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Abstract. Pulmonary microvascular endothelial cell 
(PMVEC) apoptosis is the initial stage of adult pulmonary 
hypertension (PH), which involves high pulmonary arterial 
pressure and pulmonary vascular remodeling. However, the 
mechanism regulating PMVEC apoptosis and its involve‑
ment in the early stages of neonatal hypoxic PH (HPH) 
pathogenesis are currently unclear. The present study aimed 
to investigate the effects of heat shock protein 70 (HSP70) on 
hypoxia‑induced apoptosis in PMVECs. PMVECs isolated 
from neonatal Sprague‑Dawley rats were transfected with 
lentivirus with or without HSP70, or treated with the synthetic 
HSP70 inhibitor N‑formyl‑3,4‑methylenedioxy‑benzylidene-
g-butyrolactam under hypoxic conditions (5% O2) for 24, 48 
or 72 h. PMVEC apoptosis was evaluated by performing flow 
cytometry and mitochondrial membrane potential (MMP) 
assays. The expression levels of HSP70, hypoxia‑inducible 
factor‑1α (HIF‑1α) and apoptosis‑associated proteins were 
determined by conducting reverse transcription‑quantitative 

PCR and western blotting. Following 24, 48 or 72 h of hypoxia, 
the apoptotic rates of PMVECs were significantly elevated 
compared with cells under normoxic conditions. The MMP 
was significantly reduced, whereas the mRNA and protein 
expression levels of HIF‑1α, cytochrome c (cyt C), caspase‑3 
and HSP70 were enhanced by hypoxia compared with those 
under normoxic conditions. Additionally, the mRNA and 
protein expression levels of B‑cell lymphoma 2 (Bcl‑2) were 
significantly downregulated in the hypoxia group compared 
with those in the normoxia group. In hypoxic PMVECs, 
HSP70 overexpression decreased the apoptotic rate and the 
expression levels of cyt C, downregulated the expression levels 
of caspase‑3 and HIF‑1α, and increased the MMP and the 
expression levels of Bcl‑2. HSP70 inhibition resulted in the 
opposite outcomes compared with those of HSP70 overexpres‑
sion. Therefore, the results of the present study suggested that 
HSP70 may inhibit mitochondrial pathway‑mediated apoptosis 
in isolated neonatal rat PMVECs in early‑stage hypoxia, which 
may be associated with HSP70‑mediated HIF‑1α downregula‑
tion. Overall, HSP70 may be protective against neonatal HPH 
through the HSP70/HIF‑1α pathway.

Introduction

Neonatal pulmonary hypertension (PH) is a severe type of 
PH in children with an incidence rate of 0.43‑6.82 per 1,000 
live births and a mortality rate of 4‑33% according to a study 
from the National Institute of Child Health and Human 
Development Neonatal Research Network (1). The etiology 
of neonatal PH includes hypoxia, parenchymal lung diseases, 
abnormal pulmonary vascular development, among which 
hypoxia is the primary cause (2,3). In the early stages of PH, 
which is characterized by pulmonary vasoconstriction (2), 
symptomatic treatments, such as vasodilation, are effective 
to a limited extent (2). However, once the disease progresses 
towards pulmonary vascular remodeling and right ventricular 
hypertrophy, the effectiveness of treatments is reduced, leading 
to a high mortality rate (4,5). Therefore, developing effective 
strategies for preventing PH disease progression is essential.

Pulmonary microvascular endothelial cells (PMVECs) 
serve a central role in the pathogenesis of adult PH through 
apoptosis, proliferation and their interactions with other 
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pulmonary vascular cell types (6). Sakao et al (7) demonstrated 
that PMVECs are the early damage sites of PH, and early 
apoptosis of PMVECs initiates PH pathogenesis. In the early 
stages of PH, the apoptosis of PMVECs results in a decrease 
in cellular function, leading to the inactivation of the endo‑
thelial nitric oxide lyase, decreased release of the vasodilator 
nitric oxide and inhibition of PMVEC‑mediated pulmonary 
vascular tension, resulting in pulmonary artery constriction, 
high pulmonary vascular resistance and high pulmonary 
artery pressure (8‑10). As the disease progresses, cell prolif‑
eration predominates over PMVEC apoptosis, resulting in 
tissue imbalance, which coincides with the formation of 
plexiform vascular lesions and vascular remodeling (4,11,12). 
Schultz et al  (13) developed a persistant PH mouse model 
displaying the newborn phenotype by downregulating the 
superoxide dismutase 2 gene. These mice exhibited high right 
ventricular systolic pressure, pulmonary artery endothelial cell 
apoptosis and pulmonary artery smooth muscle cell prolifera‑
tion, indicating that PMVEC apoptosis may be involved in the 
pathogenesis of neonatal PH. However, whether PMVECs 
exhibit an apoptotic phenotype in early hypoxia has not been 
previously reported, and the regulatory mechanism underlying 
PMVEC apoptosis remains unclear.

Heat shock proteins (HSPs) are a conserved family of 
molecular chaperones that protect cells from damage and 
maintain cellular homeostasis (14). HSP70, which is the most 
widely studied member of the HSP family, is expressed at low 
levels in healthy cells under normal environmental conditions. 
However, under the effects of heat shock, ischemia, hypoxia, 
nutrient deficiency, irradiation or infection, the expression 
levels of HSP70 increase compared with those under normal 
conditions (14,15). HSP70 is also an antiapoptotic protein; high 
expression levels of HSP70 inhibit apoptosis and promote cell 
survival, whereas low levels increase the apoptotic rate (16,17). 
Through its antiapoptotic activity, HSP70 participates in the 
pathogenesis of various diseases, including heart disease, 
lung injury and neurodegeneration  (18). Researchers have 
demonstrated that HSP70 is highly expressed in breast cancer 
and gastric cancer cells, and inhibits apoptosis by acting on 
multiple sites upstream and downstream of the mitochondrial 
apoptotic signaling pathway, which may contribute to tumor 
progression by affecting chemotherapy resistance (17,19,20). 
During myocardial ischemia, HSP70 expression is increased, 
which protects cardiac cells by removing or refolding misfolded 
proteins and inhibiting the activity of apoptosis‑inducing 
factor (AIF) (21). In addition, HSP70 upregulation stimulated 
by geranylgeranylacetone, a HSP inducer, relieves pneumo‑
lysin‑induced acute lung injury by reducing human PMVEC 
apoptosis  (22). Kondrikov  et  al  (14) reported that hyper‑
oxia elevates the expression levels of HSP70 in PMVECs, 
preventing lung endothelial barrier damage by inhibiting 
caspase‑dependent and AIF‑dependent apoptosis. However, 
the role of HSP70 in PMVEC apoptosis in the context of 
neonatal hypoxic PH (HPH) remains unclear.

Hypoxia‑inducible factor‑1 (HIF‑1), a key regulator of 
hypoxia, is a heterodimer composed of HIF‑1α and HIF‑1β (23). 
The expression levels of HIF‑1α are increased under hypoxia 
and determine the transcriptional activation of HIF‑1 (24). 
HIF‑1α participates in a variety of hypoxia‑related diseases by 
promoting transcriptional activation of its downstream target 

genes (25). In our previous study, induction of HIF‑1α and its 
downstream factors, nitric oxide synthase and endothelin‑1, 
promoted HPH progression in neonatal rats  (26). In addi‑
tion, recent studies have demonstrated that HIF‑1α serves an 
important role in vascular endothelial cell apoptosis (27,28). 
Therefore, it has been hypothesized that HIF‑1α may be 
involved in HSP70‑mediated regulation of PMVEC apoptosis.

The present study aimed to assess the apoptotic pheno‑
typic changes in PMVECs during the early stages of hypoxia, 
and elucidate the effects and mechanisms of HSP70 on 
hypoxia‑induced PMVEC apoptosis in neonatal rats.

Materials and methods

Animals. A total of 87 Sprague‑Dawley rats (30 female and 
57 male; age, 5‑7 days; weight, 10‑15 g) were purchased from 
the Department of Laboratory Animal Science of Xinjiang 
Medical University. All neonatal rats were given adaptive 
feeding after birth and were maintained in a 12 h light/dark 
cycle at 22‑25˚C and 55‑60% humidity. Animal health and 
behavior were monitored once a day. Every effort was made 
to minimize animal numbers and suffering. The specific 
criteria used to determine when to euthanize an animal 
included lethargy, lack of appetite, lost organ function and 
rapid weight loss (>10% body weight). No rats were eutha‑
nized or found dead during the course of the present study. 
Neonatal rats were anesthetized with an intraperitoneal injec‑
tion of 100 mg/kg ketamine and 10 mg/kg xylazine followed 
by sacrifice via cervical dislocation. In the present study, the 
criteria for verifying animal death were as follows: No spon‑
taneous respiration, no heartbeat, no corneal reflex and gray 
skin. All animal experiments were approved by the Animal 
Ethics Committee of The First Affiliated Hospital of Xinjiang 
Medical University (approval no.  IACUC‑20170214029; 
Urumqi, China).

Cell isolation, culture and identification. PMVECs were 
extracted from lung tissue samples of newborn rats by the 
tissue adhesion method  (29). Lungs were extracted from 
neonatal rats and placed in DMEM (Thermo Fisher Scientific, 
Inc.). The pleura and lung tissue edges (2 mm) were removed 
and then 1 mm3 sections were excised from the marginal lung 
tissue and incubated at 37˚C for 30 min. The tissue blocks were 
uniformly placed in a 6‑well plate (30 pieces/well) and coated 
with poly‑D‑lysine (Sigma‑Aldrich; Merck KGaA). Following 
tissue block solidification and attachment to the culture plate 
at 37˚C with 5% CO2 for 90 min, 750 µl PMVEC primary 
culture medium containing DMEM (Gibco; Thermo Fisher 
Scientific, Inc.), 20% FBS (Gibco; Thermo Fisher Scientific, 
Inc.) and 1% penicillin‑streptomycin (Beyotime Institute of 
Biotechnology) was added to each well. Cell morphology was 
examined using an optical microscope (Nikon Instruments 
Inc.). PMVECs were digested with 0.25% trypsin (Beyotime 
Institute of Biotechnology) at 37˚C for 5 min and 3‑5x105 cells 
were collected after centrifugation at 1,000 x g for 5 min. 
In the present study, three batches of cell culture were used. 
Primary cells were cultured on glass cover slips and fixed 
with 4% paraformaldehyde (Sangon Biotech Co., Ltd.) at room 
temperature for 15 min. Subsequently, the cell samples were 
blocked with 6% normal goat serum (HyClone; Cytiva) at room 
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temperature for 30 min. Following incubation with a rabbit 
monoclonal antibody targeting CD31 (1:100; cat. no. ab222783; 
Abcam) overnight at 4˚C (the control cells were incubated 
with PBS instead of the CD31 antibody), the samples were 
washed and incubated with an Alexa Fluor 488‑conjugated 
goat anti‑rabbit secondary antibody (1:800; cat. no. ab150077; 
Abcam) at 37˚C for 30 min. The samples were rinsed three 
times with 1X PBS and incubated with DAPI (Beyotime 
Institute of Biotechnology) for 5 min in the dark at room 
temperature. Antifade Mounting Medium (Beyotime Institute 
of Biotechnology) was subsequently added, and images were 
acquired using a TCS SP8 confocal laser scanning microscope 
(Leica Microsystems, Inc.).

Overexpression and inhibition of HSP70. PMVECs were 
assigned into four groups: i) Hypoxia (HX), PMVECs trans‑
duced with an empty lentivirus (LV‑Null) and cultured under 
hypoxic conditions; ii) normoxia (NX), PMVECs transduced 
with LV‑Null and cultured under normoxic conditions; 
iii) HX + HSP70, PMVECs transduced with a lentivirus with 
HSP70‑overexpression lentivirus (LV‑HSP70) and cultured 
under hypoxic conditions; and iv) HX + HSP70 + N‑formyl‑
3,4‑methylenedioxy‑benzylidene‑g‑butyrolactam (KNK437; 
Sigma‑Aldrich; Merck KGaA), PMVECs transduced with 
LV‑HSP70 and treated with KNK437 prior to exposure to 
hypoxia.

LV‑HSP70 and LV‑Null were provided by Western 
Biotechnology, Inc. The HSP70 coding sequence was ampli‑
fied using whole genome synthesis of DNA (NCBI Gene ID: 
266759, derived from rat tissues; chemically synthesized by 
Genscript, Inc.) as a template with Premix Taq™ (LA Taq™ 
Version 2.0; Takara Biotechnology, Co., Ltd.) and verified via 
sequencing on the Ion Proton™ Sequencer (Invitrogen; Thermo 
Fisher Scientific, Inc.). The forward (F) and reverse (R) primer 
sequences used for the amplification of HSP70 were 5'‑ACT​
AGT​GCC​ACC​ATG​TCG​GTG​GAT​GGG‑3' and 5,‑GCT​CTA​
GAT​CAA​TCA​ATG​TCC​ATC​TC‑3', respectively. The thermo‑
cycling conditions were as follows: Initial denaturation at 98˚C 
for 3 min; 30 cycles of denaturation cycles at 98˚C for 10 sec 
and annealing and elongation at 55˚C for 30 sec and 72˚C for 
2 min respectively; followed by a final extension step at 72˚C 
for 10 min. The HSP70 coding sequence was inserted into the 
pLVX‑IRES‑Puro vector (Guangzhou FitGene Biotechnology 
Co., Ltd.), and namely pLVX‑HSP70‑IRES‑Puro. Using 
56.7 µl NDE™ 3000 (Western Technology, Inc.), the empty 
pLVX‑IRES‑Puro or pLVX‑HSP70‑IRES‑Puro (8.04  µg) 
vectors were transduced into the 293T viral packaging cell line 
(2‑3x106; The Cell Bank of Type Culture Collection of The 
Chinese Academy of Sciences) together with 8.34 µg psPAX2 
(Genscript, Inc.) and 2.52 µg pMD2.G plasmids (Genscript, 
Inc.). The 3rd generation vector system was used. Following 
incubation at 37˚C, lentivirus particle‑rich supernatants were 
collected at 72 and 96 h post‑transduction. The lentivirus was 
concentrated at 5,000 x g for 15 min at 4˚C via ultrafiltration 
using Amicon Ultra‑15 (cat. no. UFC910024; EMD Millipore).

Primary PMVECs cultured to the third generation were 
seeded in 24‑well culture plates (3‑5x104 cells/well). At ~70% 
confluency, cells were infected with LV‑HSP70 or LV‑Null 
at a multiplicity of infection of 100 and incubated at 37˚C 
with 5% CO2 for 72 h. The infected cells were selected using 

2 µg/ml puromycin. Subsequently, the cells were cultured in 
hypoxic (5% O2) or normoxic (21% O2) environments for 24, 48 
or 72 h. In order to ensure the consistency and reliability of the 
present study, these three time points were selected to clarify 
the apoptotic trend of PMVECs in early hypoxia with refer‑
ence to relevant previous studies conducted in adults (30,31). 
KNK437, which is a synthetic reagent that specifically inhibits 
the synthesis of HSP70 at the transcriptional level (32‑34), was 
dissolved in DMSO and added to the cell medium at a final 
concentration of 100 µM. Following treatment with KNK437 
at room temperature for 3 h, the PMVECs were subjected to 
hypoxia as aforementioned.

Apoptotic rate analysis. The apoptotic rate was detected using an 
Annexin V‑PE/7‑AAD kit (Tianjin Sungene Biotech Co., Ltd.) 
according to the manufacturer's protocol. Following treatment, 
PMVECs were washed twice with 1X PBS and 1‑5x105 cells 
were harvested. The cells were incubated with a mixture of 
50 µl binding buffer and 5 µl 7‑Aminoactinomycin D at room 
temperature in the dark for 15 min. Following the addition of 
a further 450 µl binding buffer, cells were incubated with 10 µl 
Annexin V‑PE for 15 min at room temperature in the dark. 
After washing with 1X PBS, the apoptotic rate (early + late 
apoptosis) was detected and analyzed using CytoFLEX flow 
cytometer and CytExpert software v2.4.0.28 (Beckman 
Coulter, Inc.) within 1 h.

Mitochondrial membrane potential (MMP) analysis. 
PMVECs (1‑5x105) were harvested and changes in the MMP 
were detected using a JC‑1 MMP Assay kit (cat. no. C2006; 
Beyotime Institute of Biotechnology) according to the 
manufacturer's instructions and analyzed using CytoFLEX 
flow cytometer and CytExpert software v2.4.0.28 (Beckman 
Coulter, Inc.). In healthy mitochondria, JC‑1 aggregates in the 
mitochondrial matrix to form a polymer that emits strong red 
fluorescence (excitation wavelength, 585 nm; emission wave‑
length, 590 nm) (35). When the MMP is low or absent, JC‑1 is 
only present in the cytoplasm as a monomer and emits green 
fluorescence (excitation wavelength, 514 nm; emission wave‑
length, 529 nm) (36). The MMP was measured as the ratio of 
red‑to‑green fluorescence intensity.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from PMVECs using an RNA extraction 
kit (Takara Bio, Inc.) according to the manufacturer's instruc‑
tions, and reverse transcribed with random primers. RT was 
performed using the RT kit (Takara Bio, Inc.) following the 
manufacturer's protocol. Subsequently, qPCR was performed 
in a 10 µl reaction system comprising 1 µl DNA template, 5 µl 
2X PowerUp SYBR® Green Master Mix (Applied Biosystems; 
Thermo Fisher Scientific, Inc.) and 0.5 µl each of forward 
and reverse primers. Furthermore, the thermocycling condi‑
tions used were as follows: Initial denaturation, 50˚C for 
2 min and 95˚C for 2 min; 40 cycles of denaturation, 95˚C 
for 15  sec, and annealing and extension, 60˚C for 1  min. 
mRNA expression levels of the target genes quantified using 
the 2‑ΔΔCq method (37) and normalized to GADPH mRNA 
expression levels. In the present study, the mRNA expression 
levels of HSP70, HIF‑1α, Bcl‑2, cytochrome c (cyt C) and 
caspase‑3, which are involved in the mitochondrial apoptosis 
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pathway (38,39) were examined. The following primers were 
used: HSP70 F, 5'‑CTG​TGC​TCT​GCA​GTG​TGC​AAT‑3' and 
R, 5'‑GGC​CTC​CAG​AGT​GAA​CGG​T‑3'; HIF‑1α F, 5'‑ATA​
CAT​GGG​GTT​GAC​TCA​GTT​TG‑3' and R, 5'‑GCT​TCG​CTG​
CGT​GTT​TTG​T‑3'; Bcl‑2 F, 5'‑GAG​GGG​CTA​CGA​GTG​GGA​
TAC‑3' and R, 5'‑TCA​GGC​TGG​AAG​GAG​AAG​ATG‑3'; cyt C 
F, 5'‑ACA​AAG​GCA​TCA​TCT​GGG​GA‑3' and R, 5'‑TAA​GTC​
TGC​CCT​TTC​TTC​CTT​CT‑3'; caspase‑3 F, 5'‑CCA​TAA​AAG​
CAC​TGG​AAT​GTC​AG‑3' and R, 5'‑CAA​AAC​TGC​TCC​TTT​
TGC​TGT​G‑3'; and GAPDH F, 5'‑GGC​AAG​TTC​AAC​GGC​
ACA​G‑3' and R, 5'‑CGC​CAG​TAG​ACT​CCA​CGA​CAT‑3'.

Western blotting. PMVECs were added to radioimmu‑
noprecipitation assay lysis buffer (Beyotime Institute of 
Biotechnology) to extract total protein, and the amount of 
protein was determined using the BCA method. The proteins 
(20 µg) were separated via SDS‑PAGE on 8, 10 or 12% gels and 
electroblotted onto PVDF membranes (Bio‑Rad Laboratories, 
Inc.). After blocking with TBS with 0.05% Tween‑20 (TBST) 
buffer containing 5% skimmed milk at room temperature 
for 2 h, the membranes were incubated at 4˚C overnight with 
primary rabbit antibodies targeting HSP70 (cat. no. ab181606), 
HIF‑1α (cat. no. ab216842), Bcl‑2 (cat. no. ab196495), caspase‑3 
(cat. no. ab13847) and GAPDH (cat. no. ab181602), and primary 
mouse antibodies targeted against cyt C (cat. no. ab13575). All 
primary antibodies were purchased from Abcam and used at 
a final dilution of 1:1,000. Following three washes with TBST, 
the membranes were incubated at room temperature with 
HRP‑labeled secondary antibodies (goat anti‑rabbit and goat 
anti‑mouse; cat. nos. A0545‑1ML and A4416‑1ML; 1:1,000; 
Sigma‑Aldrich; Merck KGaA) for 1.5  h. The membranes 
were evenly covered with an ECL reagent (Pierce; Thermo 
Fisher Scientific, Inc.) for 2 min at room temperature and 
placed into an exposure instrument for detection. Protein band 
densities were semi‑quantified by the Quantity One software 
(version 4.6.2; Bio‑Rad Laboratories, Inc.), with GAPDH as 
the loading control.

Statistical analysis. SPSS (version 22.0; IBM Corp.) statistical 
software was used for all data analyses. Differences among 

multiple groups were analyzed by one‑way or two‑way 
ANOVA followed by Bonferroni's post hoc test. All experi‑
ments were conducted with three independent repeats. Data 
are presented as the mean ± SD. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Identification of PMVECs isolated from neonatal rats. To 
determine the effects of HSP70 on apoptosis in PMVECs, 
PMVECs were extracted from the lung tissues of newborn 
rats. PMVECs exited the lung tissue of normal newborn rats 
72 h following lung tissue attachment to the culture plate. 
Once fused into a monolayer during culture, PMVECs were 
analyzed using a light microscope. The results demonstrated 
that PMVECs displayed a polygonal or fusiform morphology 
with a typical cobblestone‑like arrangement (Fig. 1A). An 
endothelial cell‑specific antibody, anti‑CD31, was used to 
assess the cell via immunofluorescence. The results revealed 
that the cells expressed CD31, confirming that these cells were 
PMVECs and could be used to assess the function of HSP70 
under hypoxic conditions (Fig. 1B and C).

Hypoxia upregulates the expression levels of HSP70 in 
PMVECs isolated from neonatal rats. Primary PMVECs from 
neonatal rats were cultured in a hypoxic environment for 24, 
48 or 72 h. Subsequently, RT‑qPCR was performed to evaluate 
the mRNA expression levels of HSP70 (Fig. 2A). The results 
revealed that the relative HSP70 mRNA expression levels in 
the HX group were significantly higher compared with the NX 
group. Similarly, HSP70 mRNA expression levels were signifi‑
cantly higher in the HX + HSP70 group compared with those 
in the HX group. By contrast, HSP70 mRNA expression levels 
in the HX + HSP70 + KNK437 group were significantly lower 
compared with those in the HX + HSP70 group, suggesting 
that treatment with KNK437 inhibited HSP70 overexpres‑
sion at the mRNA level. In addition, western blotting was 
performed to assess the protein expression levels of HSP70 
in PMVECs at 24, 48 and 72 h time points during exposure to 
hypoxia (Fig. 2B). The results were consistent with the mRNA 

Figure 1. Identification of primary PMVECs isolated from neonatal rats. (A) Under a light microscope (x100 magnification), PMVECs exhibited a polygonal or 
fusiform morphology and were arranged in a typical cobblestone pattern. (B) Under a confocal laser scanning microscope (x400 magnification), DAPI‑stained 
nuclei (blue) with green fluorescence in the cells representing the expression of CD31, a specific antigen of vascular endothelial cells, confirmed that the 
cultured cells were PMVECs. (C) Under a confocal laser scanning microscope (x400 magnification), the control cells (PMVECs incubated with PBS instead 
of the CD31 antibody) exhibited only the blue fluorescence of DAPI in the nuclei. PMVECs, pulmonary microvascular endothelial cells.
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expression levels; hypoxia significantly increased the protein 
expression levels of HSP70 in PMVECs compared with those 
in the NX group. HSP70 overexpression further increased 
HSP70 expression in the HX + HSP70 group compared with 
the HX group. By contrast, KNK437 significantly reduced the 
protein expression levels of HSP70 compared with those in the 
HX + HSP70 group. Taken together, these results suggested 
that hypoxia induced the upregulation of HSP70 mRNA and 
protein expression levels in the PMVECs of neonatal rats.

HSP70 inhibits hypoxia‑induced apoptosis in PMVECs 
isolated from neonatal rats. In the present study, the effects 
of HSP70 on the apoptotic rate of hypoxia‑treated PMVECs 
isolated from neonatal rats were evaluated by flow cytom‑
etry. The results demonstrated that the apoptotic rate of the 
HX cell group at 24, 48 and 72 h was significantly higher 
compared with the NX group at the same time point, with 
the increase becoming more notable with longer incubation 
times (Fig. 3). The apoptotic rate in the HX + HSP70 group 
was significantly lower compared with that in the HX group, 
whereas the apoptotic rate was significantly higher in the 
HX + HSP70 + KNK437 group compared with that in the 
HX  +  HSP70 group. These results suggested that HSP70 
inhibited apoptosis in PMVECs isolated from neonatal rats 
under hypoxic conditions.

HSP70 is associated with the mitochondrial apoptotic pathway 
in PMVECs isolated from neonatal rats. To investigate the 
association between HSP70 and the mitochondrial apoptotic 

pathway, changes in the MMP and expression levels of Bcl‑2, 
cyt C and caspase‑3 were examined. The results demon‑
strated that the MMP was significantly lower in PMVECs 
exposed to hypoxia for 24, 48 and 72 h compared with that 
in the corresponding NX group, especially after 72 h (Fig. 4). 
For all time points, the MMP in the HX + HSP70 group was 
significantly higher compared with that in the HX group, but 
significantly lower compared with the NX group. In addition, the 
MMP was significantly lower in the HX + HSP70 + KNK437 
group compared with that in the HX + HSP70 group, and 
markedly lower compared with the NX group.

RT‑qPCR and western blotting were performed to assess 
the expression levels of the antiapoptotic factor Bcl‑2 and the 
proapoptotic factors cyt C and caspase‑3. The results demon‑
strated that PMVECs exposed to hypoxia exhibited markedly 
decreased protein and mRNA expression levels of Bcl‑2, 
and increased protein and mRNA expression levels of cyt C 
and caspase‑3 compared with those in the NX group, which 
was significant for the HX and HX + HSP70 groups (Fig. 5). 
However, overexpression of HSP70 partly recovered the changes 
in the mRNA and protein expression levels of Bcl‑2, cyt C and 
caspase‑3 in PMVECs exposed to hypoxia for 24, 48 and 72 h. 
Furthermore, treatment with KNK437 significantly decreased 
the expression levels of Bcl‑2, and significantly increased the 
protein and mRNA expression levels of cyt C and caspase‑3 in 
PMVECs compared with those in the HX + HSP70 group. The 
observed effects of HSP70 on the MMP, as well as Bcl‑2, cyt C 
and caspase‑3 expression levels suggested that HSP70 exerted 
its effects on apoptosis via the mitochondrial pathway.

Figure 2. Hypoxia upregulates HSP70 in PMVECs isolated from neonatal rats. Following 24, 48 and 72 h hypoxia exposure, relative HSP70 (A) mRNA and 
(B) protein expression levels were assessed in the HX, NX, HX + HSP70 and HX + HSP70 + KNK437 groups. GAPDH was used as the loading control. 
Data are presented as the mean ± SD from at least three separate experiments, and were analyzed by one‑way ANOVA followed by Bonferroni's post hoc 
test. *P<0.05, **P<0.01 and ***P<0.001. HSP, heat shock protein; PMVECs, pulmonary microvascular endothelial cells; HX, hypoxia; NX, normoxia; KNK437, 
N‑formyl‑3,4‑methylenedioxy‑benzylidene‑g‑butyrolactam.
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HSP70 downregulates HIF‑1α in hypoxia‑exposed 
PMVECs. The mRNA and protein expression levels of 
HIF‑1α were assessed by performing RT‑qPCR and western 
blotting, respectively, and the results were consistent with 
the aforementioned changes in apoptotic rates. HIF‑1α 

mRNA and protein expression levels were significantly 
upregulated in the HX groups compared with those in the 
NX groups, and HSP70 overexpression partly alleviated 
this increase (Fig.  6). Additionally, HIF‑1α mRNA and 
protein expression levels were significantly increased in the 

Figure 3. HSP70 inhibits hypoxia‑induced apoptosis in PMVECs isolated from neonatal rats. (A) Flow cytometric analysis of the apoptotic rate of PMVECs. 
(B) Apoptotic rates of PMVECs were compared in the HX, NX, HX + HSP70 and HX + HSP70 + KNK437 groups. Apoptotic rates of PMVECs exposed to 
hypoxia for 24, 48 and 72 h were significantly higher compared with those of PMVECs in the NX group, and increased gradually with increasing hypoxia 
duration. At all tested time points during hypoxia, the PMVEC apoptotic rates in the HX + HSP70 group were significantly lower compared with those of the 
corresponding HX and HX + HSP70 + KNK437 groups. Data are presented as the mean ± SD from at least three separate experiments, and were analyzed 
by two‑way ANOVA followed by Bonferroni's post hoc test. ***P<0.001. HSP, heat shock protein; PMVECs, pulmonary microvascular endothelial cells; HX, 
hypoxia; NX, normoxia; KNK437, N‑formyl‑3,4‑methylenedioxy‑benzylidene‑g‑butyrolactam; PE, phycoerythrin; PC5.5, phycoerythrin‑cyanin 5.5.
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HX + HSP70 + KNK437 group compared with those in the 
HX + HSP70 group, which was consistent with the effects 
of HSP70 on PMVEC apoptosis. Therefore, the protective 
mechanism of HSP70 against apoptosis may be associated 
with HIF‑1α expression levels.

Discussion

Endothelial cell apoptosis and dysfunction caused by 
uncoordinated stimulation and uncontrolled cell responses are 
implicated in the pathogenesis of various diseases, including 

Figure 4. HSP70 inhibits hypoxia‑induced MMP decrease in PMVECS isolated from neonatal rats. (A) Flow cytometric analysis of the MMP of PMVECs 
by JC‑1. (B) MMP of PMVECs was compared in the HX, NX, HX + HSP70 and HX + HSP70 + KNK437 groups. The MMP was significantly lower 
in PMVECs exposed to hypoxia for 24, 48 and 72 h compared with normoxic cells. At all tested time points during hypoxia exposure, the MMP was 
significantly higher in the HX + HSP70 group compared with the HX group, but lower compared with the NX group. The MMP was markedly lower in 
the HX + HSP70 + KNK437 group compared with that in the other two HX groups and the NX group. Data are presented as the mean ± SD from at least 
three separate experiments, and were analyzed by one‑way ANOVA followed by Bonferroni's post hoc test. *P<0.05, **P<0.01 and ***P<0.001. HSP, heat 
shock protein; MMP, mitochondrial membrane potential; PMVECs, pulmonary microvascular endothelial cells; HX, hypoxia; NX, normoxia; KNK437, 
N‑formyl‑3,4‑methylenedioxy‑benzylidene‑g‑butyrolactam; PE, phycoerythrin.
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PH, atherosclerosis and sepsis  (40). Studies on PH have 
reported that a higher‑than‑average apoptotic rate of PMVECs 
is the initial step in PH pathogenesis (7,41). Neonatal PH is 
a unique form of the disease that results primarily from 
hypoxia, leading to difficulties in decreasing pulmonary 

vascular resistance, achieving continuous fetal circulation and 
increasing pulmonary arterial pressure (2). To explore the role 
of PMVEC apoptosis in the pathogenesis of PH, the present 
study investigated apoptotic changes in the early stages of 
hypoxia in primary PMVECs derived from neonatal SD rats. 

Figure 5. HSP70 regulates the protein expression levels of molecules involved in mitochondrial pathway‑mediated apoptosis. At 24, 48 and 72 h of hypoxia, 
(A‑F) protein and (G‑I) mRNA expression levels of the apoptotic inhibitor Bcl‑2 and the proapoptotic factors cyt C and caspase‑3 were detected. Data are presented 
as the mean ± SD from at least three separate experiments, and were analyzed by one‑way ANOVA followed by Bonferroni's post hoc test. *P<0.05, **P<0.01 and 
***P<0.001. HSP, heat shock protein; cyt C, cytochrome c; HX, hypoxia; NX, normoxia; KNK437, N‑formyl‑3,4‑methylenedioxy‑benzylidene‑g‑butyrolactam.
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The results demonstrated that the apoptotic rate of PMVECs 
exposed to hypoxic conditions for 24  h was significantly 
higher compared with that in normoxic cells; the apoptotic 
rate gradually increased with hypoxia duration. Following 
72 h of hypoxia exposure, the apoptotic rate was >60%. These 
results indicated that hypoxia‑induced apoptosis of PMVECs 
in neonatal rats gradually increased with prolonged exposure 
to hypoxic conditions. The present study demonstrated that 
changes observed in neonatal rat PMVECs in the context of 
PH were similar to early changes in adults, where PMVECs 
undergo apoptosis in the early stages of hypoxia (12). This 
transition may be associated with the proliferation and repair 
of endothelial cells following apoptosis, activation of STAT‑3 
promoting cell survival, and dysregulation of the expression 
of proapoptotic and antiapoptotic factors, such as Bcl‑2 and 
caspase family members (42,43).

Our previous study revealed that HSP70 expression was 
increased in the lung tissues of neonatal rats with HPH, 
decreasing pulmonary arterial pressure and pulmonary 
vascular remodeling, suggesting that HSP70 may exert a 
protective effect against pulmonary vascular damage in 
this experimental system  (44). However, the mechanism 
by which HSP70 alleviates pulmonary vascular damage 
remains unclear. In the present study, PMVECs isolated from 
neonatal rats were cultured in vitro and subjected to hypoxia, 
whereby PMVEC apoptosis increased with prolonged hypoxia 
exposure. Furthermore, HSP70 expression levels were 
significantly upregulated in hypoxic PMVECs compared with 
those in normoxic conditions, indicating that HSP70 may be 

involved in the apoptotic response of PMVECs to hypoxia. 
Lentivirus‑mediated overexpression of HSP70 in PMVECs 
significantly decreased the apoptotic rate of the cells in the 
early stages of hypoxia. On the other hand, KNK437‑treated 
PMVECs displayed significantly attenuated overexpression 
of exogenous HSP70 and significant inhibition of the afore‑
mentioned effects of HSP70 on hypoxia‑induced PMVEC 
apoptosis. Although KNK437 did not decrease the expression 
levels of HSP70 in HSP70‑overexpression PMVECs under 
hypoxic conditions compared with cells exposed to hypoxia 
alone, it significantly increased the PMVEC apoptotic rate. 
This outcome may be a result of the exacerbation of abnormal 
synthesis and release of apoptotic inhibitors and proapoptotic 
factors following KNK437‑mediated downregulation of 
HSP70. The changes detected in apoptosis‑related factors also 
supported this hypothesis. Moreover, these results suggested 
that HSP70 may serve a protective role in the structure and 
function of PMVECs in neonatal rats by inhibiting PMVEC 
apoptosis under hypoxia. This role is similar to that of 
HSP70 in inhibiting apoptosis of tumor cells (17), ischemic 
cardiomyocytes (21) and infected pulmonary vascular endo‑
thelial cells (22). Considering these findings and the results 
of our previous in vivo study (44), it could be speculated that 
HSP70 may reduce pulmonary vascular damage and delay the 
progression of neonatal HPH by inhibiting PMVEC apoptosis 
in the early stages of the disease.

The mitochondrial apoptotic pathway is important for 
normal cell function; when cells encounter foreign stimuli, the 
levels of the antiapoptotic protein Bcl‑2 are downregulated, 

Figure 6. HIF‑1α mRNA and protein expression levels. (A) mRNA and (B) protein expression levels of HIF‑1α were examined at 24, 48 and 72 h of hypoxia. Data 
are presented as the mean ± SD from at least three separate experiments, and were analyzed by one‑way ANOVA followed by Bonferroni's post hoc test. *P<0.05, 
**P<0.01 and ***P<0.001. HIF‑1, hypoxia‑inducible factor‑1; HX, hypoxia; NX, normoxia; KNK437, N‑formyl‑3,4‑methylenedioxy‑benzylidene‑g‑butyrolactam.
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whereas the proapoptotic proteins Bax and BAD are acti‑
vated and upregulated. Furthermore, the Bax/Bcl‑2 ratio is 
increased, leading to a decrease in the MMP, an increase in 
mitochondrial permeability and the release of large amounts 
of cyt C from the mitochondria (14,45). These changes activate 
the caspase family of proteins and induce mitochondrial 
pathway‑mediated apoptosis. Researchers have reported that 
overexpression of HSP70 affects mitochondrial apoptotic 
pathway‑mediated inhibition of ovarian cancer cell apoptosis 
by increasing the MMP and interfering with the release of cyt 
C and AIF, caspase activation and misfolded protein accumu‑
lation (19,46). In addition, Kondrikov et al (14) demonstrated 
that HSP70 alleviates hyperoxia‑induced damage to the 
pulmonary endothelial barrier by inhibiting PMVEC apop‑
tosis via the mitochondrial caspase and AIF pathway. In the 
present study, the associations between HSP70, MMP, Bcl‑2, 
cyt C and caspase‑3 were analyzed to determine the effects 
of HSP70 on mitochondrial pathway‑mediated apoptosis 
of PMVECs. The results indicated that hypoxia decreased 
the MMP (more noticeably after 72 h of hypoxia) and Bcl‑2 
mRNA and protein expression levels, but increased the mRNA 
and protein expression levels of the proapoptotic proteins cyt 
C and caspase‑3 compared with those in the normoxia group, 
inferring that hypoxia induced PMVEC apoptosis via the mito‑
chondrial pathway. Under hypoxic conditions, overexpression 
of HSP70 in PMVECs resulted in increases in the MMP and 
Bcl‑2 expression levels, and decreased expression of cyt C and 
caspase‑3 after 24, 48 and 72 h of hypoxia, whereas HSP70 
inhibition exerted the opposite effects, suggesting that HSP70 
may inhibit PMVEC apoptosis via the mitochondrial pathway.

HIF‑1α, a major factor in the regulation of cellular oxygen 
homeostasis, is involved in the pathogenesis of cancer, PH, 
ischemic disease and infections (26,47‑49). Our previous study 
has demonstrated that exogenous HSP70 reduces pulmonary 
artery pressure, weakens pulmonary vascular remodeling and 
blocks pulmonary vascular damage by inhibiting the expression 
of HIF‑1α in the lung tissues of neonatal rats with HPH (42). 
The present study further investigated the involvement of 
HIF‑1α in the process of HSP70‑mediated inhibition of apop‑
tosis in neonatal rat PMVEC cultures exposed to hypoxia. The 
results demonstrated that HIF‑1α mRNA and protein expres‑
sion levels were significantly increased in PMVECs exposed 
to hypoxia compared with those in cells maintained under 
normoxic conditions. HIF‑1α upregulation was accompanied 
by an increased PMVEC apoptotic rate. In addition, in hypoxic 
conditions, HIF‑1α expression levels and apoptotic rate were 
reduced in HSP70‑overexpressing PMVECs; however, these 
factors were significantly increased in PMVECs treated with 
an HSP70 inhibitor. Therefore, it was hypothesized that HSP70 
inhibited apoptosis in PMVECs under hypoxia, which may be 
associated with HSP70‑mediated downregulation of HIF‑1α. 
The association between HIF‑1α and apoptosis varies between 
different cell types; in cervical and thyroid studies, HIF‑1α has 
been reported to participate in the mechanisms of tumor cells 
protection and chemotherapeutic resistance through antiapop‑
totic properties and thus, HIF‑1α may serve as an effective 
therapeutic target for tumors (50,51). In a recent study assessing 
myocardial damage caused by hyperglycemia, HIF‑1α expres‑
sion in the rat myoblast cell line H9c2 was demonstrated to 
significantly increase following apoptotic induction by high 

glucose (52). In the same study, silencing HIF‑1α with small 
interfering RNAs or reducing HIF‑1α expression levels using 
propofol significantly attenuated apoptosis, indicating that 
HIF‑1α may promote apoptosis in H9c2 cells exposed to high 
concentrations of glucose (52). The results of the present study 
suggested that HIF‑1α may promote apoptosis in neonatal rat 
PMVECs exposed to hypoxia, however, the exact underlying 
molecular mechanism requires further investigation.

The present study had several limitations that warrant 
further explanation and should be investigated in future 
studies. Firstly, the impact of HSP70 on PMVEC function was 
inferred but not confirmed, thus further research is required. 
Secondly, the effects of HSP70 on the apoptosis of neonatal 
rat PMVECs under hypoxia require further validation in vivo. 
Lastly, the association between HIF‑1α and PMVEC apoptosis 
should be further elucidated.

In summary, the results of the present study demonstrated 
that exposure of neonatal rat PMVECs to hypoxia in vitro 
gradually elevated the apoptotic rate with increasing exposure 
time. HSP70 and HIF‑1α expression levels were also upregu‑
lated under hypoxic conditions compared with cells maintained 
under normoxic conditions. Overexpression of HSP70 attenu‑
ated PMVEC apoptosis via the mitochondrial pathway under 
hypoxia, whereas its inhibition increased the apoptotic rate. 
The mechanism by which HSP70 regulates hypoxia‑induced 
apoptosis in PMVECs isolated from neonatal rats may involve 
HSP70‑mediated downregulation of HIF‑1α. Based on these 
results, we hypothesize that HSP70 reduces pulmonary vascular 
damage in neonatal HPH by inhibiting PMVEC apoptosis, 
providing a novel target for the treatment of this disease.
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