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Abstract

Pulmonary hypertension is a fatal disease characterized by a progressive increase in pulmonary 

artery pressure accompanied by pulmonary vascular remodeling and increased vasomotor tone. 

Although some biological pathways have been identified in neonatal hypoxia-induced pulmonary 

hypertension (PH), little is known regarding the role of growth factors in the pathogenesis of PH 

in neonates. In this study, using a model of hypoxia-induced PH in neonatal mice, we demonstrate 

that the growth factor insulin-like growth factor-1 (IGF-1), a potent activator of the AKT signaling 

pathway, is involved in neonatal PH. After exposure to hypoxia, IGF-1 signaling is activated in 

pulmonary endothelial and smooth muscle cells in vitro, and the IGF-1 downstream signal 

pAKTS473 is upregulated in lungs of neonatal mice. We found that IGF-1 regulates ET-1 

expression in pulmonary endothelial cells and that IGF-1 expression is regulated by histone 

deacetylases (HDACs). In addition, there is a differential cytosine methylation site in the IGF-1 

promoter region in response to neonatal hypoxia. Moreover, inhibition of HDACs with apicidin 

decreases neonatal hypoxia-induced global DNA methylation levels in lungs and specific cytosine 

methylation levels around the pulmonary IGF-1 promoter region. Finally, HDAC inhibition with 

apicidin reduces chronic hypoxia-induced activation of IGF-1/pAKT signaling in lungs and 

attenuates right ventricular hypertrophy and pulmonary vascular remodeling. Taken together, we 

conclude that IGF-1, which is epigenetically regulated, is involved in the pathogenesis of 

pulmonary hypertension in neonatal mice. This study implicates a novel HDAC/IGF-1 epigenetic 

pathway in the regulation of hypoxia-induced PH and warrants further study of the role of IGF-1 

in neonatal pulmonary hypertensive disease.
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1. Introduction

Unlike in the adult, the perinatal and neonatal pulmonary vascular response to chronic 

hypoxic exposure is much more rapid and severe which can result in the failure of the fetal 

or neonatal circulation to adapt to postnatal life. This in turn contributes to the pathogenesis 

of persistent pulmonary hypertension of the newborn. There is increasing evidence in 

humans and experimental animals that perinatal and neonatal factors may be linked with the 

development of adult diseases such as chronic obstructive pulmonary disease and PH in later 

life [1; 2]. As such, furthering our understanding of the mechanisms and pathology of 

neonatal PH is important to help us understand adult disease and to support more effective 

therapeutic target identification for neonates and adults.

The insulin-like growth factor (IGF)/insulin family of growth factors is an evolutionally 

conserved system which plays a crucial role in the growth and development of many tissues 

and in the regulation of overall growth and metabolism [3; 4]. Within the family, IGF-1 is a 

single-chain polypeptide with a high sequence homology to pro-insulin. IGF-1 interacts with 

the IGF-1 receptor (IGF-1R) whose signaling has pleiotropic effects on cell behaviors that 

control cell proliferation, differentiation, and cell migration and also regulate the apoptotic 

machinery [5; 6; 7]. High levels of circulating IGF-1 are associated with an increased risk of 
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several cancers. However, the role of IGF-1 signaling in neonatal hypoxia-induced PH is 

largely unknown.

Epigenetic programming, dynamically regulated by histone acetylation, is a key mechanism 

impacting cell proliferation, survival, and apoptosis [8; 9]. Previous studies have shown that 

lungs from patients with idiopathic pulmonary arterial hypertension exhibit increased 

expression of HDACs compared with control lung tissue, and inhibition of HDAC activity 

provides a beneficial effect in hypoxia-induced PH in adult mice [10; 11]. Although there 

are several factors and pathways found to be involved in perinatal and neonatal hypoxia-

induced PH [12; 13; 14; 15; 16; 17; 18; 19], little is known regarding the role of growth 

factors and epigenetic signaling in neonatal hypoxia-induced PH.

In this study, we test the hypothesis that IGF-1 is epigenetically regulated in neonatal 

hypoxia-induced PH. We use a neonatal mouse model to investigate the effects of HDAC 

inhibition on hypoxia-induced PH. The cellular and molecular mechanisms underlying 

abnormal expression of IGF-1 in response to hypoxia are also examined.

2. Materials and methods

2.1. Animal model of hypoxia-induced PH

All experimental protocols described in mice were reviewed and approved by the Animal 

Care and Use Committee at the University of Illinois. Mice were cared for in accordance 

with the University of Illinois at Chicago Guide for the Care and Use of Laboratory 

Animals.

Newborn C57BL/6 mouse pups along with their dams (Charles River Laboratories, 

Wilmington, MA) were exposed to normobaric hypoxia (11% oxygen) shortly after birth for 

two weeks in a Plexiglas chamber flushed with nitrogen gas to maintain hypoxic conditions 

using a ProOx-110 oxygen controller (BioSpherix, NY). Carbon dioxide from the chamber 

was removed by absorption with Amsorb Plus pellets (Bell Medical, St. Louis, MO). 

Control pups were left in room air (normoxia) for two weeks.

To inhibit HDAC activity, apicidin (dissolved in 50% DMSO in physiological saline) was 

administered (2 mg/kg, i.p.) starting on postnatal day 5 (P5) three times per week to pups 

maintained in room air and hypoxia. Increasing the frequency of drug treatment was found 

to increase mortality, hence this particular frequency was chosen. Mouse pups given 50% 

DMSO in physiological saline (vehicle) and maintained in room air or hypoxia served as 

controls. Mice were sacrificed immediately following the completion of normoxia or 

hypoxia at postnatal day 14 (P14). Some mice were recovered in room air for a month after 

exposure to hypoxia and sacrificed at day 45 (P45).

2.2. Cell culture and reagents

Human pulmonary artery smooth muscle cells (HPASMCs) and human pulmonary artery 

endothelial cells (HPAECs) were cultured according to the manufacture’s recommendations. 

All other biochemical reagents were obtained from Sigma (St. Louis, MO, USA) unless 

specified.
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2.3. In vitro IGF-1 and inhibitor treatments

HPASMCs were seeded at 50–60% confluence in complete media and made quiescent in 

serum-free media for 7 h. The cells were then pretreated with inhibitors of IGF-1R 

(OSI-906, 150 nM), AKT (MK-2206, 130 nM), and PI3K (PF-04691502, 32 nM) for 1 h 

before incubation with hIGF-1 (100 ng/ml, EMD Millipore, Billerica, MA, USA) for 14 h. 

The inhibitors OSI-906, MK-2206, and PF-04691502 were obtained from Selleck Chemicals 

(Houston, TX, USA). Cells were washed with PBS, and total RNA and protein were 

extracted with TRIzol (Invitrogen, Carlsbad, CA, USA) and RIPA buffer, respectively, for 

q-PCR and Western blot analysis.

2.4. In vitro hypoxia

HPAECs were seeded at 50–60% confluence in complete media and made quiescent in 

serum-free media overnight. The cells were exposed to air (21% oxygen) or hypoxia (1% 

oxygen) in the presence or absence of the class I HDAC inhibitor apicidin (2.5 μg/ml) for 24 

h. The cells were washed with PBS, and total RNA and protein were extracted with TRIzol 

and RIPA buffer, respectively, for q-PCR and Western blot analysis.

2.5. siRNA transfection

HPAECs were transfected with siRNA for HDAC1, HDAC2, HDAC3, IGF-1 (50 nM) or a 

nontargeting negative control (NC) using Lipofectamine 2000 (Invitrogen, CA) according to 

the manufacturer’s protocol adjusted for the concentration of siRNA (see Table 1).

2.6. Isolation of mouse pulmonary arterial smooth muscle cells

Mouse pulmonary arterial smooth muscle cels (mPASMCs) were isolated using a 

modification of previously described methods [20; 21]. Mouse lungs were flushed with PBS 

in-situ through the right ventricle to remove the blood. A warm solution of M199 containing 

HEPES (25 mM), penicillin and streptomycin (P/S, 1%), agarose (0.5% w/v), and iron 

particles (0.5% w/v) was then injected into the pulmonary vasculature via the right ventricle. 

Because the iron particles are too large to pass through the capillaries, they become trapped 

in the arteries only. The lungs were then inflated via the trachea with a warm solution of 

M199 containing HEPES (25 mM), P/S (1%), and agarose (10% w/v) without iron. The 

heart and lungs were removed en bloc and placed in PBS on ice for the agarose to harden. 

The lung lobes were then dissected free and finely minced in a Petri dish, then resuspended 

in M199 containing collagenase (80 U/ml) and incubated at 37°C for 50–60 min. To remove 

extravascular tissue, the fragments were drawn through an 18-guage needle and then washed 

in M199 containing 20% FBS five times with the use of a magnet to retain the pieces 

containing iron. The resulting iron-containing fragments were resuspended in M199 

containing 20% FBS and P/S and plated in a T-25 flask. The flasks were incubated at 37°C 

with CO2 (5%) in air for 1 day. After 1 day, the iron-containing fragments were removed, 

washed with growth medium, and replated in a new T-25 flask. The adherent myocytes were 

maintained using standard cell culture techniques and used for experiments at passage 2. 

Cells were confirmed to be pulmonary artery myocytes by fluorescent staining for smooth 

muscle alpha-actin.
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2.7. In vivo hemodynamic assessments

C57BL/6 mice (P45) were anesthetized with isoflurane and intubated with an 18-gauge 

angiocath sleeve. Surgical anesthesia was maintained using isoflurane delivered through a 

vaporizer with compressed oxygen gas connected in series to a rodent ventilator. The heart 

was exposed through a bilateral incision in the diaphragm, and a Scisense pressure 

transducer (Transonic Systems, Ithaca, NY) was introduced apically into the right ventricle 

following a small stab wound with a 28-gauge needle. The transducer was advanced to just 

outside the pulmonary outflow tract, and the mouse was given 10 min to acclimate before 

right ventricular systolic pressures (RVSP) were taken. Immediately following this 

procedure, the mouse was euthanized by explantation of the heart.

2.8. Measurement of ventricular weights

C57BL/6 mice were weighed and then sacrificed. The right ventricle (RV) was dissected 

from the left ventricle and interventricular septum (LV + S), and the ratios of their weights 

[RV / (LV + S)] (Fulton’s index) and [RV / body weight] were calculated as indices of right 

heart hypertrophy. Values are represented as mean ± SEM.

2.9. Lung morphometry

The chest cavity was opened and lungs were inflation fixed via the trachea with 10% 

formalin at 20 cm H2O pressure, and the right ventricle was perfused sequentially with PBS 

and 10% formalin at the same pressure. Fixed lungs were paraffin-embedded, cut into 5-μm 

sections, stained with hematoxylin and eosin, and scanned using Aperio ScanScope (Leica 

Biosystems). Pulmonary arteries adjacent to bronchioles and less than 80 μm in diameter 

were scored for wall thickness represented by the difference between the area of the entire 

vessel and area of the lumen divided by the area of the entire vessel. Values are represented 

as mean ± SEM.

2.10. cDNA synthesis and SYBR green real-time PCR

RNA was isolated using TRIzol reagent. Reverse transcription was performed using 

Superscript III (Invitrogen) and 50 μM oligo(dT)12-18 at 50°C for 50 min. SYBR Green real-

time PCR (q-PCR) reactions were set up containing 1X Power SYBR Green Master Mix 

(Applied Biosystems, Foster City, CA), 250 nM forward and reverse primers in a 20 μl 

reaction. All assays were carried out in either 96-well or 384-well format. Real-time 

fluorescent detection of PCR products was performed with ViiA7 Real-Time PCR System 

(Applied Biosystems) using the following thermocycling conditions: 1 cycle of 95°C for 10 

min; 40 cycles of 95°C for 30 s and 60°C for 1 min. The sequences of the primers were 

designed using the Primer Express software (Applied Biosystems) and are shown in Table 1. 

18S ribosome RNA was used as an endogenous control for gene expression. For data 

analysis, the comparative method (ΔΔCt) was used to calculate relative quantities of a 

nucleic acid sequence.

2.11. Western blot analysis

Total proteins from cells and lung tissue were extracted by lysing or homogenizing (for 

tissue samples) in RIPA buffer containing protease and phosphatase inhibitor cocktails, and 
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the protein concentrations were determined using the Bradford protein assay kit (Bio-Rad, 

Hercules, CA). Equal amounts of total protein (10–25 μg) from samples were subjected to 

SDS-PAGE. Proteins were transferred to nitrocellulose membrane for 90 min at 100 V. 

Membranes were blocked for 1 h at room temperature in Tris-buffered saline (TBS) 

containing 5% nonfat powdered milk and probed with primary antibody in TBS at 

concentrations from 1:250 to 1:5,000 overnight according to the manufacturer’s instructions 

for each antibody. Antibodies against pAKTS473, pAKTT308, and pan AKT were obtained 

from Cell Signaling Technology (Beverly, MA, USA). Antibodies against β-actin were 

obtained from Santa Cruz Biotechnology (Dallas, TX, USA). Me3K9H3 antibody was 

obtained from Abcam (Cambridge, MA). In all cases, a secondary antibody labeled with 

horseradish peroxidase (Bio-Rad) was used at concentrations from 1:5,000 to 1:10,000 for 1 

h at room temperature, and immuno-reactive bands were detected by using SuperSignal 

West Pico Chemi-luminescent Substrate (Thermo Fisher Scientific, Waltham, MA) and 

recorded on photosensitive film. The relative intensities of immuno-reactive bands detected 

by Western blot analysis were quantified by densitometry using NIH ImageJ software (NIH) 

and normalized with pan AKT and β-actin levels.

2.12. DNA methylation analysis

Amplicon sequencing on next-generation sequencing (NGS) platform was used to determine 

the DNA methylation status of the mIGF-1 promoter region. Genomic DNA samples from 

four mouse lungs in each experimental group were treated with sodium bisulfite as 

previously described [8], and PCR amplifications were performed using the primers listed in 

Table 1. PCR products were sequenced on Ion Torrent PGM and raw sequence data were 

imported into the software package CLC genomics workbench (CLC bio, Qiagen). Data 

were quality trimmed (0.01 or Q20) and primer and linker sequences were removed using 

the trimming algorithm implemented within CLC genomics. Subsequently, trimmed data 

were mapped against the reference converted sequence, assuming no methylation. Variant 

calling using the quality variant algorithm was performed using a minimum threshold of 

0.1%. A table of variants relative to the reference was generated, and known CpG sites were 

identified. Percent methylation was determined through variant abundance value for each 

site.

Global DNA methylation analysis was performed on the lungs of animals exposed to 

normoxia or hypoxia and treated with vehicle control or apicidin, and total cytosine 

methylation levels were measured by liquid chromatography-mass spectrometry (LC/MS) as 

described previously [22]. Briefly, DNA was hydrolyzed to nucleosides by adding 5U 

nuclease P1 (Sigma) at 37°C for 2 h, 0.002 units of venom phosphodiesterase I (Sigma) at 

37°C for 2 h, 0.5 units of alkaline phosphatase at 37°C for 1 h. Stock solutions of 2′-

deoxycytidine (Sigma) and 5-methyl-2′-deoxycytidine (ChemGenes, Wilmington, MA) 

were prepared in water. An eight-point stock mixture of a standard was carefully prepared to 

give an exact known concentration ratio of 2′-deoxycytidine and 5-methyl-2′-deoxycytidine. 

The concentration of 2′-deoxycytidine and 5-methyl-2′-deoxycytidine in each sample was 

calculated from the standard curve. Each DNA sample was injected into the LC and run 

through an Atlantis DC18 silica column (Waters Corporation, Milford, MA). Identification 

of 2′-deoxycytidine and 5-methyl-2′-deoxycytidine was obtained by mass spectrometry of 
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chromatographic peaks. Values were expressed as percentage of values in lungs from the 

vehicle-treated normoxic group.

2.13. Statistical analysis

Statistical analysis of the data was performed using a single factor analysis of variance 

(ANOVA) and standard two-sample Student’s t-test assuming unequal variances of the two 

data sets. Statistical significance was determined using a two-tailed distribution assumption 

and was set at a 5% level (p < 0.05).

3. Results

3.1. IGF-1 is upregulated in neonatal hypoxia-induced pulmonary hypertension

Figure 1A is a recapitulation of the experimental protocol with newborn mice. After chronic 

hypoxia exposure for 2 weeks, neonatal mice at P14 have developed RV hypertrophy 

(Figure 1B, C). Although the RV hypertrophy is relatively decreased at P45 compared to 

P14, sustained RV hypertrophy is observed in the hypoxia group (Figures 1D, E). In 

addition, RVSP is increased at P45 in mice exposed to neonatal hypoxia (Figure 1F).

Next, we performed q-PCR analysis to determine the expression levels of IGF-1. As shown 

in Figure 1G, IGF-1 expression at P14 is significantly upregulated in mouse lungs exposed 

to hypoxia when compared with normoxic lungs.

3.2. IGF-1 activates pAKTS473 in mPASMCs

We investigated whether IGF-1 signaling is active in PASMCs. As shown in Figures 2A and 

B, IGF-1 is able to increase the levels of phosphorylated AKT at residue position S473 in 

mPASMCs. Next, we determined whether IGF-1 signaling can be inhibited using inhibitors 

of IGF-1R, PI3K, and AKT. Since two residues (S473, T308) on AKT can be 

phosphorylated, antibodies against residues at S473 and T308 were used to characterize the 

IGF-1-induced AKT phosphorylation. As shown in Figures 2C and D, IGF-1 augments 

pAKTS473 but not pAKTT308 in HPASMC. Furthermore, inhibition of IGF-1R (OSI-906), 

PI3K (PF-04691502) and AKT (MK-2206) decreases IGF-1-induced elevation of pAKTS473 

levels.

3.3. Regulation of Endothelin-1 expression by IGF-1

Endothelin-1 (ET-1) plays an important role in ventricular hypertrophy and vascular 

constriction following hypoxia. To determine the molecular link between IGF-1 and ET-1, 

ET-1 expression was measured in HPAECs in the presence or absence of IGF-1. As shown 

in Figure 3A, IGF-1 augments ET-1 expression in HPAECs. Next, we reduced IGF-1 

expression using an siRNA knockdown approach. As shown in Figure 3B, IGF-1 siRNA 

decreases IGF-1 expression, however, ET-1 expression is not notably altered in IGF-1-

diminished HPAECs, suggesting that IGF-1 augments ET-1 expression through some 

paracrine effect.

To determine whether IGF-1 regulates the expression of IGF-1 receptors or ET-1 receptors 

in HPASMC, HPASMC were treated with IGF-1 for 24h, and total RNA was isolated and 
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subjected to cDNA synthesis and quantitative PCR. As shown in Figures 3C, D and E, 

IGF-1 treatment does not affect the mRNA expression of EDNRA, EDNRB or IGF-1R in 

HPASMCs.

3.4. IGF-1 expression and signaling are regulated by HDACs

To determine whether the hypoxia-induced increase in IGF-1 is modulated by HDACs, 

HPAECs were exposed to hypoxia for two days in the presence or absence of the class I 

HDAC inhibitor apicidin. As shown in Figure 4A, hypoxia increases IGF-1 expression. 

Apicidin treatment decreases the elevated levels of IGF-1 expression induced by hypoxia. In 

addition, apicidin treatment decreases the basal levels of IGF-1 expression in normoxia.

To determine whether pulmonary IGF-1 signaling is involved in neonatal hypoxia-induced 

PH, the IGF-1 mRNA levels were measured in mouse lungs from three experimental groups. 

As shown in Figure 4B, apicidin treatment reduces the hypoxia-induced increase in IGF-1 

expression in lungs. Moreover, apicidin administration attenuates hypoxia-induced elevated 

levels of pAKTS473 in lungs (Figure C).

To determine the involvement of IGF1R, EDNRA, and EDNRB in hypoxia-induced 

pulmonary hypertension, expression levels of these genes were measured by q-PCR in the 

lungs. As shown in Figures 4D, 4E and 4F, neonatal hypoxia decreases the expression levels 

of EDNRB, but not IGF1R and EDNRA. In addition, apicidin administration does not alter 

the expression levels of EDNRA, ENNRB, and IGF1R under hypoxic conditions.

To determine which HDACs may be involved in IGF-1 regulation, siRNA knockdown 

experiments were performed. As shown in Figures 5A and 5B, reduction of HDAC1, 

HDAC2, and HDAC3 levels by siRNA knockdown individually elicited no change in IGF-1 

expression. However, a combination knockdown of HDACs decreases IGF-1 expression in 

HPAEC.

3.5. Inhibition of HDACs decreases chronic hypoxia-induced right heart hypertrophy and 
pulmonary vascular remodeling

To investigate whether inhibition of HDACs prevents chronic hypoxia-induced PH in 

neonates, we used a neonatal mouse model of hypoxia-induced PH (Figure 6A). Apicidin 

attenuates chronic hypoxia-induced RV hypertrophy (Figure 6B). To evaluate pulmonary 

vascular remodeling, the medial thickness of the pulmonary arterial walls was measured. As 

shown in Figures 6C and 6D, two weeks of neonatal hypoxia causes significant increases in 

the thickness of the pulmonary vascular walls as compared to normoxia (p<0.05). However, 

administration of apicidin attenuates neonatal hypoxia-induced pulmonary wall thickening 

(p<0.05). Our data suggests that inhibition of HDACs with apicidin provides a beneficial 

effect on the pathogenesis of PH induced by hypoxia.

3.6. Neonatal hypoxia modulates lung DNA methylation in the IGF-1 promoter region

To determine whether neonatal hypoxia exposure modulates DNA methylation of the 

mIGF-1 promoter, we employed the state-of–the-art technology, targeted NGS, and 

characterized the novel differential cytosine methylation sites in the IGF-1 promoter region 
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in the normoxia and hypoxia groups. Figure 7A shows the location of the examined CpG 

sites around the mIGF-1 promoter region. As shown in Figure 7B, four out of five CpG sites 

(mouse Chr 10, 87858009, 87858096, 87858038, 87858170) around the mIGF-1 promoter 

region show no differences in cytosine methylation levels between the normoxia and 

hypoxia groups. However, cytosine methylation at position 87857993 (mouse Chr10, CpG1 

site) is significantly increased in the lungs of mice exposed to hypoxia as compared to 

normoxia controls. Interestingly, apicidin treatment normalizes the increased levels of 

cytosine methylation due to hypoxia at CpG1 site (Figure 7C).

3.7. HDAC inhibition with apicidin alters global DNA methylation levels in mouse lung

We tested whether neonatal hypoxia alters global DNA methylation in mouse lungs. LC/MS 

data showed that neonatal hypoxia increases global cytosine methylation, which is 

associated with increased cytosine methylation levels in the mIGF-1 promoter region 

(Figure 8). Moreover, apicidin treatment in-vivo decreases hypoxia-induced elevated levels 

of global DNA methylation.

4. Discussion

There is increasing evidence in humans and experimental animals that adverse stimuli, 

especially hypoxia, can impair lung growth and function during a critical period of lung 

development in a variety of animal species [1; 23]. In addition, early exposure to hypoxia 

alters the pulmonary vasculature and increases the susceptibility to development of 

pulmonary hypertension later in life. In neonatal rats, brief perinatal hypoxia followed by 

reexposure to hypoxia increases the severity of PH, including increased RVSP and RV 

hypertrophy [24]. Although a number of signaling pathways have been reported to be 

involved in chronic hypoxia-induced PH in neonatal animals, the role of IGF-1 in neonatal 

chronic hypoxia-induced PH is largely unknown. It has been reported that IGF-1 signaling is 

activated in many types of cancer cells [25; 26; 27]. In this study, we demonstrate that the 

pAKT pathway is activated in response to IGF-1 exposure in both PAECs and PASMCs. 

pAKTS473, but not pAKTT308, was remarkably increased in the presence of IGF-1. 

Inhibitors of IGF-1R, AKT, and PI3K strongly suppress pAKTT473 activation in response to 

IGF-1 stimulation, suggesting that IGF-1 induces elevated activation of pAKT473 through 

IGF-1R and PI3K in PASMCs. Our in vivo data demonstrate that expression of IGF-1 is 

upregulated in the lungs of neonatal mice after hypoxia exposure which is paralleled with 

elevated activation of pAKT473. In addition, the expression levels of IGF1R are not altered 

under hypoxia condition as compared to normoxia condition. These data suggested that 

IGF-1 as a ligand triggers the IGF-1 signaling without altering the expression of IGF-1 

receptor under hypoxia condition.

A number of recent studies demonstrate the importance of the epigenetic code in normal 

human development as well as the burden of disease that occurs when the epigenetic code or 

machinery malfunctions. One of the interesting findings in this study is that IGF-1 

expression is modulated by histone modifications, and inhibition of HDACs attenuates the 

chronic hypoxia-induced RVSP, RV hypertrophy, and vascular remodeling in neonatal mice. 

Importantly, apicidin administration also attenuates hypoxia-induced IGF-1 expression and 

elevated activation of pAKT473. The downregulation of IGF-1 in neonatal lungs by apicidin 
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is consistent with our in vitro data showing that apicidin treatment decreases IGF-1 

expression in HPASMCs. HDACs have emerged as key targets to reverse aberrant 

epigenetic alterations associated with many diseases including PH [10; 11]. HDACs may 

modulate intracellular signaling cascades through their interaction with protein phosphates.

Our study suggests that class I HDACs play a role in IGF-1/AKT signaling pathway 

activation. Our study is in line with others that show growth factor-mediated signaling 

pathways are epigenetically regulated [28]. Zinkhan et al. have demonstrated that maternal 

hyperglycemia disrupts histone 3 lysine 36 trimethylation of the IGF-1 gene. Maternal food 

restriction results in intrauterine growth-restricted newborns with significantly lower liver 

weight in association with altered histone codes along the rat hepatic IGF-1 gene [29; 30]. 

Beside IGF-1, other growth factor-related pathways have been reported to be regulated 

epigenetically. Nordin et al. have reported that the IGF-2/H19 gene-cluster is epigenetically 

regulated leading to parent-specific expression [31]. In addition, the expression of vascular 

endothelial growth factor receptor-3 has been linked to epigenetic regulation. TSA (an 

HDAC inhibitor) treatment leads to the accumulation of acetylated histones H3/H4 at the 

VEGFR3 gene promoter, upregulation of its mRNA levels, and transactivation of promoter 

reporter constructs in endothelial cells. Moreover, methylation inhibition by 5-Aza-dC 

triggers upregulation of VEGF3 mRNA levels and increased promoter activity [32]. The 

evidence in our study along with others show that increased IGF-1 signaling is positively 

correlated with increased HDAC activity in response to hypoxia. Our study further 

demonstrates that inhibition of HDACs with apicidin decreases IGF-1 expression both in 

vitro and in vivo, suggesting that IGF-1 may be a target of HDACs in our experimental 

mouse model and that increased HDAC activity contributes to the vascular pathology of PH. 

We performed siRNA experiments to ascertain which HDAC members play an important 

role in regulating IGF-1 expression. Individual knockdown exhibits no change of IGF-1 

expression. This is likely due to dose or compensation effects, which is consistent with our 

finding that a combination knockdown showed a decrease in IGF-1 expression. However, it 

remains to be further investigated how IGF-1 is involved in the pathogenesis of hypoxic PH.

The observed benefits of apicidin treatment in this study on RVSP, RV hypertrophy, and 

vascular remodeling in response to neonatal hypoxia are partial, which can probably be 

attributed to incomplete drug efficacy and multiple signaling pathways implicated in the 

pathogenesis of hypoxic PH. PASMCs proliferate in response to hypoxia, which involves 

other growth factors such as PDGF, FGF, and EGF, suggesting that multiple growth factors 

that activate their receptors and downstream signaling are involved [33; 34; 35]. Although 

reduced signaling through IGF-1R with apicidin treatment in hypoxia is observed in this 

study, the other pathways triggered by PDGF, FGF, and EGF were not examined and need 

further investigation.

ET-1 has been described to have an important role in vascular hypertrophy and proliferation 

leading to hypertension [36; 37]. ET-1 is a potent vasoconstrictor peptide that also exhibits 

mitogenic and hypertrophic properties. In addition, ET-1 has been shown to stimulate 

vascular smooth muscle cell proliferation, migration, contraction, extracellular matrix 

remodeling and deposition, and the secretion of growth factors [38]. EDNRA encodes the 

ET-1 receptor termed ETA receptor, which is a member of the endothelin receptor group of 
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G-protein-coupled receptors that also includes ETB receptor. ET-1 binds to ETA-R and 

ETB-R on PASMC, which leads to vasoconstriction, proliferation and migration of the 

PASMCs [39; 40; 41]. However, the mechanism underlying increased ET-1 expression in 

hypoxia is largely unknown. Olave et al. have previously demonstrated that inhibition of 

TGF-β signaling reduces ET-1 in vivo, which is confirmed in vitro in mouse pulmonary 

endothelial cells. Reduction of ET-1 via inhibition of TGF-β signaling indicates that TGF-β 

is upstream of ET-1 during hypoxia-induced signaling in the newborn lung [23]. In this 

study, we demonstrate that neonatal hypoxia decreases the expression of EDNRB but not 

EDNRA. However apicidin administration did not alter the expression of either EDNRA or 

EDNRB. Moreover, we demonstrate a novel finding that IGF-1 regulates ET-1, which was 

exhibited in IGF-1-treated PAECs. However, using an siRNA knockdown experiment, ET-1 

expression is not altered in IGF-1-diminished PAECs. Therefore, further investigation is 

required to elucidate the mechanisms underlying the regulation of ET-1 by IGF-1.

Generation of an epigenetic signature by chronic hypoxia has been reported in various types 

of cells and tissues, including prostate [42] and lung [43]. In this study, we demonstrate that 

neonatal hypoxia increases gene-specific cytosine methylation levels along the IGF-1 

promoter region, which is associated with increased global DNA methylation levels in 

mouse lungs after exposure to hypoxia. In addition, we demonstrate a global 

hypermethylation in the lungs that is reversible after administration of apicidin in neonatal 

hypoxic lungs. Although we have characterized differentially methylated hotspots induced 

by hypoxia in our experimental model, the distal region and regulatory elements around the 

IGF-1 promoter need to be extensively investigated. Furthermore, it should be emphasized 

that these studies were performed using a preclinical animal model, and characterization of 

differential epigenetic signaling in patients with PH will provide more clinically relevant 

data to increase our understanding of the role of epigenetics in the pathogenesis of PH. Our 

studies suggest that epigenetic changes may be used as a potential signature of response to 

early insults such as neonatal hypoxia.

5. Conclusion

In conclusion, our findings indicate that IGF-1 signaling is involved in chronic hypoxia-

induced pathogenesis of PH in neonatal mice. IGF-1 signaling is activated in the lungs of 

neonatal mice exposed to hypoxia, and inhibition of HDACs with apicidin is capable of 

decreasing chronic hypoxia-induced IGF-1 expression and activation of AKT in vivo. We 

show that the expression of the potent vasoconstrictor ET-1 is regulated by IGF-1 in 

HPAECs, suggesting that IGF-1 may modulate pulmonary arterial vascular tone. 

Furthermore, neonatal hypoxia alters specific cytosine methylation around the IGF-1 

promoter region, and inhibition of HDACs normalizes not only global DNA methylation, 

but also a specific methylation site in the mIGF-1 promoter region. Our study may provide 

new insights for the prevention and treatment of hypoxia-related PH.
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Figure 1. Neonatal hypoxia induces RV hypertrophy and increased RVSP and upregulates 
IGF-1 expression in mice
(A) Schematic of the study design. N=Normoxia, H=Hypoxia. (B) Weight ratio of RV to 

(LV + septum) is increased in P14 mice after exposure to hypoxia compared with room air 

controls. (C) The ratio of RV weight to body weight (BW) is increased in hypoxic mice 

compared to normoxic mice at P14. (D) The RV to (LV + septum) weight ratio is increased 

in mice exposed to neonatal hypoxia at P45 compared with normoxic controls. (E) There is a 

sustained increase in the ratio of RV weight to body weight in mice exposed to neonatal 

hypoxia compared to control mice at P45. (F) RVSP is increased in hypoxic mice at P45 as 

compared to normoxic mice. (G) IGF-1 mRNA expression is upregulated in hypoxic lungs 

at P14 compared to normoxic lungs. * p<0.05 compared to normoxia controls.
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Figure 2. IGF-1 activates pAKT in PASMC
(A) IGF-1 increases pAKTS473 in mouse PASMC. PASMC were serum-starved overnight 

and then incubated with IGF-1 (100 ng/ml) for 24 h. Cell lysates were prepared and 

subjected to Western blot analysis using an antibody against pAKTS473. Pan AKT and β-

actin were used as loading controls. (B) Densitometry quantification of pAKTS473 levels in 

the mPASMC in the presence or absence of IGF-1 for Figure 1A. * p<0.05 compared with 

the untreated control. (C) Inhibitors of IGF-1R (OSI-906), AKT (MK-2206), and PI3K 

(PF-04691502) decrease IGF-1-induced pAKT473 in HPASMC. However, inhibitors of 

AKT (MK-2206) and PI3K (PF-04691502) are capable of decreasing the levels of 

pAKTT308, while the IGF-1R inhibitor (OSI-906) is not. (D) Densitometry quantification of 

pAKTS473 levels for Figure 2C. * p<0.05 compared with the untreated control. # p<0.05 

compared to IGF-1-treated control (IGF-1 +, no inhibitor).
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Figure 3. IGF-1 regulates ET-1 expression
(A) PAECs were serum-starved overnight and exposed to 100 ng/ml of IGF-1 for 24 h. RNA 

was extracted and cDNA was synthesized for q-PCR analysis to measure ET-1 expression. * 

p<0.05 compared to untreated control cells. (B) IGF-1 siRNA (50 nM) was introduced into 

PAEC for 48 h. RNA was extracted and subjected to cDNA synthesis and q-PCR analysis to 

measure IGF-1 and ET-1 expression. * p<0.05 compared to negative control (NC). 

HPASMCs were serum-starved overnight and exposed to 100 ng/ml of IGF-1 for 24 h. RNA 

was extracted and cDNA was synthesized for q-PCR analysis to measure mRNA expression 

for the following genes: (C) EDNRA; (D) EDNRB; (E) IGF-1R.
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Figure 4. HDAC inhibition with apicidin regulates IGF-1 expression and IGF-1 signaling
(A) Human PAECs were cultured in normoxia or hypoxia (1% oxygen) for 2 days in the 

presence or absence of apicidin. Total RNA was isolated and cDNA was synthesized. q-PCR 

was performed to measure the expression levels of IGF-1. * p<0.05 compared to vehicle 

controls. # p<0.05 compared to normoxia controls. (B) Apicidin administration attenuates 

hypoxia-induced increased expression of IGF-1 expression in mouse lungs. (C) Apicidin 

administration attenuates hypoxia-induced activation of pAKT in mouse lungs. (D) The 

mRNA expression levels of IGF-1R was examined by real-time PCR in lung tissues from 

mice exposed to normoxia or hypoxia. E) The mRNA expression levels of EDNRA was 

examined by real-time PCR in lung tissues from mice exposed to normoxia or hypoxia. (F) 

The mRNA expression levels of EDNRB was examined by real-time PCR in lung tissues 

from mice exposed to normoxia or hypoxia.
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Figure 5. HDACs regulate IGF-1 expression in PASMCs
(A) PASMCs were transfected individually with HDAC1, HDAC2, and HDAC3 siRNA (50 

nM), or in combination for 2 days. q-PCR was performed to measure the mRNA expression 

of HDAC1, HDAC2 and HDAC3. * p<0.05 compared to negative control. (B) q-PCR was 

performed to determine the expression level of IGF-1 in HDAC1-, HDAC2- and HDAC3- 

siRNA-treated PAECs. Combination, but not individual, knock-down of HDAC1, HDAC2, 

and HDAC3 decreases expression of IGF-1. * p<0.05 compared to negative control.
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Figure 6. Inhibition of HDACs with apicidin suppresses neonatal hypoxia-induced pulmonary 
hypertension
(A) Schematic of the study design. (B) C57BL/6 mouse pups were exposed to normoxia or 

11% hypoxia from birth for two weeks and administered either apicidin (2 mg/kg, i.p.) or 

vehicle control three days per week from P5. RV hypertrophy was assessed at P14. (C) Ratio 

of right ventricular weight to body weight was measured at P14. (D) Representative 

photomicrographs of pulmonary arteries at P14 in mouse pups exposed to normoxia or 

hypoxia and given either vehicle or apicidin. Scale bar = 50 μm. NV=normoxia vehicle 

HV=hypoxia vehicle HT=hypoxia apicidin-treated (E) Quantitative analysis of wall 

thickness of pulmonary arteries at P14 of mice in normoxia or hypoxia and given either 

vehicle or apicidin. * p<0.05 compared with normoxia vehicle. # p<0.05 compared with 

hypoxia vehicle group.
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Figure 7. Chronic neonatal hypoxia modulates lung DNA methylation in IGF-1 promoter region
(A) Location of CpG sites along proximal mouse IGF-1 promoter region. (B) Genomic 

DNA isolated from normoxic and hypoxic lungs was analyzed for cytosine methylation at 

multiple sites along the mIGF-1 promoter region in the lungs. * p<0.05 compared to 

normoxia control. (C) HDAC inhibition with apicidin normalizes hypoxia-induced elevation 

of cytosine methylation at CpG1 site (position 87857993) along pulmonary IGF-1 promoter 

region (Chr10). * p<0.05 compared to normoxia controls. # p<0.05 compared to hypoxia 

vehicle controls.
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Figure 8. Inhibition of HDACs with apicidin attenuates hypoxia-induced global DNA 
methylation in vivo
Global DNA methylation was determined by LC/MS. Each genomic DNA sample was 

analyzed in triplicate. * p<0.05 compared to normoxia controls. # p<0.05 compared to 

hypoxia vehicle controls.
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