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Pulmonary hypertension (PH) is a fatal and common 
cardiovascular disease caused by small pulmonary artery 
obstruction from vascular proliferation and remodeling (1), it 
is characterized by elevated pulmonary arterial pressure and 
increase pulmonary vascular resistance, frequently leading to 
right-sided heart failure and death (2-4), but the mechanisms 
of its occurrence and development still remain obscure. 
Pulmonary vascular remodeling has been found among 
all types of severe PHs, indicating its role in the common 
pathological process of the pulmonary circulation in response 
to various pathological stimuli. Hence, pulmonary vascular 
remodeling is a key to the research into PH (5-7). 

As shown in clinical and animal experiments, the activity 
of Ang II, a potent mitogen for VSMC in lung tissues, 
significantly increased on the occurrence of PH, which 
promoted the proliferation, hypertrophy, and migration 
of pulmonary artery smooth muscle cells. Animal studies 
found that angiotensin-converting enzyme inhibitors 
(ACEIs) and AT1 receptor antagonists could reduce the 
pulmonary artery pressure in PH rats, relieve the extent 
of right ventricular hypertrophy, and reduce or even 
reverse pulmonary vascular remodeling, which was a key to 
containing the development of PH-associated pulmonary 
vascular remodeling (8-13).
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The mammalian Notch family molecules include four 
Notch receptors, Notch1-4, and five Notch ligands, 
Jagged1, Jagged2, DLL1, DLL3, and DLL4. Notch 
activation has been identified as an important signaling 
pathway in the development of many cell populations 
(14,15). It regulates multiple aspects of vasculogenesis and 
angiogenesis, including endothelial cell (EC) proliferation 
and migration, smooth muscle differentiation, and vascular 
patterning (16,17). It has been shown that DLL4 expression 
of the EC was enhanced by vascular endothelial growth 
factor (VEGF) and basic fibroblast factor (18), and VEGF 
function was, in a negative feedback manner, inhibited by 
the upregulated DLL4 through down-regulation of EC 
VEGF-R2 expression (19). 

Latest studies have found that the Notch signaling 
pathway plays an important role in the vascular remodeling 
during embryonic development, blood vessel damage 
repair and tumor growth (20-26). However, there are 
few reports on the effect of angiotensin II on the Notch 
signaling pathway. And even few have been done to reveal 
Notch signaling pathway’s effect on pulmonary vascular 
remodeling associated with PH. In other words, it still 
remains unknown whether the Notch signaling pathway is 
involved in Ang II-induced pulmonary vascular remodeling. 

In this study, pulmonary artery strips were cultured and 
induced with angiotensin II as an in vitro model of PH-
associated pulmonary vascular remodeling to investigate the 
effect of inhibition of the Notch signal and its downstream 
gene HERPI-2 with γ-secretase inhibitors on pulmonary 
vascular remodeling.

Materials and methods

Animals

The study was carried out on thirty-six 8-week-old healthy 
adult Wistar rats (clean grade), weighing 180-210 g, which 
were provided by the Experimental Animal Center of 
Sichuan University Huaxi Medical Center.

Reagents

Reagents used in the study included: M199 medium 
(purchased from GIBCOTM, Invitrogen Corporation, 
Part  No.P1504);  γ-secretase inhibitor N[N-(3,5-
Difluorophenacetyl)-L-alaryl] S-phenylalycine t-butyl 
ester(DAPT), C23H26F2N2O4 (purchased from Sigma, D5942, 
Synonym LY-374973), dissolved in dimethyl sulfoxide 

(DMSO); Ang II (MW 1047.2), purchased from AnaSpec, 
Inc. (USA); mouse anti-rat PCNA (proliferating cell nuclear 
antigen) monoclonal antibodies, and rabbit anti-rat caspase-3 
monoclonal antibodies, purchased from Neomarker; and 
immunohistochemical staining kit SP-9002, purchased from 
Beijing Zhongshan Golden Bridge Biotechnology Co., 
Ltd. Cell lysate (Trizol) was purchased from MRC, U.S.; 
RevertAidTM First Strand cDNA Synthesis Kit (#K1622), 
purchased from MBI, Lithuanian; Taq DNA polymerase, 
purchased from Beijing BioDev Co., Ltd.; dNTP, purchased 
from Promega Corporation USA; and SYBR Green I, 
purchased from Roche, Switzerland. Notch1 primers, 
upstream series: 5'-TCTCAACTGCCAGAACCTTGT-3', 
downstream series: 5-ATGCCTCGCTTCTGTGCAG-
3'(amplified cDNA length 171 bp); Notch2 primers, 
upstream series: 5-CACTGAGAGCTCCTGTTTCAA-3', 
downstream series : 5-CAGGCCATCAACACACGTTC-
3'(cDNA length 160 bp); Notch3 primers, upstream series: 
5-ATGGCAGGCTTCACAGGAAC-3', downstream 
series: 5-TGCAGCTGAAGCCATTGACT-3' (cDNA 
length 109 bp); Notch4 primers, upstream series: 
5-AGTGTCTCCCAGGCTTTGAA-3', downstream 
series: 5-GAAGATCAAGGCAGCTGGCT-3' (cDNA 
length of 96 bp); HERP1 primers, upstream series: 
5-GATGCTCCAGGCAACAGG-3' ,  downstream 
series: 5-GTGGGTCCGAAGGGTCAA-3' (cDNA 
length 143 bp); HERP2 primers, upstream series: 
5 ' - C C A A C C A C AT C G T C C C A - 3 ' ,  d o w n s t r e a m 
series: 5'-CTAGCTTCGCAGATCCCTG-3' (cDNA 
length 145 bp); GAPDH primers, upstream series: 
5’-CCTCAAGATTGTCAGCAAT-3', downstream Series: 
5’-CCATCCACAGTCTTCTGAGT-3' (cDNA length 141 bp), 
synthesized by TaKaRa Biotechnology (Dalian) Co., Ltd.

Preparation and culture of pulmonary arteries

After the rats were sacrificed by cervical dislocation and 
disinfected with 75% alcohol, their chests were opened 
for isolation and removal of the main pulmonary arteries. 
The arteries were washed in a dish containing sterile PBS 
buffer while fat tissues around the vascular adventitia were 
removed. Cut along the vertical axis (about 4 mm × 5 mm) 
without damaging the intima, each artery was made into 
a pulmonary artery strip. The 36 strips collected from 36 
rats were randomly divided into six groups with six vessel 
strips apiece. One group (normal pulmonary arteries) was 
directly fixed with 4% paraformaldehyde and embedded 
in paraffin. Strips of the other five groups were cultured in 
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35 mm petri dishes and embedded in a rat tail collagen gel 
matrix [700 μL rat tail collagen, 100 μL M199 (10× liquid), 
200 μL sterile NaHCO3 (11.76 mg/mL) (1 mL in total) 
mixed in a dish on ice and spread evenly]. The strips were 
unfolded on the gel with the endothelial surface on top. The 
dishes were incubated for about 15 min in a CO2 incubator at 
37 °C. As collagen fibers formed, the pulmonary artery strips 
sank gently and were fixed in the gel. One hour following the 
addition of 1.5 mL M199 (1× liquid), the medium was replaced 
with M199 (1× liquid) containing 100 u/mL dual antibiotics 
(penicillin, streptomycin). The five groups were: (I) control 
(M199) group, (II) Ang II + M199 group, (III) Ang II + 
DMSO group, (IV) Ang II + low-dose DAPT group (DAPT 
concentration in medium: 1 μM) and (V) Ang II + high-
dose DAPT group (DAPT concentration in medium:  
10 μM). Specifically, after incubation of one day, the 
following contents were added into the daily replaced 
1.5 mL medium of respective groups: (I) 4.5 μL of 
M199 medium; (II) 1.5 μL of diluted Ang II (to a final 
concentration of 1×10-7 M) and 3 μL M199; (III) 1.5 μL Ang 
II (to a final concentration of 1×10-7 M) and 3 μL DMSO; 
(IV) 1.5 μL Ang II (to a final concentration of 1×10-7) and 3 μL 
DAPT (to a final concentration of 1 μM); and (V) 1.5 μL Ang 
II (to a final concentration of 1×10-7 M) and 3 μL DAPT (to 
a final concentration of 10 μM). It took 7 d for this process 
to complete.

On day 9, incubated strips were collected and each cut in 
half. One half was preserved in liquid nitrogen for RT-PCR, 
and the other fixed in 4% paraformaldehyde at 4 °C for 2 h, 
conventionally dehydrated, embedded in paraffin and cut into 
5 μm thick serial sections, which were subject to hematoxylin-
eosin, elastic fiber, PCNA and caspase-3 staining.

Immunohistochemical staining

Instructions on the SP staining kit were followed using PCNA 
(1:300) and caspase-3 (1:100). PBS buffer (0.01 mol/L, pH 7.4) 
was used as a negative control in place of the primary antibody. 
The results were scanned in Image-Pro Plus software. Five 
random fields of each vessel strip (×400) were observed to 
calculate the ratios of vessel wall PCNA or caspase-3 positive 
cells. An average of the five was used to describe the degree of 
proliferation and apoptosis of vessel wall cells.

Measurement of vascular wall thickness

Verhoeff’s iron hematoxylin staining was used. The results 
were scanned in Image-Pro Plus software. Four random 

fields of each vessel strip (×400) were observed and the 
distance between the internal and external elastic plates in 
each field was measured for three times. The wall thickness 
was identified by the average of those measurements.

mRNA expression of Notch 1,2,3,4 receptors and their 
downstream effector HES-related inhibitor proteins 1, 2 
(HERP1, 2)

SYBR dyes were used and the mRNA of test samples 
was subject to quantitative analysis with the 2-rrCt 
method. The total RNA was extracted according to 
Trizol instructions. cDNA synthesis was performed as 
per the RevertAidTM First Strand cDNA Synthesis Kit 
instructions. RT-PCR of the target genes was carried out 
with the FTC2000 fluorescence quantitative PCR (Maple 
Ridge Co., Ltd., Canada). The reaction conditions 
were as follows: initial denaturation at 94 °C for 2 min, 
followed by 45 cycles of denaturation 94 °C for 20 s, 
annealing at 52 °C for 30 s, and extension at 72 °C for 
40 s. A blank tube containing no cDNA sample was 
used as negative control. The increase in fluorescence 
intensity (DRn) of each reaction tube during each cycle 
was recorded to generate the reaction kinetic curve of 
each tube to determine the cycle number (Ct) at which 
the fluorescence generated in it a reaction crossed the 
threshold fluorescence intensity. rrCt = [Ct GI (test 
sample)–Ct GAPDH (test sample)] [Ct GI (calibrator)–
Ct GAPDH (calibrator)]. The quantity of the target genes 
relative to the internal reference was calculated by 2-rrCt.

Statistical analysis

Data were processed in SPSS 12.0 software package. 
Measurement data were expressed as mean ± standard 
deviation (x±s). The t-test was used to compare the 
difference between two groups, and ANOVA or repeated 
measures analysis of variance to compare multiple groups, 
with a P<0.05 being considered statistically significant.

Results

Changes in pulmonary arteries induced by Ang II

As a stable cell cycle-related nuclear protein, PCNA directly 
participated in DNA synthesis. Thus, the ratio of PCNA-
positive cells would reflect the intensity of cell proliferation. 
On the other hand, the expression of caspase-3 indicated 
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both the existence of factors that initiated apoptosis and the 
occurrence of apoptosis, so the ratio of caspase-3 positive 
cells reflected the degree of cell apoptosis.

As shown in this study, slightly increased medial thickness 
of the vessels and higher ratios of vascular wall PCNA-
positive cells and caspase-3 positive cells (P<0.05) were 
shown in the control group cultured in serum-free media 
for 8 d, compared with normal, uncultured pulmonary 
arteries, suggesting that these rat vessels could survive in 
serum-free media for research purposes. With the addition 
of Ang II, vascular medial thickness was significantly 
increased by nearly 50% (P<0.05) accompanied by increased 
ratio of vascular wall PCNA-positive cells (P<0.05) and 
reduced ratio of caspase-3 positive cells (P<0.05) compared 
with the control group, indicating that Ang II prompted 
VSMC proliferation, inhibited its apoptosis, and induced 
pulmonary vascular remodeling (Table 1, Figures 1, 2).

Effect of DAPT on Notch signaling of pulmonary arteries

After the addition of γ-secretase inhibitor DAPT, no change 
was observed in the mRNA level of Notch 1-4 receptors in 
either low- or high-dose groups (P>0.05), though the level 
reduced in transcription factors HERP1, 2 downstream 
of the Notch signaling pathway (P<0.05), suggesting that 
DAPT inhibited Notch signals by inhibiting the activation 
of Notch receptors and thereby inhibiting the transcription 
of downstream genes HERP1, 2, without compromising the 
expression of Notch receptors (Table 2). 

Effect of DAPT on pulmonary vascular changes

Ang II increased the medial thickness of cultured pulmonary 
arteries by nearly 50% while significantly increasing the 
ratio of vascular wall PCNA-positive cells and reducing 

Table 1 Influences of Ang II on the medial thickness, ratio of PCNA-positive cells, and ratio of caspase-3-positive cells (x±s)

Group Number of rats Medial thickness (μm)
Ratio of PCNA-positive 

cells (%)

Ratio of caspase-3-

positive cells (%)

Normal pulmonary arteries group 6 77±12 1.23±0.24 3.7±0.8

Blank control group 6 84±13 4.47±0.96a 15.9±3.2

Ang II+M199 group 6 139±11a,b 29.11±6.11a,b 8.8±1.8a,b

F value 33.330 14.076 6.855

P value <0.001 0.002 0.012
a, P<0.05, compared with normal pulmonary arteries group; b, P<0.05, compared with blank control group.
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Figure 1 Influence of Ang II on the medial thickness in the 
incubated strips (n=6) a, P<0.05, compared with normal pulmonary 
arteries group and blank control group.

Figure 2 Influences of Ang II on the ratio of PCNA-positive cells 
and ratio of caspase-3-positive cells (n=6). a, P<0.05, compared 
with normal pulmonary arteries group; b, P<0.05, compared with 
blank control group.
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that of caspase-3 positive cells. These effects of Ang II 
were offset by the introduction of DAPT to inhibit Notch 
signaling (Table 3, Figures 3,4,5).

Discussion

Angiotensin II (Ang II) is a potent mitogen for vascular 
smooth muscle cells (VSMCs) and key factor in the 
development of PH-associated pulmonary vascular 
remodeling (8-13). The Ang II type1 receptor (AT1) 
has been linked to the development of PH (27). Local 
production of Ang II by ACE stimulates the growth of 
smooth muscle cells in the arterial wall to cause maladaptive 
changes and function of the pulmonary vasculature, which 
can result in the development of PH (28). Our current study 
found that Ang II caused medial thickening of pulmonary 
arteries in vitro and induced similar pulmonary vascular 
remodeling.

Highly conserved in evolution, the Notch signaling 

pathway played a critical role in the process of vascular 
remodeling associated with physiological functions as well 
as a variety of diseases. At present, four Notch receptors 
had been cloned in mammals (Notch 1-4). With the 
presence of common transmembrane domains in both 
receptors and ligands, Notch signal transduction was only 
possible through local cell contact and interactions. Two 
enzymolyses of Notch receptors following the interaction 
between ligands and receptors resulted in the release of 
the Notch intracellular domain (NICD) through the cell 
membrane. Upon direct entry into the nucleus, NICD 
activated the transcription repressor factors, HES (hairy 
enhancer of split)-1, 5, 7 and HERP-1, 2, 3, to exert their 
biological effects. Thus, intercellular interactions and 
environmental conditions became key links during the 
transduction of Notch signals because of the need for local 
contact and interaction (20-22).

In this study, rat tail collagen-based three-dimensional 
gel matrix was used for culturing the pulmonary arteries 

Table 2 Influences of DAPT on the mRNA level of Notch 1-4 receptors and downstream genes HERP1, 2

Group Number of rats Notch1 Notch2 Notch3 Notch4 HERP1 HERP2

Blank control group 6 0.0251 0.0105 0.0059 0.0254 0.1215 0.0207

Ang II+M199 6 0.0270 0.0117 0.0079 0.0319 0.1769 0.0244

Ang II+DMSO 6 0.0313 0.0098 0.0112 0.0375 0.1521 0.0273

Ang II+DAPT low-dose group 6 0.0364 0.0082 0.0121 0.0443 0.0021a 0.0154a

Ang II+DAPT hgih-dose group 6 0.0301 0.0110 0.0079 0.0374 0.0015a 0.0039a

F value 0.743 1.001 1.696 0.705 7.125 5.522

P value 0.542 0.418 0.208 0.563 0.003 0.009
a, P<0.05, compared with Ang II+M199 group and Ang II+DSMO group.

Table 3 Influences of DAPT on the vascular wall thickness, ratio of PCNA-positive cells, and ratio of caspase-3-positive cells (x±s)

Group Number of rats Medial thickness (μm)
Ratio of PCNA-

positive cells (%)

Ratio of caspase-3-

positive cells (%)

Blank control group 6 84±13 4.5±1.0 15.9±3.2

Ang II+M199 group 6 139±11a 29.1±6.1a 8.8±1.8a

Ang II+DMSO group 6 154±35a 28.4±6.0a 9.3±1.9a

Ang II+DAPT low-dose group 6 76±12b,c 6.6±1.4b,c 12.2±2.6a,b,c

Ang II+DAPT high-dose group 6 84±16b,c 5.8±1.2b,c 12.5±2.8a,b,c

F value 7.589 4.760 6.255

P value 0.010 0.037 0.015
a, P<0.05, compared with blank control group; b, P<0.05, compared with Ang II+M199 group; c, P<0.05, compared with Ang 
II+DMSO group.
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Figure 3 Influences of Ang II and Ang II + DAPT on the medial thickness (elastic fiber staining, ×400) Slightly increased medial thickness 
of the vessels was shown in the control group cultured in serum-free media for 8 d. Ang II significantly increased the medial thickness of 
cultured pulmonary arteries. However, the medial thickness was significantly lower in Ang II + DAPT low-dose group and Ang II + DAPT 
high-dose group than in Ang II + M199 group and Ang II + DMSO group.

Figure 4 Influences of Ang II and Ang II + DAPT on the ratio of PCNA-positive cells on vascular walls (immunohistochemical staining, ×400) 
Slightly increased medial thickness of the vessels was shown in the control group cultured in serum-free media for 8 d. Ang II significantly 
increased the medial thickness of cultured pulmonary arteries. However, the medial thickness was significantly lower in Ang II + DAPT low-
dose group and Ang II + DAPT high-dose group than in Ang II + M199 group and Ang II + DMSO group. The positive cells were stained 
brown.

Normal pulmonary arteries

Normal pulmonary arteries

Ang II+DMSO

Ang II+DMSO
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Ang II+DAPT low-dose

Ang II+DAPT high-dose
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to retain the endothelium, smooth muscles, fibroblasts 
and extracellular matrix, maximizing the consistency of 
pulmonary artery smooth muscle cells with the in vivo 
environment for Notch signaling.

DAPT was a specific small molecule γ-secretase 
inhibitor of Notch signaling. As shown in cell culture and 
Drosophila studies, it inhibited γ-secretase required in the 
second enzymolysis of Notch receptors. Recent studies 
also found that it was a potent inhibitor that inhibited 
both Notch proteolysis and NICD nuclear translocation 
(13,29,30). In this study, the addition of DAPT to cultured 
vessel strips did not significantly affect the mRNA level in 
receptors, though that of downstream target genes HERP1 
and HERP2 was evidently reduced, which suggested that 
the inhibitory effect of DAPT on Notch signaling was 
irrelevant to the expression of Notch receptors.

There were three major receptors (Notch-1, 3, 4) and 
three downstream effectors (HERP-1, 2, 3) in the vascular 
Notch signaling system, mostly expressed in arteries (20-22). 
As few reports were available on the mechanism employed 
by Notch signaling to induce vascular remodeling (especially 
smooth muscle cells), a possible process based on the 
current data might involve: promoting VSMC proliferation 

through Notch 1 and Notch 3 receptors, thus eliminating 
the VSMC growth inhibition and cell cycle arrest; 
inhibiting VSMC apoptosis; promoting VSMC migration 
and aggregation; and stimulating the transformation of 
endothelial cells and fibroblasts into smooth muscle cells 
(20-26).

With continued stimulation by Ang II for 7 days, 
pulmonary artery strips showed remarkable increase in 
the medial thickness, as well as increased vascular cell 
proliferation (higher ratio of PCNA-positive cells) and 
reduce apoptosis (higher ratio of caspase-3-positive cells). 
After adding DAPT to inhibit Notch signaling, an evident 
decrease in the medial thickness was seen, and the degree 
of vascular wall cell proliferation was reduced and apoptosis 
increased compared to strips added with Ang II only, 
indicating that once the Notch signaling was inhibited, 
vascular remodeling was suppressed even in the presence 
of potent mitogen. Hence, inhibiting the Notch signaling 
pathway could be a powerful measure for anti-remodeling. 
The underlying mechanism was still unclear, though there 
was a possible link with the effect of Notch signals on the 
biological behavior of smooth muscle cells, which in turn 
affected the vascular remodeling. In conclusion, as it could 

Figure 5 Influences of Ang II and Ang II + DAPT on the ratio of caspase-3-positive cells on vascular walls (immunohistochemical staining, ×400) 
Remarkably increased ratio of caspase-3-positive cells on vascular walls was shown in the control group cultured in serum-free media for 8 d.  
Ang II significantly decreased the ratio of caspase-3-positive cells on vascular walls of cultured pulmonary arteries. However, the ratio of 
caspase-3-positive cells was significantly higher in Ang II + DAPT low-dose group and Ang II + DAPT high-dose group than in Ang II + 
M199 group and Ang II + DMSO group. The positive cells were stained brown.

Normal pulmonary arteries

Ang II+DMSO Ang II+DAPT low-dose Ang II+DAPT high-dose

Ang II+M199Blank control
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relieve pulmonary vascular remodeling, inhibition of the 
Notch signal pathway might be a novel strategy for the 
treatment of pulmonary hypertension.
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