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Epigenetics of Notch1 regulation in
pulmonary microvascular rarefaction
following extrauterine growth restriction
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Abstract

Background: Extrauterine growth restriction (EUGR) plays an important role in the developmental origin of adult
cardiovascular diseases. In an EUGR rat model, we reported an elevated pulmonary arterial pressure in adults and
genome-wide epigenetic modifications in pulmonary vascular endothelial cells (PVECs). However, the underlying
mechanism of the early nutritional insult that results in pulmonary vascular consequences later in life remains unclear.

Methods: A rat model was used to investigate the physiological and structural effect of EUGR on early pulmonary
vasculature by evaluating right ventricular systolic pressure and pulmonary vascular density in male rats. Epigenetic
modifications of the Notch1 gene in PVECs were evaluated.

Results: EUGR decreased pulmonary vascular density with no significant impact on right ventricular systolic
pressure at 3 weeks. Decreased transcription of Notch1 was observed both at 3 and 9 weeks, in association with
decreased downstream target gene, Hes-1. Chromatin immunoprecipitation and bisulfite sequencing were
performed to analyze the epigenetic modifications of the Notch1 gene promoter in PVECs. EUGR caused a
significantly increased H3K27me3 in the proximal Notch1 gene promoter, and increased methylation of single
CpG sites in the distal Notch1 gene promoter, both at 3 and 9 weeks.

Conclusions: We conclude that EUGR results in decreased pulmonary vascular growth in association with
decreased Notch1 in PVECs. This may be mediated by increased CpG methylation and H3K27me3 in the Notch1
gene promoter region.
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Background
Increased risk of adult-onset cardiovascular dysfunction
may originate from nutritional disturbances during crit-
ical windows of development [1], including prenatal
[2, 3] and early postnatal period [4–6]. Increasing evidence
also supports the early origins of later onset pulmonary
vascular disease. Infants with a transient perinatal insult
may develop pulmonary arterial hypertension early in
postnatal life [7], or be predisposed to an increased risk of
developing this disorder later in life [8]. In animal studies,
we recently addressed a strong association between mal-
nutrition during different critical windows and impaired
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pulmonary vascular function in adulthood [9–11]. Intra-
uterine growth restriction (IUGR) resulted in aggravated
hypoxic pulmonary hypertension and vascular remodeling
[10], whereas extrauterine growth restriction (EUGR) rats
developed elevated pulmonary arterial pressure (PAP) in
the absence of a second-hit [11]. Although we and other
study [12] provide the evidence about developmental plas-
ticity of pulmonary vasculature, the precise mechanism is
still unknown.
In searching the mechanisms underlying these adult-

onset phenotypes, growing data support the hypothesis
that physiological adaptations in response to early nutri-
tional deprivation may induce permanent alterations of
structure in the developing cardiovascular system. Micro-
vascular rarefaction, a predictor of adverse cardiovascular
prognosis, has been observed in the very early stages of
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systemic hypertension [13–15] as well as in pulmonary
arterial hypertension [16]. A strong association between
vascular rarefaction and nutritional programming of
elevated BP has also been addressed in adult animal
models [17–19]. However, whether EUGR exerts a
negative impact on early pulmonary vasculature in the
development of pulmonary arterial hypertension is
presently unknown.
Dysregulation of genes involved in impaired angio-

genesis may result in microvascular rarefaction. Notch1
signaling, predominantly in the endothelium, plays a
critical role in the development of the cardiovascular
system [20]. It has been validated as an essential con-
tributor to prenatal and postnatal angiogenesis [21, 22]
by activating downstream genes, such as transcription
factor hairy and enhancer of split-1(Hes-1) [23]. Notch1
is also identifiable in larger vessels in the embryonic
lung, finer alveolar vascular networks in later fetus, and
postnatal period [22, 24], suggesting an important role
in pulmonary vascular development.
Epigenetic regulation, including histone modification

and DNA methylation, plays a major part in the devel-
opmental origins of adult diseases [25, 26]. Our recent
studies revealed both IUGR and EUGR induced histone
modifications in the vascular tone regulators, endothelin-1
(ET-1) and endothelial nitric oxide synthase (eNOS)
[10, 11]. In addition, expression of key factors, peroxi-
some proliferator-activated receptor gamma (PPARγ)
and insulin-like growth factor-1 (IGF-1), were affected
by DNA methylation and histone modification following
EUGR [11]. In line with other evidence [27], we postu-
late that early nutritional experience has a wide impact
on the epigenetic modification of genes involved in
normal lung development and morphogenesis. An in-
creasing number of studies have documented the
epigenetic dysregulation of Notch1 in different tissues
and cells [28–30], including H3K9/14ace, H3K27me3
changes and DNA methylation at the gene promoter.
However, the epigenetic regulation of Notch1 in pul-
monary endothelium remains unclear.
In the present study, we sought to determine whether

EUGR affects the pulmonary vasculature, which may be
a contributor to pulmonary vascular dysfunction in
later life. We further hypothesized that dysregulation of
Notch1in pulmonary endothelium is involved in abnor-
mal alteration of vascular structure through epigenetic
adaptation secondary to EUGR.

Methods
Extrauterine growth restriction rat model
The EUGR rat model was established as described in
our previous study [11]. Briefly, pregnant Sprague–Dawley
rats were purchased from Zhejiang University Laboratory
Animal Center in Hangzhou, China, and maintained on
standard chow diets throughout gestation. Pups were
weighed within 24 h of birth and randomly assigned to
either a control litter, consisting of 8–10 pups, or a
larger litter consisting of 18–20 pups, both with a 1:1
male-to-female ratio. Pups were weaned on postnatal
day 21, and pups in the large litter whose weight was
below the 10th percentile of age-matched controls were
considered as EUGR [31]. Male rats were housed five
per cage and fed ad libitum. All procedures and experi-
ments were approved by The Animal Care and Use
Committee of Zhejiang University, China. Body weights
were recorded at 3, 6, and 9 weeks.

Pulmonary arterial pressure measurements
Right ventricular systolic pressure (RVSP) of rats at
3 weeks of age was evaluated as described previously
(we use RVSP to represent systolic pulmonary pressure
in 3-week-old animals in this study because for this
study group, it is not possible to insert a line into the
pulmonary artery at 3 weeks of age) [9]. Briefly, rats
were anesthetized with chloral hydrate (100–400 mg/kg,
intraperitoneally) and connected to a ventilator. Body
temperature was maintained at 38 °C. A PE21 catheter
was inserted into the right ventricle via the right jugular
vein, which was connected to a pressure transducer. RVSP
was recorded using a computer data acquisition system
(RM6240B/C, Chengdu Instruments, Chengdu, China).
For measurement of mean PAP, rats at 9 weeks of age

were anesthetized and placed on a thermo-regulated
surgical table. A PE-50 catheter with the angle directed
anteriorly was inserted from the right jugular vein
through the right heart into the main pulmonary artery.
Placement at each stage was confirmed by respective
pressure contours. Hemodynamic values were measured
and automatically calculated by a physiological data acqui-
sition system (Acknowledge MP150; Biopac System Inc.,
Goleta, California, USA) as described previously [11].

Immunohistochemistry and morphometric analysis
Left lungs were isolated from rats and inflated with ice-
cold 10 % formalin in phosphate-buffered saline (PBS)
and fixed for at least 48 h at 4 °C. Fixed lung tissue was
paraffin embedded, sectioned at 4–5 μm, and processed
for light microscopic immunohistochemistry. Samples
were incubated overnight with a primary antibody against
von-Willebrand factor (Dako, Glostrup, Denmark), an
endothelium marker, followed by a secondary antibody
(HRP polymer) for 30 min at 37 °C. At least five fields of
view from different lung sections per animal were evalu-
ated. Pulmonary vascular density was determined by
counting the number of positively stained small pul-
monary vessels (<50 μm) per high-powered field (× 200).
Sections of peripheral lung were examined, and fields
with large airways or major vessels were avoided. The
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measurements based on each field for each animal were
averaged to derive the mean number for that animal. The
mean for each animal was used for statistical analysis [32].

Isolation of pulmonary vascular endothelial cells
Rat pulmonary vascular endothelial cells (PVECs) were
isolated by magnetic-activated cell sorting (MACS) ac-
cording to the procedure in our previous study [10]. Rat
lungs were perfused with PBS into the trachea following
anesthetization and exsanguination via the abdominal
aorta. Fresh detached lung tissue was sliced into 1 mm
pieces and incubated in a 37 °C water bath with collage-
nase A. Lung cell suspensions were filtered, centrifuged,
and washed in MACS running buffer. The pellets were
resuspended in MACS running buffer, and then incu-
bated with PECAM-1 (BD PharMingen, San Diego,
California, USA) in a dark place for 15 min at 4 °C. After
washing twice, the pellets were resuspended and incubated
in anti-PE MicroBeads (Miltenyi Biotec, Bergisch Gladbach,
Germany). After washing, the final cell suspension was
added to a large column. Cells which were positively
labeled with magnetic microbeads and PECAM-1 anti-
body were selected using the separation unit, quickly
frozen in liquid nitrogen, and kept at −80 °C until use.

Total RNA isolation and quantitative RT-PCR
Total RNA and genomic DNA were simultaneously
purified from PVECs kept at −80 °C according to the
isolation kit protocol (Omega, Doraville, GA, USA). RNA
was reverse transcribed with a reverse transcriptase kit
(Takara, Dalian, China). Real-time quantitative PCR was
performed by LightCycler 480 Instrument (Roche, USA)
following the Takara SYBR-Green (Takara, Dalian, China)
protocol. β-Actin was used as an internal control. All
primers are shown (see Additional file 1: Table S1).

ChIP assay and ChIP qPCR
A chromatin immunoprecipitation (ChIP) assay was per-
formed as described previously [11]. Briefly, isolated
PVECs were fixed and cross-linked, and then lysed on
ice. Lysed extracts were subjected to shearing by sonic-
ation and centrifuged to collect the soluble protein-
chromatin complex. The soluble chromatin was divided
equally and incubated overnight with: anti-acetyl-H3K9
(Millipore 07–352, Billerica, MA, USA), anti-acetyl-H3K14
(Millipore 07-353, Billerica, MA, USA), anti-me3-H3K9
(Millipore 17–625, Billerica, MA, USA), and anti-me3-
H3K27 (Millipore 17–622, Billerica, MA, USA). The com-
plexes were precipitated with protein A-agarose beads and
incubated with NaCl to reverse DNA and protein crosslink.
Finally, DNA fragments were purified with a Qiagen DNA
extraction kit (Qiagen, Valencia, CA, USA). Relative quan-
tification of PCR products was based on value differences
between the bound and input using the ΔΔCt method.
The primers used for ChIP qPCR are shown elsewhere
(see Additional file 1: Table S1).

Bisulfite sequencing
PVEC genomic DNA was extracted (Omega, Doraville,
GA, USA) and, according to the instructions of EpiTect
Bisulfite kit (Qiagen, Valencia, CA, USA), 2 μg was
treated with sodium bisulfite. Based on the different en-
richment peaks detected in the distal Notch1 gene pro-
moter previously [11], two significantly hypermethylated
regions within the peak were selected. The primers for
bisulfite sequencing (BS) of regions (BS1, BS2) are re-
ported (see Additional file 1: Table S1). At least 10
clones per sample were sequenced to assess the methyla-
tion state of the Notch1 gene promoter.

Statistical analysis
Repeated-measures ANOVA and student’s 2-tailed t-test
were used for independent samples. Correlation between
gene expression and DNA methylation was analyzed
using the Pearson test. A P value <0.05 was considered
statistically significant.

Results
Effect of extrauterine growth restriction on body weight
and pulmonary arterial pressure
There was no significant difference between the EUGR
and control rats for birth weight. After weaning at
3 weeks, the body weight of EUGR rats was significantly
less than that of the control rats (Fig. 1a, P = 0.0002). This
difference persisted in mature rats. Although weight gain
was greater in EUGR rats after weaning, compared with
controls, EUGR rats didn’t show a complete catch-up in
growth by 9 weeks (Fig. 1a, P = 0.016). RVSP of rats at
3 weeks of age, which represents systolic PAP in this
study, and PAP of 9 week-old rats were recorded to exam-
ine the effect of EUGR on hemodynamics. There were no
significant differences between EUGR and control rats
for RSVP at 3 weeks (20.92 ± 0.58 mmHg vs 20.40 ±
0.55 mmHg, P = 0.537, Fig. 1b). Mean PAP was increased
in the EUGR compared with the control group at 9 weeks
(25.72 ± 1.36 mmHg vs 20.83 ± 0.83 mmHg, P = 0.012,
Fig. 1c), which illustrated the effect of EUGR on PAP in
response to mismatched postnatal nutritional challenge, as
we reported previously [11].

Effect of extrauterine growth restriction on pulmonary
vascular density
Pulmonary vascular density (<50 μm) was measured by
immunohistochemical staining of von-Willebrand Factor
in five rats from each group at 3 weeks. The effects of
EUGR on postnatal pulmonary vascular density at 3 weeks
are shown in Fig. 2. Compared with controls, pulmonary
vascular density was decreased in the EUGR rats (Fig. 2c,



Fig. 1 Effect of extrauterine growth restriction (EUGR) on body weight, right ventricular systolic pressure (RVSP), and pulmonary arterial pressure
(PAP). a: Body weight from birth to 9 weeks of control and EUGR rats. Data are expressed as means ± SEM from 20–25 animals per group at each
time point. b: RVSP of 3- week-old rats. c: mean PAP (mPAP) of 9-week-old rats. Data are expressed as means ± SEM from 5 animals per group.
*P < 0.05, **P < 0.01
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P = 0.013); no between group differences in pulmonary
vascular density were found in adulthood (data not shown).

Effect of extrauterine growth restriction on mRNA level of
Notch1 and downstream genes
Notch1 mRNA levels at different time points were
examined in PVECs. Compared with controls, Notch1
mRNA levels of EUGR rats were significantly decreased at
3 weeks (P = 0.031), and even lower at 9 weeks (P = 0.043,
Fig. 3a). To determine whether Notch1 signaling was
inhibited, the expression of Notch1 downstream targets
was also measured. Of the three main downstream genes,
Hes-1 was decreased at 3 weeks, consistent with reduced
Notch1 expression (Fig. 3b, P = 0.014), while there was no
between-group difference at 9 weeks (Fig. 3c, P = 0.270).

Effect of extrauterine growth restriction on histone
modification of proximal Notch1 gene promoter
To investigate EUGR-induced Notch1 epigenetic changes,
we analyzed DNA methylation and histone modification
patterns in the Notch1 gene promoter region in PVECs.
Combinations of histone modifications provide a measure
of transcriptionally active (H3K9ace, H3K14ace) and re-
pressed (H3K27me3) chromatin [24]. In this study, ChIP/
real-time PCR was performed to examine the extent of
four H3 covalent modifications (H3K9ace, H3K14ace,
H3K9me3 and H3K27me3) at three regions in the prox-
imal promoter (Fig. 4a). At 3 weeks, compared with
controls, EUGR was associated with H3K27me3 at P1
(P = 0.033) and P2 (P = 0.037, Fig. 4b), whereas no dif-
ference was observed in other markers. In adult EUGR
rats, a significantly increased H3K27me3 at P2 (>10 fold,
P = 0.0498, Fig. 4c) was observed, in addition to increased
H3K9me3 at P1 (P = 0.016) and increased H3K14ace at P2
(P = 0.044, Fig. 4c). Both young and adult EUGR rats
exhibited significantly increased H3K27me3 at P1 and P2.

Effect of extrauterine growth restriction on CpG
methylation of Notch1 in the distal promoter
Cytosine methylation is a widespread DNA modification
mechanism, which is influenced by the environment and
affected by nutritional disturbance. Comprehensive ana-
lysis of DNA-methylation in PVECs was shown in a pre-
vious study by methyl-DNA immune precipitation chip
(MeDIP-chip) using a genome promoter array [11]. A
different enrichment peak exhibiting significant hyper-
methylation was detected at the distal promoter of the
Notch1 gene (Fig. 5a). To address the degree of altered



Fig. 2 Effects of EUGR on postnatal pulmonary vessel density after weaning. Representative lung histology from control (a) and EUGR (b) rats at
3 weeks, stained with von Willebrand factor (a marker of endothelium). Micrographs were obtained at the same magnification (200 ×). Internal
scale bar (50 μm). c: the number of von Willebrand factor-stained pulmonary vessels (diameter <50 μm) per high-power field decreased in EUGR
rats. Data are presented as mean ± SEM. (n = 5 rats per group). *P < 0.05
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methylation of a single CG site, we assayed the methyla-
tion status of this region using BS in PVECs. Five CpG
sites in BS1 and six in BS2 were analyzed within the differ-
ent enrichment peak. At 3 weeks, EUGR increased CpG
methylation at the −2488 CpG site (Fig. 5b, P = 0.026).
Fig. 3 Expression levels of Notch1 gene (a), and ligands and downstream
control and EUGR male offspring rats at 3 and/or 9 weeks. Data are presen
assessed). *P < 0.05
At 9 weeks, the −2805 (Fig. 5b, P = 0.019) and −2328 CpG
sites (Fig. 5e, P = 0.039) were significantly hypermethy-
lated. Although no significant difference was found at
other CpG sites, compared with control rats, more
than half of these sites showed a slight trend toward
genes (b and c) in pulmonary vascular endothelial cells (PVECs) of
ted as mean ± SEM. (PVECs from 6–8 rats of each group were



Fig. 4 Histone modifications of the Notch1 gene promoter in rats at 3 and 9 weeks. a Schematic illustration showing the different enrichment
peak (red bar) detected by Medip-chip in the distal promoter of the Notch1 gene and the region analyzed by bisulfite sequencing (BS) (blue bar).
ChIP-qPCR analysis of regions proximal to the transcription start site are also indicated (yellow bar). The distribution pattern of four histone modifications
at three sites in the proximal promoter (<−1500 bp) of Notch1 at (b) 3 weeks and (c) 9 weeks, analyzed by ChIP/real-time qPCR. Data are presented as
mean ± SEM. (PVECs from 9 rats of each group were assessed). *P< 0.05
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hypermethylation, such as the −2639 and −2446 sites, in
the EUGR rats, suggesting a general trend of hypermethy-
lation of this locus at the distal promoter of the Notch1
gene. The effect may persist from early life into adulthood.
The microarray data can be accessed from the Gene Ex-
pression Omnibus (GEO) site (http://www.ncbi.nlm.nih.-
gov/geo/) (accession number: GSE48648) [11].
We also attempted to correlate the degree of promoter

methylation to the mRNA expression level of Notch1
and found that mRNA expression was inversely associated
with methylation of BS1 (r2 = 0.82, P = 0.01) and CpG
site −2328 (r2 = 0.79, P = 0.02) (Fig. 6a and d) at 9 weeks,
while no significant correlations were observed be-
tween gene expression and methylation of BS2 (r2 = 0.51,
P = 0.11) and the CpG site −2805 (r2 = 0.60, P = 0.07)
(Fig. 6b and c). Despite slightly higher methylation at CpG
site −2488 in EUGR at 3 weeks, no correlation was found
(data not shown).

Discussion
In our prior work, we documented EUGR-induced
adult-onset pulmonary vascular dysfunction [11]. In the
present study, we found that EUGR resulted in reduced
pulmonary vascular density during early postnatal life.
Decreased Notch1 expression in pulmonary endothe-
lium was associated with reduced vascular density,
which might be a consequence of altered epigenetic
modification secondary to EUGR, including histone
modification and DNA methylation at the Notch1 gene
promoter.
Postnatal nutritional insult is a trigger event in the

development of cardiovascular disease. Restriction of
prenatal and early postnatal growth may increase
systemic BP [33]. Our recent study demonstrated that
EUGR male rats developed elevated PAP [11], which,
for the first time, has been confirmed in the present
study. However, no effect was observed on RVSP at
3 weeks, suggesting adult-onset pulmonary hyperten-
sion induced by EUGR. Although little attention has
been paid in the literature concerning the negative im-
pact of EUGR on cardiovascular function, a recent study
[34] reported higher systolic and diastolic BP in pre-
pubertal children with a history of EUGR, which sup-
ports our result.

http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/


Fig. 5 Altered DNA methylation levels of distal CpG sites in Notch1 promoter in postnatal and adult rats. CpG methylation profile in the BS1, BS2
of 3-week-old (a-b) and 9-week-old rats (d-e). White bars represent control values, black bars represent EUGR. Representative methylation sample
are shown (c, f); each horizontal row of beads represents 11 CpG sites. Open circles indicate unmethylated CpG sites, while solid circles indicate
methylated CpG sites. *P < 0.05. Data are presented as mean ± SEM. (n = 3 rats per group)
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The current study demonstrated decreased pulmonary
vascular density in EUGR rats at 3 weeks, but not at
9 weeks as adults, suggesting an early postnatal disruption
in pulmonary vasculature development, which was not yet
sufficient to cause measureable hemodynamic changes
in pulmonary circulation simultaneously. Rarefaction is
considered as a predictor of adverse long-term cardio-
vascular prognosis [35–37]. Further recent studies
demonstrated that impaired angiogenesis and periph-
eral muscle microcirculation rarefaction contribute to
pulmonary arterial hypertension [16, 38]. Although nei-
ther of our study, nor other studies, observed micro-
vascular rarefaction in adults [19], it has been reported
in the early stages, or even prior to hypertension, in
different organs [14, 39, 40]. Therefore, we postulate
that microvascular rarefaction is a primary event in
the development of nutritional programmed pulmonary
hypertension.
Rarefaction of microvessels is a consequence of im-

paired angiogenesis, partly attributing to dysregulation
of major factors in vascular development. As a key
modulator, defects in endothelium Notch1 may result in
impaired postnatal vascularization [21]. In the present
study, we found significantly decreased Notch1 expres-
sion in PVECs in EUGR at 3 weeks compared with con-
trols. Furthermore, consistently reduced expression was
also observed in adult rats at 9 weeks. We detected
several downstream genes of Notch1 simultaneously.
Decreased Hes-1 expression corresponded with de-
creased Notch1 levels at 3 weeks, indicating Notch1-
mediated downregulation of Hes-1 following EUGR.
Our results show EUGR-related decreased Notch1
caused inhibition of Hes-1. However, further studies are
needed to elucidate how the dysfunction of Notch1 sig-
naling contributes to the disruption of pulmonary vas-
cular development.
Epigenetic adaptation, including histone modification

and DNA methylation, is an important molecular mech-
anism underlying perinatal insult-related cardio-metabolic
disorder [41, 42]. Histone acetylation often associates with



Fig. 6 Correlations between Notch1 gene promoter DNA methylation and the level of mRNA expression at 9 weeks. Pearson correlation for relative
gene expression and average DNA methylation of (a) BS1, (b) BS2. Correlation for relative gene expression and DNA methylation at (c) CpG site −2805,
(d) CpG site −2328
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gene activation, including H3 acetylation at K9 and K14,
whereas histone trimethylation at K9 and K27 is corre-
lated with gene silencing [43, 44], known as repressive
histone mark. In our current study, although H3K9me3
and H3K14ace were increased in EUGR adult rats,
H3K27me3 was more significantly increased at both 3 and
9 weeks in PVECs. In association with the consistently re-
duced Notch1 expression, our data suggest that repressive
histone mark (H3K27me3) plays a dominant role in
Notch1 gene expression. This is supported by a report of
significantly higher H3K27me3 in patients with systemic
lupus erythematosus [45]. Additionally, the persistent
trend of increased H3K27me3 at 3 and 9 weeks in the
present study implies a possible epigenetic adaptation in-
duced by EUGR.
Abnormal adaptation of DNA methylation during de-

velopment can persist into adulthood [46, 47]. Although
CpG islands at gene promoters are the most studied
regions of DNA methylation, isolated CpGs in the distal
promoter can also have regulatory significance [48].
Previously, MeDIP, and genome-wide microarrays (pro-
moter and CpG islands) were employed to identify a
genome methylation pattern in EUGR and control rats.
A significant hypermethylation peak was assessed in
the distal Notch1 gene promoter in PVECs of EUGR
adult rats [11]. In the current study, BS was performed
to determine the degree of altered methylation of single
CpG sites in this region. We observed two CpG sites
with significantly increased methylation in EUGR rats,
such as the −2488 CpG site at 3 weeks, and the −2805
and −2328 CpG sites at 9 weeks. Considering the
significantly increased H3K27me3 in our study, epigen-
etic down-regulation of Notch1 seems to be mediated
by a combination of DNA methylation and histone
modification [45]. Although the relatively modest
increase of Notch1 DNA methylation in EUGR is not
surprising, a significantly inverse correlation was dem-
onstrated between the degree of methylation of BS1,
CpG site −2328 and Notch1 gene expression. There-
fore, our result gives new insights into the environ-
mental stress-sensitive regulating region of the Notch1
gene in the distal promoter through altered DNA
methylation.
Finally, the limitation of this study should be ad-

dressed. Although we have now provided evidence that
EUGR-induced epigenetic down-regulation of Notch1
may contribute to pulmonary vascular rarefaction, the
mechanism underlying these altered epigenetic mo-
dification is still unclear. The epigenetic pattern is
usually governed by specialized enzymes, including
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histone deacetylase, histone methytransferases and
DNA methyltransferases. It has been demonstrated
that abnormal Notch1 gene expression involves altered
recruitment of these enzymes, such as enhancer of
zeste homolog 2 (EZH2) and DNA methyltransferase
(DNMT-3b), to promoter regions and/or additional
cis-regulatory regions in the Notch1 gene [30]. There-
fore, future studies need to elucidate the underlying
mechanism.

Conclusion
Our findings indicate that EUGR-induced decreased
pulmonary vascular density in early postnatal life
correlates with decreased Notch1 gene expression in
endothelial cells. Furthermore, we documented that a
combination of epigenetic adaptations, including in-
creased H3K27me3 in the proximal promoter and
hypermethylation of CpG sites in the distal promoter,
were associated with decreased Notch1 expression and
its target gene, Hes-1. More importantly, we provide
new evidence that pulmonary vascular rarefaction is an
important predictive event in the early nutritional pro-
gramming of elevated PAP.

Additional file
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(PDF 554 kb)

Abbreviations
EUGR: Extrauterine growth restriction; PVEC: Pulmonary vascular endothelial
cell; RVSP: Right ventricular systolic pressure; PAP: Pulmonary arterial pressure;
IUGR: Intrauterine growth restriction; BP: Blood pressure; MACS: Magnetic-
activated cell sorting; ChIP: Chromatin immunoprecipitation; BS: Bisulfite
sequencing; MeDIP-chip: Methyl-DNA immune precipitation chip;
PBS: Phosphate-buffered saline; Hes-1: Transcription factor hairy and
enhancer of split-1

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
LLT and LYZ contributed to the experimental design, coordinated the study,
performed the experiments, and drafted the manuscript. LJL and QYH
carried out work with the experimental models and provided guidance on
statistical analyses. WZG carried out the immunostaining. LCF participated in
carrying out work with the experimental models and pulmonary arterial
pressure measurements. LZD provided guidance on experimental design,
coordinated the study and prepared the manuscript. All authors approved
the final manuscript.

Acknowledgments
We thank Prof. Guangdi-Chen from Bioelectromagnetics Laboratory of
Zhejiang University School of Medicine, Dr. Isabelle Cui from Weill Cornell
Medical Center and Dr. Shaogen-Wu from department of anesthesiology of
the state University of New Jersey for reviewing this article. We also thank
other co-workers of Bioelectromagnetics Laboratory of Zhejiang University
School of Medicine for their assistance. This work was also supported by the
Key Laboratory of Reproductive Genetics (Zhejiang University), the Ministry of
Education, and by the Key Laboratory for Diagnosis and Therapy of Neonatal
Diseases of Zhejiang Province.
Sources of funding
This work was supported by National Science and Technology Major Projects
for ‘Major New Drugs Innovation and Development’ (2013ZX09303003), and
National Key Technology R&D Program (no. 2012BAI04B04), the grants from
the National Natural Science Foundation of China (nos. 81070512, 81270722
and 81471480) and Zhejiang Key Discipline Group for 'Neonatology and
Perinatology Program'.

Author details
1Department of Neonatology, The Children’s Hospital, Zhejiang University
School of Medicine, Hangzhou 310051, People’s Republic of China.
2Department of Neonatology, The Children’s Hospital of Fuzhou, Fujian
Medical University, Fuzhou 350004, People’s Republic of China. 3Department
of Pathology, The Children’s Hospital, Zhejiang University School of Medicine,
Hangzhou 310051, People’s Republic of China.

Received: 7 March 2015 Accepted: 27 May 2015
References
1. Barker DJ. Fetal origins of coronary heart disease. BMJ (Clin Res Ed).

1995;311(6998):171–4.
2. Wen X, Triche EW, Hogan JW, Shenassa ED, Buka SL. Prenatal factors for

childhood blood pressure mediated by intrauterine and/or childhood
growth? Pediatrics. 2011;127(3):e713–21. doi:10.1542/peds.2010-2000.

3. Ritz E, Amann K, Koleganova N, Benz K. Prenatal programming-effects on
blood pressure and renal function. Nat Rev Nephrol. 2011;7(3):137–44.
doi:10.1038/nrneph.2011.1.

4. Symonds ME, Stephenson T, Budge H. Early determinants of cardiovascular
disease: the role of early diet in later blood pressure control. Am J Clin Nutr.
2009;89(5):1518S–22.

5. Luyckx VA, Bertram JF, Brenner BM, Fall C, Hoy WE, Ozanne SE, et al. Effect
of fetal and child health on kidney development and long-term risk of
hypertension and kidney disease. Lancet. 2013;382(9888):273–83.

6. Touwslager RN, Gerver WJ, Tan FE, Gielen M, Zeegers MP, Zimmermann LJ,
et al. Influence of growth during infancy on endothelium-dependent
vasodilatation at the age of 6 months. Hypertension. 2012;60(5):1294–300.

7. Danhaive O, Margossian R, Geva T, Kourembanas S. Pulmonary hypertension
and right ventricular dysfunction in growth-restricted, extremely low birth
weight neonates. J Perinatol. 2005;25(7):495–9. doi:10.1038/sj.jp.7211299.

8. Sartori C, Allemann Y, Trueb L, Delabays A, Nicod P, Scherrer U. Augmented
vasoreactivity in adult life associated with perinatal vascular insult. Lancet.
1999;353(9171):2205–7. doi:10.1016/S0140-6736(98)08352-4.

9. Lv Y, Tang LL, Wei JK, Xu XF, Gu W, Fu LC, et al. Decreased Kv1.5 expression
in intrauterine growth retardation rats with exaggerated pulmonary
hypertension. Am J Physiol Lung Cell Mol Physiol. 2013;305(11):L856–65.

10. Xu XF, Lv Y, Gu WZ, Tang LL, Wei JK, Zhang LY, et al. Epigenetics of hypoxic
pulmonary arterial hypertension following intrauterine growth retardation
rat: epigenetics in PAH following IUGR. Resp Res. 2013;14:20.

11. Zhang L, Tang L, Wei J, Lao L, Gu W, Hu Q, et al. Extrauterine growth restriction
on pulmonary vascular endothelial dysfunction in adult male rats: the role of
epigenetic mechanisms. J Hypertens. 2014;32(11):2188–98. discussion 98.

12. Rexhaj E, Bloch J, Jayet PY, Rimoldi SF, Dessen P, Mathieu C, et al. Fetal
programming of pulmonary vascular dysfunction in mice: role of epigenetic
mechanisms. Am J Physiol Heart Circ Physiol. 2011;301(1):H247–52.

13. Struijker Boudier HA. Arteriolar and capillary remodelling in hypertension.
Drugs. 1999;59 Spec No:37–40.

14. Noon JP, Walker BR, Webb DJ, Shore AC, Holton DW, Edwards HV, et al.
Impaired microvascular dilatation and capillary rarefaction in young adults
with a predisposition to high blood pressure. J Clin Invest. 1997;99(8):1873–9.
doi:10.1172/JCI119354.

15. Kurniawan ED, Cheung N, Cheung CY, Tay WT, Saw SM, Wong TY. Elevated
blood pressure is associated with rarefaction of the retinal vasculature in
children. Invest Ophthalmol Vis Sci. 2012;53(1):470–4.

16. Potus F, Malenfant S, Graydon C, Mainguy V, Tremblay E, Breuils-Bonnet S,
et al. Impaired angiogenesis and peripheral muscle microcirculation loss
contribute to exercise intolerance in pulmonary arterial hypertension.
Am J Resp Crit Care. 2014;190(3):318–28.

17. Lewandowski AJ, Davis EF, Yu G, Digby JE, Boardman H, Whitworth P, et al.
Elevated blood pressure in preterm-born offspring associates with a distinct

http://respiratory-research.com/content/supplementary/s12931-015-0226-2-s1.pdf
http://dx.doi.org/10.1542/peds.2010-2000
http://dx.doi.org/10.1038/nrneph.2011.1
http://dx.doi.org/10.1038/sj.jp.7211299
http://dx.doi.org/10.1016/S0140-6736(98)08352-4
http://dx.doi.org/10.1172/JCI119354


Tang et al. Respiratory Research  (2015) 16:66 Page 10 of 10
antiangiogenic state and microvascular abnormalities in adult life. Hypertension.
2015;65(3):607–14. doi:10.1161/HYPERTENSIONAHA.114.04662.

18. Khorram O, Khorram N, Momeni M, Han G, Halem J, Desai M, et al. Maternal
undernutrition inhibits angiogenesis in the offspring: a potential mechanism
of programmed hypertension. Am J Physiol Regul Integr Comp Physiol.
2007;293(2):R745–53.

19. Pladys P, Sennlaub F, Brault S, Checchin D, Lahaie I, Le NL, et al. Microvascular
rarefaction and decreased angiogenesis in rats with fetal programming of
hypertension associated with exposure to a low-protein diet in utero.
Am J Physiol Regul Integr Comp Physiol. 2005;289(6):R1580–8.

20. Gridley T. Notch signaling in vascular development and physiology.
Development. 2007;134(15):2709–18.

21. Takeshita K, Satoh M, Ii M, Silver M, Limbourg FP, Mukai Y, et al. Critical role
of endothelial Notch1 signaling in postnatal angiogenesis. Circ Res.
2007;100(1):70–8.

22. Hofmann JJ, Iruela-Arispe ML. Notch signaling in blood vessels: who is
talking to whom about what? Circ Res. 2007;100(11):1556–68.

23. Jarriault S, Le Bail O, Hirsinger E, Pourquie O, Logeat F, Strong CF, et al.
Delta-1 activation of notch-1 signaling results in HES-1 transactivation.
Mol Cell Biol. 1998;18(12):7423–31.

24. Taichman DB, Loomes KM, Schachtner SK, Guttentag S, Vu C, Williams P,
et al. Notch1 and Jagged1 expression by the developing pulmonary
vasculature. Dev Dyn. 2002;225(2):166–75.

25. Waterland RA, Michels KB. Epigenetic epidemiology of the developmental
origins hypothesis. Annu Rev Nutr. 2007;27:363–88.

26. Lillycrop KA, Burdge GC. Epigenetic mechanisms linking early nutrition to
long term health. Best Pract Res Clin Endocrinol Metab. 2012;26(5):667–76.

27. Joss-Moore LA, Lane RH, Albertine KH. Epigenetic contributions to the
developmental origins of adult lung disease. Biochemistry and cell
biology = Biochimie et biologie cellulaire. 2014;93(999):1–9.

28. Gomez-del Arco P, Kashiwagi M, Jackson AF, Naito T, Zhang J, Liu F, et al.
Alternative promoter usage at the Notch1 locus supports ligand-independent
signaling in T cell development and leukemogenesis. Immunity.
2010;33(5):685–98.

29. Reister S, Kordes C, Sawitza I, Haussinger D. The epigenetic regulation of
stem cell factors in hepatic stellate cells. Stem Cells Dev. 2011;20(10):1687–99.

30. Acharyya S, Sharma SM, Cheng AS, Ladner KJ, He W, Kline W, et al. TNF
inhibits Notch-1 in skeletal muscle cells by Ezh2 and DNA methylation
mediated repression: implications in duchenne muscular dystrophy.
PLoS One. 2010;5(8):e12479.

31. Clark RH, Thomas P, Peabody J. Extrauterine growth restriction remains a
serious problem in prematurely born neonates. Pediatrics.
2003;111(5 Pt 1):986–90.

32. Rozance PJ, Seedorf GJ, Brown A, Roe G, O’Meara MC, Gien J, et al.
Intrauterine growth restriction decreases pulmonary alveolar and vessel
growth and causes pulmonary artery endothelial cell dysfunction in vitro in
fetal sheep. Am J Physiol Lung Cell Mol Physiol. 2011;301(6):L860–71.

33. Tare M, Parkington HC, Bubb KJ, Wlodek ME. Uteroplacental insufficiency
and lactational environment separately influence arterial stiffness and
vascular function in adult male rats. Hypertension. 2012;60(2):378–86.

34. Ortiz-Espejo M, Perez-Navero JL, Munoz-Villanueva MC, Mercedes GC.
Nutritional assessment in neonatal and prepubertal children with a history
of extrauterine growth restriction. Early Hum Dev. 2013;89(9):763–8.

35. Nuyt AM. Mechanisms underlying developmental programming of elevated
blood pressure and vascular dysfunction: evidence from human studies and
experimental animal models. Clin Sci (Lond). 2008;114(1):1–17.

36. Yannoutsos A, Levy BI, Safar ME, Slama G, Blacher J. Pathophysiology of
hypertension: interactions between macro and microvascular alterations
through endothelial dysfunction. J Hypertens. 2014;32(2):216–24.

37. Musa MG, Torrens C, Clough GF. The microvasculature: a target for
nutritional programming and later risk of cardio-metabolic disease. Acta
Physiol (Oxf). 2014;210(1):31–45.

38. Dimopoulos S, Tzanis G, Manetos C, Tasoulis A, Mpouchla A, Tseliou E, et al.
Peripheral muscle microcirculatory alterations in patients with pulmonary
arterial hypertension: a pilot study. Respir Care. 2013;58(12):2134–41.

39. Serne EH, Gans RO, ter Maaten JC, Tangelder GJ, Donker AJ, Stehouwer CD.
Impaired skin capillary recruitment in essential hypertension is caused by both
functional and structural capillary rarefaction. Hypertension. 2001;38(2):238–42.

40. Antonios TF, Singer DR, Markandu ND, Mortimer PS, MacGregor GA.
Rarefaction of skin capillaries in borderline essential hypertension suggests
an early structural abnormality. Hypertension. 1999;34(4 Pt 1):655–8.
41. Santos MS, Joles JA. Early determinants of cardiovascular disease. Best Pract
Res Clin Endocrinol Metab. 2012;26(5):581–97.

42. Blackmore HL, Ozanne SE. Programming of cardiovascular disease across
the life-course. Journal of molecular and cellular cardiology. 2014.

43. Turner BM. Histone acetylation and an epigenetic code. BioEssays.
2000;22(9):836–45.

44. Campos EI, Reinberg D. Histones: annotating chromatin. Annu Rev Genet.
2009;43:559–99.

45. Rauen T, Grammatikos AP, Hedrich CM, Floege J, Tenbrock K, Ohl K, et al.
cAMP-responsive element modulator alpha (CREMalpha) contributes to
decreased Notch-1 expression in T cells from patients with active systemic
lupus erythematosus (SLE). J Biol Chem. 2012;287(51):42525–32.

46. Hanson M, Godfrey KM, Lillycrop KA, Burdge GC, Gluckman PD.
Developmental plasticity and developmental origins of non-communicable
disease: theoretical considerations and epigenetic mechanisms.
Prog Biophys Mol Biol. 2011;106(1):272–80.

47. Heijmans BT, Tobi EW, Stein AD, Putter H, Blauw GJ, Susser ES, et al.
Persistent epigenetic differences associated with prenatal exposure to
famine in humans. P Natl Acad Sci USA. 2008;105(44):17046–9.

48. Wu LP, Wang X, Li L, Zhao Y, Lu S, Yu Y, et al. Histone deacetylase inhibitor
depsipeptide activates silenced genes through decreasing both CpG and
H3K9 methylation on the promoter. Mol Cell Biol. 2008;28(10):3219–35.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

http://dx.doi.org/10.1161/HYPERTENSIONAHA.114.04662

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Extrauterine growth restriction rat model
	Pulmonary arterial pressure measurements
	Immunohistochemistry and morphometric analysis
	Isolation of pulmonary vascular endothelial cells
	Total RNA isolation and quantitative RT-PCR
	ChIP assay and ChIP qPCR
	Bisulfite sequencing
	Statistical analysis

	Results
	Effect of extrauterine growth restriction on body weight and pulmonary arterial pressure
	Effect of extrauterine growth restriction on pulmonary vascular density
	Effect of extrauterine growth restriction on mRNA level of Notch1 and downstream genes
	Effect of extrauterine growth restriction on histone modification of proximal Notch1 gene promoter
	Effect of extrauterine growth restriction on CpG methylation of Notch1 in the distal promoter

	Discussion
	Conclusion
	Additional file
	show [abbrev]
	Competing interests
	Authors’ contributions
	Acknowledgments
	Sources of funding
	Author details
	References

