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Abstract. – OBJECTIVE: To study the ef-
fect of atorvastatin on pulmonary hypertension 
(PAH) rats through regulating the Notch signal-
ing pathway.

MATERIALS AND METHODS: The rat model 
of PAH was established via hypoxic feeding 
and the Control group (n=10), PAH model group 
(Model group, n=10) and atorvastatin treatment 
group (ATO group, n=10) were set up. The right 
ventricular systolic pressure (RVSP) and right 
ventricular hypertrophy index (RVHI) in each 
group were determined, the wet/dry weight 
(W/D) ratio of lung tissues was determined, and 
the tumor necrosis factor-α (TNF-α), myeloper-
oxidase (MPO) and interleukin-6 (IL-6) were de-
tected via enzyme-linked immunosorbent assay 
(ELISA). Moreover, the pathological changes in 
lung tissues of rats were detected via hema-
toxylin-eosin (HE) staining and the apoptosis 
level was detected via terminal deoxynucleoti-
dyl transferase-mediated dUTP nick-end label-
ing (TUNEL) assay. Finally, the Notch signaling 
pathway and apoptosis level in tissues were de-
tected via quantitative Polymerase Chain Reac-
tion (qPCR), and the protein expression level of 
Notch pathway in lung tissues was determined 
through Western blotting. 

RESULTS: Both RVSP and RVHI in Model 
group were significantly higher than those in 
Control group and ATO group (p<0.05). In Model 
group, the levels of inflammatory factors MPO, 
IL-6, and TNF-α were significantly increased, 
and the W/D ratio was also significantly in-
creased compared with those in Control group 
(p<0.05). The results of HE staining showed that 
the lung tissue injury in Model group was se-
vere (p<0.05). According to the TUNEL staining 
results, the number of apoptotic cells in lung 
tissues was markedly larger in Model group than 
that in ATO group (p<0.05), and the expression 
levels of Caspase-3 and IL-6 in Model group 
were remarkably higher than those in ATO group 
(p<0.05), while the expression level of B-cell 
lymphoma-2 (Bcl-2) in Model group was remark-

ably lower than that in ATO group (p<0.05). 
Besides, the gene and protein expression levels 
of Notch1 in ATO group were evidently lower 
than those in Model group (p<0.05), indicating 
that atorvastatin can effectively suppress the 
expression of Notch. 

CONCLUSIONS: Atorvastatin can inhibit PAH 
in rats by suppressing the Notch pathway. 
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Introduction

The major pathological features of pulmonary 
hypertension (PAH) are the abnormal increase of 
pulmonary vascular resistance (PVR) and the in-
crease of vascular cell proliferation and apoptosis, 
leading to the persistent proliferation of the pul-
monary artery, decrease in cross-sectional area 
of   pulmonary artery, pulmonary artery sclerosis, 
decline in pulmonary blood flow, and changes in 
blood supply. As a result, the PVR rises, the pul-
monary vascular remodeling occurs, the arterial 
compliance declines, and the pulmonary arterial 
pressure is increased, causing a series of adverse 
reactions, often increasing the right ventricular 
afterload, and ultimately inducing right heart fail-
ure1,2. The pathogenesis of PAH includes reactive 
oxygen species (ROS) and inflammation, ROS-in-
duced vascular hypertrophy and muscularization, 
leading to contraction of pulmonary artery and 
resulting in PAH. During the occurrence and de-
velopment of inflammation, the macrophages are 
recruited to vascular lesions, causing pulmonary 
arterial hypertrophy and vascular remodeling3,4. 
The pathobiology of PAH, a common cardiovas-
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cular disease5, is complex and has not been ful-
ly understood yet, seriously threatening the life 
health and affecting the quality of life of patients. 
The pathogenesis of PAH remains unclear and 
multiple factors can lead to increased pulmonary 
circulation blood flow and resistance, thus induc-
ing the disease. Currently, the pathological state 
of PAH patients cannot be effectively improved by 
most treatment means, leading to a poor progno-
sis of patients6,7. Although transplantation is still 
an important choice for advanced PAH patients, 
many patients abandon the treatment, harming 
the development of social welfare8. Therefore, 
deeply analyzing the molecular pathogenesis of 
PAH and developing potential new pathophysio-
logical methods are the key to the effective treat-
ment of PAH.

The Notch signaling pathway is related to 
vascular development and injury response9. Re-
cently, the importance of Notch in various in-
flammatory responses has been well understood, 
including sepsis and bacterial and viral infec-
tions10. In a variety of tissues, the increased se-
cretion of interleukin-6 (IL-6) can maintain the 
active state of the Notch signaling pathway at 
the injury site through its autocrine11. In mam-
mals, Notch family consists of 4 Notch receptors 
(Notch1-4) and 5 Notch ligands. The interaction 
between the Notch receptors and the serrated 
or triangular ligands expressed on the adjacent 
cell membrane leads to the activation of signal, 
thereby controlling a large number of cellular 
processes, such as stem cell maintenance, cell 
differentiation, proliferation, and apoptosis12. It 
is reported that the Notch signaling pathway is 
activated in patients with early infectious shock 
and THP-1 cells, and Notch increases the expres-
sion of pro-inflammatory cytokines in activated 
macrophages13. In addition, the Notch signaling 
pathway directly regulates the messenger ribo-
nucleic acid (mRNA) expression of IL-6 in mac-
rophages through binding to its promoter. The 
Notch signaling pathway is associated with the 
abnormally amplified inflammatory response, 
which provides a potential therapeutic method 
for PAH and other severe inflammatory diseas-
es14. Chida et al15 reported that the activation of 
the Notch3 signaling pathway is increased in 
pulmonary arterial smooth muscle cells and the 
Notch3 mutation has been found in PAH patients 
and displays the ability to promote cell prolifer-
ation and survival. However, some studies have 
also related the Notch1 signal to vascular devel-
opment and injury. In Notch1 knockout mice, 

embryonic death is caused by somatic cell defects 
and cardiovascular abnormalities16. The deletion 
of Notch1 is also fatal during embryonic devel-
opment, proving that inhibited growth is associ-
ated with deletion of Notch1 in the vascular inti-
ma. Moreover, the neointima formation declines 
in Notch1 heterozygous mice after carotid artery 
ligation17, which provides strong evidence for its 
role in vascular injury response.

In the present work, the rat model of PAH was 
established via hypoxic feeding. Then, the in-
flammatory factors, lung morphology, and chang-
es in apoptosis were detected via enzyme-linked 
immunosorbent assay (ELISA), hematoxylin-eo-
sin (HE) staining, and terminal deoxynucleotidyl 
transferase-mediated dUTP nick end labeling 
(TUNEL) staining. The changes in the gene and 
protein levels of the Notch signaling pathway in 
lung tissues were determined via quantitative Re-
verse Transcription-Polymerase Chain Reaction 
(qRT-PCR) and Western blotting. Besides, the ef-
fect of atorvastatin on PAH in rats was evaluated 
and the regulatory effect of atorvastatin on the 
Notch signaling pathway was further explored to 
provide an experimental basis for the subsequent 
research and development of new drugs.

Materials and Methods

Commonly-Used Reagents 
and Consumables

Small animal ventilator (RWD, Shenzhen, 
China), radioimmunoprecipitation assay (RIPA) 
lysis buffer (Beyotime, Shanghai, China), load-
ing buffer, protease inhibitor, bicinchoninic acid 
(BCA) protein concentration assay kit (Biosharp, 
Hefei, China), and enzyme-linked immunosor-
bent assay (ELISA) kits of tumor necrosis factor-α 
(TNF-α) and IL-6 (Sangon), β-actin and second-
ary antibodies (Boster Biological Technology Co., 
Ltd. , Wuhan, China), primary antibodies (Santa 
Cruz Biotechnology, Santa Cruz, CA, USA), tis-
sue homogenizer and electrophoresis apparatus 
(Bio-Rad, Hercules, CA, USA), microplate reader 
(Thermo Fisher Scientific, Waltham, MA, USA), 
2500 gel imager (Bio-Rad, Hercules, CA, USA), 
qPCR instrument (7900 Fast, Applied Biosyste-
ms, Foster City, CA, USA), TRIzol reagent (Invi-
trogen, Carlsbad, CA, USA), diethyl pyrocarbon-
ate (DEPC)-treated water (Beyotime, Shanghai, 
China), SuperScript III RT reverse transcription 
kit, and SYBR qPCR Mix (ABI, Applied Biosys-
tems, Foster City, CA, USA).
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Animal Grouping 
and Modeling 

Male Sprague-Dawley (SD) rats weighing 
250-280 g purchased from the Shanghai Medi-
cal Laboratory Animal Center were adaptively 
fed in the specific pathogen-free animal room for 
1 week, and divided into Control group (n=10), 
PAH model group (Model group, n=10), and ator-
vastatin treatment group (ATO group, n=10). In 
ATO group, the rats were gavaged with atorvas-
tatin (10 mg/kg) every day for 1 month. The rat 
model of PAH was established via hypoxic feed-
ing. The rats in Control group were fed in a nor-
mal environment and gavaged with an equal dose 
of normal saline every day, while those in Model 
group and ATO group were fed in a hypoxic in-
cubator. The experimental scheme was approved 
by the Laboratory Animal Ethics Committee and 
all animal operations were performed in accor-
dance with the NIH Laboratory Animal Guide. 
Establishment of PAH model: rats were fed in 
the hypoxic incubator with the mixed gas of 90% 
nitrogen and 10% oxygen for 8 h every day in a 
hypoxic environment, and whether the model was 
successfully established was evaluated after 4 
weeks.

Detection of Right Ventricular 
Pressure and Hypertrophy in Rats

The rats were fixed on an experiment table 
and anesthetized and then right ventricular sys-
tolic pressure (RVSP) in each group was detected 
and recorded by right heart catheterization. The 
right ventricular free wall (RV) and left ventricle 
+ interventricular septum (LV + S) were weighed, 
based on which the right ventricular hypertrophy 
index (RVHI) was calculated, namely RVHI = 
RV/(LV + S).

Detection of TNF-α, 
Myeloperoxidase (MPO)  
and IL-6 in Lung Tissues

After anesthesia via sterile injection of pento-
barbital sodium, the rats were fixed on an operat-
ing table in the supine position, the abdomen was 
aseptically cut open and an appropriate number 
of lung tissues were taken on the ice. The tissues 
were washed clean with phosphate-buffered sa-
line (PBS), added with lysis buffer and homog-
enized under low temperature, followed by cen-
trifugation. Then, the supernatant was collected 
to detect the levels of TNF-α and IL-6 and MPO 
activity via ELISA according to the instructions 
of kits.

Determination of Lung Wet/Dry 
Weight (W/D) Ratio

After the blood was aseptically collected, the 
rats were anesthetized with pentobarbital sodium. 
An appropriate number of lung tissues were tak-
en, and the tissue surface was sucked dry with 
the dry sterile ultra-thin white filter paper without 
leaving any smudges, such as water and blood. 
The wet weight in each group was measured and 
recorded using the electronic analytical balance. 
Then, the tissues were baked in a drying oven 
at 65°C till the weight remained unchanged, and 
the dry weight in each group was measured and 
recorded. The average value in each group was 
taken to calculate the W/D ratio of lung tissues.

HE Staining of Lung Tissues
After anesthesia with pentobarbital sodium, 

the rats were fixed on the operating table in the 
supine position, the abdomen was aseptically cut 
open and an appropriate number of lung tissues 
were taken and fixed in stationary liquid for 48 
h. Next, lung tissues were taken out, washed with 
running water for 24 h, fixed and dehydrated us-
ing the automatic dehydrator, followed by paraffin 
embedding using the automatic embedding ma-
chine. After deparaffinization, the tissues were 
hydrated with ethanol at a decreasing concentra-
tion and sliced into pathological sections (about 5 
μm in thickness). After baking dry, the sections 
were stained with hematoxylin for 20 min, sepa-
rated with hydrochloric acid and ethanol solution 
for 30 s, stained with eosin for 12 min, separated 
with 90% ethanol for 45 s and sealed. Finally, the 
tissues were observed under a light microscope.

TUNEL Apoptosis Assay
The apoptosis of paraffin sections was detected 

using the apoptosis assay kit (Roche, Basel, Switzer-
land), as follows: after deparaffinization, the paraffin 
sections were washed with PBS, added with protein-
ase K working solution, immersed in blocking buffer, 
fixed, rinsed, and infiltrated with 0.1% Triton X-100, 
followed by FITC end labeling of apoptotic DNA 
fragment using the TUNEL assay kit. The FITC-la-
beled TUNEL-positive cells were observed under a 
fluorescence microscope, and the TUNEL-positive 
cells were counted in 5 fields of view.

Detection of pathway-related genes
in lung tissues via qRT-PCR

An appropriate number of lung tissues were 
taken, added with liquid nitrogen, and repeatedly 
homogenized under low temperature at 2200 rpm 
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for 30 s. The total RNA was extracted from tis-
sues using the kit, and the concentration, purity, 
and integrity of RNA were determined qualified 
via ultraviolet spectrophotometry and agarose 
gel electrophoresis. Then, mRNA was reversely 
transcribed into complementary deoxyribonucle-
ic acid (cDNA), and the primer amplification was 
performed using 20 μL of the system (2 μL of 
cDNA, 10 μL of qPCR Mix, 2 μL of primers and 
6 μL of ddH2O, a total of 40 cycles). After that, 
cDNA was stored in a refrigerator at –20°C for 
later use. The PCR amplification was performed 
then: pre-denaturation at 95°C for 2 min, 94°C for 
20 s, 60°C for 20 s, and 72°C for 30 s, a total of 
40 cycles. The primer sequences of target genes 
and the internal reference β-actin were designed 
according to those in the GenBank (Table I). The 
expression levels of target genes were detected 
via qRT-PCR.

Detection of inflammation-related 
pathway proteins in lung tissue

About 100 mg of lung tissues were taken into 
the 10 mL Eppendorf (EP) tube and added with 
lysis buffer prepared proportionally and were ful-
ly lysed to release the tissue proteins, followed 
by centrifugation. The supernatant was collected 
and the protein concentration was measured ac-
cording to the instructions of the BCA kit. Then 
Western blotting was performed as follows: 50 μg 
of proteins were added with buffer prepared pro-
portionally to prepare the protein samples before 
loading, subjected to a water bath at 95°C for 8 
min and centrifuged at 1000 g for 5 min. 10% sep-
aration gel and 5% spacer gel were prepared for 
protein electrophoresis and the protein was trans-
ferred onto a membrane using the semi-dry meth-
od, sealed, incubated with the primary antibody 
overnight, and incubated again with the second-

ary antibody. Finally, the image was developed 
using the gel imaging system and the gray value 
of the protein band was analyzed using Quantity 
One (Bio-Rad, Hercules, CA, USA).

Statistical Analysis
Statistical Product and Service Solutions 

(SPSS) 20.0 software (IBM, Armonk, NY, USA) 
was used for the processing of raw experimental 
data and multiple comparisons were performed 
for the data. The experimental results obtained 
were expressed as mean ± standard deviation 
(χ±SD) and p<0.05 suggested the statistically sig-
nificant difference. The bar graph was plotted us-
ing the GraphPad Prism 5.0 (La Jolla, CA, USA).

Results

RVSP and RVHI Detected 
As shown in Figure 1, both RVSP and RVHI 

were significantly higher in Model group than 
those in Control group (p<0.05), while they were 
significantly lower in ATO group than those in 
Model group (p<0.05).

ELISA Results
As shown in Table II, the content of IL-6, 

TNF-α and MPO was increased in Model group 
and ATO group (p<0.05), while it declined in 
ATO group compared with that in Model group 
(p<0.05).

W/D Ratio of Lung Tissues 
The W/D ratio was significantly increased 

in Model group compared with that in Control 
group (p<0.05), while it was markedly decreased 
in ATO group, close to that in Control group 
(p<0.05) (Figure 2).

Table I. Primer sequences of genes.

Gene Primer Sequence (F-R, 5'-3')  

Caspase-3 Sense CTACCGCACCCGGTTACTAT
 Anti-sense TTCCGGTTAACACGAGTGAG
Bcl-2 Sense GGTGCTCTTGAGATCTCTGG
 Anti-sense CCATCGATCTTCAGAAGTCTC 
IL-6 Sense ACACAGGCAGGTGAACGAGTT
 Anti-sense TCCACGATTTCCCAGAGAAC
Notch1 Sense TCAGCGGGATCCACTGTGAG
 Anti-sense ACACAGGCAGGTGAACGAGTT
β-actin Sense CTTCATTGACCTCAACTACATG
 Anti-sense CTCGCTCCTGGAAGATGGTGAT
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HE Staining Results
Compared with Control group (A), there 

were pulmonary septal thickening, more pulmo-
nary shadow, unclear outline, and alveolar edema, 
fusion and hemorrhage in Model group (B), and 
the lung tissue injury were remarkably alleviated 
in ATO group (C) (Figure 3).

Apoptosis Level Detected 
Via TUNEL Assay

No significant TUNEL-positive cells were ob-
served in lung tissues in Control group and ATO 
group, while the number of TUNEL-positive cells 
in lung tissues in Model group was remarkably 
larger than that in the other two groups (p<0.05) 
(Figure 4).

Gene Expression Levels
The expression levels of inflammation, apop-

tosis, and pathway genes in lung tissues in each 
group were detected via RT-PCR. It was found 
that the mRNA expression levels of Caspase-3, 
IL-6 and Notch1 in lung tissues in Model group 
were evidently higher than those in ATO group 
(p<0.05), while the mRNA expression level of 
Bcl-2 in Model group was evidently lower than 
that in ATO group (p<0.05) (Figure 5).

Expressions of Pathway Protein
Compared with Control group, Model group, 

and ATO group had a notably higher protein ex-
pression level of Notch1 in lung tissues (p<0.05). 
Compared with Model group, ATO group had 
a remarkably lower protein expression level of 
Notch1 in lung tissues (p<0.05) (Figure 6).

Table II. ELISA results.

Note: The content of IL-6, TNF-α, and MPO is increased in Model group and ATO group (p<0.05), while it declines in ATO 
group compared with that in Model group (p<0.05). *p<0.05 vs. Control group, #p<0.05 vs. Model group

Group  IL-6 (mg/L) TNF-α (fmol/mL) MPO (U/g) 

Control group 60.23±4.42 37.23±4.13 2.1±0.8
Model group 150.39±5.09* 81.78±5.19* 11.3±0.2* 
ATO group 80.29±1.43# 48.12±6.89# 4.3±0.5# 

Figure 1. RVSP and RVHI detected. Both RVSP and RVHI are significantly higher in Model group than those in Control 
group. *p<0.05 vs. Control group, #p<0.05 vs. Model group.

A B

Figure 2. Changes in W/D ratio of lung tissues. The W/D 
ratio is significantly increased in Model group (p<0.05), 
while it is markedly decreased in ATO group, close to that in 
Control group (p<0.05). *p<0.05 vs. Control group, #p<0.05 
vs. Model group.
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Figure 3. HE staining. The lung tissue injury is remarkably alleviated in ATO group. A, Control group (20×), B, Model group 
(20×), and C, ATO group (20×).

Figure 4. Apoptosis level of lung tissues in each group detected via TUNEL staining (magnification: 20×). The number of 
TUNEL-positive cells in Model group is remarkably larger than that in Control group.

Figure 5. Expression levels of apoptosis genes. The mRNA expression levels of Caspase-3, IL-6 and Notch1 in lung tissues 
in Model group are evidently higher than those in ATO group (p<0.05), while the mRNA expression level of Bcl-2 in Model 
group is evidently lower than that in ATO group (p<0.05). *p<0.05 vs. Control group, #p<0.05 vs. Model group.
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Discussion

Long-term hypoxia leads to PAH, thus caus-
ing persistent pulmonary vasoconstriction and 
pulmonary vascular hypertrophy. Clinically, PAH 
often occurs in patients with chronic obstructive 
pulmonary disease and obstructive sleep apnea, 
which is a risk factor for right heart failure18. The 
pathogenesis of PAH can be partly attributed to 
the increased PVR due to excessive vascular re-
modeling19. The thickness of the pulmonary ar-
terial wall and the quality of tissues maintain 
the balance between cell proliferation and apop-
tosis, and the destruction of such balance bene-
fitting proliferation may result in thickening and 
narrowing of the arterial wall, and the vascular 
lumen disappears ultimately. Pulmonary vascu-
lar remodeling refers to the structural change-in-
duced hypertrophy and occlusion of arterial lu-
men20. Increasing evidence21,22 shows that chronic 
hypoxia alters the ion balance, leading to mem-
brane depolarization and altering the electrophys-
iological responses of vascular endothelial cells to 
vasodilators and vasoconstrictors. In the present 
research, SD rats were fed in a hypoxic environ-
ment for 4 weeks. After modeling, compared with 
normal rats, the body weight, activity, and food 
intake were significantly reduced in Model group, 
while they were improved in ATO group. Both 
RVSP and RVHI were significantly increased in 
Model group, indicating the successful modeling. 
The W/D ratio was markedly increased in Model 
group, while it markedly declined in ATO group, 
close to that in Control group. Moreover, the HE 

staining results showed that the lung tissue inju-
ry was severe in Model group. PAH also causes 
a secondary decline in pulmonary function and 
lung tissue damage23. Inflammation plays an in-
dispensable role in the occurrence and develop-
ment of PAH, accompanied by increased inflam-
matory cells24. In the present work, the expression 
levels of IL-6, TNF-α, and MPO were remark-
ably higher in Model group than those in Con-
trol group, while they declined after atorvastatin 
treatment, suggesting that inflammation is allevi-
ated after atorvastatin treatment, and atorvastatin 
has a good therapeutic effect on PAH, consistent 
with the above research results. The above find-
ings highly manifest that atorvastatin is involved 
in regulating PAH in rats and may affect the fur-
ther development of PAH.

The expression and activation of the Notch1 
signaling pathway are increased in the pulmo-
nary vascular system of PAH patients, suggest-
ing that Notch1 may be involved in endotheli-
al cell proliferation and neointima formation. 
There are increased expression and cleavage of 
Notch1 in the lung in PAH rats compared with 
those in healthy rats, reflecting the reason for 
the excessive proliferation of endothelial cells 
in human PAH25,26, and further indicating that 
Notch1 plays a role in endothelial cell prolifera-
tion and survival in vivo. To clarify the mecha-
nism of Notch1 activation, the effect of hypoxia 
as an initial stimulus on PAH has been explored 
in studies, and it was confirmed that hypoxia 
is an important incentive of vascular remod-
eling in PAH27. Furthermore, atorvastatin can 

Figure 6. Detection results of Notch signaling pathway protein. Compared with Control group, Model group and ATO group 
have a notably higher protein expression level of Notch1 in lung tissues (p<0.05). Compared with Model group, ATO group 
has a remarkably lower protein expression level of Notch1 in lung tissues (p<0.05). *p<0.05 vs. Control group, #p<0.05 vs. 
Model group.
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significantly inhibit the apoptosis level by me-
diating immune and inflammatory responses28. 
In this work, it was found via TUNEL assay 
that no significant TUNEL-positive cells were 
observed in lung tissues in Control group and 
ATO group, while the number of TUNEL-pos-
itive cells in lung tissues in Model group was 
remarkably larger than that in the other two 
groups. In the gene assay, the mRNA expression 
levels of Caspase-3, IL-6, and Notch1 in lung 
tissues in Model group were evidently higher 
than those in ATO group, while the mRNA 
expression level of Bcl-2 in Model group was 
notably lower than that in ATO group. In the 
protein assay, compared with Control group, 
Model group and ATO group had a prominent-
ly higher protein expression level of Notch1 
in lung tissues. Compared with Model group, 
ATO group had an evidently lower protein ex-
pression level of Notch1 in lung tissues. Smith 
et al29 showed that hypoxia-induced up-regula-
tion of Notch signaling pathway mediates the 
development of human papillomavirus and hy-
poxic pulmonary hypertension, and aggravates 
the symptoms of PAH. Wang et al30 confirmed 
in the PH-LHD model that atorvastatin inhib-
its the proliferation and apoptosis of pulmo-
nary artery smooth muscle cells, and relieves 
the pulmonary arterial inflammation, thereby 
preventing pulmonary vascular remodeling and 
mitigating PAH. To sum up, the findings of the 
present study demonstrate that atorvastatin can 
alleviate PAH by suppressing the activation of 
the Notch signaling pathway. However, there 
are still some limitations in the present work. 
In the future, therefore, the cells can be cul-
tured in vitro and more genes and proteins of 
the Notch signaling pathway can be detected to 
further verify such an effect.

Conclusions

We showed that atorvastatin can regulate PAH 
in rats by inhibiting the Notch signaling pathway, 
so it can be used as a therapeutic drug for PAH. 
This report can provide a new theoretical basis for 
the prevention and treatment of PAH, as well as 
new ideas and bases for the development and re-
search on new drugs.

Conflict of Interests
The authors declared that they have no conflict of interests.

References
  1) Latham GJ, YunG D. Current understanding and 

perioperative management of pediatric pulmo-
nary hypertension. Paediatr Anaesth 2019; 29: 
441-456.

  2) YanG J, Li X, aL-Lamki RS, Wu C, WeiSS a, BeRk J, 
SCheRmuLY Rt, moRReLL nW. Sildenafil potentiates 
bone morphogenetic protein signaling in pulmo-
nary arterial smooth muscle cells and in ex-
perimental pulmonary hypertension. Arterioscler 
Thromb Vasc Biol 2013; 33: 34-42.

  3) muLLeR CS, WaRSzaWiak D, Paiva e, eSCuiSSato DL. 
Pulmonary magnetic resonance imaging is simi-
lar to chest tomography in detecting inflammation 
in patients with systemic sclerosis. Rev Bras 
Reumatol Engl Ed 2017; 57: 419-424.

  4) PeRez-vizCaino F, CoGoLLuDo a, moReno L. Reactive 
oxygen species signaling in pulmonary vascular 
smooth muscle. Respir Physiol Neurobiol 2010; 
174: 212-220.

  5) tuDeR Rm, aRCheR SL, DoRFmuLLeR P, eRzuRum SC, 
GuiGnaBeRt C, miCheLakiS e, RaBinovitCh m, SCheRmuLY 
R, StenmaRk kR, moRReLL nW. Relevant issues in 
the pathology and pathobiology of pulmonary hy-
pertension. J Am Coll Cardiol 2013; 62: D4-D12.

  6) kLok Fa, BaRCo S, konStantiniDeS Sv, DaRteveLLe 
P, FaDeL e, JenkinS D, kim nh, maDani m, matSuB-
aRa h, maYeR e, PePke-zaBa J, DeLCRoiX m, LanG 
im. Determinants of diagnostic delay in chronic 
thromboembolic pulmonary hypertension: results 
from the European CTEPH Registry. Eur Respir 
J 2018; 52. pii: 1801687.

  7) aRaSzkieWiCz a, DaRoCha S, PietRaSik a, PietuRa R, 
JankieWiCz S, BanaSzkieWiCz m, SLaWek-SzmYt S, Bie-
DeRman a, muLaRek-kuBzDeLa t, LeSiak m, toRBiCki 
a, kuRzYna m. Balloon pulmonary angioplasty for 
the treatment of residual or recurrent pulmonary 
hypertension after pulmonary endarterectomy. Int 
J Cardiol 2019; 278: 232-237.

  8) GaLiè n, CoRRiS Pa, FRoSt a, GiRGiS Re, GRanton J, 
JinG zC, kLePetko W, mCGoon mD, mCLauGhLin vv, 
PReSton iR, RuBin LJ, SanDovaL J, SeeGeR W, keoGh 
a. Updated treatment algorithm of pulmonary 
arterial hypertension. J Am Coll Cardiol 2013; 62: 
D60-D72.

  9) hoFmann JJ, iRueLa-aRiSPe mL. Notch signaling in 
blood vessels: who is talking to whom about 
what? Circ Res 2007; 100: 1556-1568.

 10) YuYun X, Xi C, QinG Y, Lin X, ke R, BinGWei S. Asiatic 
acid attenuates lipopolysaccharide-induced inju-
ry by suppressing activation of the Notch signal-
ing pathway. Oncotarget 2018; 9: 15036-15046.

 11) SeveRGnini m, takahaShi S, Rozo Lm, homeR RJ, kuhn 
C, JhunG JW, PeRiDeS G, SteeR m, haSSoun Pm, Fan-
BuRG BL, CoChRan Bh, Simon aR. Activation of the 
STAT pathway in acute lung injury. Am J Physiol 
Lung Cell Mol Physiol 2004; 286: L1282-L1292.

 12) Fiuza um, aRiaS am. Cell and molecular biology of 
Notch. J Endocrinol 2007; 194: 459-474.

 13) Pan t, Liu z, Yin J, zhou t, Liu J, Qu h. Notch 
signaling pathway was involved in regulating pro-
grammed cell death 1 expression during sep-
sis-induced immunosuppression. Mediators In-
flamm 2015; 2015: 539841.



Y.-T. Zhu, H. Liu, X.-Q. Zhang, M.-M. Tang, J.-Y. Liu, G.-Q. Cao

5126

 14) WonGChana W, PaLaGa t. Direct regulation of inter-
leukin-6 expression by Notch signaling in macro-
phages. Cell Mol Immunol 2012; 9: 155-162.

 15) ChiDa a, Shintani m, matSuShita Y, Sato h, eitoku 
t, nakaYama t, FuRutani Y, haYama e, kaWamuRa Y, 
inai k, ohtSuki S, SaJi t, nonoYama S, nakaniShi t. 
Mutations of NOTCH3 in childhood pulmonary 
arterial hypertension. Mol Genet Genomic Med 
2014; 2: 229-239.

 16) kReBS Lt, Xue Y, noRton CR, ShutteR JR, maGuiRe m, 
SunDBeRG JP, GaLLahan D, CLoSSon v, kitaJeWSki J, 
CaLLahan R, Smith Gh, StaRk kL, GRiDLeY t. Notch 
signaling is essential for vascular morphogenesis 
in mice. Genes Dev 2000; 14: 1343-1352.

 17) Li Y, takeShita k, Liu PY, Satoh m, oYama n, mukai Y, 
Chin mt, kReBS L, kotLikoFF mi, RaDtke F, GRiDLeY t, 
Liao Jk. Smooth muscle Notch1 mediates neoin-
timal formation after vascular injury. Circulation 
2009; 119: 2686-2692.

 18) WanG Ln, Yu WC, Du Ch, tonG L, ChenG zz. Hy-
poxia is involved in hypoxic pulmonary hyperten-
sion through inhibiting the activation of FGF2 by 
miR-203. Eur Rev Med Pharmacol Sci 2018; 22: 
8866-8876. 

 19) moRReLL nW, aDnot S, aRCheR SL, DuPuiS J, JoneS 
PL, maCLean mR, mCmuRtRY iF, StenmaRk kR, thiS-
tLethWaite Pa, WeiSSmann n, Yuan JX, WeiR ek. 
Cellular and molecular basis of pulmonary ar-
terial hypertension. J Am Coll Cardiol 2009; 54: 
S20-S31.

 20) StenmaRk kR, Davie n, FRiD m, GeRaSimovSkaYa e, DaS 
m. Role of the adventitia in pulmonary vascu-
lar remodeling. Physiology (Bethesda) 2006; 21: 
134-145.

 21) PLatoShYn o, Yu Y, GoLovina va, mCDanieL SS, kRiCk 
S, Li L, WanG JY, RuBin LJ, Yuan JX. Chronic hypoxia 
decreases K(V) channel expression and function 
in pulmonary artery myocytes. Am J Physiol Lung 
Cell Mol Physiol 2001; 280: L801-L812.

 22) Reeve hL, miCheLakiS e, neLSon DP, WeiR ek, aRCheR 
SL. Alterations in a redox oxygen sensing mech-

anism in chronic hypoxia. J Appl Physiol (1985) 
2001; 90: 2249-2256.

 23) SiSnieGa C, zaYaS n, PuLiDo t. Advances in medical 
therapy for pulmonary arterial hypertension. Curr 
Opin Cardiol 2019; 34: 98-103.

 24) CRoSSWhite P, Sun z. Nitric oxide, oxidative stress 
and inflammation in pulmonary arterial hyperten-
sion. J Hypertens 2010; 28: 201-212.

 25) Sakao S, tatSumi k, voeLkeL nF. Endothelial cells 
and pulmonary arterial hypertension: apoptosis, 
proliferation, interaction and transdifferentiation. 
Respir Res 2009; 10: 95.

 26) DaBRaL S, tian X, koJonazaRov B, Savai R, GhoFRani 
ha, WeiSSmann n, FLoRio m, Sun J, JoniGk D, maeGeL 
L, GRimminGeR F, SeeGeR W, Savai PS, SCheRmuLY Rt. 
Notch1 signalling regulates endothelial prolifera-
tion and apoptosis in pulmonary arterial hyper-
tension. Eur Respir J 2016; 48: 1137-1149.

 27) StenmaRk kR, FaGan ka, FRiD mG. Hypoxia-induced 
pulmonary vascular remodeling: cellular and mo-
lecular mechanisms. Circ Res 2006; 99: 675-691.

 28) moRtY Re, neJman B, kWaPiSzeWSka G, heCkeR m, 
zakRzeWiCz a, kouRi Fm, PeteRS Dm, DumitRaSCu R, 
SeeGeR W, knauS P, SCheRmuLY Rt, eiCkeLBeRG o. Dys-
regulated bone morphogenetic protein signaling in 
monocrotaline-induced pulmonary arterial hyper-
tension. Arterioscler Thromb Vasc Biol 2007; 27: 
1072-1078.

 29) Smith ka, voiRiot G, tanG h, FRaiDenBuRG DR, SonG 
S, YamamuRa h, YamamuRa a, Guo Q, Wan J, PohL 
nm, tauSeeF m, BoDmeR R, oCoRR k, thiStLethWaite 
Pa, haDDaD GG, PoWeLL FL, makino a, mehta D, 
Yuan JX. Notch activation of Ca(2+) signaling in 
the development of hypoxic pulmonary vaso-
constriction and pulmonary hypertension. Am J 
Respir Cell Mol Biol 2015; 53: 355-367.

 30) WanG Q, Guo Yz, zhanG Yt, Xue JJ, Chen zC, ChenG 
SY, ou mD, ChenG kL, zenG WJ. The effects and 
mechanism of atorvastatin on pulmonary hyper-
tension due to left heart disease. PloS One 2016; 
11: e0157171.


