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Abstract
A maternal high-fat diet (HFD) is a risk factor for cardiovascular diseases in offspring. The aim of the study was to determine
whether maternal HFD causes the epigenetic programming of vascular angiotensin II receptors (ATRs) and leads to heightened
vascular contraction in adult male offspring in a sex-dependent manner. Pregnant rats were treated with HFD (60% kcal fat).
Aortas were isolated from adult male and female offspring. Maternal HFD increased phenylephrine (PE)-and angiotensin II
(Ang II)-induced contractions of the aorta in male but not female offspring. NG-nitro-L-arginine (ʟ-NNA; 100 μM) abrogated the
maternal HFD-induced increase in PE-mediated contraction. HFD caused a decrease in endothelium-dependent relaxations
induced by acetylcholine in male but not female offspring. However, it had no effect on sodium nitroprusside-induced
endothelium-independent relaxations of aortas regardless of sex. The AT1 receptor (AT1R) antagonist losartan (10 μM), but not
the AT2 receptor (AT2R) antagonist PD123319 (10 μM), blocked Ang II-induced contractions in both control and HFD offspring
in both sexes. Maternal HFD increased AT1R but decreased AT2R, leading to an increased ratio of AT1R/AT2R in HFD male
offspring, which was associated with selective decreases in DNA methylation at the AT1aR promoter and increases in DNA
methylation at the AT2R promoter. The vascular ratio of AT1R/AT2R was not significantly different in HFD female offspring
compared with the control group. Our results indicated that maternal HFD caused a differential regulation of vascular AT1R and
AT2R gene expression through a DNA methylation mechanism, which may be involved in HFD-induced vascular dysfunction
and the development of a hypertensive phenotype in adulthood in a sex-dependent manner.
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Introduction

In recent years, obesity or overweight has been increasing
dramatically in developed and developing countries and

has become a major public health problem worldwide,
which is known as a crucial risk factor for various lifestyle
diseases, such as hypertension, coronary heart disease,
myocardial hypertrophy, and type 2 diabetes mellitus
[1–4]. Obesity during pregnancy has short- and long-term
effects on the health of the offspring as a consequence of
“fetal programming”. Numerous studies have supported
that the programming effects of obesity or overweight
rooted in maternal nutrition lead to energy homeostasis
disorders and cardiovascular diseases later in life [5, 6].
Indeed, obesity during pregnancy can cause cardiovas-
cular disorders and hypertension in offspring in different
animal models [7–9]. A high dietary intake of fat is a
major risk factor for the development of obesity. Using a
well-established rat model of HFD during pregnancy, we
have previously demonstrated that HFD during pregnancy
caused cardiac hypertrophy in both fetal and adult male
offspring [10, 11]. In addition, maternal HFD impairs
endothelial function in primate offspring [12]. However,
there is currently a limited mechanistic understanding of
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how maternal HFD causes fetal programming of cardio-
vascular diseases.

Angiotensin II (Ang II) is a critical regulator of cardio-
vascular homeostasis, which has been implicated in hyper-
tension and other cardiovascular dysfunction induced
by adverse in utero environments during fetal development
[13–15]. Ang II mediates its signal transduction and functions
by binding to two major G protein-coupled receptors: Ang II
type 1 receptor (AT1R) and Ang II type 2 receptor (AT2R).
Activation of AT1R mediates many pathophysiological
effects, including vasoconstriction and cardiac remodeling.
AT2R is thought to oppose the effects of AT1R, although
AT2R-mediated actions in the cardiovascular system are
controversial. In an animal model of prenatal nicotine, Ang II-
mediated vascular contractility was enhanced in adult male
offspring exposed in utero to nicotine [16]. In addition,
maternal HFD programmed hypertension in adult offspring,
which was related to the activation of the adipose
renin–angiotensin system (RAS) [17]. Furthermore, according
to previous reports, oral administration of AT1R antagonists in
early postnatal life after protein restriction in utero prevented
the development of hypertension in adult offspring, impli-
cating the RAS in this process [18, 19]. These studies suggest
a link between programming of the Ang II receptor to fetal
insults and cardiovascular dysfunction later in life. However,
whether maternal HFD alters vascular Ang II receptor
expression patterns in offspring remains to be elucidated.

Recent studies demonstrated that DNA methylation, a
fundamental epigenetic modification of gene expression,
plays important roles in fetal programming of cardiovascular
diseases and occurs at the cytosine in the CpG dinucleotide
[20–23]. Methylation in promoter regions is generally asso-
ciated with the repression of transcription, resulting in a
shutdown of the associated gene. A previous study showed
that a prenatal low-protein diet causes the development
of hypertension in rat offspring because of epigenetic
modification of the RAS [24, 25]. Thus, the present study
tested the hypothesis that maternal HFD causes a differential
epigenetic regulation of AT1aR and AT2R gene expression
patterns via a DNA methylation mechanism, leading to an
increased risk of hypertension in adult offspring. To investi-
gate the potential sex effects of maternal HFD, studies were
performed in both adult male and female offspring.

Methods

Experimental animals

Sprague-Dawley rats were purchased from Guangdong Med-
ical Laboratory Animal Center and housed under specific
pathogen-free conditions and maintained on a 12 h:12 h light/
dark cycle at 25 °C. Pregnant rats were fed either a standard

chow diet (control group, 15% fat, 27% protein, and 58%
carbohydrate) or a high-fat diet (HFD group, 60% fat, 20%
protein, 20% carbohydrate, and D12492) from days 1 to 21 of
gestation. At term, dams were allowed to deliver, and litters
were standardized to 8 pups. All offspring were fed a standard
chow diet and studied at 3 months of age. All animal experi-
ments in the present study were approved in advance by the
Institutional Animal Care and Use Committee of Guangzhou
Medical University (nos. GY2017-067, 10/17/2017).

Contractions of aortic rings

Aortas with endothelial integrity from adult offspring were
isolated and cut into 4mm rings. Segments were suspended in
10 ml tissue baths containing modified Krebs solution and
gassed with a mixture of 95% O2 and 5% CO2, as described
previously [26, 27]. After 60min of equilibration, each ring
was stretched to the optimal resting tension (1.5 g/mm2) as
determined in 120mM KCl before adding drugs. The con-
traction induced by the drugs was normalized to the KCl-
elicited contraction. Induced contractions were obtained fol-
lowing the cumulative addition of Ang II or phenylephrine
(PE). In certain experiments, some tissues were pretreated for
20 min with the nonspecific NO synthase inhibitor (NG-nitro-
L-arginine, ʟ-NNA; 100 µM), followed by cumulative addi-
tion of PE or Ang II. Some tissues were pretreated for 20min
with the AT1R inhibitor losartan (10 µM) or the AT2R
inhibitor PD123319 (10 µM), followed by cumulative addi-
tion of Ang II, as described in a previous study [16, 27]. For
relaxation studies, the segments were submaximally pre-
constricted with 1 μM PE (male control: 2.02 ± 0.12 g/mm2,
male HFD: 3.92 ± 0.06 g/mm2, female control: 3.18 ±
0.08 g/mm2, female HFD: 3.14 ± 0.08 g/mm2), followed by
ACh or SNP added in a cumulative manner.

Western immunoblotting analysis

Aortas with endothelial integrity were homogenized in lysis
buffer (cell lysis buffer, CST) and incubated for 1 h on ice.
Homogenates were then centrifuged at 4 °C for 15min at
12,000 × g, and supernatants were collected. Protein con-
centrations were measured using a protein assay kit (Thermo).
Samples were loaded in each lane for electrophoresis and
transferred to polyvinyl difluoride membranes (Millipore,
MA). The membranes were incubated overnight with primary
antibodies against AT1R (1:2000 dilution, ab124734, 41 kDa,
Abcam) and AT2R (1:2000 dilution, ab92445, 41 kDa,
Abcam). After washing, membranes were incubated with
secondary horseradish peroxidase-conjugated antibodies and
visualized with chemiluminescence reagents, and blots were
exposed to Hyperfilm. The band intensities were analyzed by
densitometry (Bio-Rad image software) and normalized to
GAPDH as an internal control.
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Real-time RT-PCR

RNA was extracted from aortic rings with endothelium
integrity using the TRIzol protocol (Invitrogen). AT1aR,
AT1bR, and AT2R mRNA abundance was determined by
real-time RT-PCR using thermal cycler block (Applied
Biosystems). The primers used were AT1aR (Gene ID:
24180), 5′-ggagaggattcgtggcttgag-3′ (forward) and 5′-cttt
ctgggagggttgtgtgat-3′ (reverse); AT1bR (Gene ID: 81638),
5′-atgtctccagtcccctctca-3′ (forward) and 5′-tgacctcccatc
tccttttg-3′ (reverse); and AT2R (Gene ID: 24182), 5′-caa
tctggctgtggctgactt-3′ (forward) and 5′-tgcacatcacaggtcc
aaag-3′ (reverse). Real-time RT-PCR was performed in a
final volume of 20 µl. Each PCR mixture consisted of
primers, SYBR® Premix Ex Taq II (TliRNaseH Plus) and
ROX Reference Dye (Takara). We used the following RT-
PCR protocol: 95 °C for 5 min, followed by 40 cycles of
95 °C for 5 s, 60 °C for 30 s, and 72 °C for 10 s. GAPDH
was used as an internal reference. Each sample was
assayed in triplicate, and the threshold cycle numbers
were averaged. The mRNA of target genes was quantified
using the ΔΔCт method and normalized to GAPDH
mRNA levels.

Pyrosequencing for quantitative measurement of
DNA methylation

Genomic DNA was extracted from the aorta of 3-month-old
male offspring by a QIAGEN DNeasy kit (69506, QIA-
GEN) and treated by bisulfite conversion with a Qiagen-
EpiTect Bisulfite Kit (59104, QIAGEN) according to the
manufacturer’s instructions. CpG methylation at the AT1aR
and AT2R gene promoters was determined using pyr-
osequencing analysis (PyroMark Q96 ID, QIAGEN).
Primers for pyrosequencing assays were designed by
PyroMark Assay Design 2.0 software. The primer sequen-
ces are listed in Supplementary Table 1.

Statistical analysis

Data are expressed as the mean ± SEM. Statistical sig-
nificance (P < 0.05) was determined by analysis of variance
followed by Neuman–Keuls post hoc testing or Student’s t
test, where appropriate.

Results

Effect of maternal HFD on PE-induced contractions
in adult male and female offspring

Our previous study reported that maternal HFD had no
significant effect on litter size. There was a decrease in

birthweight in the HFD group compared to the control
group [10, 11]. In addition, maternal HFD had no effect
on the sex ratio (1.13 ± 0.12 vs. 1.04 ± 0.19, p > 0.05).
Maternal HFD had no effect on KCl-induced contractions
of aortas in adult male (1.61 ± 0.03 vs. 1.68 ± 0.03 g/mm2)
and female (1.77 ± 0.05 vs. 1.71 ± 0.04 g/mm2) offspring.
PE produced a concentration-dependent vasoconstriction
in all vessels. Figure 1a shows the effect of maternal HFD
on PE-mediated concentration-dependent contractions of
aortas in the absence or presence of the eNOS inhibitor
ʟ-NNA in adult male offspring. In the absence of ʟ-NNA,
both pD2 and the maximal response (Emax) were sig-
nificantly increased in the aorta of HFD male offspring
compared with those of the control group (Table 1).
However, in the presence of ʟ-NNA, maternal HFD had
no effect on PE-induced contractions (Fig. 1a, Table 1).
In the control rats, inhibition of eNOS with ʟ-NNA sig-
nificantly potentiated PE-induced contractions (Fig. 1a,
Table 1). In contrast, in the HFD groups, ʟ-NNA had no
effect on PE-mediated contractions (Fig. 1a, Table 1).

In contrast to male offspring, there was no significant
difference in PE-induced contractions between the control
and HFD female offspring in the absence or presence of
ʟ-NNA (Fig. 1b, Table 1). In addition, ʟ-NNA increased
PE-induced contractions in both the control and HFD
female offspring (Fig. 1b, Table 1).

Effect of maternal HFD on Ang II-induced
contractions of aortas in adult male and female
offspring

As shown in Fig. 1c and Table 1, in the absence of ʟ-NNA,
the maximal response of Ang II-induced contractions was
significantly increased in the aortas of HFD-treated male
offspring compared with that of the control group. Simi-
larly, in the presence of ʟ-NNA, maternal HFD also
increased Ang II-induced contraction. In both male control
and HFD-treated offspring, ʟ-NNA significantly potentiated
Ang II-induced contractions (Fig. 1c, Table 1).

In contrast to the finding in the male offspring, maternal
HFD had no effect on Ang II-induced contractions of the
aorta in adult female offspring, regardless of ʟ-NNA treat-
ment (Fig. 1d, Table 1). As shown in Fig. 1d and Table 1,
ʟ-NNA increased Ang II-induced maximal contractions of
the aorta from control and HFD female adult offspring.

Effect of losartan and PD123319 on Ang II-induced
contractions in both control and HFD offspring

To determine the receptor subtype of Ang II-induced vas-
cular contractions, aortic rings were pretreated with losartan
(AT1R inhibitor) or PD123319 (AT2R inhibitor). Losartan
almost completely blocked Ang II-induced contractions in
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both the control (Fig. 2a, c) and HFD groups (Fig. 2b, d) in
both sexes. However, PD123319 had no significant effect
on Ang II-induced contractions in the control and HFD
offspring regardless of sex (Fig. 2).

Effect of maternal HFD on endothelium-dependent
and endothelium-independent relaxation in male
and female offspring

To determine the effect of maternal HFD on endothelium-
dependent relaxation in male and female adult offspring,
ACh-induced relaxation was examined (Fig. 3, top).
Maternal HFD significantly decreased the maximal
relaxation induced by ACh in adult male (75.03 ± 2.43 vs.
44.73 ± 2.27) but not female offspring (77.59 ± 4.15 vs.
78.30 ± 3.30) (Fig. 3, top).

Unlike ACh, there was no significant difference in SNP-
induced endothelium-independent relaxations between the
control and HFD offspring in either sex (Fig. 3, bottom).

Effect of maternal HFD on AT1R and AT2R expression
in adult male and female offspring

As shown in Fig. 4a, b, maternal HFD increased AT1R
protein and AT1aR mRNA but decreased AT2R protein and
mRNA, resulting in a significant increase in the ratio of
AT1R/AT2R in adult male offspring.

In contrast to the finding in male offspring, the AT2R
protein level and mRNA abundance were significantly
increased in the aortas from the HFD female group com-
pared with levels from the control female group (Fig. 4c, d).
The AT1R protein level and AT1aR mRNA abundance were

c d

a Male Femaleb

Fig. 1 Effect of maternal HFD on phenylephrine (PE) and angiotensin
II (Ang II)-mediated contractions of aortas in adult male and female
offspring. PE (a, b n= 5/group)- or Ang II (c, d n= 6/group)-induced
contractions in the absence or presence of ʟ-NNA (100 µM, 20 min)
were determined in aortas of adult male (left panel) and female (right

panel) offspring that had been exposed in utero to a standard labora-
tory chow diet or HFD. Con control, HFD high-fat diet. The pD2

values and the maximal response (Emax) are presented in Table 1.
Values are the means ± SEM. Data were analyzed by two-way
ANOVA. *P < 0.05, HFD vs. Con; #P < 0.05, +ʟ-NNA vs. −ʟ-NNA
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also increased in the HFD group, resulting in no significant
difference in the AT1R/AT2R ratio between the control and
HFD groups in female offspring (Fig. 4c, d).

Effect of maternal HFD on the DNA methylation of
the CpG locus at the AT1aR and AT2R promoters in
adult male offspring

Previous studies have indicated that alteration of the CpG
methylation in transcription factor binding sites in the
promoter of genes plays a vital role in epigenetic mod-
ification of gene expression in the fetal programming of
cardiovascular diseases [28]. The transcription factor bind-
ing sites located in the CpG locus at the AT1aR and AT2R
gene promoters were identified in a previous study [29]. As
shown in Fig. 5a, the methylation levels of the CpG locus at
Sp1 transcription factor binding site (−96), CREB binding
site (−150), and ERα and β binding site (−484) of the
AT1aR promoter were significantly decreased in the aortas
of adult male HFD offspring compared with the control.
However, maternal HFD did not alter the methylation of the
GATA-1 binding site (−809) at the AT1aR gene promoter
region (Fig. 5a). In contrast to the alteration of AT1aR,
maternal HFD significantly increased the methylation levels
of the CpG locus at the CREB binding site (−444), GRE
binding site (+11), and CpG site (−52) near the TATA box
(Fig. 5b).

Discussion

In the present study, we demonstrated the effect of a maternal
HFD on vascular contractility and the underlying mechan-
isms in postnatal life. The major findings of the present study
are as follows: (1) vascular function was impaired due to
maternal HFD exposure, manifested as enhanced contractility
and depressed endothelium-dependent vasorelaxation in male
but not female offspring; (2) maternal HFD differentially
regulated AT1R and AT2R expression in the aorta in adult
offspring in a sex-specific manner; and (3) the differential
regulation of AT1aR and AT2R gene expression via a DNA
methylation mechanism may be involved in maternal HFD-
induced heightened vasoconstriction and the development of
a hypertensive phenotype later in life.

The present study reported that maternal HFD increased
PE-induced contraction of the aorta in male offspring,
which is consistent with recent studies in human and
animal models showing that adverse intrauterine environ-
ments contributed to an increased risk of hypertension in
adulthood [30–34]. In control male offspring, the aorta
showed a significant increase in PE after inhibition of
eNOS by ʟ-NNA, indicating basal eNOS activity in the
regulation of vascular reactivity. However, ʟ-NNA had no
effect on PE-mediated vascular constriction in HFD male
offspring. In addition, there was no significant difference
in PE-induced contraction between control and HFD
male offspring in the presence of ʟ-NNA. These findings
suggested that the increased PE-induced aortic contraction
in male HFD offspring may be primarily due to the loss of
eNOS-mediated vasodilation. The present study also
demonstrated that maternal HFD increased Ang II-induced
contraction in the absence or presence of ʟ-NNA. ʟ-NNA
enhanced Ang II-induced contraction in both control and
HFD offspring. A similar finding has been demonstrated
in male offspring exposed to nicotine before birth [16].
Therefore, it is likely that fetal programming of eNOS
activity and its effect on vasoconstrictors is agonist
dependent.

It is well known that endothelium-dependent vasodila-
tation is a vital measurement of endothelial function.
Commonly, in response to certain physiological or phar-
macological stimuli, impaired arteries have a decreased
capacity to dilate fully. Our findings showed that maternal
HFD caused a nearly 50% reduction in vasorelaxation in
response to the endothelium-dependent vasodilator ACh in
male adult offspring. However, maternal HFD had no effect
on SNP-induced relaxation in adult male offspring. These
findings suggested that maternal HFD caused impaired
endothelium-dependent vasorelaxation. It has been reported
that adverse intrauterine environments may cause a reduc-
tion in endothelium-dependent vasorelaxation in offspring
in both human and animal models [12, 35].

Table 1 Effect of maternal HFD on phenylephrine (PE) or angiotensin
II-induced contractions of aorta in male and female adult offspring in
the absence or presence of ʟ-NNA

Treatment Con HFD

pD2 Emax pD2 Emax

Male

−ʟ-NNA (PE) 7.2 ± 0.1 130.7 ± 6.8 8.0 ± 0.1* 243.4 ± 10.8*

+ʟ-NNA (PE) 8.2 ± 0.1# 249.8 ± 8.2# 8.1 ± 0.1 269.5 ± 6.8

−ʟ-NNA
(Ang II)

7.7 ± 0.2 33.4 ± 2.3 7.8 ± 0.1 70.9 ± 2.0*

+ʟ-NNA
(Ang II)

7.9 ± 0.1 57.3 ± 2.2# 8.3 ± 0.1*# 87.8 ± 2.3*#

Female

−ʟ-NNA (PE) 8.3 ± 0.1 199.9 ± 7.0 8.2 ± 0.1 198.4 ± 4.9

+ʟ-NNA (PE) 8.4 ± 0.1 264.0 ± 7.0# 8.2 ± 0.1 286.4 ± 10.8#

−ʟ-NNA
(Ang II)

8.1 ± 0.1 39.8 ± 1.2 8.1 ± 0.1 41.0 ± 1.3

+ʟ-NNA
(Ang II)

7.9 ± 0.1 77.3 ± 1.6# 7.9 ± 0.1 73.1 ± 2.2#

Values are means ± SEM; Con control, HFD high-fat diet, pD2

indicates −logEC50, Emax maximal response (% KCl response). Data
were analyzed by Student’s t test
*P < 0.05, HFD vs. Con
#P < 0.05, +ʟ-NNA vs. −ʟ-NNA; n= 5–6
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AT1R is primarily expressed in various tissues, including
vascular smooth muscle, endothelium, and heart, mediating
most of the physiological actions of Ang II. A previous
study showed that in endothelial cells (ECs), AT1R sig-
naling mediates endothelial dysfunction via inhibition of
nitric oxide (NO) production [36]. Vascular smooth muscle
cells (VSMCs) are critically involved in maintaining vas-
cular integrity and tone, which contribute to arterial remo-
deling through various processes, including growth/
apoptosis and inflammation. Ang II acts on VSMCs via
AT1R, leading to an increase in intracellular Ca2+, which
then causes vasoconstriction [15]. In contrast to AT1R,
AT2R is highly expressed only in the fetus, including early
ECs, and declines to an undetectable level after birth. AT2R
is upregulated during certain diseases, and the effect of
AT2R remains controversial. It has been reported that AT2R

can promote vasorelaxation by activating endothelial nitric
oxide synthase (eNOS) or NO-cGMP production in ECs
and VSMCs [37]. However, AT2R stimulation induced
vasoconstriction in mesenteric arteries from spontaneously
hypertensive rats [36]. In the present study, we found that
the AT1R blocker losartan, not the AT2R blocker
PD123319, almost completely blocked Ang II-induced
contractions of the aorta from both the control and HFD
groups in both sexes, indicating a primary role of AT1R in
Ang II-induced vascular tension. Similar findings in other
animal models showed that AT1R plays a key role in Ang
II-increased vascular constriction [16, 38]. Western blotting
added new and supportive evidence that maternal HFD
significantly increased AT1R protein but decreased AT2R
protein expression, resulting in a significant increase in the
ratio of AT1R/AT2R in the vessels of male offspring. This is

a

b

Male
c

Female

d

Fig. 2 Effect of losartan and PD123319 on angiotensin II (Ang II)-
induced contractions of aortas in adult male and female offspring.
Ang II-induced contractions in the absence or presence of losartan or
PD123319 (PD) were determined in aortas from male (a, b) and
female (c, d) offspring that had been exposed in utero to a high-fat diet

or standard laboratory chow diet. a control male group (n= 5/group);
b HFD male group (n= 5/group); c control female group (n= 5/
group); d HFD female group (n= 5/group). Con control, HFD high-fat
diet. Values are the means ± SEM. Data were analyzed by two-way
ANOVA. *P < 0.05. Ang II vs. Ang II+ losartan
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likely to contribute to the increased vascular sensitivity to
Ang II in male offspring exposed to HFD before birth. In
addition, there is an increase in AT1aR mRNA but a
decrease in AT2R mRNA in the vessels of adult male HFD
offspring compared with control offspring, indicating that
maternal HFD-induced alteration of AT1R and AT2R pro-
tein levels is primarily regulated at the transcriptional level.
Unlike AT1R, the exact role and the extent to which AT2R
plays a role in the regulation of vascular constriction remain

unclear. Previous studies have reported that AT2R activa-
tion induces vasodilation in normotensive rats but induces
vasoconstriction in pathological states of the vasculature
[37, 39–42]. A previous study also showed that there is an
upregulation of AT1R and downregulation of AT2R in
spontaneously hypertensive rats [43, 44]. Taken together,
these findings suggest the crucial role of an increase in the
ratio of AT1R/AT2R in the development of the hypertensive
phenotype. Given that eNOS and cyclooxygenase (COX)

FemaleMale

Fig. 3 Effect of maternal HFD on the acetylcholine (Ach)- or sodium
nitroprusside (SNP)-induced relaxation of aortas from adult male and
female offspring. Aortic rings were pretreated with 1 µM pheny-
lephrine (PE), followed by a cumulative addition of Ach (n= 6/group)

or SNP (n= 5/group). Con control, HFD high-fat diet. Values are the
means ± SEM. Data were analyzed by two-way ANOVA. *P < 0.05,
HFD vs. Con
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are important mediators of the Ang II effects on ECs, precise
studies of the NO pathway, and COX are warranted in the
future to further evaluate potential endothelium-dependent
mechanisms underlying the observed alterations in the present
study. A previous study showed that maternal and early
postnatal HFD exposure impairs endothelial function of the
abdominal aorta by decreasing NO bioactivity in nonhuman
primate offspring [12]. In addition, Gray also reported that
maternal high-fat intake significantly decreased eNOS levels
but had no effect on COX-1 and COX-2 expression in
resistance vessels in adult male offspring [45].

It has been demonstrated that perinatal insults increase
disease susceptibility later in life via epigenetic modifica-
tions. DNA methylation is one of the major mechanisms for
epigenetic modification of gene expression, which occurs at
the cytosine in CpG dinucleotides. Methylation of CpG
islands in gene promoters is associated with transcriptional
repression [46, 47]. According to the molecular biology
database NCBI, AT1aR, and AT2R do not have CG islands
or repeated CG sites for methylation. However, previous
studies have indicated that alteration of CpG methylation in
transcription factor binding sites of gene promoters plays a

Male Female

AT2RAT2R

AT1RAT1R

ConCon HFDHFD
a c

b d

GAPDH

41

kDa

41

36GAPDH

Fig. 4 Effect of maternal HFD on AT1R and AT2R expression in the
aorta of adult male and female offspring. AT1R and AT2R protein
levels were determined by western blotting in aortas from adult male
(a) and female (c) offspring. AT1R and AT2R mRNA levels were

determined by real-time RT-PCR in aortas from adult male (b) and
female (d) offspring. Con control, HFD high-fat diet. Values are the
means ± SEM. Data were analyzed by Student’s t test. *P < 0.05, HFD
vs. Con, n= 4/group
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vital role in the epigenetic modification of gene expression
patterns in response to different intrauterine insults [28, 48].
Several CpG sites at transcription factor binding sites in the
AT1aR and AT2R promoters have been demonstrated. Of
these CpG sites, the methylation levels at the −96, −150,
and −484 CpG loci at the AT1aR promoter were sig-
nificantly decreased in the aorta of adult male offspring
compared with the control offspring, indicating that mater-
nal HFD-induced upregulation of aortic AT1aR may primarily
be due to the hypomethylation of these CpG loci of the AT1aR
promoter. A previous study demonstrated that perinatal
nicotine decreased sequence-specific CpG methylation at the
SP1 and ERα and β binding sites of the AT1aR promoter,
resulting in increased transcription factor binding affinity and
activity of the AT1aR promoter [49]. Numerous studies have
demonstrated that the effect of fetal stress on DNA

methylation is tissue specific, gene specific, species specific,
and sex specific [21, 49, 50]. Unlike hypomethylation at
specific CpGs in the AT1aR promoter, maternal HFD sig-
nificantly increased the methylation levels at the −444, −52,
and +11 CpG loci at the AT2R promoter in male offspring
arteries, giving rise to the downregulation of AT2R in male
offspring, suggesting that the effect of maternal HFD on DNA
methylation is at least gene dependent.

In contrast to the male offspring, PE-induced aortic
constriction was not affected in the female offspring of
HFD-treated rats in the absence or presence of ʟ-NNA. In
addition, maternal HFD had no effect on Ang II-mediated
vascular contraction in female offspring. Furthermore, there
was no significant difference in ACh- or SNP-induced
vasorelaxation in HFD female offspring compared with the
control group. Our results indicate that there was sexual
dimorphism in the abnormalities of vascular function and
are consistent with previous findings that perinatal under-
nutrition caused increased blood pressure levels only in
male offspring [51]. However, Woodall et al. considered
male and female offspring as no sex differences were
apparent in offspring of the control or restricted diet group
[52]. In an animal model of a maternal low-protein diet,
female offspring developed more severe hypertension than
male offspring [53]. These findings suggest differential sex
mechanisms of fetal programming of hypertension caused
by an adverse intrauterine environment. Although the
results of sex dimorphism are conflicting, male offspring are
generally more susceptible than females to the manifesta-
tion of cardiovascular disease caused by intrauterine insults.
It is likely that various mechanisms are involved in the sex-
specific effect induced by maternal HFD. In the present
study, we found that maternal HFD increased AT1R but
decreased AT2R, resulting in an increased AT1R/AT2R ratio
in male offspring. However, maternal HFD had no effect on
vascular function in adult female offspring, which was
related to a lack of change in the AT1R/AT2R ratio. Further
studies of the precise underlying mechanisms of the sex
differences in maternal HFD-induced vascular dysfunction
are warranted. The present study demonstrated that maternal
HFD decreased the methylation of ERα and β binding sites
at the AT1aR promoter, suggesting that estrogen/its receptor
(ER) may interact with the Ang II receptor by regulating
DNA methylation patterns at the gene promoter, resulting in
the protection of female offspring from the development of
hypertension.

In summary, the current study provides new information
on the molecular mechanism of how prenatal exposure to
HFD could reprogram vascular functions later in life. As
shown in Supplementary Fig. 1 (diagram), maternal HFD
causes programming of vascular AT1aR and AT2R gene
expression by altered methylation of specific CpGs at the
AT1aR and AT2R promoters, contributing to the heightened

a

b
AT2R

+1

CREB TATA GRE

CpG-444 CpG-52 CpG+11

AT1aR

+1

GATA-1 ERα,β CREB

CpG-809 CpG-484 CpG-96CpG-150

Sp1

Fig. 5 Effect of maternal HFD on the DNA methylation of the CpG
locus at the AT1aR and AT2R promoters of aortas from adult male
offspring. Aortic rings were freshly isolated from male adult offspring
that had been exposed in utero to a high-fat diet or standard laboratory
chow diet. DNA was isolated, and methylation levels were determined
by pyrosequencing. Con control, HFD high-fat diet. Values are the
means ± SEM. Data were analyzed by Student’s t test. *P < 0.05, HFD
vs. Con, n= 5/group
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vascular contractility in adult male offspring in a sex-
dependent manner. Given the current global overnutrition
and obesity epidemic and the increasing prevalence of
obese pregnant women, further mechanistic studies and the
potential roles of sex hormones in maternal HFD-mediated
programming of adult vascular reactivity are warranted.
Therefore, our findings emphasize the importance of a
balanced diet during pregnancy and the potential targeting
of therapeutic interventions in early life to reduce the pre-
valence of obesity.
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