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Abstract
Objectives—High-salt intake has been demonstrated in link to hypertension, and cardiovascular
diseases could be programmed in fetal origins. We determined the influence of high-salt diet
during pregnancy on the development of the heart.

Methods—Fetal cardiac structures, cell cycle, renin–angiotensin system (RAS), and epigenetic
alternations in the heart following maternal high salt intake during pregnancy were examined.

Results—Following exposure to high salt, disorganized myofibrillae and mitochondria cristae
loss were found in the fetus, S-phase for cardiac cells was enhanced, plasma angiotensin II
decreased, and cardiac angiotensin II increased in the fetus. Angiotensin II-increased S-phase in
the fetal cardiac cells was primarily via AT1 receptor mechanisms. AT2 receptor mRNA and
protein in the fetal heart were not affected, whereas AT1 receptor protein, AT1a, and AT1b mRNA
were increased. DNA methylation was found at the CpG sites that were related to AT1b receptors
in the fetal heart. Cardiac AT1 receptor protein in the adult offspring was also higher following
exposure to prenatal high salt.

Conclusion—The results suggest a relationship between high-salt diet in pregnancy and
developmental changes of the cardiac cells and renin–angiotensin system.
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Introduction
High-salt intake is linked to hypertension [1], and recent progress has been made to
demonstrate that hypertension could be programmed in fetal origins [2]. Although women
tend to take more salt during pregnancy [3], whether and to what extent that maternal intake
of high salt affects the fetal heart is unknown. In the present study, we determined the
primary cardiac cells from the fetuses exposed to high salt during pregnancy. In response to
high salt, the renin–angiotensin system (RAS) plays an important role in cardiovascular
homeostasis, body fluid balance, and renal regulation [4]. Two major subtypes of
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angiotensin II (Ang II) receptors, subtype 1 of Ang II receptor (AT1R) and subtype 2 of Ang
II receptor (AT2R), have been detected in neonatal and adult hearts [5]. AT1R could be
subdivided into AT1a and AT1b [6]. Although AT1R is critical in physiological functions,
including vascular regulation and fluid homeostasis [7], both AT1R and AT2R have been
shown to mediate cell proliferation and differentiation [8]. Fetal RAS have been suggested
to mediate development and apoptosis in the heart via those Ang II receptors [9,10].
However, it is still unclear whether prenatal exposure to high-salt diet could affect the local
RAS and cardiac cells in the fetal heart in utero. To address this question is useful in
exploring mechanisms related to an altered RAS during disease development in fetal origins.

Epigenetic regulation of gene promoters is mainly established during development and
retained throughout the lifespan. DNA methylation plays an important role in cell
differentiation by silencing expression of specific genes during development. Methylation
can also induce transcriptional silencing by blocking the binding of transcription factors or
through promoting the binding of methyl CpG-binding protein [11]. Alterations in
methylation associated with cell differentiation and functional changes could be initiated
during in-utero development [11]. The present study used the bisulfite pyrosequencing
method in analyses of DNA methylation in the fetal heart under the condition of exposure to
high salt during pregnancy.

Methods
Animals

Pregnant Sprague–Dawley rats were housed in a controlled environment of 22°C and a 12-h
light–dark cycle. They were randomized to either normal-salt diet (NSD, 1% NaCl) or high-
salt diet (HSD, 8% NaCl) [12,21] from gestational day 3–21 (n = 8, each group), and were
allowed access to tap water. Food and water intake during pregnancy were measured daily.
Maternal urine was collected daily for measuring urine volume and sodium. Protocols were
approved by the Institutional Animal Care Committee.

Experimental design
Blood values and hormones—At gestational day 21, pregnant rats were anesthetized
with sodium pentobarbital (20 mg/kg, intraperitoneally). Maternal blood was collected from
the abdominal aorta. Fetuses (n = 6) were decapitated, and trunk blood was pooled in the
same litter (n = 6–8). Blood samples were prepared for measuring sodium, osmolality, and
the hormones. Fetal heart weight (n = 8) was measured, and then heart tissue was kept at
−80°C before molecular analysis. The fetal left ventricle (LV) tissue was homogenized with
0.9% NaCl (10 ml/g), enzyme inhibitors contained 0.3 mmol/l Na2–edetic acid, 0.3 mmol/l
dimercarptanol, and 0.3 mmol/l oxine sulfate, and the homogenates were boiled and
centrifuged. Plasma and myocardial Ang II concentrations were measured by
radioimmunoassay using a commercial kit (Beijing Sinouk Institute of Biological
Technology, Beijing, China). The sensitivity of each assay was 10 pg/ml and 100 pg/g,
respectively. The intra and inter-assay variations were 4 and 5%.

Cardiac structures with transmission electron microscope—Fetal LV tissue (n =
5, each group) was fixed in 10% neutral formalin. After washing with distilled water,
specimens were immersed in a 10% NaOH, then in 1% tannic acid, postfixed in 1% osmium
tetroxide, dehydrated in graded concentrations of ethanol, and sectioned transversely or
longitudinally. Sections were freeze dried, coated with gold, and observed under a
transmission electron microscope.
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Cardiac cells—Fetal heart tissue (n = 6–7) was minced and incubated in phosphate-
buffered saline (PBS) containing 0.8% trypsin and 0.1% collagenase II (Sigma, St. Louis,
Missouri, USA) for 30 min. After digestion, cells in the supernatant were transferred into a
tube containing Dulbecco’s medium cell culture with 15% fetal bovine serum, 100 U/ml
penicillin, and 100 μg/ml streptomycin (GIBCO, Fort Worth, Texas, USA). Then samples
were centrifuged at 800g. The cell pellets were resuspended in the cell culture medium. The
cells were cultured for 2 weeks. The cells used for testing must show typical beating patterns
of cardiac cells under a microscopy. Cardiomyocytes were isolated from fibroblasts with
fluorescence-activated cell sorting (FACS) method as cells were collected and fixed in 80%
cold alcohol for 30 min, and permaeabilized by incubation for 10 min in 0.25% Triton
X-100/PBS at room temperature (RT). Then cells were incubated with rabbit polyclonal
anti-Troponin I (1 μg/l ×106 cells)(Santa Cruz Biotech, Santa Cruz, California, USA) in a
covered ice bucket, away from light, for 30 min. Troponin I-stained cardiomyocyte cells
were then analyzed using FACS (Becton Dickinson Bioscience, San Jose, California, USA)
and collected into a tube for G1 and S-phase analysis.

The secondary cultured cardiac cells were maintained for 24 h in serum-free medium. Then,
10−6 mol/l Ang II (Sigma) was added. To determine the effects of angiotensin receptors,
cultures were pretreated with 10−6 mol/l losartan (AT1R antagonist) or 10−6 mol/l
PD123319 (AT2R antagonist) (Sigma) 15 min prior to addition of Ang II. In another two
groups, 10−6 mol/l losartan or 10−6 mol/l PD123319 was added in cultures. Following
incubation with the drugs for 24 h, 2 ×106 cells were collected and fixed at −20°C in 70%
ethanol for analysis of cell cycle.

Cell cycle—Cells were centrifuged at 800g for 4 min, 100 μl of 200 μg/ml DNase-free and
RNaseA were added, and incubated at 37°C for 30 min. Then, 100 μl of 1 mg/ml propidium
iodide was added and incubated for 10 min at RT. Samples were then placed in 12 × 75 mm
Falcon tubes and read on Becton Dickinson FAC Star PLUS.

Western blotting—Lysates were matched for protein, separated by SDS-PAGE, and
transferred to nitrocellulose membranes, which were probed with AT1R or AT2R antibodies
(Santa Cruz Biotech). Western blots were processed using enhanced chemiluminescence
(Amersham plc, Amer-sham, UK), and data were quantified with blue fluorescence imaging
on PhosphorImager. Relative AT1R and AT2R signal intensity in the fetal heart was
normalized with β-actin. Another two groups of pregnant rats (fed with either 8% HSD or
NSD from gestational day 3 to 21) were allowed to give birth, the heart of the male adult
offspring (4 months after birth, n = 5–6) were used for western blotting analysis.

Real-time PCR—Total RNA was isolated, quantified, and reverse transcribed. All Q-PCR
assays were performed using IQ iCycler (Bio-Rad Laboratories, Inc., Hercules, California,
USA). Samples were incubated in a thermocycler at 95°C for 2 min. There were 45 cycles of
PCR amplification performed consisting processes of denaturing at 95°C for 30 s, annealing
at 55°C for 30 s, and extension at 72°C for 30 s. Assays must show nonspecific product or
should be excluded from data analysis. For confirmation of amplification presence and
purity, the PCR product was substantiated on a 1.5% agarose gel. Quantitative values were
obtained from the cycle number (CT value) at which the increase in fluorescent signal
associated with an exponential accumulation of PCR products was detected. The amount of
target gene was normalized to the reference 18S to obtain the relative threshold cycle (ΔCT),
and then related to the CT of the control to obtain the relative expression level (2−ΔΔCT) of
target gene. Primer sequences are shown in Table 1.
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Genomic DNA and bisulphite modification—Genomic DNA was isolated from the
fetal heart using DNAsol reagent (Tiangen Biotech, Beijing, China). DNA samples were
then digested with restriction enzymes EcoRV and Bgl, deproteinized with phenol/
chloroform, and precipitated with ethanol. DNA was treated with sodium bisulfate,
precipitated with ethanol, and dissolved in 50 μl water. PCR conditions included: 94°C for 3
min, then 94°C for 30 s, 58°C for 30 s, 72°C for 30 s, and finally one cycle of 7 min for
72°C. The reaction mixture contained 1× PCR buffer, 0.2 mmol/l deoxyribonucleotide
triphosphates, 2 mmol/l MgCl2, 1 μmol/l primers, 0.5 U of Taq Gold DNA polymerase
(Takara, Tokyo, Japan), and 2 μl DNA template.

Pyrosequencing—PCR and sequencing primers for pyrosequencing were designed using
PSQ Assay design software (Biotage AB, Uppsala, Sweden). One of the PCR primers was
biotinylated with the treated strands being purified and sequenced using the PSQTM 96MA
2.1 instrument (Bio-tage AB). The primer sequences are listed in Table 1. Calibration curves
were recorded using five mixtures of PCR products (0, 25, 50, 75, and 100% methylation)
from several methylation and unmethylation at the gene promoter regions of the angiotensin
receptor. Samples for DNA methylation studies were tested at Southern Gene Company
(Shanghai, China) in a blind manner.

Statistical analysis
One-way analysis of variance method and t-test were used in the determination of
differences between the control and treated groups. All data were expressed as mean ± SEM.

Results
Body weight and food intake

HSD did not affect body weight and food intake in maternal rats. However, maternal water
intake, urine volume, and urine sodium concentrations were increased (Table 2).

Fetal heart
Prenatal treatment with HSD induced ultrastructural changes in the fetal heart, including
disorganized myofibrillae, small mitochondria, cristae loss, and vacuolization (Fig. 1a and
b). Fetal heart weight was increased compared with that of the control (t = 1.76, P <0.05)
(Fig. 1c).

Blood values and hormones
There were no significantly differences of blood Na+ concentrations and osmolality in both
maternal and fetal rats between the control and HSD group (Table 3). HSD caused plasma
Ang II decrease in both the mothers and fetuses (Fig. 2a), and Ang II in the fetal
myocardium was significantly increased (Fig. 2b).

Cell cycle
In cultured primary cardiac cells (n = 5–7), G1 phase percentage was significantly
decreased, whereas S phase percentage was increased in the primary heart cells from the
HSD group compared with those from the control (Fig. 3a). Ang II decreased G1 phase
percentage and increased S phase percentage in primary cardiac cells (Fig. 3b and c).
Losartan, AT1R antagonist, reversed the changes of G1 and S phases induced by Ang II.
PD123319, AT2R antagonist, did not block the changes induced by Ang II in the cardiac
cells (Fig. 3b and c). Losartan or PD123319 alone did not affect percentages of G1 or S
phase (Fig. 3b and c).
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AT1a, AT1b, and AT2 gene
Real-time PCR showed that AT1a, AT1b, and AT2 mRNA were present in the fetal heart at
gestational day 21 in rats. Prenatal treatment of HSD caused an increase of both AT1a and
AT1b mRNA expression in the fetal heart, whereas AT2 mRNA was not changed (Fig. 4).

Ang II receptor protein
Maternal HSDs induced an increase of AT1R protein expression in the fetal heart. However,
AT2R protein remained unchanged (Fig. 5a). In addition, AT1R protein in the offspring
heart (prenatally exposed to high salt) was also significantly increased (Fig. 5b).

DNA methylation
Methylation percentage was calculated by average degree of methylation at five CpG sites
formulated in pyrosequencing. In the maternal HSD group, average methylation was
lowered (average 36.9, 36.8, 35.9, 37.8, and 32.9%), and the five affected sites were linked
to the AT1b promoter. In comparison, in the sample from the NSD group, five CpG sites
showed normal levels of methylation (average 46.6, 50.7, 46.7, 46.1, and 39.6%) (Fig. 6).

Discussion
To the best of our knowledge, this was the first study on the influence of maternal HSDs on
the development of the heart. We found that HSD during pregnancy influenced the
development of the fetal RAS associated with fetal cardiac cellular changes. Expression of
Ang II receptors in the fetal heart was selectively changed by high salt during pregnancy,
and this change was linked to DNA methylation, and persisted in adulthood.

A body of studies reported that dietary high salt could induce ventricle hypertrophy [12]
associated with abnormal mitochondria in adults [13]. Myocardial adaptive remodeling
included an increase in mitochondria, addition of sarcomeres, and thickened Z lines [14]. In
the present study, the ultrastructure changes in the fetal heart included disorganized
myofibrillae, small mitochondria, mitochondria cristae loss, and vacuolization. Fetal heart
weight was increased following exposure to HSD during pregnancy. The results indicated
that HSD during pregnancy could cause heart changes with ultra-structural alterations during
fetal life.

In examination of the cardiac development following exposure to HSD, analysis of cell
cycle showed an increase of S phase accompanied by a decrease of G1 phase in the primary
cardiac cells from the fetuses exposed to high salt, suggesting an increased DNA and
possible cardiac cell growth following prenatal exposure to high salt. A question raised
immediately was what mechanisms contributed to the increased cell cycle under the
condition of salt diet during pregnancy. Previous studies [15,16] have shown that Ang II
stimulated heart cell proliferation. Among several hormonal factors in causing cardiac
hypertrophy, Ang II plays a role as a stimulating growth factor [17,18]. When Ang II was
added to the cardiac cells, S phase was significantly increased, indicating that Ang II may
affect fetal heart cell development. With pretreatment with losartan, Ang II-induced cellular
changes were markedly reduced. In comparison, AT2R antagonist did not reverse Ang II-
mediated cell cycle changes. This demonstrated that Ang II-stimulated cellular responses in
the fetal cardiac cells were primarily via AT1R mechanisms. Although previous studies
showed that Ang II induced adrenal cell proliferation via AT1R [19] and stimulated cellular
growth in vitro in neonatal and adult myocytes [20], the present study was the first to
demonstrate that Ang II can change cell cycle in the fetal myocytes via AT1R mechanisms.
Importantly, the percentage of S phase was higher in the myocytes of the fetuses exposed to
high salt, in association with an increase of local fetal Ang II in the heart, indicating that an
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increase of protein synthesis could be a possible cause for the observed changes in the fetal
heart.

As Ang II receptors play an important role in the cardiovascular system [20], we examined
both mRNA and protein of AT1R and AT2R in the fetal heart. The protein of AT1R, not
AT2R, was significantly increased in the fetal heart following exposure to HSD. In addition,
fetal AT1a and AT1b mRNA levels in the heart were also higher than that of the control,
whereas AT2R mRNA was not changed. A previous study [8] showed that both AT1R and
AT2R were mediated in cell proliferation and differentiation, indicating their roles in cell
development. The higher level of AT1R could possibly contribute to the increased S phase
in the primary heart cells. Importantly, the increased AT1R was also found in the heart of the
offspring with history of prenatal exposure to high salt, as evidence that the changes
observed could be reserved postpartum. Although further studies are required for detailed
mechanisms due to limitations in our experiments, the present study provides novel
information that high-salt intake during pregnancy could affect both protein and mRNA of
AT1R in the fetal heart, and such changes could last after birth.

Changes of body fluids and electrolytes are major causes of secretion and release of
hormones such as Ang II [24,25]. Although plasma Na+ and osmolality in both maternal and
fetal rats were not changed, water intake and renal excretion (urine volume and Na+

concentrations) in pregnant rats were increased following high-salt intake as observed before
[22,23]. HSD could affect cardiovascular systems and RAS, whereas plasma osmolality and
Na+ concentration changes were adjusted by physiological regulations in excreting extra salt
from the body. In the present study, plasma Ang II in both maternal and fetal rats was
significantly decreased by high salt, indicating that high-salt intake suppressed the RAS in
the peripheral circulation. High salt tends to inhibit circulating Ang II in adult animals
[26,27]. The present study indicated that high-salt intake could also suppress fetal
circulating Ang II that is important in body fluid homeostasis [28]. Notably, we found that
HSD increased fetal Ang II in the heart associated with an increase of cardiac AT1R protein
and AT1a/AT1b mRNA. This upregulation of the local RAS may contribute to cell changes
in the fetal heart, and affect the development of the heart during fetal stages.

Finally, we tested DNA methylation in the fetal heart tissue related to the subtype of
angiotensin receptors. Most CpGs are methylated before birth [29], and retained throughout
the lifespan. DNA methylation can induce transcriptional silencing by blocking the binding
of transcription factors or through promoting the binding of methyl CpG-binding protein
[12]. Promoter methylation is important for regulation of imprinted genes [29]. Thus,
alterations in methylation in association with cell differentiation and functional changes
could be established at different times during in-utero development [12]. As reported before
[30], no methylation was found at CpG sites close to promoter regions at AT1a. We focused
on CpG sites linked to AT1b promoter in the present study. We found a significant decrease
of methylation in the fetal heart. The average degree of methylation at the five CpG sites
linked to AT1b promoter was lower in the group exposed to HSD during pregnancy.
Methylation affected promoters are critical for regulation of imprinted genes and functional
changes [12,29]. This epigenetic change has been suggested as a molecular mechanism in
disease programming during development. The data open new opportunities for further
study on whether and to what extent this epigenetic change impacts on cardiovascular
diseases in fetal origins.

In conclusion, the present study provides new insight on the relationship between high-salt
intake during pregnancy and the development of the heart. An increase of S phase in the
primary cardiac cells suggests a possible enhanced growth via AT1 pathway following
prenatal exposure to high salt. The data demonstrated an altered local RAS or its receptors in
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the fetal and offspring heart affected by maternal salt diet. Interestingly, the epigenetic
change at the CpG sites may contribute to the alteration of the Ang II receptors in the fetal
heart. Together, the information is important for further understanding of programming
diseases in fetal origins.
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Ang II angiotensin II

AT1R subtype 1 of angiotensin II (Ang II) receptor

AT2R subtype 2 of angiotensin II (Ang II) receptor

HSD high-salt diet

NSD normal-salt diet

PBS phosphate-buffered saline

RAS renin–angiotensin system
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Fig. 1.
Fetal left ventricle tissue under electron microscope (×11 000) and fetal heart weight. (a)
NSD, open arrows show normal arrangement of myofibrillae, dotted arrows show large bulk
of mitochondria with abundant cristae. (b) HSD, solid arrows show disorganized
myofibrillae, solid dotted arrow shows small bulk mitochondria with cristae loss, and
vacuolization. (c) Fetal heart weight at gestational day 21. *P <0.05. HSD, high-salt diet;
NSD, normal-salt diet.
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Fig. 2.
The effect of prenatal exposure to high-salt diet on the hormones. (a) Maternal and fetal
plasma Ang II was decreased following high salt during pregnancy. (b) Fetal heart Ang II
was increased following exposure to high salt during pregnancy. *P <0.05. Ang II,
angiotensin II; HSD, high-salt diet, NSD, normal-salt diet.
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Fig. 3.
The comparison of G1 and S phase percentages between the normal-salt and high-salt diet
groups (a), and the effect of angiotensin II and its receptor antagonists (losartan and
PD123319) on G1 and S phase percentages in the control (b) and high-salt (c) diet groups.
*P <0.05. Ang II, angiotensin II; HSD, high-salt diet; NSD, normal-salt diet.
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Fig. 4.
AT1a and AT1b mRNA, but not AT2 mRNA, expression were increased following prenatal
exposure to high-salt diet. *P <0.05, HSD, high-salt diet; NSD, normal-salt diet.
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Fig. 5.
(a) Subtypes 1 and 2 of angiotensin II receptor protein expressions in the fetal heart
following prenatal exposure to high-salt diet. (b) AT1R and AT2R AT2 receptor protein
expressions in the offspring heart at gestational day 21 following prenatal exposure to HSD.
*P <0.05. AT1R, subtype 1 of angiotensin II; AT2R, subtype 2 of angiotensin II; HSD,
maternal high-salt diet in pregnancy; NSD. maternal normal-salt diet in pregnancy.
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Fig. 6.
DNA methylation detected in the fetal heart tissue. (a) Following prenatal NSD, (b)
following prenatal HSD. Grey areas correspond to CpG sites. DNA methylation of AT1b
promoter was decreased at the five sites following prenatal exposure to HSD. C, methylated
cytosine; HSD, high-salt diet, NSD, normal-salt diet; T, unmethylated site.
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Table 1

Relative gene primers sequence

Gene Accession Primer Product length (bp)

AT1a NM030985 F: 5′-cctgtcactccacctcaaa (position 3113)
R: 5′-aaccctctgttctacggc (position 3305)

110

AT1b NM031009 F: 5′-aagggcggtaggaaagag (position 976)
R: 5′-ctgggcattatccgtgac (position 1189)

117

AT2 NM012494 F: 5′-tccgctttggcttgtccattgct (position 317)
R: 5′-tcccagcgcagcttgtagtcgtg (position 206)

110

18s rRNA NM11188 F: 5′-cttagttggtggagcgatttgtctg (position 1353)
R: 5′-gttattgctcaatctcgggtggc (position 1500)

148

AT1b Pyrosequencing F: 5′-attttttgttgtttgggatttagg
R: 5′-cattccaaacccaaataaacctat-biotin

SeqF: 5′-ttaatttatttagtaaaggg
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Table 2

The effect of high-salt diet on body weight and food intake in maternal rats

NSD HSD

Body weight [Δ (GD21 – GD3), g] 102 ± 15 118 ± 18

Food intake (g/100 g BW) 9.4 ± 2.1 10.2 ± 1.2

Water intake (ml/100 g BW) 13.4 ± 1.8 29.9 ± 4.5*

Urine sodium (mmol/100 g BW per min) 0.9 ± 0.1 3.7 ± 0.5*

Urine volume (ml/100 g BW) 6.4 ± 1.0 27.8 ± 2.9*

*
P <0.05, HSD vs. NSD. BW, body weight; GD, gestational day; HSD, high-salt diet; NSD, normal-salt diet.
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Table 3

The effects of high-salt diet on maternal and fetal plasma Na+ and osmolality

NSD HSD

Maternal Fetal Maternal Fetal

Blood sodium (mmol/l) 133 ± 14 118 ± 8 135 ± 18 122 ± 15

Plasma osmolality (mosm/l) 298 ± 14 284 ± 15 305 ± 21 302 ± 10

HSD, high-salt diet; NSD, normal-salt diet.
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