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Abstract

Background. High salt intake causes hypertension, adverse
cardiovascular outcomes and potentially also blood pressure
(BP)-independent target organ damage. Excess salt intake
in pregnancy is known to affect BP in the offspring. The
present study was designed to assess whether high salt
intake in pregnancy affects BP and vascular morphology
in the offspring.

Methods. Sprague-Dawley rats were fed a standard rodent
diet with low—normal (0.15%) or high (8.0%) salt content
during pregnancy and lactation. After weaning at 4 weeks of
age, offspring were maintained on the same diet or switched
to a high- or low-salt diet, respectively. Vascular geometry
was assessed in male offspring at 7 and 12 weeks postnatally.
Results. Up to 12 weeks of age, there was no significant
difference in telemetrically measured BP between the groups
of offspring. At 12 weeks of age, wall thickness of central
(aorta, carotid), muscular (mesenteric) and intrapulmonary ar-
teries was significantly higher in offspring of mothers on a
high-salt diet irrespective of the post-weaning diet. This corre-
lated with increased fibrosis of the aortic wall, more intense
nitrotyrosine  staining as well as elevated levels of

marinobufagenin (MBG) and asymmetric dimethyl arginine
(ADMA).

Conclusions. High salt intake in pregnant rats has long-
lasting effects on the modeling of central and muscular ar-
teries in the offspring independent of postnatal salt intake
and BP. Circulating MBG and ADMA and local oxidative
stress correlate with the adverse vascular modeling.

Keywords: blood pressure; fetal programming; nitric oxide; salt; vessel
development

Introduction

There is evidence from observational epidemiological
studies [1], small intervention studies [2] and controlled in-
tervention trials [3, 4] as well as from studies in primates [5]
that dietary salt intake is one causal factor responsible for
elevated blood pressure (BP) in adults. This has also been
shown in children [6].

In grown experimental animals, high salt intake causes
cardiac fibrosis and vascular remodeling [7, 8] partially
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independent of BP. This observation led to the hypothesis
that salt loading promotes structural and functional de-
rangements in the heart, vessels and kidney partially by
BP-independent mechanisms [9].

One recently recognized pathomechanism of salt-induced
hypertension and target organ damage is the release of salt-
induced endogenous cardiotonic steroids [10]. Specifically,
the cardiotonic steroid marinobufagenin (MBG) is found in
mammalian plasma and urine [11]. Its plasma concentration
is elevated in patients with hypertension and chronic kidney
disease [12]. It has also been postulated that in salt-sensitive
animals, salt loading causes paradoxical stimulation of local
renin—angiotensin—aldosterone systems in the kidney, heart
and vessels [13]. Conversely, angiotensin type 1 receptor
blockers prevent target organ damage even at doses which
fail to reduce BP [7]. Both high salt intake [14] and elev-
ated MBG concentrations [15] have been associated with
epithelial-to-mesenchyme transition which plays a role in
organogenesis.

In humans, salt loading causes an acute increase in oxi-
dative stress, particularly in individuals with salt-sensi-
tive BP [16]. Salt loading not only increases BP in salt-
sensitive individuals but in addition increases oxidative
stress [17] and reduces nitric oxide availability by in-
creasing the concentration of the endothelial nitric oxide
synthase (eNOS) inhibitor asymmetric dimethyl arginine
(ADMA) [18].

Following the work of Barker [19], the importance of
fetal programming in determining the adult risk profile has
been firmly established by clinical observations and exper-
imental models. Contreras ef al. [20] showed that high salt
intake of dams during pregnancy and high salt intake
throughout lactation and weaning caused persistent hyper-
tension in adult rats.

The present study was performed to clarify whether

(1) high salt intake of dams during pregnancy affects BP
and morphology of central and muscular arteries in
the offspring,

(2) high salt intake post-weaning affects the same par-
ameters and whether

(3) post-weaning salt intake modifies the long-term
effects of prenatal high salt intake.

Materials and methods

Animals

All animals were handled according to the written approval from the
local authority for animal experiments (Regierungspraesidium Karls-
ruhe). The investigation conforms to the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of Health
(NIH Publication No. 85-23, revised 1996). Pregnant Sprague-Dawley
rats were obtained from Charles River (Sulzfeld, Germany) at Day 1
after conception (verified by vaginal smear). The dams were randomized
to receive ad libitum a diet with modified salt content: 0.15% NaCl (low
salt, LS; n=28) or 8.0% NaCl (high salt, HS; n=29). All diets were
based on a standard rodent diet containing 19.3% protein, 39.1% carbo-
hydrates and 3.3% fat, 1.00% calcium, 0.70% phosphate and 0.68% pot-
assium (Ssniff, Soest, Germany). In the low-salt arm, the NaCl
concentration of 0.15% was deliberately chosen because salt-deficient
diets in pregnancy cause low birth weight and hypertension in the off-
spring [21]. The diet was administered from the first day of pregnancy
until weaning. Twenty-one litters of dams on LS and 22 on HS were
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included in the study. The male offspring were investigated further; they
were weaned at 4 weeks of age and continued on the diet of the mother
(LL offspring on low salt intake from dams on low salt intake and HH
offspring on high salt intake from dams on high-salt intake, respect-
ively). Alternatively, offspring were switched from low to high (LH off-
spring) or from high to low (HL offspring) -salt diet. Equal numbers of
offspring from each litter were continued on the dam’s diet (LL and HH)
or switched to the alternative diet (LH and HL). All animals were
housed at constant room temperature (21 + 1°C) and humidity (75 +
5%). They were exposed to a 12-h light-on and 12-h light-off cycle. The
animals had free access to deionized water and food. The offspring were
observed until 12 weeks of age. Body weight was measured weekly.
Food consumption was monitored in consecutive one-week periods and
water intake was monitored daily (standard cages).

BP measurement

At the age of 8 weeks, five offspring were randomly chosen from each
group (one offspring per dam) for the telemetric BP measurement per-
formed as previously described [22].

In a separate subset of seven dams per group, intra-aortic systolic BP
(SBP) was measured at term (gestation Day 21) after sedation [100 mg/
kg ketamine hydrochloride (Ketamin; Essex Tierarznei, Germany) and
3.0 mg/kg xylazine (Xylazin; Ceva Tiergesundheit, Germany)] using a
semiautomatic system (TSE Systems, Germany). The catheter was
placed directly in the abdominal aorta inferior to the renal arteries. The
BP was allowed to stabilize for 5 min and subsequently, 15 consecutive
measurements were taken. The average of these measurements was used
for further analysis.

Blood analyses

Blood samples were collected from the abdominal aorta at the time of
sacrifice. Serum and urine parameters [sodium, potassium, creatinine,
total and high-density lipoprotein (HDL) cholesterol, triglycerides] and
blood cells were analyzed using standard laboratory methods. Urinary
albumin was measured by a rat-specific enzyme-linked immunosorbent
assay (ELISA) (Bethyl). Serum ADMA was measured at 12 weeks using
an ELISA kit (Immundiagnostik, Bensheim, Germany). Plasma MBG
was measured following extraction with C-18 columns as described pre-
viously [23]. ELISA plates were coated with MBG-bovine serum
albumin conjugate at a dose of 5 ng/well. Anti-MBG mouse monoclonal
antibody (4G4, titer 1:1000) was used (100 uL/well) followed by Euro-
pium-labeled anti-mouse antibody (PerkinElmer). If necessary, C-18
column extracts were diluted so that all absorbance values could be read
on the linear part of an MBG concentration curve which typically ranged
from 10 pM to 1 nM.

Morphologic investigations

Tissues were collected from offspring at 7 (analogous to puberty) and 12
(adulthood) weeks of age. The abdominal aorta was catheterized under
anesthesia (100 mg/kg ketamine hydrochloride and 3.0 mg/kg xylazine).
Blood samples were taken, the vasculature was flushed with 0.9% NaCl
solution, arteries were pre-dilated (procaine hydrochloride 1.0 g/L) and
fixed with glutaraldehyde (9-10 animals per group, 1 offspring per dam)
or collected for molecular investigations (9—10 animals per group, 1 off-
spring per dam). To assess vascular geometry, samples were taken from
the descending thoracic aorta (Th6-Th8), carotid arteries, iliac arteries
and the small to medium size arteries in mesenteric tissue (second and
third order) as well as small to medium size arteries in lungs. Wall and
lumen areas were analyzed planimetrically using a semiautomatic image
analysis system (Image Pro Plus 6.0; Media Cybernetics Inc., Bethesda,
MD). The collagen content of the aortic wall was quantitated in sections
stained with 0.1% Sirius red F3BA saturated with picric acid; the elastin
content was similarly quantitated in samples stained with Elastica-van
Gieson (EVG) and analyzed with the same semiautomatic image analy-
sis system.

Immunohistochemistry

Immunohistochemical analysis was performed on paraffin sections using
antibodies against Proliferating cell nuclear antigen (PCNA; Immuno-
tech, France), nitrotyrosine, serum- and glucocorticoid-regulated kinase
(SGK) and phospho-SGK (Santa Cruz Biotechnology, Heidelberg,
Germany). The sections were analyzed using the semiautomatic image
analysis system (see above) and expressed as numbers of positively
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stained cells (PCNA) or stained area (SGK, p-SGK, nitrotyrosine). All
analyses were performed by an observer unaware of the protocol.

Western blotting

Western blotting of aortic tissue was performed as previously described
[24]. Aortic tissue samples were taken from seven randomly chosen
animals per group (one offspring per dam). Primary antibody against cal-
desmon, calponin, transforming growth factor (TGF)-B;, TGF-B receptor
1, TGF-B receptor 2, angiotensin type 2 receptor (sc-9040 [25]), soluble
guanyl cyclase subunit B 1 (sGC-B,;), sGC-B,, (Santa Cruz Biotechnol-
ogy), eNOS (Affinity BioReagents), angiotensin-converting enzyme
(ACE; Chemicon, Germany), smooth muscle myosin heavy chain 1 and
2, angiotensin type 1 receptor (Abcam, UK) and horseradish peroxidase-
conjugated secondary antibodies (Santa Cruz Biotechnology) were used.
Peroxidase labeling was detected with enhanced chemiluminescence de-
tection (GE Healthcare, UK) according to the manufacturer’s recommen-
dations. To control for variations in protein loading or transfer,
membranes were washed and re-incubated with anti-B-actin antibody
(Abcam). Exposed films were scanned and data were analyzed with the
computer software (ImageJ 1.41; NIH, Bethesda, MD).

Statistical analysis

Data are given as mean + SD or median and range as appropriate. Two-
way analysis of variance was used with pre- and post-weaning diets as
independent variables followed by Tukey’s post-hoc test. The results are
labeled: PreW—the effect of pre-weaning diet, PostW—the effect of
post-weaning diet, PreW x PostW—the effect of interaction between pre-
and post-weaning diet. For the analysis of BP and heart rate, only one
value per rat (average) was used for comparison of groups. The results
were considered significant when the probability of error (P) was <0.05.

Results

Mother animals

There was no difference in body weight or body weight
gain between the groups of dams, but the food intake
during pregnancy was significantly higher in dams on
high-salt compared with dams on low-salt diet (Table 1).
At the end of pregnancy, there was no difference in intra-
aortic SBP between the groups of dams.

Animal data

The average litter size [12.5 £ 2.6 in low salt (LS) dams
and 12.7 £ 1.6 in high salt (HS) dams] as well as birth
weight (6.13 £ 0.61 g in offspring of LS dams and 6.19 +
0.61 g in offspring of HS dams) was not significantly
different between groups.

Starting from postnatal Week 3, the body weight of off-
spring of HS dams was significantly lower (Figure 1).
Between Weeks 5 and 8 in HL animals (offspring of
dams on high salt switched postnatally to low salt), food

Table 1. Data of the dams

Group Body weight Food SBP at end
intake in of

At start of Atend of  Gain in pregnancy  pregnancy
pregnancy pregnancy pregnancy (&) (mmHg)
(& (€3] (&

Low 192 +28 302 +27 109 +27  425+97 142+ 8

salt

High 186 +24  282+25 96 £27  533+71 130 £ 11

salt

t-test P=NS P=NS P=NS P<0.05 P=NS
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Fig. 1. Body weight development in the male offspring until 12 weeks
of age. Two-way analysis of variance: PreW, the effect of pre-weaning
diet; PostW, the effect of post-weaning diet; PreW x PostW, the effect of
interaction between pre- and post-weaning diet; ¥*P <0.05 LH versus LL
and HH versus HL, P <0.05 HH versus LH and HL versus LL.

consumption was lower (179.2 + 14.7 g/week), but
weight gain was higher compared to their HH littermates
(offspring of dams on high salt continued postnatally on
high salt; weekly food consumption 199.5 £ 9.1 g; P<
0.001 compared to HL). Similarly, LH offspring (food
consumption 198.1 £ 16.8 g/week) gained less weight
than their LL littermates (food consumption 170.1 + 16.1
g/week; P<0.01). As a result, after postnatal Week 8,
body weight was significantly lower in LH and HH off-
spring compared to LL and HL offspring (Figure 1). Water
consumption was significantly (P <0.001) higher in off-
spring on high salt intake (average for Weeks 8—12: HH 87
+ 5 mL/day and LH 76 + 7mL/day) compared to low salt
intake (LL 30 + 4 mL/day and HL 31 + 3mL/day).

The heart weight was significantly higher in offspring of
dams on high-salt diet irrespective of their post-weaning
salt intake (Table 2). Heart to body weight ratio was signifi-
cantly higher in offspring on high salt intake post-weaning
and in offspring of dams on high-salt diet (Table 2).

Blood and urine analysis

At age 12 weeks, serum sodium and potassium (Table 2)
concentrations were not significantly different depending
on pre- or post-weaning diet.

At age 12 weeks, no differences in hematocrit and
hemoglobin concentration were observed between the groups.
Serum concentrations of creatinine, total and HDL cholesterol
as well as triglycerides were not significantly different
between the groups (data not shown).

Serum ADMA was significantly higher in offspring of
dams on high salt (Table 2) compared with offspring of
dams on low salt. High salt intake post-weaning also
caused a significant increase of serum ADMA, while pre-
weaning salt intake had no impact on serum ADMA.
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Table 2. Blood and urine analysis and heart weight in offspring at Week 12°

Group Heart weight Heart/body  Serum Serum Plasma Plasma MBG  Urinary sodium  Urinary albumin
(2) weight (g/ sodium potassium ADMA (umol/ (nmol/L) excretion (mmol/ excretion (mg/24
kg) (mmol/L)  (mmol/L) L) 24 h) h)
LL (n=10) 1.72 £0.17 3.8+0.3 141 +3 39+0.2 0.64 £0.13 0.29 £0.15 0.6+0.3 0.62 £0.29
LH (n=10) 1.77 £ 0.24 43 +£0.5% 138+2 42+04 0.77 £0.10* 0.34 +0.09 22.1 +8.5% 321 £1.21*
HH (n=10) 1.85+0.18f  4.5+0.4* 140 +3 4.0+0.6 0.82+£0.16 0.62 +0.327 17.2 £6.7*% 4.73 £ 1.75* 1
HL (n=10) 1.89+024F 424037 1402 4.0£03 0.77+0.091  0.55+0.161 1.1+£0.6 2.04 = 0.66F
2-way ANOVA
PreW P<0.01 P<0.005 P=NS P=NS P<0.05 P<0.01 P=NS P<0.001
PostW P=NS P<0.001 P=NS P=NS P<0.05 P=NS P<0.001 P<0.001
P=NS P=NS P=NS P=NS P=NS P=NS P<0.05 P=NS
PreW x PostW

“Two-way ANOVA: PreW, the effect of pre-weaning diet; PostW, the effect of post-weaning diet; PreW x PostW, the effect of interaction between pre-
and post-weaning diet; ANOVA, analysis of variance; NS, not significant.

*P <0.05 LH versus LL and HH versus HL.

TP <0.05 HH versus LH and HL versus LL.

Table 3. Blood pressure (BP) and heart rate (HR)—24 h means and variability (SD) in the offspring®

Group SBP Diastolic BP  Mean BP  Mean BP Mean BP difference  HR (1/min) HR variability Mean HR
(mmHg) (mmHg) (mmHg) variability (24-h light-on/light-off (24-h SD) difference light-on/
SD) (mmHg) (mmHg) (1/min) light-off
(1/min)
LL (n= 114 +7 81+7 96 +7 74+0.8 50+1.4 380 + 13 51+8 58 +12
10)
LH (n= 114+4 77 +4 93 +4 7.7+1.0 51420 395 £ 15% 48 +4 54 +10*
10)
HH (n= 116 +£3 82+3 97 +4 83+1.1 5.6+£25 386 + 20 46 +7 50 + 10*
10)
HL (n= 113+5 81+3 95+4 7.5+0.8 55+0.8 404 £ 15%1 52+5 63+8
10)
Two-way ANOVA
PreW  P=NS P=NS P=NS P=NS P=NS P=NS P=NS P=NS
PostW  P=NS P=NS P=NS P=NS P=NS P=NS P=NS P<0.01
PreW x  P=NS P=NS P=NS P=NS P=NS P <0.005 P=NS P=NS
PostW

“Two-way ANOVA: PreW, the effect of pre-weaning diet; PostW, the effect of post-weaning diet; PreW x PostW, the effect of interaction between pre-
and post-weaning diet; ANOVA, analysis of variance; NS, not significant.

*P <0.05 LH versus LL and HH versus HL.

TP <0.05 HH versus LH and HL versus LL.

Table 4. Daytime (light-on) and nighttime (light-off) blood pressure and heart rate in the offspring®

Group Daytime (light-on) Nighttime (light-off)
SBP Diastolic BP Mean BP HR (1/min) SBP Diastolic BP Mean BP HR (1/min)
(mmHg)  (mmHg) (mmHg) (mmHg)  (mmHg) (mmHg)
LL 11+7 78 +7 93 +7 352+ 15 116 +7 83+7 98 +7 410 + 14
LH 112+4 74+ 4 91+4 368 + 14* 11745 80+5 96+ 5 422 £ 17
HH 113+6 79 +£3 94 +4 360 + 21 119+7 85+5 100 +5 410 £ 20
HL 110 £4 78 £3 92 +3 372 £ 16%,F 116 £5 84 +3 98 +4 435 £ 15%,F
Two-way ANOVA
PreW P=NS P=NS P=NS P=NS P=NS P=NS P=NS P=NS
PostW P=NS P=NS P=NS P=NS P=NS P=NS P=NS P=NS
P=NS P=NS P=NS P <0.001 P=NS P=NS P=NS P <0.001
PreW x PostW

“Two-way ANOVA: PreW, the effect of pre-weaning diet; PostW, the effect of post-weaning diet; PreW x PostW, the effect of interaction between pre-
and post-weaning diet; ANOVA, analysis of variance; NS, not significant.

*P <0.05 LH versus LL and HH versus HL.

7P <0.05 HH versus LH and HL versus LL.
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Fig. 2. Wall to lumen ratio (um®/um?) in the offspring at 7 and 12 weeks of age in the aorta, carotid and pulmonary arteries. Two-way analysis of
variance: PreW, the effect of pre-weaning diet; PostW, the effect of Post-weaning diet; PreW x PostW, the effect of interaction between pre- and post-
weaning diet; *P <0.05 LH versus LL and HH versus HL, 1P <0.05 HH versus LH and HL versus LL.

Plasma MBG was significantly higher in HH and HL
compared with LH and LL offspring, respectively (Table 2).

At 12 weeks, urinary sodium excretion was significantly
higher in offspring receiving a high-salt diet post-weaning
irrespective of the dam’s diet (Table 2). However, the in-
crease in sodium excretion on high-salt diet was higher in
offspring of dams on low-salt diet.

Urinary albumin excretion was significantly higher in
offspring of dams on high-salt versus low-salt diet.
Urinary albumin excretion was also higher in offspring on
high versus low salt intake post-weaning (Table 2).

BP is not increased in offspring of dams on high salt

Average (24 h) systolic, diastolic and mean BPs were not
different between the groups of offspring (Table 3). There
was no difference in variability of BP and heart rate
during the light-on and light-off periods (Tables 3 and 4).

The effect of post-weaning high salt intake on heart
rate differed depending on the dam’s salt intake: the heart
rate was higher with high compared to low salt intake
post-weaning. It was higher if the dam had been on low
salt intake and it was lower if the dam had been on high
salt intake (Tables 3 and 4).

Arterial wall is thicker in offspring of dams on high salt

At age 7 weeks, the wall/lumen ratio of aorta and carotid
arteries was significantly higher in LH compared to LL
and was also higher in HL compared to LL offspring
(Figure 2).

At age 12 weeks, the wall/lumen ratio of aorta, carotids,
mesenteric and intrapulmonary arteries was significantly
higher in HH and HL compared to LH and LL offspring,
respectively (Figure 2). The wall/lumen ratio of the aorta
was also higher in LH offspring compared with LL
group.

The luminal areas of aorta, carotid, mesenteric and pul-
monary arteries were not significantly different between
the groups (data not shown).

The aortic wall is more fibrotic in offspring of dams on
high salt

At age 12 weeks, the proportion of the wall of the aorta
stained by EVG was highest in LH offspring; the area
stained positively for collagen was significantly higher in
HH and HL compared with LH and LL offspring, respect-
ively (Figure 3). Consequently, the ratio of EVG- to
Sirius red-positive areas, reflecting collagen content, was
significantly higher in the aortas of HH and HL compared
with LH and LL offspring, respectively (Figures 3 and 4).

Cell proliferation is more pronounced in the aorta of
offspring of dams on high salt

At Week 7, significantly more endothelial and vascular
smooth muscle cells (VSMCs) in the aorta stained posi-
tive for PCNA in HL offspring compared with the other
groups (Figure 5). At Week 12, there was no difference in
the number of aortic endothelial cells staining positive for
PCNA between the groups. Significantly more PCNA-
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Fig. 3. Areas with positive staining for EVG (A) and Sirius red (B) in the aorta and ratio EVG/Sirius red-positive areas (C) in the offspring at 12
weeks. Two-way analysis of variance: PreW, the effect of pre-weaning diet; PostW, the effect of post-weaning diet; PreW x PostW, the effect of
interaction between pre- and post-weaning diet; *P <0.05 LH versus LL and HH versus HL, 1P <0.05 HH versus LH and HL versus LL.
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Fig. 4. Representative microphotographs of EVG stain in LL (A) and HL (B) and Sirius red stain in LL (C) and HL (D) offspring.

positive VSMCs, however, were observed in HH oft-
spring compared with other groups (Figure 6).

Altered differentiation in the aorta of offspring of dams
on high salt VSMC differentiation

At age 12 weeks, the expression of smooth muscle actin
heavy chain 1 was not different between the groups. In
contrast, the expression of smooth muscle actin heavy
chain 2 was significantly higher in offspring of dams on
HS versus LS (Figure 7). The expression of smooth
muscle actin heavy chain 2 was significantly increased on
high post-weaning salt intake only in offspring of dams
on LS.

The expression of caldesmon, characteristic for differ-
entiated VSMC, tended to be lower in HH offspring, but
the difference was not significant. The expression of cal-
ponin, also characteristic for differentiated VSMC, was

significantly lower in HH offspring compared with other
groups (Figure 7). This went in parallel with increased
proliferation of VSMCs in this group.

Marked oxidative stress in the aorta of offspring of dams
on high salt

At age 7 weeks, the area stained positive for nitrotyrosine
in the aortic wall was not different between the groups. At
age 12 weeks, the aortic wall area stained for nitrotyrosine
was significantly larger in HH and HL compared to LH
and LL groups, respectively (Figure 8). At that age, stain-
ing for nitrotyrosine in the wall of intrapulmonary arteries
was also increased in HH and HL compared to LH and
LL offspring, respectively.
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Fig. 5. Number of cells staining positive for PCNA in aortic endothelium (%) in the offspring at 7 (A) and 12 (B) weeks of age and in the media (1/
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Fig. 6. Representative microphotographs of PCNA staining in the aorta from LL (left) and HL (right) offspring at Week 7. PCNA-positive cells are

marked with arrows.

Downregulation of proteins involved in NO signaling in
offspring of dams on high salt

The expression of eNOS in the aorta by western blot was
significantly lower in HH offspring compared with the
other groups (Figure 9).

By western blot, the expression of sGC-f,; in the aorta
was significantly lower in LH and HL compared with LL
offspring (Figure 9). There was no significant difference
in the expression of sGC-B, in the aorta between the
groups.

Expression of renin—angiotensin system in the aorta
is not suppressed by salt in offspring after prenatal
high salt

By western blot, the expression of ACE and angiotensin
II type 1 receptor (AT R) in the aorta was significantly
lower in LH versus LL offspring, but it was not different
in HH versus HL offspring (Figure 10). No significant
difference of angiotensin II type 2 receptor (AT,R)
expression in the aorta was observed between the groups
(Figure 10).
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SGK is activated in offspring of dams on high salt

While staining for the total SGK in the aorta was not
different between the groups of offspring, staining for the
phosphorylated SGK was more intense in aortic endo-
thelial cells of LH and HL compared to LL offspring
(Figure 11). In the VSMCs, the staining for phosphory-
lated SGK was higher in HH compared with other
offspring.

The TGF-B system is not influenced by salt intake

Furthermore, in the aorta, no significant differences in the
expression of TGF-B; (Figure 12), TGF-B receptor 1 and
TGF-B receptor 2 were observed between the groups.

Discussion

The main result of this study is the observation that high
maternal salt intake during pregnancy has a progressive
long-lasting effect on modeling of both central and

muscular arteries of male offspring independent of post-
natal salt intake and systemic BP. These changes of wall
thickness without change in luminal area in the central
and muscular arteries of the systemic (and remarkably
also in the pulmonary) circulation were accompanied by
differences in proliferation and differentiation of cells and
expression of the components of the renin—angiotensin
system (RAS) in the vascular wall. Furthermore, there
were differences in eNOS and sGC expression, signs of
oxidative stress and differences in the plasma concen-
trations of ADMA and MBG. Elevated MBG concen-
trations were found in the groups with increased wall
thickness and fibrosis of the wall of the different arteries.
Although direct short-term effects of increased salt
intake on elevation of BP are more marked in females
[26], we deliberately studied the arteries in male offspring,
which are generally more susceptible to structural vascu-

lar damage.
The observation that salt intake in dams affects the
characteristics of arteries in the offspring is in
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agreement with the ‘fetal programming’ hypothesis pro-
posed by Barker who postulated that factors operative
during organogenesis cause long-lasting effects persist-
ing during adult life [19]. Animal models, designed to
study the impact of fetal programming on adult BP,
were mostly models characterized by low birth weight
caused by maternal undernutrition, hyperinsulinemia or

uterine underperfusion. In humans, low birth weight is
associated in adulthood with elevated BP and cardio-
vascular disease [27, 28] as well as with albuminuria
[29] and susceptibility to end-stage renal disease [30].
Developmental programming of the aortic structure has
been documented in offspring of rats on high-fat diet
[31]. Our results show that another component of
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maternal diet, i.e. salt, influences the vascular structure
in the offspring as well.

High prenatal salt intake caused in the male offspring
vascular hypertrophy, increased arterial collagen content
and nitrotyrosine deposition as well as elevated MBG
concentration. In adults, this constellation is indicative of
increased vascular stiffness and increased cardiovascular
risk in the long term. Lack of direct measurement of vas-
cular compliance is a limitation of this study.

A potential confounder in the study is food intake,
which was higher in mothers as well as in offspring with
a high salt intake. Interestingly, despite higher food con-
sumption, weight gain was less in offspring on high salt.
High salt intake has previously been shown to be associ-
ated with increased food intake and decreased weight gain
[32]. The small difference in sodium excretion between
LL versus HL offspring is consistent with the small differ-
ence in food intake. It is also possible that animals pre-
viously on high-sodium diets continued to excrete sodium
from osmotically inactive stores [33]. The difference in
sodium excretion between LH and HH offspring is most
probably due to differences in intestinal absorption. All
animals on a high-sodium diet produced visibly more
feces than animals on a low-sodium diet. This was also
reflected by lower weight gain despite higher food intake
in these groups.

Our results are in contrast with the observation of the
development of increased adiposity in offspring of dams,
which had been on low salt intake, but in this study, the
fetuses had also been exposed to intrauterine growth re-
striction [34], which was avoided in our study.

This may also explain why until Week 12 telemetrically
measured baseline BP was not higher in offspring on a
high-salt diet. This does not exclude an increased BP
response to stress as documented by Porter [35]. Further-
more, pregnant dams on high-salt diet had no elevation of
baseline BP; this does not exclude higher BP responses to
stimuli as observed in pregnant dams on saline [36].

Contreras et al. [20] documented that high salt intake
in the perinatal period, i.e. throughout lactation and
weaning, caused persistent hypertension in adult rats. A
similar effect of salt exposure at an early age has also
been seen in humans [37]. In agreement with the findings
of other authors, a high-salt diet during pregnancy did not
cause intrauterine growth restriction in our study [20, 35].
Porter et al. [35] had limited high salt intake to the period
of pregnancy and discontinued high salt intake during the
lactation period: this protocol caused an increased BP
response to stress in the offspring despite no elevation of
baseline BP. In our study, although there was no increase
of telemetrically measured BP in animals age 7-12
weeks, abnormal modelling of vascular walls was seen in
offspring of dams on high salt. Even at 7 weeks of age,
minor differences in the geometry of the aorta of offspring
were noted. By Week 12, pronounced changes in vascular
geometry were seen in offspring of dams on high salt,
although the offspring had been switched to low salt after
weaning at 4 weeks. This finding suggests that vascular
modeling had been programmed in utero.

In the experiments of Varagic et al. [7] and Matavelli
et al. [8], salt loading caused cardiac fibrosis and vascular
remodeling in adult animals, partially independent of BP.

G. Piecha et al.

Based on this observation, Frohlich [9] proposed the
hypothesis that high-salt intake promotes derangements of
structure and function of heart, vessels and kidney at least
partially as a result of BP independent mechanisms. Our
observation supports this hypothesis in a different
context, i.e. altered vascular structure despite no change
in BP. Moreover, our study documents that vascular mod-
eling after weaning was abnormal in offspring of dams
which had been on a high-salt diet during pregnancy; this
was seen even when the offspring were switched to low
salt after weaning. This observation is compatible with
the concept of intrauterine programming. We emphasize
that abnormal vascular geometry was not explained by
differences in the growth rate of the animals.

Our results document that the adverse BP-independent
effects of salt loading during pregnancy persist even
when postnatal salt intake has been reduced. One hy-
pothetical explanation for the delayed disappearance of in-
creased PCNA staining after 7 weeks in HL offspring is
an initial transient activation of proliferation by transient
activation of the RAS activity after lowering sodium
intake; this explanation is hypothetical in the absence of
information on systemic RAS parameters.

Our study does not definitively clarify whether the
effect of salt is mediated via plasma sodium concen-
tration, positive sodium balance or indirectly via salt-
induced hormonal changes e.g. cardiotonic steroids [38].
Nevertheless, some findings in our study bear on potential
mechanisms underlying salt-induced changes in vascular
development. The plasma levels of the cardiotonic steroid
MBG were increased at Week 12 in offspring of mothers
on high salt independent of the offspring’s current salt
intake. The MBG concentration was correlated to structur-
al abnormalities of the vascular wall (increased wall thick-
ness and fibrosis) as well as to increased markers of
oxidative stress. Elevated MBG levels may, at least in
part, be responsible for the changes of arterial wall com-
position observed in our study. MBG is known to cause
fibrosis in organs, such as heart and kidney [15, 39].

Increased salt intake should suppress the circulating
RAS. In the offspring of dams on high salt intake, the—
admittedly limited—parameters measured are not indica-
tive of suppression at least of the local RAS in the arterial
wall.

The fibrosis of the arterial wall was not correlated to
abnormal TGF-f signaling, in line with previous obser-
vations in the heart [40]. High salt intake has been pre-
viously shown to acutely increase TGF-f production in
aortic and glomerular endothelial cells [41-43]. The dis-
crepancy between our and those previous results may be
due to the longer period of high salt intake in our study.

High salt intake is known to lower vascular nitric oxide
(NO) production [44]. In our study, we also found lower
expression of eNOS in the aortas of offspring of mother
animals fed a high-salt diet. In addition, plasma levels of
ADMA—an endogenous eNOS inhibitor—were signifi-
cantly higher in offspring of mothers on high salt during
pregnancy irrespective of whether after weaning they
were fed a high- or low-salt diet. Moreover, the expression
of the NO receptor in vasculature—sGC—was signifi-
cantly lower in offspring of mothers on high salt, irrespec-
tive of salt intake post-weaning. Downregulation of sGC
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by high salt intake had been shown in hypertensive or
DOCA-treated rats [45, 46]. We demonstrated that not
only the high salt intake post-weaning but also the high
maternal salt intake during pregnancy reduced the
expression of sGC. The unavailability of material for
more detailed analysis of the systemic NO/ROS balance is
a limitation of the study.

Our observation of adverse modeling and increased
oxidative stress in pulmonary arteries after prenatal
exposure to high salt is in agreement with recent similar
findings in a different model of fetal programming, i.e.
calorie deprivation [47].

Taken together, the results indicate that high salt intake
in pregnancy results in abnormal development of the vas-
cular wall of both central and muscular arteries in the off-
spring at least until age 12 weeks independent of basal
BP. The morphological changes of the large vessels,
accompanied by heart hypertrophy, may point to increased
vascular stiffness. The structural and compositional
changes of the vasculature were only moderately influ-
enced by salt intake after weaning. They were correlated
with the plasma levels of MBG pointing to a potential
causal role of cardiotonic steroids. If these observations
can be extrapolated to humans, high salt intake in preg-
nancy could impact on the development of arteries in the
offspring resulting in greater wall thickness and stiffness
of the central and muscular arteries potentially causing
lower perfusion reserve and increased cardiovascular risk.
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