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Epigenetic changes in peripheral leucocytes as
biomarkers in intrauterine growth retardation rat
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Abstract. Epigenetics plays an important role in the fetal
origins of adult disease. Intrauterine growth retardation
(IUGR) can cause increased histone acetylation of the
endothelin-1 (ET-1) gene from pulmonary vascularendothelial
cells or the whole lung tissue and persist into later life, likely
resulting in increased risk of pulmonary hypertension or
asthma later in life. However, little is known regarding the
correlation of epigenetic changes between specific tissue
and peripheral leucocytes. In the present study, an IUGR
rat model was established by maternal nutrient restriction.
Peripheral blood leucocytes were isolated to detect the ET-1
expression level. Chromatin immunoprecipitation was used
to analyze histone modification of the ET-/ gene promoter.
The ET-1 protein expression of leucocytes from the 1-week
IUGR group was similar to that from the 1-week control
group. ET-1 protein expression of leucocytes from 10-week
IUGR rats was obviously higher than that of the other
groups (P<0.05). The levels of acetylated histone H3 in the
ET-1 promoter of leucocytes from the 1-week TUGR rats
were significantly higher than those from the age-matched
control group (P=0.004). Furthermore, the trends continued
<10 weeks after birth. In conclusion, epigenetic modifications
of leucocytes can in part reflect the epigenetic changes of
lung tissue in [UGR rats. Epigenetics of peripheral leucocytes
may be used as a biomarker for predicting the risk of the
development of disease, and may be used as a surrogate
to investigate the subsequent development of pulmonary
vascular disease or asthma.
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Introduction

An adverse intrauterine environment may have an impact on
the development of the fetus resulting in fetal intrauterine
growth retardation (IUGR). TUGR accounts for =10% of all
live births. Their perinatal mortality is 4- to 10-fold higher
than that of normally grown babies (1,2). Previous studies
revealed that TUGR or low birth weight has been linked to
the later development of diseases in adulthood, including
type 2 diabetes, hypertension, and asthma (3-8). This is also
known as the ‘developmental origins of adult disease’ theory or
the Barker' hypothesis (9). Evidence suggests that epigenetics
plays an important role in the fetal origin of adult disease (10).
Epigenetics refers to all the heritable changes in phenotype
or in gene expression states that are not involved in the DNA
sequence itself. Histone modification and DNA methylation
patterns are the predominant epigenetic phenomena, providing
amechanism that allows the stable propagation of gene activity
states from one generation of cells to the next (11).

Previous findings showed that maternal nutrient restric-
tion increased the histone acetylation and hypoxia inducible
factor-la. binding levels in the endothelin-1 (E7-1) gene
promoter of pulmonary vascular endothelial cells (PVEC) in
TUGR newborn rats, and continued <6 weeks after birth (12).
However, this intervention did not result in a change in ET-/
gene methylation. These epigenetic changes resulted in an
TUGR rat being highly sensitive to hypoxia later in life, causing
more significant pulmonary arterial hypertension or pulmo-
nary vascular remodeling (12). Intrauterine nutrient restriction
may, not only cause increased histone acetylation of the E7-/
gene at the endothelial cellular level, but cause corresponding
changes of the E7-1 gene at a whole lung tissue level and persist
into later life. The effect persisted up to 10 weeks after birth.
These epigenetic changes may induce an IUGR individual to
be highly sensitive to OVA (allergen) challenge later in life,
resulting in more significant changes related to asthma (13).
The above mentioned findings suggested that epigenetics is
closely associated with the development of pulmonary arterial
hypertension and asthma following IUGR.

Increased histone acetylation levels of ET-/ gene in
lung tissue following IUGR can cause IUGR individual
susceptibility to hypoxia stimulation or allergen challenge.
This epigenetic susceptibility following IUGR resulted in
the development of adulthood disease later in life, involving
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pulmonary hypertension and asthma. It is not fully understood
whether the epigenetic susceptibility in lung tissue can
be found at an early stage. In view of ethics, it is almost
impossible to obtain a biopsy of the lung tissue to detect
the corresponding epigenetic changes. Of note, the adverse
intrauterine environment or prenatal stress may, not only cause
disease-specific or tissue-specific epigenetic modifications but
also induce epigenetic changes of peripheral leucocytes (14,15).
It further indicated whether maternal nutrient restriction may
not only cause epigenetic changes of lung tissue, but also
epigenetic changes of peripheral leucocytes.

Therefore, we speculated that TUGR did not only induce
epigenetic modifications of E7-1 gene in lung tissue, but also
caused epigenetic modifications in peripheral leucocytes.
In the present study, histone acetylation levels of the ET-/
gene in leucocytes from 1-and 10-week IUGR rats were
investigated.

Materials and methods

IUGR rat model. All the procedures and protocols were
approved by the Animal Care and Use Committee of Zhejiang
University (approval no. zju201305-1-02-043). The IUGR rat
model was established based on our previous study (12). Briefly,
virgin female Sprague-Dawley rats weighing 250-300 g were
mated overnight. After confirmation of mating, the pregnant
rats were randomly divided into two nutritional groups:
i) Standard diet ad libitum throughout gestation (control group),
and ii) undernutrition group (IUGR). Pregnant rats in the
undernutrition group were fed the same diet at 50% of the free
intake until birth. The two groups of rats were kept in the same
room with a constant temperature maintained at 22+3°C, and
had free access to water. Pups whose birth weight was below
the 10% of normal birth weight, were defined as IUGR rats.
Newborn TUGR rats continued to be reared by diet-restricted
mothers that received normal food intake through lactation,
while the control pups were reared by control mothers. Rats of
both groups were raised up to 10 weeks of age.

Isolation of peripheral blood leucocytes. Whole blood samples
were drawn from the rats via abdominal aorta and collected
into lithium heparin tubes. Peripheral blood leucocytes were
isolated according to the manufacturer instructions (1083-1;
Sigma, St. Louis, MO, USA). Briefly, 3 ml Histopaque 1083
was added to a 15 ml centrifuge tube, and 3.0 ml whole blood
was carefully layered onto the Histopaque 1083 surface,
which was then centrifuged at 400 x g for 30 min at room
temperature. After centrifugation, 2-3 mm of the opaque
layer containing the leucocytes was aspirated, and the opaque
interface containing the leucocytes band was transferred into a
clean 15 ml conical centrifuge tube. Isotonic PBS (10 ml) was
added to the tube, and the tube was mixed by gentle inversion
several times. Tubes were centrifuged at 250 x g for 10 min,
and the supernatant was discarded. After washing with PBS,
the cell pellet was kept at -80°C until use.

ET-1 expression in leucocytes. Total protein extracts
and protein concentrations were prepared according to
our previous studies (16,17). A total of 30 ug of protein
extracts were resolved on 8-10% SDS-polyacrylamide gel
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electrophoresis for ET-1 protein. Proteins were transferred
onto a polyvinylidene fluoride membrane using a Bio-Rad
gel blotting apparatus (Bio-Rad Laboratories, Hercules,
CA, USA). The membranes were incubated with a
primary antibody against ET-1 overnight at 4°C and with a
peroxidase-conjugated secondary antibody for 60 min at
room temperature. Peroxidase was visualized by enhanced
chemiluminescence (ECL) and exposure to ECL films for
appropriate times. The bands of western blot analyses were
quantified by densitometry and normalized with [3-actin using
Image-Pro Plus software. The protein level was expressed as
a percentage of control 1 week =+ standard error of the mean
(SEM).

Quantitative polymerase chain reaction (QPCR) for E7-1
was also performed. Total RNA was isolated from leucocytes
according to the RNeasy protocol (Axygen, Tewksbury, MA,
USA). Primers used for E7-1 and (3-actin were: Forward: 5'-aag
cagacaaagaactccgag-3' and reverse: 5'-cgctttcaactttgcaa ctcg-3';
forward: 5'-gccaaccgtgaaaagatg-3' and reverse: 5'-tgccagtggta
cgaccag-3', respectively (12).

Chromatin immunoprecipitation (ChIP) assay. ChIP assay
was performed as described in a previous study (17). After the
isolated leucocytes were fixed and cross-linked, the cell pellets
were suspended in cell lysis buffer and centrifuged, and the
supernatants were discarded. The pellets were resuspended in
SDS lysis buffer, sonicated, centrifuged and aliquots of soluble
chromatin were collected. Aliquots of the supernatants were
retained for representing the input chromatin. Aliquots were
incubated overnight at 4°C with one of the following antibodies:
5 ul anti-acetylaled histone H3 (06-599; Merck Millipore,
Billerica, MA,USA), 5 ul anti-acetylated histone H3 (H3K9/18)
(07-593; Merck Millipore), and 5 pl anti-acetylaled histone H4
(06-866; Merck Millipore). The immune complexes were
precipitated with protein A beads and then eluted. The input,
unbound and bound fractions were incubated with 5 M NaCl
to reverse crosslink. The DNA fragments were purified using
the Qiaquick PCR Purification kit (Qiagen, Hilden, Germany).
The DNA fragments containing E7-1 site-specific sequences
were quantified by qPCR. Relative quantification of PCR
products was based on value differences between the bound
and input using the AACq method. The PCR primers for the
ET1 gene promoter were as follows: E7-1 promoter Al,
forward: 5'-ttgcctgtgggtgactaate-3' and reverse: 5'-ccttcaccggag
cgaaag-3' (-197 to +25); ET-1 promoter A2, forward: 5'-cctctt
gattcttgaactctggg-3' and reverse: 5'-attagtcacccacaggcaac-3'
(-397 to -179).

Statistical analysis. Values are expressed as mean + SEM. The
continuous variables in the different groups were compared by
one-way ANOVA or t-test. P<0.05 was considered to indicate
a statistically significant difference.

Results

ET-1 protein expression of leucocytes. Unlike the higher
expression of E7-1 in endothelial cells or lung tissue, ET-1
protein expression in peripheral leukocytes was relatively
low (Fig. 1). The ET-1 protein level of leucocytes from the
1-week IUGR group was slightly high compared with that
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Figure 1. Quantification and representative western blots. Peripheral leucocyte protein extractions from control 1 week, IUGR 1 week, control 10 weeks, and
TUGR 10 weeks group rats were used for the western blot analysis of E7-1 protein expression. (A) Representative western blot graphs are shown, [3-actin protein
expression serves as an internal control and is used to normalize the protein band intensity. (B) The bar graph shows the ET-1 protein relative levels (percent
of control 1 week + SEM). (C) ET-1 mRNA levels. Increased expression of the E7-7 protein and mRNA in peripheral leucocytes from IUGR 10 weeks. IUGR,
intrauterine growth retardation; E7-1, endothelin-1; SEM, standard error of the mean.
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Figure 2. Comparison of (A) histone H3 and (B) H3K9/18 acetylation levels at the rat E7-/ promoter from peripheral leucocytes between IUGR and the control
using ChIP and relative quantitative polymerase chain reaction. Al and A2 are two areas of the E7-] gene promoter (-197 to +25 and -397 to -179), respectively.
Data are expressed as [UGR percent of the control £ SEM. “P<0.05 as compared with the control groups, “P<0.01 as compared with the control groups,
respectively. IUGR, intrauterine growth retardation; E7-1, endothelin-1; ChIP, chromatin immunoprecipitation.

from the 1-week control group. There was no statistically
significant difference between the groups (P=0.113). However,
ET-1 expression of leucocytes from the 10-week IUGR rats
was obviously higher than that of the other groups (P<0.05).
A similar trend was also observed in the E7-/ mRNA levels
in leucocytes.

ET-1 gene promoter histone code of leucocytes. Two sites
along the E7-1 promoter were analyzed for acetylated H3, H3
(Lys 9/18), and H4. The levels of acetylated histone H3 in the
ET-1 promoter Al region of leucocytes from the 1-week TUGR
rats were significantly higher than those from the age-matched
control group (P=0.004, Fig. 2). A similar change was also
seen in the E7-1 promoter A2 region from 1-week TUGR rats.
Furthermore, these trends continued <10 weeks after birth. The
levels of acetylated histone H3 (Lys 9/18) in the E7-1 promoter

Al and A2 regions from 1-week IUGR rats were similar to the
age-matched control groups (P>0.05). Although the levels of
acetylated histone H3 (Lys 9/18) in the E7-1 promoter regions
from the 10-week ITUGR group were higher than those of the
age-matched control group, there was no significant difference
(P>0.05). Similar to the changes of acetylated histone H4 in
PVEC or lung tissue (12,13), there was no significant differ-
ence in the H4 acetylation levels of the E7-/ promoter regions
from leucocytes between the IUGR and control groups.

Discussion

The present findings have shown that maternal nutrient restric-
tion, not only increased the histone acetylation levels in the
ET-1 gene promoter of PVEC or lung tissue, but also increased
histone acetylation levels in the E7-/ gene of leucocytes from
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1-week TUGR rats. The effect was continued up to 10 weeks
after birth. The epigenetic modifications of lung tissue E7-/
gene were in part reflected via the epigenetic changes of
peripheral blood leucocytes.

Increasing evidence suggests that aberrant epigenetic
modifications of peripheral leucocytes are involved in
autoimmune diseases or inflammatory disorders, cancer, and
even Alzheimer's disease (18-20). DNA methylation from
whole blood samples is a powerful and highly informative
biomarker, not only for current smoking, but also for a lifetime
history of smoking. Smoking-related methylation signatures
may also be very useful predictors of smoking-associated
risks (21). Global H3 acetylation and H3K4 methylation levels
were significantly increased in peripheral blood mononuclear
cells (PBMCs) from Henoch-Schonlein purpura patients with
kidney damage in comparison with those patients without
kidney involvement. These changes were positively correlated
with the clinical HSP score, providing further evidence for the
role of histone modifications in autoimmune diseases (22). On
the other hand, global histone H4 and histone H3 acetylation
levels were significantly decreased in PBMCs of patients with
pemphigus vulgaris. Histone acetylation modifications are
also aberrant in PBMCs of patients with Graves' disease (20).
Different from the above studies mainly focusing on global
histone modifications or DNA methylation in PMBCs, the
present study focused on the epigenetic changes of single ET-/
gene, possibly better predicting the risk of disease.

As the newborn rats were too small to obtain sufficient
peripheral leucocytes, we utilized 1-week rats to represent
the newborn rats. We found that, except histone H3K9/18,
histone H3 and H4 acetylation levels of the ET-1 promoter in
peripheral leucocytes from 1-week rats were similar to those
in PVEC or lung tissue (12,13). This trend persisted until
10 weeks after birth, indicating that the epigenetic modifi-
cations of peripheral leucocytes partly represent epigenetic
changes of lung tissue. It is revealed that IUGR, not only
induces tissue-specific epigenetic changes, but also epigenetic
modifications of peripheral leucocytes. In a previous persis-
tent pulmonary hypertension of the newborn rat, short-term
hypoxia and indomethacin treatments in uterine were not
sufficient to cause significant CpG methylation in the endo-
thelial nitric oxide synthase (eNOS) gene promoter (17).
Similarly, maternal nutrient restriction was insufficient to
induce significant methylation changes in the E7-/ promoter,
regardless of whether in PVEC or in lung tissue (12,13).
Although the methylation status of CpG islands of other
genes were not analyzed, intrauterine different environments
did not cause methylation changes of the eNOS or ET-1 gene.
Therefore it is likely that intrauterine different environments
may not induce methylation changes of the E7-/ gene in other
tissue. In view of these findings, methylation modifications of
CpG islands in E7-1 gene from peripheral leucocytes were
not investigated in the present study.

Epigenetic changes of E7-/ gene in lung tissue and periph-
eral leucocytes may induce [UGR individuals later in life to be
highly sensitive to hypoxia or allergen stimulations, resulting
in more significant pulmonary hypertension and asthma-like
manifestations. Epigenetic regulation of the £7-/ gene in lung
tissue may be directly involved in the development of pulmo-
nary arterial hypertension or asthma later in life. However,
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epigenetics of the E7-1 gene from peripheral leucocytes is
not directly associated with the development of adulthood
diseases. This finding further suggests that the epigenetic
changes of peripheral leucocytes may be useful as a biomarker
to predict the risk of development of pulmonary hypertension
or asthma following IUGR. Nevertheless, caution is necessary
when attempting to apply information from a rat model to
human pathophysiology. The newborn and juvenile rats are
physiologically immature relative to the human, and the insult
imposed on the fetal rat in this model of nutrient restriction
is obvious. In comparison, the effect of nutrient restriction on
humans ranges across a continuum.

In conclusion, the present findings have shown aberrant
histone acetylation modification of peripheral leucocytes in
TUGR rats. The epigenetic modifications of leucocytes can
in part reflect epigenetic changes of lung tissue, providing
novel insights into understanding of the involvement of
epigenetics in the fetal origin of adult disease. Furthermore,
the epigenetics of peripheral leucocytes may be used as a
biomarker for predicting the risk of the development of
disease.
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