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ORIGINAL RESEARCH

Antenatal Hypoxia Affects Pulmonary Artery 
Contractile Functions via Downregulating 
L-type Ca2+ Channels Subunit Alpha1 C in 
Adult Male Offspring
Huan Li, MD*; Bingyu Ji, MD*; Ting Xu, PhD*; Meng Zhao, MD; Yingying Zhang, PhD; Miao Sun, PhD; Zhice Xu, PhD; 
Qinqin Gao , PhD

BACKGROUND: Antenatal intrauterine fetal hypoxia is a common pregnancy complication that has profound adverse effects on 
an individual’s vascular health later in life. Pulmonary arteries are sensitive to hypoxia, but adverse effects of antenatal hypoxia 
on pulmonary vasoreactivities in the offspring remain unknown. This study aimed to determine the effects and related mecha-
nisms of antenatal hypoxia on pulmonary artery functions in adult male offspring.

METHODS AND RESULTS: Pregnant Sprague-Dawley rats were housed in a normoxic or hypoxic (10.5% O2) chamber from ges-
tation days 10 to 20. Male offspring were euthanized at 16 weeks old (adult offspring). Pulmonary arteries were collected for 
vascular function, electrophysiology, target gene expression, and promoter methylation studies. In pulmonary artery rings, 
contractions to serotonin hydrochloride, angiotensin II, or phenylephrine were reduced in the antenatal hypoxic offspring, 
which resulted from inactivated L-type Ca2+ channels. In pulmonary artery smooth muscle cells, the basal whole-cell Ca2+ cur-
rents, as well as vasoconstrictor-induced Ca2+ transients were significantly reduced in antenatal hypoxic offspring. In addition, 
increased promoter methylations within L-type Ca2+ channel subunit alpha1 C were compatible with its reduced expressions.

CONCLUSIONS: This study indicated that antenatal hypoxia programmed long-lasting vascular hypocontractility in the male 
offspring that is linked to decreases of L-type Ca2+ channel subunit alpha1 C in the pulmonary arteries. Antenatal hypoxia 
resulted in pulmonary artery adverse outcomes in postnatal offspring, was strongly associated with reprogrammed L-type 
Ca2+ channel subunit alpha1 C expression via a DNA methylation-mediated epigenetic mechanism, advancing understanding 
toward the effect of antenatal hypoxia in early life on long-term vascular health.
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Developing embryos or fetuses can be highly sen-
sitive to environmental insults, which can perma-
nently alter the functions of organs, resulting in 

diseases later in life.1,2 Oxygen is an essential nutrient 
for the fetus and placenta.3,4 During normal pregnancy, 
oxygen levels within the uterus change dramatically.3,4 
Oxygen levels at the site of embryo implantation and 
placenta formation are low, whereas higher intrauterine 

oxygen levels are evident and indispensable following 
placenta establishment.3–5 Hypoxia is one of the most 
common pathological processes for developmental 
fetus. When the pregnant woman has anemia, pre-
eclampsia, heart disease, pulmonary heart disease, 
or placental insufficiency, intrauterine infection, um-
bilical cord twist, and so on can lead to fetal hypoxia 
in utero.3,6 Chronic intrauterine fetal hypoxia affects 
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fetal development and is commonly associated with 
intrauterine growth restriction.7 Our previous studies 
on animal models indicated that antenatal hypoxia is 
not only accompanied by fetal growth restriction but 
can also predispose offspring to vascular dysfunction 
in later life.8–11 Fetal lungs are not fully developed until 
after birth, which means that the effects of hypoxia 
on lung development in late pregnancy cannot be ig-
nored. However, no study has yet determined the ef-
fect of antenatal hypoxia on pulmonary circulation in 
the offspring.

Pulmonary circulation is maintained in a low-
pressure, low-resistance state with little resting tone 
under normal physiological conditions. Pulmonary 
arteries (PAs) are thin-walled and rely heavily on dis-
tention for reducing PA vascular resistance when 
cardiac output is elevated. Under pathophysiologi-
cal conditions, pulmonary vasoconstriction leads to 
enhanced vascular resistance and subsequent pul-
monary hypertension.12,13 Therefore, small resistance 

PAs are very important for blood flow regulation in 
the pulmonary vascular bed under both physiologi-
cal and pathological conditions. Pulmonary vasocon-
striction is a consequence of a rise in cytosolic free 
Ca2+ concentration in PA smooth muscle cells.14,15 
Cytosolic free Ca2+ concentration can be caused by 
release of Ca2+ from internal storage sites, such as 
sarcoplasmic reticulum or influx of Ca2+ from extracel-
lular fluid through voltage-dependent Ca2+ channels, 
receptor-operated Ca2+ channels, or store-operated 
Ca2+ channels.16 Voltage-dependent Ca2+ channels 
are the main Ca2+ channels and can be divided into 
6 different subtypes based on their functional char-
acteristics. Commonly, voltage-gated L-type Ca2+ 
channels (LTCCs) serve as the major route of extra-
cellular Ca2+ influx to trigger vascular smooth muscle 
cell contraction.16–18 Changes in the expressions or 
functions of LTCCs play an important role in the reg-
ulation of vascular tone and development of vascular 
dysfunction.19,20 In addition, studies to date indicated 
that vascular LTCCs are likely vulnerable and sensitive 
to antenatal insults.20,21 Recently, a number of stud-
ies in laboratory animals have indicated that antena-
tal hypoxia impaired offspring vascular contractility 
in small resistance arteries, such as the mesenteric 
and middle cerebral arteries.8,9 However, no study so 
far has investigated the effect of antenatal hypoxia on 
pulmonary vasculature in the offspring. We therefore 
hypothesized that antenatal hypoxia-perturbed LTCC 
signaling in PAs eventually led to long-term outcomes 
in vascular contractility dysfunction in the offspring.

METHODS
According to the Transparency and Openness 
Promotion Guidelines, the data of this study are avail-
able from the corresponding author upon reasonable 
request. The authors declare that all supporting data 
are available within this article as well as in the online-
only Data Supplement or from the corresponding au-
thor on request.

Experimental Animals
Pregnant Sprague–Dawley rats from the Animal 
Center of Soochow University were housed in a 
temperature-controlled room with a 10:14-hour light-
dark cycle, provided with standard rat food and tap 
water. They were randomly divided into the control 
group (21% oxygen) and hypoxia group (10.5% oxy-
gen) from gestational days 10 to 20 (N=15 per group). 
Hypoxia was induced by a mixture of nitrogen gas 
and air in an individual chamber.11 The flow of nitro-
gen was adjusted to bring the percentage of oxygen 
to 10.5%, which was continuously monitored with 
an oxygen analyzer. Rats in the control group were 

CLINICAL PERSPECTIVE

What Is New?
•	 Antenatal hypoxia damages pulmonary artery 

contractile functions in adult offspring.
•	 Pulmonary artery contractile functional dis-

orders were associated with downregulated 
L-type Ca2+ channel subunit alpha1 C in adult 
offspring.

What Are the Clinical Implications?
•	 Our findings provide new insight into the patho-

logical characteristics and underlying mecha-
nisms of pulmonary vascular problems in 
antenatal hypoxic adult offspring.

•	 This new and important information may be 
helpful in understanding the pathophysiologi-
cal development of pulmonary artery problems 
of the individuals who suffered from antenatal 
hypoxia.
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housed with room air flowing through chambers. All 
animals were fed with standard rat food and tap water 
throughout pregnancy. At term (gestational day 20), 
pregnant rats were kept in the normal environment 
and allowed to give birth naturally. Upon weaning, 
male pups were separated and provided with normal 
food and water and were tested at 16 weeks old. One 
male from each litter was used in each experimen-
tal setup. Approval of the Institutional Review Board 
of Soochow University was obtained for this study. 
The Animal Care and Use Committee of Soochow 
University approved this study, and all animal proce-
dures followed the Guidelines of the Care and Use of 
Laboratory Animals.

Hemodynamic and Histologic 
Measurements
Right ventricular systolic pressure and PA pressure 
of adult male offspring were measured with cardiac 
catheterization as previously described.22 Rats were 
anesthetized with 3% isoflurane inhalation. After an-
esthesia, right ventricular systolic pressure and pul-
monary artery pressure of rats were measured using 
a Mikro-Tip pressure catheter (Millar Instruments, 
Houston, TX) through direct puncture of the right 
ventricle, followed by advancing the catheter into the 
main PA, using an open-chest approach. At the end 
of pressure measurement, blood samples were col-
lected for measuring blood oxygen partial pressure, 
carbon dioxide partial pressure, lactate, hematocrit, 
and pH on a GEM Premier 3000 blood gas analyzer 
(Instrumentation Laboratory, Bedford, MA). After the 
hemodynamic measurement, the animals were eu-
thanized. PA specimens were immediately collected 
and fixed with formaldehyde and then embedded in 
paraffin. PA cross sections were subjected to hema-
toxylin and eosin staining. The images of 10 vessels 
with 200 to 400 μm outside diameter in each group 
were taken to measure wall thickness using Image-
Pro 6.0 software.

Measurement of Vascular Tone
Adult male offspring were euthanized (anesthesia 
with 3% isoflurane inhalation), and lungs en bloc 
were isolated. The PA (≈300 µm diameter) was rap-
idly excised and placed in ice-cold physiological 
saline solution, containing (mmol/L: NaCl, 126; KCl, 
5; NaHCO3, 14.9; KH2PO4, 1.2; MgSO4·7H2O, 1.7; 
CaCl2·2H2O, 2.8; EDTA, 0.025; glucose, 5.0; and 
HEPES, 10.0; pH 7.4 [adjusted with NaOH], gassed 
continuously with 5% CO2 in O2). Isolated PA rings 
(3–4 mm in length) were carefully threaded onto two 
40-μm-diameter stainless steel wires and mounted 
in a multimyograph system for recording of isomet-
ric tension (PowerLab 16/SP with Chart 5).11 PA rings 

were adjusted to maintain a suitable passive force 
and equilibrated for 60  minutes; then potassium 
chloride (KCl, 120 mmol/L) was used to achieve op-
timal resting tension before adding drugs. Vessel 
constrictions to drugs were evaluated by measur-
ing the maximum peak and expressed as percent-
age of maximal tension achieved to KCl. The vessel 
rings were contracted with cumulatively increasing 
concentrations of serotonin hydrochloride (5-HT, 
10−9–10−4  mol/L), angiotensin II (10−11–10−5  mol/L), 
phenylephrine (10−9–10−4  mol/L), or BayK8644 (an 
agonist for voltage-dependent Ca2+ channels; 10−11–
10−4 mol/L). GF109203X (PKC [protein kinase C] an-
tagonist, 10−6 mol/L), 2-aminoethyl diphenylborinate 
(inositol-1,4,5-triphosphate [IP3] receptor inhibitor, 
10−5 mol/L), Y27632 (Rho/Rho-kinase [ROCK] inhibi-
tor, 10−6 mol/L), fasudil (ROCK inhibitor, 10−6 mol/L), 
mibefradil (antagonist for L- and T-type calcium chan-
nels, 10−5 mol/L), or nifedipine (antagonist for LTCCs, 
10−6 mol/L) were used for pretreating segments for 30 
to 60 minutes before application of 5-HT or angioten-
sin II as reported.9 In 5-AZA (5-AZA-2’-deoxycytidine; 
DNA methyltransferase inhibitor) treatment studies, 
PA rings from antenatal offspring were incubated 
with or without 5-AZA (10−6 mol/L; Sigma-Aldrich, St. 
Louis, MO) for 6 hours, and then vessel rings were 
contracted with cumulatively increasing concentra-
tions of vascular agonists.

Electrophysiological Measurements
PAs were first dissected gently and cut into small 
fragments in oxygenated ice-cold Ca2+-free physi-
ological saline solution. Isolation of PA myocytes was 
performed as described before.23 Briefly, the frag-
ments were incubated with 5 mL of physiological sa-
line solution, containing 4 mg/mL of papain, 2 mg/
mL of albumin bovine V, and 1 mg/mL of dithiothrei-
tol for ≈30  minutes in 37°C. Then the supernatant 
fluid was removed, tissue fragments were washed 
by 5  mL of oxygenated ice-cold physiological sa-
line solution 3 times. Single myocytes were obtained 
by gentle trituration with a wide-bore glass pipette 
stored at 4°C and used within 4  hours. A conven-
tional whole-cell patch clamp was used to record 
LTCCs as described before.23 After obtaining basal 
whole-cell Ca2+ currents, nifedipine (10−6  mol/L) or 
BayK8644 (5×10−6 mol/L) were added independently 
in the organ bath to test the possible changes of 
LTCCs between the 2 groups. Patch-clamp experi-
ments were performed using Axon700B amplifier 
and Clampfit 10.1 software (Axon Instruments, Foster 
City, CA). All recording currents were digitized with a 
Digidata 1440A interface (Axon Instruments), which 
sampled at 10 kHz and filtered at 2 kHz. Suited pi-
pette resistance was 3 to 5 MΩ, which was obtained 
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from the borosilicate glass by using the horizontal pi-
pette puller (P-97, Sutter Instrument Corp., Novato, 
CA), and only the seal resistances >2  GΩ, the re-
cordings were analyzed. Current amplitudes were 
normalized by its membrane capacitance to get the 
current density, which was expressed in pA/pF, cal-
culated as the ratio of current amplitudes to mem-
brane capacitance. All experiments were performed 
at room temperature.

Cellular Ca2+ Imaging
Confocal Ca2+ imaging of myocytes was performed as 
described before.24 Briefly, isolated PA myocytes were 
incubated with Fluo-3 AM (10−6  mol/L; Invitrogen, 
Carlsbad, CA) in Tyrode’s solution, containing (mmol/L: 
NaCl, 135; KCl, 4.7; CaCl2, 1.8; MgCl2, 1; HEPES, 10; 
NaH2PO4·2H2O, 1.2; and glucose, 10; pH 7.36 [ad-
justed with NaOH]) for 20 minutes at room tempera-
ture. After loading, myocytes were washed 3 times 
with Tyrode’s solution and transferred to a recording 
chamber. Representative single-myocyte images and 
traces of Ca2+ responses to 5-HT (10−4 mol/L), angio-
tensin II (10−5 mol/L), or BayK8644 (10−4 mol/L) were 
measured with a total internal reflection fluorescence 
microscopy electron-multiplying charge-coupled de-
vice imaging system. Nifedipine (10−6 mol/L) were used 
for pretreating myocytes for 30 to 60 minutes before 
application of 5-HT or angiotensin II. All images were 
processed and analyzed using Fiji software (Olympus, 
Japan). The fluorescence intensity was calculated as 
F/F0, where F0 is the fluorescence intensity during a 
period from the beginning of the recording when there 
was no Ca2+ activity, and F is the fluorescence inten-
sity for the region of interest.

Quantitative Real-Time Polymerase Chain 
Reaction and Western Blot
Total RNA was isolated from the PA tissue or myo-
cytes using Trizol reagent, and then reversed tran-
scribed using the first-strand cDNA Synthesis Kit 
(Invitrogen). Real-time polymerase chain reaction 
was conducted using SYBR Green I master mix 
(Maxima SYBR Green/ROX qPCR Master Mix [2X], 
Thermo Scientific, Waltham, MA). Each sample was 
run in duplicate in 25  mL of reaction mixture. The 
∆∆Ct method was used to comparatively quantify the 
abundance of mRNA levels. The primer sequences 
are listed in Table S1. The protein abundance in PA 
was assessed by Western blot normalized to β-actin. 
Antibodies for Cav1.2 (SAB1402709, 1:1000) and β-
actin (A5441, 1:3000) were from Sigma-Aldrich. All 
experiments were repeated 6 times with indepen-
dently prepared tissue and performed as previously 
described.25,26

Targeted Bisulfite Sequencing
Genomic DNA was extracted from the PA tissue by the 
standard phenol/chloroform technique and subjected to 
bisulfite conversion using EZ DNA Methylation-GOLD 
Kit (Zymo Research, Irvine, CA) according to the manu-
facturer’s protocols. DNA was quantified and then di-
luted to a working concentration of 10 to 20 ng/μL for 
BiSulfite Amplicon Sequencing.25,26 CpG islands located 
in the proximal Cav1.2 promoter were selected accord-
ing to the following criteria: (1) ≥200 bp length; (2) ≥50% 
guanine-cytosine content; (3) ≥60% ratio of observed/
expected dinucleotide CpG. The primer sequences are 
listed in Table S1. After polymerase chain reaction am-
plification, products were sequenced by Hiseq 2000 
(Illumina, San Diego, CA). Methylation level at each 
tested CpG site was calculated as the percentage of the 
methylated cytosines over the total tested cytosines.

Cell Culture and RNA Interference Assay
Primary smooth muscle cells were enzymatically 
obtained from PA of control adult male offspring as 
previously described.22 Briefly, deendothelialized PA 
was rapidly excised and placed in PBS, then cut into 
small pieces and added to an enzyme solution con-
sisting 0.25% collagenase type 2. After enzyme di-
gestion, the samples were vigorously vortexed. PA 
myocytes were then precipitated, resuspended, and 
cultured in DMEM supplemented with 12% fetal bo-
vine serum, streptomycin (100 mg/mL), and 100 U/
mL penicillin at 37°C under a humidified atmosphere 
of 95% air and 5% CO2. In small interfering RNA 
(siRNA) transfection assay, cells were transfected 
twice at 24 hours intervals with the indicated siRNA 
using Lipofectamine 2000 (Invitrogen) following the 
manufacturer’s instructions. siRNA duplexes for si-
lencing Cav1.2 were synthesized by Genepharma 
(GenePharma, Shanghai, China). Sequences of the 
siRNAs were listed in Table S1. After transient trans-
fection for 48  hours, myocytes were harvested for 
quantitative real-time polymerase chain reaction and 
Ca2+ imaging assays.

Statistical Analysis
Data were expressed as mean±SEM. Data were ana-
lyzed by Student t test or 2-way ANOVA followed by 
Bonferroni posttests using Prism version 7.0 (GraphPad 
Software, San Diego, CA). Results with a P<0.05 were 
considered as statistically significant.

RESULTS
Vascular Contractility in PA Rings
For adult male offspring, there were no signifi-
cant differences in body weight (Figure  S1A), lung 
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weight (Figure  S1B), blood values (Table  S2), right 
ventricular systolic pressure (18.19±1.96 versus 
18.69±1.35 mm Hg; P=0.8296), and mean pulmonary 
artery pressure (16.64±1.13 versus 16.99±0.86 mm Hg; 
P=0.6233) between the 2 groups (Figure 1A). To de-
termine the changes of PA contractility, vascular func-
tion assay was conducted on PA rings. PA rings used 
in the 2 groups had similar wall thickness and vessel 
diameter (Figure  S1C through S1E). There were no 

differences of the KCl-induced maximal response be-
tween the 2 groups (Figure 1B). The PA vessels from 
antenatal hypoxic offspring were significantly insensi-
tive to accumulative doses of 5-HT, angiotensin II, or 
phenylephrine with lower maximal response and pD2 
(−log[50% effective concentration]) as compared with 
the control (Figure 1C and 1D, Figure S2A and S2B). 
Antenatal hypoxia did not decrease expressions of 
receptors of 5-HT, angiotensin II, or phenylephrine in 

Figure 1.  Vascular contractility in pulmonary artery (PA) rings.
A and B, Representative tracings and statistics of right ventricular systolic pressure (RVSP) and pulmonary arterial pressure (PAP) in 
offspring (N=5). B, KCl-mediated vasoconstriction (N=5, n=10). C, Serotonin hydrochloride (5-HT)-induced contraction and EC50 in 
the offspring PA rings (N=6, n=12). D, Angiotensin II (Ang II)-induced contraction and EC50 in the offspring PA rings (N=6, n=12). Data 
were presented as means±SEM. N, number of adult male offspring from different litters of each group; n, number of PA rings. Data 
were analyzed by Student t test or 2-way ANOVA followed by Bonferroni posttests. *P<0.05; ***P<0.001. CON indicates control group; 
and HY, hypoxia group.
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the offspring PA (Figure S3A through S3C). These data 
indicated that antenatal hypoxia decreased vascular 
agonist-mediated PA reactivity in the adult offspring.

Antenatal Hypoxia Decreased Vascular 
Contractility Independent of PKC, IP3, 
and RhoA/Rho Kinase Pathway
Vasoconstriction is activated and maintained by both 
Ca2+-dependent and Ca2+-independent mecha-
nisms.27,28 In vascular myocytes, agonist receptor 
produces IP3 and diacylglycerol within seconds.27,28 
IP3 binds to its receptors on sarcoplasmic reticulum, 
allows Ca2+ efflux, and subsequently stimulates extra-
cellular Ca2+ influx into the cytoplasm.27,28 Ca2+ acti-
vates myosin light-chain kinase, which phosphorylates 

myosin light chain and causes myocyte contraction.28 
Agonist-receptor activation also induces myocyte 
contraction via the activating PKC pathway.29,30 PKC 
activation can phosphorylate CPI17 (protein phos-
phatase 1 regulatory inhibitor), which in turn inhibits 
myosin light-chain phosphatase, increases myosin 
light-chain phosphorylation and enhances myocyte 
contraction.29,30 To reveal the mechanisms underly-
ing the vascular hypocontractility in antenatal hy-
poxic offspring PA, we determined the role of PKC or 
IP3-Ca2+ pathways in vascular agonist-decreased va-
soconstrictions. After pretreatment with GF109203X 
(PKC inhibitor), 5-HT– or angiotensin II–mediated 
vasoconstrictions were also significantly lower in 
the antenatal hypoxia group (Figure  2A and 2B). 
Although 2-aminoethyl diphenylborinate (IP3 receptor 

Figure 2.  Antenatal hypoxia decreased vascular contractility independent of PKC (protein kinase C) inositol-1,4,5-
triphosphate (IP3) and RhoA/Rho kinase pathway.
A and B, Serotonin hydrochloride (5-HT) or angiotensin II (Ang II)-induced contractions in the presence or absence of GF (GF109203X, 
PKC antagonist) in offspring pulmonary artery (PA) rings (N=6, n=12). C and D, 5-HT or Ang II–induced contractions in the presence or 
absence of 2APB (2-aminoethyl diphenylborinate, IP3 receptor inhibitor) in offspring PA rings (N=6, n=12). E and F, 5-HT or angiotensin 
II–induced contractions in the presence or absence of Y-27632 (Rho/Rho-kinase inhibitor) in offspring PA rings (N=5, n=10). Data were 
presented as means±SEM. N, number of adult male offspring from different litters of each group; n, number of PA rings. Data were 
analyzed by Student t test or two-way ANOVA followed by Bonferroni posttests. *P<0.05; **P<0.01; ***P<0.001. CON indicates control 
group; and HY, hypoxia group.
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inhibitor) inhibition could produce attenuation of vas-
cular contractility, 5-HT– or angiotensin II–mediated 
vasoconstrictions were also significantly lower in the 
antenatal hypoxia group (Figure  2C and 2D). In ad-
dition, the RhoA/ROCK pathway is one classical 
Ca2+-independent contraction pathway and has an 
important role in the regulation of vascular contractil-
ity.31 Y27632 and fasudil are inhibitors of ROCK. After 
pretreatment with Y27632 or fasudil, 5-HT– or angio-
tensin II–mediated vasoconstrictions were still signifi-
cantly lower in antenatal hypoxia group (Figure 2E and 
2F, Figure S4A and S4B). Meanwhile, there were no 
differences in expressions of ROCK isoforms (ROCK 
1 and 2) and RhoA (Figure S4C). These data together 
indicated that antenatal hypoxia decreased offspring 
PA reactivity independent of PKC, IP3, and RhoA/
ROCK pathway.

Antenatal Hypoxia-Decreased Vascular 
Contractility Was Correlated With LTCCs
After pretreatment with mibefradil (antagonist for L- 
and T-type Ca2+ channels,) or nifedipine (LTCC inhibi-
tor), no significant differences were observed in 5-HT–, 
angiotensin II– or phenylephrine-mediated vasocon-
strictions between the 2 groups (Figure 3A through 3D, 
Figure S4D). Meanwhile, no significant differences were 
observed in the inhibited values (mibefradil-inhibited 
tension subtracts that nifedipine-inhibited tension) on 
5-HT– or angiotensin II–induced maximal contractions 
(Figure 3E). In addition, BayK8644 (voltage-dependent 
Ca2+ channel agonist) elicited lower dose-dependent 
vasoconstrictions in the hypoxia group, but with simi-
lar EC50 between the 2 groups (Figure 3F). These data 
together indicated that antenatal hypoxia-decreased 
vascular contractility was correlated to LTCCs.

Figure 3.  Antenatal hypoxia-decreased vascular contractility was correlated with L-type Ca2+ channels (LTCCs).
A and B, Serotonin hydrochloride (5-HT) or angiotensin Ang II-induced contractions in the presence or absence of mibefradil (MIBE; 
antagonist for L- and T-type calcium channels) in offspring PA rings (N=5, n=10). C and D, 5-HT or angiotensin II (Ang II)-induced 
contractions in the presence or absence of nifedipine (NIFE; antagonist for LTCCs) in offspring PA rings (N=5, n=10). E, △Tension 
(inhibited by MIBE-NIFE) on 5-HT or angiotensin II–induced maximal contractions) (N=5, n=10). F, BayK8644-induced vasoconstrictions 
and EC50 in offspring PA rings (N=5, n=10). Data were presented as means±SEM. N, number of adult male offspring from different 
litters of each group; n, number of PA rings. Data were analyzed by Student t test or 2-way ANOVA followed by Bonferroni posttests. 
***P<0.001. CON indicates control group; HY, hypoxia group; and ns, nonsignificance.
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Ca2+ Transients in Offspring PA Myocytes
LTCCs have been shown to be dominant in vascular my-
ocyte constriction. To determine changes of LTCCs in 
antenatal hypoxic PA myocytes, representative traces of 
Ca2+ transients elicited by BayK8644 were measured with 
the fluorescence Ca2+ indicator Fluo-3 AM using the ad-
vanced Ca2+ imaging techniques (total internal reflection 
fluorescence microscopy electron-multiplying charge-
coupled device imaging system). As shown in Figure 4, 
BayK8644 (Figure 4A through 4C), 5-HT– (Figure 4D and 
4E) or angiotensin II (Figure 4G through 4I)-induced Ca2+ 

transients were lower in antenatal hypoxic PA myocytes 
with lower value of area under the curve and maximum 
fluorescence ratio (F/F0). Nifedipine could significantly 
inhibit 5-HT– or angiotensin II–mediated Ca2+ transients 
in both groups (Figure 4D through 4I). After pretreatment 
with nifedipine, no significant differences were observed 
in 5-HT– or angiotensin II–mediated Ca2+ transients be-
tween the 2 groups (Figure 4D through 4I). These data 
together indicated that antenatal hypoxia decreased 
agonist-mediated Ca2+ transients and were correlated 
to LTCCs in the offspring PA myocytes.

Figure 4.  Ca2+ transients in offspring pulmonary artery (PA) myocytes.
A through C, BayK8644-induced Ca2+ increases in single isolated myocyte. Representative traces (A) and statistics of Ca2+ transients 
elicited by BayK8644 measured with the fluorescence Ca2+ indicator Fluo-3 AM. Area under the curve (B), and maximum of Ca2+ 
responses (C) was calculated. The fractional fluorescence intensity was calculated as F/F0, where F is the fluorescence intensity for 
the region of interest, and F0 is the fluorescence intensity during a period from the beginning of the recording when there was no 
Ca2+ activity (n=30 cells from 6 rats per group). D through I, Serotonin hydrochloride (5-HT) (D through F) or angiotensin II (Ang II) 
(G through I)-induced Ca2+ increases in the presence or absence of NIFE (n=20 cells from 6 rats per group). Data were presented as 
means±SEM. n, number of PA myocytes. Data were analyzed by Student t test. *P<0.05; **P<0.01. CON indicates control group; HY, 
hypoxia group; and ns, nonsignificance.
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LTCCs in Offspring PA Myocytes
To determine possible changes of LTCCs in antenatal 
hypoxic PA myocytes, whole-cell LTCC currents were 
recorded with a conventional whole-cell patch clamp. 
The Ca2+ currents were evoked by command poten-
tials (−60 to +70 mV in a 10-mV step) in the absence 
(upper, [−]) or presence of BayK8644 (center) or nifedi-
pine (lower) (Figure  5A). In both groups, BayK8644 
increased the peak inward current of Ca2+ currents, 
whereas nifedipine almost completely inhibited the 
Ca2+ currents (Figure  5B and 5C). In Figure  5D, the 
real-time recordings showed that amplitude of Ca2+ 
currents was lower in the hypoxia group from 0 to 
+40  mV. After pretreatment with nifedipine, no sig-
nificant differences were observed in current density-
voltage relationships between the 2 groups (Figure 5E). 
Meanwhile, BayK8644-increased Ca2+ currents were 
lower in hypoxia group from −10 to +10 mV (Figure 5F). 

These data together indicated that antenatal hypoxia 
impaired LTCCs in the offspring PA myocytes.

Expressions of LTCCs in the Offspring PA
In vascular smooth muscle cells, membrane depolari-
zation activates LTCCs and alters the electrochemical 
gradient acting on sodium–calcium exchanger, which 
shifts the latter into a “reverse mode,” providing for 
additional extracellular Ca2+ entry. Furthermore, the 
receptor-coupling processes can also activate non-
selective cation channels, allowing for extracellular 
Ca2+ entry. Reports also show that sodium–calcium 
exchanger and transient receptor potential chan-
nels, which encode for nonselective cation channels, 
contribute to the development of PA hypertension.32 
Therefore, the effect of antenatal hypoxia on these 
Ca2+ channels are worth exploring. As shown in 
Figure S5A and S5B, antenatal hypoxia did not alter 

Figure 5.  L-type Ca2+ channels (LTCCs) in offspring pulmonary artery (PA) myocytes.
A, Representative traces of Ca2+ currents evoked by command potentials (−60 to +70 mV, in 10-mV step) 
in the absence (upper, [−]) or presence of BayK8644 (center) or nifedipine (lower, nifedipine [NIFE]). B and 
C, Mean current density-voltage relationships of Ca2+ currents in the control (B) and hypoxia (C) group 
(N=5, n=20 cells for each group). D through F, Mean current density-voltage relationships of Ca2+ currents 
in the absence (D) or presence of nifedipine (E) or BayK8644 (F) between the 2 groups (N=5, n=20 cells for 
each group). Data were presented as means±SEM. N, number of adult male offspring from different litters 
of each group; n, number of PA myocytes. Data were analyzed by 2-way ANOVA followed by Bonferroni 
posttests. *P<0.05; **P<0.01; ***P<0.001. CON indicates control group; and HY, hypoxia group.
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the expressions of sodium–calcium exchanger 1-3 
and transient receptor potential channels 1-7 in the 
offspring PA. Cav1.2 and alpha1 H (Cav3.2) are the 
main source of Ca2+ influx in most vascular myocytes. 
Figure 6A showed that expression levels of Cav1.2, 
not L-type Ca2+ channel subunit alpha1 H were de-
creased in the hypoxia group. Sequence analysis 
identified 2 CpG islands that contain 17 CpG sites 

within the Cav1.2 gene promoter (Figure 6B). Bisulfite 
sequencing showed that methylation levels of these 
CpG sites in antenatal hypoxia PA were increased 
with specific CpG sites (13–17) (Figure 6C). We also 
assessed the effects of inhibiting DNA methylation 
on PA vasoreactivity. In adult offspring PA, 5-AZA 
treatment significantly increased the sensitivity to 
BayK8644 and 5-HT (Figure 6D, Figure S5C). Next, 

Figure 6.  Expressions of L-type Ca2+ channels (LTCCs) in offspring pulmonary arteries (PAs).
A, mRNA and protein levels of Cav1.2, and (or) Cav3.2 in adult offspring PAs determined by quantitative real-time polymerase 
chain reaction and Western blot (N=10 for each group). B, Bioinformatic analysis of CpG islands of Cav1.2 from upstream −2 kb 
to downstream +2 kb region. Sequence analysis identified two CpG islands that contain 17 CpG sites, located at positions −1305 
to −1193, −907 to −760 from the translation start site (defined as position 1) in Cav1.2 gene promoter. C, The mean methylation 
status of each tested CpG site in the adult offspring PAs (N=20 each group). D, BayK8644 (left) or serotonin hydrochloride (5-HT; 
right)-induced contractions in offspring PA rings after treatment with 5-AZA-2’-deoxycytidine (DNA methyltransferase inhibitor) (N=3, 
n=8). E, BayK8644 or 5-HT-induced Ca2+ transients in control offspring PA myocytes after knockdown Cav1.2 (N=3, n=20 cells for 
each group). F, Summarized image of the mechanism of vascular hypo-contractility in antenatal hypoxia offspring PAs. Data were 
presented as means±SEM. N, number of adult male offspring, n, number of PA rings or myocytes. Data were analyzed by Student 
t test or two-way ANOVA followed by Bonferroni post-tests. *P<0.05; ***P<0.001. CPI17 indicates protein phosphatase 1 regulatory 
inhibitor; DAG, diacylglycerol; IP3, inositol 1,4,5-trisphosphate; IP3R, IP3 receptor; MLC, myosin light chain; MLCK, MLC kinase; 
MLCP, MLC phosphatase; p-CPI17, phosphorylated CPI17; PIP2, phosphatidylinositol 4,5- bisphosphate; PKC, protein kinase C; PLC, 
phospholipase C; p-MLC, phosphorylated MLC; RYR, ryanodine receptors; and SR, sarcoplasmic reticulum.

β-ac�n
Cav1.2

CON HY

Cav1
.2

Cav3
.2

0.0

0.5

1.0

1.5
CON
HY

***

noisserpxe ANR
m evitaleR

CON HY
0.0

0.5

1.0

1.5

***

ytisned nietor
P

TSS
CpG island sequence

-2000bp

#1 #2 #3

#4 #5 #6

#7 #8

#9 #10

#11 #12

#14

#13

-1305 -907-1193 -760

GTACGCACACCGTTTCTTACTCTTCACAGGCTAAGCAGAGTCGGGG

CTGGGGGTCGTGGAGAGAACGGCAGCCGAGAACCACTTCCTGCTA

GTGCTTCTCACACATTTAGAAATACGAGC….ACGAGACCCTGTGCC

AAAAGGAAAAGCAGGCGCTATCAGAAGTGCTATCAGAAGGCGCTA

TCAGAGCGGCCTCCACACTAGCGCCTGCCCCCTGCCTCTCGCCATG

GGCAGTCGGTGAGCGATCTTAACAAGCGGCTAAGACTGAAAGCGA

TCAGGA…
#15 #17#16

1# 2# 3# 4# 5# 6# 7# 8# 9# 10
#

11
#

12
#

13
#

14
#

15
#

16
#

17
#

0.0

0.2

0.4

0.6

0.8
CON
HY

CpG sites

* * * *
*

noitalyhte
M nae

M
egatnecreP

A
D

B

C

F

-9 -8 -7 -6 -5 -4
0

10

20

30

40 HY
HY+5-AZA

Log[BayK8644](mol/L)

%l
C

K noisneT

* *

-9 -8 -7 -6 -5 -4
0

30

60

90

120

150 HY
HY+5-AZA

Log[5-HT](mol/L)

%l
C

K noisneT

*
*

E

BayK8644 5-HT Ang II
1.0

1.1

1.2

1.3

1.4

1.5
NC
siRNA-3167

*** ***
***

)xa
m( 0F/F



J Am Heart Assoc. 2021;10:e019922. DOI: 10.1161/JAHA.120.019922� 11

Li et al� Antenatal Hypoxia & Vascular Hypocontractility

we sought to determine the direct relation between 
Cav1.2 expression and Ca2+ transients. We designed 
and validated the efficacy and specificity of siRNAs 
against Cav1.2 (Figure  S5D). Transfected PA myo-
cytes with negative control siRNA, siRNA-3167, re-
spectively, and analyzed Ca2+ transients induced by 
vascular agonists. Results confirmed that Cav1.2-
knockdown significantly decreased BayK8644 or 
5-HT–mediated Ca2+ transients (Figure 6E).

DISCUSSION
Hypoxia is a signal guiding placental development. 
Once hemochorial placentation is established, higher 
intrauterine oxygen levels are indispensable for pla-
cental function and fetal development. Consequently, 
hypoxia in utero usually occurs in middle and late 
pregnancy. This study used rat models to mimic 
clinical intrauterine fetal hypoxia in mid-late preg-
nancy, to reveal the effects of hypoxia on PA vascular 
function and clarify its underlying mechanisms. The 
data gained in this study suggest that hypoxia during 
pregnancy disrupted the contractile mechanism of 
PA myocytes, manifested in the process of impaired 
Ca2+ inflow during contraction. The major novel find-
ings are as follows: (1) PA contraction was decreased 
in response to 5-HT, angiotensin II, or phenylephrine 
in antenatal hypoxic offspring. (2) Such vascular in-
sensitivity was associated with LTCCs. The baseline 
and agonist-induced LTCC currents were decreased 
in antenatal hypoxic offspring PA myocytes. (3) 
Antenatal hypoxic offspring PA exhibited reduced 
Cav1.2 expression, increased promoter methyla-
tions within Cav1.2. Together, this study provides 
direct evidence showing that antenatal hypoxia-
reprogrammed Cav1.2 gene expression patterns 
could be associated with DNA methylation status, 
led to perturbed Ca2+ signaling in PA myocytes, re-
sulting in long-term vascular hypocontractility out-
comes in adult offspring. Figure 6F summarized the 
working model.

PAs are very sensitive to hypoxia. Long-term hy-
poxia, such as occurs at high altitude, can lead to a 
number of problems in PA vascular reactivities.33,34 
Keegan et al34 indicated that long-term hypoxia 
enhances 5-HT–induced PA contraction via Ca2+ 
signaling in rats and mice. Wan35 and colleagues 
demonstrated that chronic hypoxia selectively en-
hances LTCC activity in the PA by upregulating 
Cav1.2 and L-type Ca2+ channel subunit alpha1 H. In 
addition, recent studies suggest that hypoxia during 
gestation altered neonatal PA vascular reactivity 
as a consequence of changes in extracellular Ca2+ 
entry.36,37 For example, prenatal hypoxia can increase 
5-HT–mediated PA contraction and associated 

extracellular Ca2+ influx through LTCCs in the near-
term fetus.37 All those studies indicated that hypoxia 
occurred perinatally or postnatally and could affect 
PA vascular reactivity via altering extracellular Ca2+ 
entry by LTCCs.37,38 Antenatal stress can lead to vas-
cular dysfunction in the fetus and is a risk factor for 
the development of persistent vascular dysfunction 
in the offspring.1,2 Although it is well established that 
antenatal hypoxia alters PA vascular reactivities and 
Ca2+ signaling in the developing fetus, it is unknown 
whether antenatal hypoxia also can alter PA reactiv-
ities and underlying Ca2+ signaling processes in the 
mature animals. Thus, we tested the hypothesis that 
antenatal hypoxia may alter PA contraction and asso-
ciated extracellular Ca2+ influx through LTCCs in the 
adult offspring.

Cav1.2 is likely vulnerable and sensitive to ante-
natal insults.20,21 For example, antenatal insults could 
impair vascular functions by altering Cav1.2 expres-
sion in the offspring small arteries.20,21 Maternal 
high-sucrose diet accelerated vascular stiffness 
and hypocontractility via suppressing Cav1.2 in the 
offspring mesenteric arteries.20 Whole-cell current 
density and expression of Cav1.2 were decreased in 
mesenteric artery myocytes from the salt-loading off-
spring rats exposed to prenatal hypoxia.21 Prenatal 
stress also altered the expressions or functions of 
Cav1.2 in other tissue of offspring, such as the hip-
pocampus39,40 and pancreas islet.41 As one of the 
most common pathological processes for the devel-
opmental fetus, hypoxia in utero can impair vascular 
functions in offspring.42,43 Recently, we discovered 
that antenatal hypoxia could induce vascular dys-
function in the small arteries of adult offspring.9,44 
Antenatal hypoxic offspring cerebral arteries9 and 
renal interlobar arteries44 exhibited agonist-induced 
vascular hypercontractility along with increasing 
Cav1.2 expression. These strongly suggested that 
the effects of different maternal stressors on Cav1.2 
expression and activity in the vasculature could be 
different. Interestingly, this study observed the op-
posite effect of antenatal hypoxia on offspring PA. 
Antenatal hypoxic offspring PA exhibited agonist-
induced vascular hypocontractility accompanied by 
decreasing Cav1.2 expression. This is the first report 
to imply that there was a vessel tissue–dependent 
property of the effect of antenatal hypoxia on off-
spring vascular Cav1.2.

In the present study, Cav1.2 mRNA levels were de-
creased, indicating that its expression was regulated 
through a transcriptional mechanism. Epigenetic 
modifications related to relatively stable and heritable 
patterns of gene expression, which mainly are me-
diated by DNA methylation, have been indicated to 
play crucial roles in developmental origins of vascu-
lar diseases.2 Key developmental stages are defined 
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by dramatic DNA methylation changes that may be 
susceptible/responsive to environmental cues. Gene 
expression could be enhanced through a decrease 
in DNA methylation of its promoter CpG islands. To 
investigate possible epigenetic dysregulation of the 
Cav1.2 gene, we evaluated the methylation status of 
its promoter and found that the methylation levels of 
CpG sites within Cav1.2 gene were increased with 
specific CpG sites (13–17) in the antenatal hypoxia 
group. The increased promoter methylations within 
Cav1.2 were compatible with its reduced expression. 
Next, to clarify whether the inactivated transcription 
of Cav1.2 is attributable to promoter methylation alter-
ations, we assessed changes of Cav1.2 transcription 
after adding 5-AZA in antenatal hypoxia offspring PA 
rings. 5-AZA treatment significantly increased Cav1.2 
expression and the sensitivity to vascular agonist in 
PA rings. Taken together, our results indicated there 
was a correlation between DNA methylation, Cav1.2 
expression, and vascular contractility, and suggested 
that antenatal hypoxia decreased PA contractility in 
offspring, which was potentially associated with in-
activated transcription of Cav1.2 by reprogramming 
DNA methylation patterns.

Pulmonary hypertension is a heterogeneous clinical 
syndrome with a poor prognosis, which involves vaso-
constriction and progressive structural remodeling of 
the PA, resulting in right ventricular hypertrophy and 
failure. A hallmark of pulmonary hypertension in new-
borns as well as adults is that the contractility of PA is 
dysregulated.12,13 Under pathophysiological conditions, 
PA hypercontractility led to enhanced PA vascular re-
sistance and subsequent pulmonary hypertension.12,13 
The arterial contraction is mainly initiated by cytosolic 
Ca2+ increases within myocytes that line the vessel wall. 
LTCCs are well known as central to the rise in cytosolic 
Ca2+ and resultant arterial contractions. Dysregulation 
of LTCC expressions and functions is important to the 
development of pulmonary hypertension and other 
vascular diseases.14,15 Human and animal data have 
shown that hypoxia in the fetus and/or newborn was 
associated with an increased risk of pulmonary hy-
pertension.45 It is well known that chronic intrauterine 
hypoxia fetus usually exhibited an enhanced PA con-
tractility and associated extracellular Ca2+ influx through 
LTCCs in the near-term fetus.37 However, the present 
study indicated that adult offspring with antenatal hy-
poxia exhibited PA hypo induced by vascular agonists 
contractility and decreased Cav1.2. There may be var-
ious reasons for this discrepancy. One major cause 
may be a compensatory effect: The downregulation of 
Cav1.2 was highly likely to be compensatory protection 
for the antenatal hypoxia-induced PA hypercontractility 
in the fetus. Fetal lungs are not fully developed until 
after birth. It is more plausible that the observed down-
regulated Cav1.2 in the postnatal stage represents 

an adaptive readjustment in response to the hypoxia-
damaged LTCCs at the fetal stage. In addition, after 
2 weeks of hypoxia, antenatal hypoxic offspring PA still 
exhibited lower agonist-induced contractions than that 
in control offspring (Figure S6). These data indicated 
that PA contractility of antenatal hypoxic offspring was 
insensitive to hypoxia again after birth and implied that 
Cav1.2 compensatory downregulation may protect an-
tenatal hypoxic offspring with hypoxia again.

In summary, the data in this study indicate that an-
tenatal hypoxia disrupted the contractile mechanism of 
PA, manifested in the process of impairing Ca2+ inflow 
via LTCCs during contraction. Our findings are import-
ant, as they offer new information about pathological 
characteristics of PA in antenatal hypoxic adult off-
spring. Nevertheless, there are some limitations to this 
study. For example, we examined only male offspring. 
For a deeper understanding of the role of antenatal 
hypoxia, future work should also examine female off-
spring. To fully elucidate the long-term effects, studies 
should also be conducted in different developing ages 
and even in the next generation. Additionally, antenatal 
hypoxia is a common intrauterine stress for the devel-
oping fetus. The PA is sensitive to antenatal hypoxia, 
and such a side effect would persist into adulthood. 
Hence, further clinical observation of the individuals 
who had antenatal hypoxia are necessary to verify our 
study results.
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Primer/siRNA Nucleotide Sequence (5’ to 3’)

qRT-PCR primers Sense             Anti-sense

Cav1.2 ACGTTACTGTGCGTTACATCTA           ATTAGCTTCTATGTCTGGTGTG

Cav3.2 CTACCTTATGACGACAACAATGC      GCATTGTAGACAGCAAGTACTT

NCX1 ACCCATGTTGACCATATAACTG         GCAATAATAGAAACTCCGAG

NCX2 GTGTGTCTATCATTGCTGATC         CCCTTAAGTGCTTGATCTTAC

NCX3 CAAGATTGCAAGGGTCATTGT          AGGTTGGAGACAGTTTCATTC

Stim1 TTTGGATTCTTCCCATTCTCAT         TCTCCTCACCAATAGAGCCAT

Orai1 TATCGTCTTTGCCGTTCACTT        GAAGGTGAGGACTTAGGCAT

ROCK1 GGACCATCTAGACAAGAAAGA       CAACATATCTCTTGCTGATGTT

ROCK2 TAGAGTGCCGTAGATGCCACAT       ATTTCTGCTGTTCTTCCGTTGA

RhoA ATCTTCGGAATGATGAGCACA         GTTTGCCATATCTCTGCCTTCT

TRPC1 AGAGATGAGAACTACCAGAAG          AATCCCTTATTTCATTTCTGA

TRPC2 CCAGAAGGACCTGTATGAGATT        GAACTTCAGCAGGTCATATCGG

TRPC3 TCTCGCACGCTCAATGTC          AGAAGTCGTCATCGCGCA

TRPC4 AGCAAGCTCTCAACAATACAGT      AGAGGCTGAGATTCTTTCTCTT

TRPC5 TCCAAGCAGCAGCAGTAGG       TGTTCTCGCTCGGCTCTCT

TRPC6 GCGGAAGATGCTAGAAGAATGT   CTCCACAATCCGTACATAACCT

TRPC7 TCCTGCCTACATGTTCAATGAGA       AGTTCTCCTTCTTCAGCAGCAGT

Bisulfite sequencing PCR

Cav1.2-BS1 GGAGYGTGTTTTAGGAGTTGGTATT      AAATCACACRTACTAAAAATAAACCTACAA

Cav1.2-BS2 GAAATAAYGAAGTTTGAGAGTTAAGAA  AACAATCACTAAAATCRAAACCAAAACTAC

siRNA

Cav1.2-3167 GCCGAAAUUACUUCAAUAUTT      AUAUUGAAGUAAUUUCGGCTT

Cav1.2-4149 GGGUAGCAUUGUUGAUAUATT   UAUAUCAACAAUGCUACCCTT

Cav1.2-6414 GGGACAGUUUGCUCAAGAUTT       AUCUUGAGCAAACUGUCCCTT

Table S1. The primers used in this study.



Group

Index

Offspring (16 weeks old)

CON HY

pH 7.36 ± 0.08 7.37 ± 0.07 

pCO2 (mmHg) 38.38 ± 1.64 39.77 ± 1.51

pO2 (mmHg) 79.40 ± 3.28 79.29 ± 3.02

SO2% 97.79 ± 1.01 98.37 ± 1.35

Hb (g/dl) 11.90 ± 0.81 12.03 ± 0.75

Hct (%) 42.68 ± 1.82 42.52± 1.92

Glucose (mmol/L) 7.75 ± 0.64 7.75 ± 0.46

Na+ (mmol/L) 138.33 ± 1.79 137.86 ± 1.82

K+ (mmol/L) 4.57 ± 0.26 4.58 ± 0.24
Osmolality (mOsm/Kg) 305.32 ± 2.91 305.62 ± 3.12

pH, potential of hydrogen; pO2, partial pressure of oxygen; pCO2, partial pressure of carbon 
dioxide; SO2%, oxygen saturation; Hb, Hemoglobin; Hct, Hematocrit. Data are presented as the 
mean ± SEM. There were no statistical differences between the two groups. N means total 
number of adult offspring used.

Table S2. The effect of antenatal hypoxia on adult offspring (N=10) blood values. 
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Data were presented as means ±SEM. N, number of male adult offspring from different litters of each group. 
n, number of pulmonary artery rings. Data were analyzed by Student’s t test. ns, nonsignificance.

Figure S1. A) Body weight of male offspring (N=15). B) Lung weight of male offspring (N=8). C) the representative images of hematoxylin and eosin (H&E) 
staining on pulmonary artery cross-sections of each group rats. D and E) are bar graphs showing wall thickness and pulmonary artery diameter in each 
group (N=5, n=10). 
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Data were presented as means ±SEM. N, number of male adult offspring from different litters of each group. 
n, number of pulmonary artery rings. Data were analyzed by Student’s t test or two-way ANOVA followed by 
Bonferroni post-tests. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, nonsignificance.

Figure S2. A and B) Phenylephrine-induced contraction and EC50 (concentration for 50% of maximal effect) in 
the offspring pulmonary artery rings (N=6, n = 12). 
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Figure S3. A-C) mRNA levels of receptors of serotonin hydrochloride (A), Angiotensin II (B) or 
phenylephrine (C). Results are mean±SEM of 3-6 independent experiments.
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Figure S4. A and B) 5-HT or Ang II-induced contractions in the presence or absence of Fasudil (Rho/Rho-

kinase inhibitor) in offspring pulmonary artery rings (N=5, n = 10). C) Expressions of Rho/rho-kinase 
(ROCK) in pulmonary artery. D) Phenylephrine-induced contractions in the presence or absence of NIFE 
(Nifedipine, antagonist for LTCCs) in offspring pulmonary artery rings (N=5, n = 10). Data were 
presented as means ±SEM. N, number of male adult offspring from different litters of each group. n, number 
of pulmonary artery rings. Data were analyzed by Student’s t test or two-way ANOVA followed by 
Bonferroni post-tests. *, P < 0.05; ***, P < 0.001; ns, nonsignificance.
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Figure S5. A and B) Expression of NCX (A) and TRPC (B) in pulmonary artery. C) Expression of 
Cav1.2 in offspring PA rings after treatment with 5-AZA (5-AZA-2’-deoxycytidine, DNA 
methyltransferase inhibitor). D) Knockdown of Cav1.2 with siRNAs was verified by qRT-PCR. Results

are mean±SEM of 3-6 independent experiments. ***, P < 0.001.
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Figure S6. A and B) The effect of chronic hypoxia on BayK8644 (A) or 5-HT (B)-induced 
contractions in control and antenatal hypoxic offspring pulmonary artery. Control and antenatal

hypoxic offspring were exposed to room air or hypoxic environment (10.5% oxygen) in a

normobaric chamber. The duration of hypoxic exposure was 2 weeks, then adult male offspring were

sacrificed, and pulmonary artery were isolated for vascular function assay. N=4, n=10 for each group. N,

number of male adult offspring from different litters of each group. n, number of pulmonary artery rings.

Data were analyzed by Student’s t test. *, P < 0.05; **, P < 0.01.
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