierce, Rockford, IL, 
USA). After that, protein samples were separat-
ed by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) under the constant 
voltage of 80 V for 2.5 h and transferred onto 
polyvinylidene difluoride (PVDF) membranes 
(Millipore, Billerica, MA, USA) by the semi-dry 
transfer method. Once immersed in Tris-Buffered 
Saline with Tween-20 (TBST) buffer containing 
5% skim milk powder and shaken slowly using a 
shaker, the membranes were incubated with pri-
mary antibodies overnight. On the next day, the 
membranes were incubated with corresponding 
secondary antibody at room temperature for 2 h, 
followed by washing with TBST twice and TBS 
once (10 min/time). Immunoreactive bands were 
exposed by the enhanced chemiluminescence 
(ECL) reagent in a darkroom. Finally, the relative 
expression level of proteins was analyzed using 
Adobe Photoshop software.

Measurement of Messenger Ribonucleic 
Acid (mRNA) Level of P65 Using 
Reverse Transcription-Polymerase 
Chain Reaction (RT-PCR)

Total RNA was extracted from tissues in the 
three groups using TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA). The concentration of ex-
tracted RNA was measured using 2000 D ultravi-
olet spectrophotometer (Thermo Fisher Scientif-
ic, Waltham, MA, USA). Absorbance at 260 nm 
(A260) was determined, and the ratio of A260/A280 
was taken as the indicator of RNA purity. Only 
those samples with A260/A280 greater than 1.8 were 
used for subsequent investigations. Additional-
ly, the quality of RNAs was evaluated via elec-
trophoresis in 1% agarose gel stained with EtBr, 
namely the 28S and 18S bands were assessed. 
RNA samples with the 28S/18S ratio of 2:1 were 
used in RT-quantitative PCR (qPCR).

RT and qPCR were performed to detect the 
mRNA expression of P65 in rat pulmonary tissues 
of the three groups. In reverse transcriptase reac-
tion, 500 ng of total RNA was divided into three 
portions and diluted by 10 folds, 3 μL of which 
was used for PCR amplification. The amplifica-
tion level of the target gene was determined via 5% 
agarose gel electrophoresis. LabWorks 4.0 image 
acquisition and analysis software were adopted for 
quantification and data processing. To obtain reli-
able data, the above operations were performed in 
triplicate in each group. In the present study, the 
relative mRNA expression level of P65 was ana-
lyzed using the 2-ΔΔCt method. Primer sequences 
used in this study were shown in Table I.

Immunohistochemistry
Paraffin-embedded sections were prepared by 

the same method as HE staining. After washing 
with phosphate-buffered saline (PBS) twice (5 
min/time), the sections were added with 0.01 M 
sodium citrate buffer (pH=6.0) and boiled at about 
95°C. Subsequently, the sections were placed 
in a boiling pot and boiled for 10-15 min until 
the effect of antigen retrieval was achieved, 3% 
BSA blocking solution was prepared using PBS 
(pH=7.4). Next, the sections in PBS were placed 
in the blocking solution and incubated for 30-60 

Table I. Primer sequences.

Gene name Forward sequence (5'-3') Reverse sequence (5'-3')

P65 CACCAAAGACCCACCTCACC CCGCATTCAAGTCATAGTCCC
β-actin GCAGAAGGAGATTACTGCCC GCTGATCCACATCTGCTGGAA
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min at room temperature. After that, they were 
incubated with α-smooth muscle actin (α-SMA) 
antibody diluted at 1:100 with blocking solution in 
a refrigerator at 4°C overnight. TBS (pH=7.4) was 
prepared and used to dilute AP-labeled anti-rabbit 
secondary antibody at 1:1000. The sections were 
then incubated with prepared AP-labeled anti-rab-
bit secondary antibody at room temperature for 2 
h. The sections were washed with TBS (pH=7.4) 
for 3 times (with 5 min for each) to remove the 
secondary antibody, and the buffer was discard-
ed. Each piece of section was added with no less 
than 100 μL of developer in the dark. Once the 
color was developed, the reaction was terminat-
ed by adding distilled water. Finally, the sections 
were counterstained with hematoxylin for 10 min, 
washed clean, covered with coverslips, observed, 
and photographed.

Statistical Analysis
GraphPad Prism 6.0 (La Jolla, CA, USA) was 

used for all statistical analysis. Experimental data 
were expressed as mean ± standard error of the 
mean (SEM). The t-test was used to compare the 
differences between the two groups. p<0.05 was 
considered statistically significant. 

Results

Differences in the Morphology of Rat 
Pulmonary Tissues Among the Three 
Groups Analyzed via HE Staining

According to HE staining results, compared 
with CTL group, rats in PAH group exhibited 
significantly thickening of the pulmonary artery 
wall, reduction of the vascular lumen, inflam-

matory cell infiltration, and thrombosis in some 
small arteries. This indicated that PAH model 
was successfully established in rats. Moreover, 
PAH + sevoflurane group showed a significantly 
improved morphology of rat pulmonary tissues 
compared with PAH group (Figure 1). 

Influence of Sevoflurane on the NF-κB 
Signaling Pathway

Western blotting indicated that the protein ex-
pression levels of phosphorylated inhibitory κB 
(p-IκB), p-P65, and P65 in rat pulmonary tissues 
of PAH group were remarkably up-regulated in 
comparison with CTL group (p<0.01). However, 
they were notably lower in PAH + sevoflurane 
group than those of PAH group (p<0.05). The 
above experimental results suggested that the NF-
κB signaling pathway in the pulmonary tissues of 
PAH group was activated, which was repressed 
by sevoflurane (Figure 2).

Impact of Sevoflurane on the mRNA 
Expression Level of P65 in the 
Pulmonary Tissues

RT-qPCR results indicated that there were no 
significant (N.S.) differences in the mRNA ex-
pression of P65 in rat pulmonary tissues among 
the three groups (Figure 3).

Ki-67 Positive Rate in Pulmonary Tissues
Furthermore, Ki-67 positive rate of PASMCs 

was measured via immunohistochemistry. The 
results showed that PAH group showed a sig-
nificantly higher level of Ki-67 than CTL group. 
However, PAH + sevoflurane group exhibited a 
remarkably lower Ki-67 positive rate than PAH 
group. These results implied that there were more 

Figure 1. Morphological differences of rat pulmonary tissues among the three groups analyzed via HE staining (magnifica-
tion × 40).
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Ki-67-positive cells in pulmonary tissues in PAH 
group. Furthermore, sevoflurane prevented the in-
crease in such PASMCs (Figure 4)

PASMC Proliferation-Related Factors in 
Pulmonary Tissues

Proteins in pulmonary tissues were extracted in 
the present study, and the expression levels of cell 
proliferation-related proteins were determined us-
ing Western blotting. The results illustrated that 
the expression level of cell cycle promoting pro-
tein cyclin D1 was significantly up regulated in 
PAH group compared with CTL group, thus pro-
moting the proliferation of PASMCs. Compared 
with PAH group, the expression level of cyclin 
D1 was notably reduced by sevoflurane in PAH 
+ sevoflurane group, thus inhibiting the prolifer-
ation of PASMCs. These findings were consistent 
with the results of immunochemistry (Figure 5).

Pulmonary Fibrosis Detected 
in Pulmonary Tissues

Immunochemical staining was then performed 
for α-SMA in pulmonary cells. It was found that 
PAH group showed a remarkably higher lev-
el of α-SMA than CTL group. However, PAH + 
sevoflurane group exhibited a significantly low-
er α-SMA positive rate than PAH group. All the 
above findings implied that pulmonary arterial 
vascular fibrosis occurred in PAH group, which 
was inhibited by sevoflurane (Figure 6).

Pulmonary Arterial Circulatory 
Function-Related Indicators 

Arterial circulatory function indicators, in-
cluding RVSP and right ventricular hypertrophy 
index (RVHI), were detected. The results showed 
that PAH group exhibited significantly larger 
RVSP and RVHI values than CTL group. How-

Figure 2. Influence of sevoflurane on the NF-κB signaling pathway. A, Expression levels of p-IκB, p-P65, P65, cyclin D1 and 
tubulin proteins. B, Quantified protein expression results. Note: Data were expressed as mean ± SEM, * PAH group vs. CTL 
group, p<0.01, and ΔPAH + sevoflurane group vs. PAH group, p<0.05. 

Figure 3. Impact of sevoflurane on the mRNA expression level of P65 in pulmonary tissues. Note: N.S.: there were no statis-
tically significant differences among the three groups. Data were expressed as mean ± SEM.
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ever, these two indexes were smaller in PAH + 
sevoflurane group than those in PAH group. This 
suggested declined pulmonary arterial circulato-
ry function in PAH group, which was mitigated 
by sevoflurane (Figure 7).

Discussion

PAH is a severe disease induced by pulmonary 
vascular morphological changes. In this process, 
hemodynamic disorder and endothelial dysfunc-

tion contribute to pulmonary arterial wall recon-
struction and an increase in pulmonary vascular 
resistance. This further causes right heart dys-
function, ultimately leading to right heart failure 
in severe cases10-14. Garg et al15 have demonstrated 
that persistent pulmonary vasoconstriction, vas-
cular remodeling, and in situ thrombosis play a 
critical role in PAH.

Gene expression regulated by NF-κB manip-
ulates many biological processes, such as the 
production of inflammatory factors, cell prolif-
eration, and survival, differentiation of effector, 

Figure 4. Ki-67 positive rate in pulmonary tissues. A, Immunohistochemical staining for measurement of Ki-67 positive rate 
in pulmonary arterial tissues (magnification × 40). B, Quantified Ki-67 positive rate in PASMCs. Note: Data were expressed as 
mean ± SEM, * PAH group vs. CTL group, p<0.01 and ΔPAH + sevoflurane group vs. PAH group, p<0.05. 

Figure 5. PASMC proliferation-related factors in pulmonary tissues. A, Western blotting results of cyclin D1 and tubulin 
expressions. B, Quantitative expressions of cyclin D1 and tubulin. Note: Data were expressed as mean ±SEM. * PAH group vs. 
CTL group, p<0.01, and ΔPAH + sevoflurane group vs. PAH group, p<0.05. 
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regulatory T cells, as well as the maturity of den-
dritic cells16,17. Therefore, the dysregulation of 
the NF-κB signaling pathway doubtlessly plays 
a crucial role in autoimmune diseases, including 
SLE and inflammatory diseases. Adu et al18 have 
found that NF-κB signal transduction takes place 
in two different pathways. In canonical NF-κB 
signal transduction, downstream IκB of the IκB 
kinase (IKK) α/β/γ complex is degraded due to 
receptor activation. Subsequently, this may cause 
the translocation of the classical NF-κB subunits, 
such as P65 and P50, into cell nuclei to trigger 
immune gene expression. On the other hand, 
non-canonical NF-κB signal transduction strict-
ly depends on the binding of NF-κB-inducing 
kinase (NIK, MAP3K14) to the tumor necrosis 
factor (TNF) receptor-associated factor 2/3 ubiq-
uitin ligase complex. Meanwhile, the composition 
of this pathway is weakened by the continuous 
degradation of NIK proteins. TNFRSF signal-
ing dissociates NIK from this complex, enabling 
it to accumulate. Furthermore, it phosphorylates 
IKKα, thereby phosphorylating NF-κB P100. As 
a result, P100 is cleaved to release mature tran-
scription factor P5219. This is then dimerized with 
RelB and translocated into cell nuclei, initiating 
the transcription of the target gene.

In the present study, SD rats were assigned into 
three groups, namely CTL group, PAH group, and 

PAH + sevoflurane group. HE staining showed 
that compared with CTL group, rats in PAH 
group exhibited markedly thickened pulmonary 
arterial vascular wall and reduced the vascular 
lumen. This suggested that the PAH model was 
successfully established in rats. In PAH group, 
sevoflurane relieved the symptoms of PAH. The 
influence of sevoflurane on the NF-κB signal-
ing pathway was then explored. Western blot-
ting results demonstrated that the protein levels 
of p-IκB and p-P65 were significantly elevated in 
PAH group, thus activating the NF-κB signaling 
pathway. Since such activation was inhibited by 
sevoflurane, the mRNA expression of P65 was not 
substantially affected by various treatments. Sub-
sequent immunohistochemistry of Ki-67 indicat-
ed that sevoflurane inhibited the proliferation of 
Ki-67-positive PASMCs. After that, PASMC pro-
liferation-related factors were detected. Results 
manifested that the level of cyclin D1 was prom-
inently upregulated in PAH group. Moreover, 
sevoflurane could down-regulate the level of cy-
clin D1 and up-regulate the level of proliferating 
cell nuclear antigen (PCNA). These findings were 
similar to immunohistochemical detection results 
of Ki-67. Additionally, immunohistochemical 
detection results of α-SMA revealed that sevo-
flurane inhibited the increase in α-SMA in pul-
monary tissues, thus inhibiting arterial vascular 

Figure 6. Pulmonary fibrosis in pulmonary tissues. A, Immunohistochemical staining for measurement of percentage of 
α-SMA in pulmonary artery fibrosis (magnification × 40). B, Quantified percentage of α-SMA in pulmonary artery fibrosis. 
Note: Data were expressed as mean ± SEM. * PAH group vs. CTL group, p<0.01, and ΔPAH + sevoflurane group vs. PAH 
group, p<0.05. 
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fibrosis. Further results illustrated that RVSP and 
RVHI were down-regulated by sevoflurane, thus 
preventing PAH.

Conclusions

We first observed that sevoflurane could low-
er the levels of p-IκB, p-P65, and P65 to repress 
the activation of NF-κB signaling pathway and 
inhibit PASMC proliferation in pulmonary tis-
sues. This might reduce pulmonary fibrosis and 
ultimately prevent PAH. Furthermore, these find-
ings suggested a positive role of sevoflurane in the 
prevention and treatment of PAH.
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