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Abstract

Imbalanced maternal nutrition during gestation can cause alterations of the hypothalamic-pituitary-adrenal (HPA) system in
offspring. The present study investigated the effects of maternal low- and high-protein diets during gestation in pigs on the
maternal-fetal HPA regulation and expression of the glucocorticoid receptor (GR), mineralocorticoid receptor (MR), 11b-
hydroxysteroid dehydrogenase 1 and 2 (11b-HSD1 and 11b-HSD2) and c-fos mRNAs in the placenta and fetal brain. Twenty-
seven German Landrace sows were fed diets with high (HP, 30%), low (LP, 6.5%) or adequate (AP, 12.1%) protein levels
made isoenergetic by varying the carbohydrate levels. On gestational day 94, fetuses were recovered under general
anesthesia for the collection of blood, brain and placenta samples. The LP diet in sows increased salivary cortisol levels
during gestation compared to the HP and AP sows and caused an increase of placental GR and c-fos mRNA expression.
However, the diurnal rhythm of plasma cortisol was disturbed in both LP and HP sows. Total plasma cortisol concentrations
in the umbilical cord vessels were elevated in fetuses from HP sows, whereas corticosteroid-binding globulin levels were
decreased in LP fetuses. In the hypothalamus, LP fetuses displayed an enhanced mRNA expression of 11b-HSD1 and a
reduced expression of c-fos. Additionally, the 11b-HSD2 mRNA expression was decreased in both LP and HP fetuses. The
present results suggest that both low and high protein:carbohydrate dietary ratios during gestation may alter the
expression of genes encoding key determinants of glucocorticoid hormone action in the fetus with potential long-lasting
consequences for stress adaptation and health.
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Introduction

Experimental and epidemiological studies have led to the

hypothesis that exposure to adverse maternal environments during

critical periods of fetal growth and development increases the risk

of disease in the adult offspring [1]. One of the possible

mechanisms by which prenatal influences can predispose to

disease in later life is via changes in the hypothalamic-pituitary-

adrenal (HPA) axis [2]. Up-regulation of the maternal HPA axis

can result in elevated glucocorticoid concentrations in the

offspring, contributing to the risk of hypertension, glucose

intolerance and obesity [3]. This result is supported by the

discovery of an association between reduced birth weight and

increased plasma cortisol concentrations in adult human popula-

tions [4,5].

Imbalanced maternal nutrition during gestation is an important

environmental factor that may exert permanent effects on the

developing fetus. Several studies have shown that undernutrition

and/or protein deficiency during gestation may produce increased

maternal glucocorticoid concentrations, which may restrict fetal

growth and cause alterations in endocrine and metabolic systems

[6,7,8]. On the other hand, an excess of maternal protein intake

can also increase maternal glucocorticoid concentration with

negative effects on birth weight, although studies have produced

inconsistent results [9–11]. However, the precise mechanisms

linking maternal malnutrition to reduced birth weight and

metabolic disease in the offspring are still unknown.

Glucocorticoids, the end product of HPA axis activation, are

presumed to represent a primary programming signal. Glucocor-

ticoid hormone action within the cell is regulated by the expression

of the glucocorticoid receptor (GR), mineralocorticoid receptor

(MR) and both isoforms of 11b-hydroxysteroid dehydrogenase

(11b-HSD1 and 11b-HSD2) at the level of gene expression [12].

11b-HSD1 acts predominantly as an 11-oxoreductase, catalyzing

the conversion of inactive cortisone to active cortisol, thereby

amplifying activation of intracellular GR. Conversely, 11b-HSD2

behaves as a 11b-dehydrogenase, catalyzing the inactivation of

cortisol to cortisone and thus, it protects the intrinsically non-

selective MR and the selective GR from activation by cortisol [13].

Furthermore, 11b-HSD2 expression in fetal-placental tissues is
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assumed to protect the fetus from the deleterious effects of excess

glucocorticoids [14,15]. In the pig, the expression of placental 11b-

HSD2 was demonstrated, and maternal cortisol was revealed to be

converted into cortisone as it traverses the porcine placenta

[16,17]. With respect to the maternal dietary protein level,

previous studies in pigs have shown that severe protein deficiency

during gestation may decrease placental and fetal growth and

affect body composition and postnatal growth [18,19]. Recently,

we have reported that inadequate maternal dietary protein and/or

carbohydrate levels during gestation in primiparous sows cause

reduced birth weight of the piglets, may affect cellular properties of

skeletal muscle and subcutaneous adipose tissue in the offspring

and may alter maternal macronutrient and fetal amino acid

metabolism [20–24]. However, it is not clear whether inadequate

dietary protein to carbohydrate ratios during gestation affect the

maternal and developing fetal HPA axis in pigs and/or what the

possible underlying mechanism may be. In view of the fact that the

pig is increasingly recognized as a model for humans in biomedical

research [25,26], alterations in HPA axis regulation as a

consequence of maternal protein diet are of particular interest

with respect to human health and sustainable animal production.

Therefore, the aim of the present study was to investigate the

effects of low (6.5% protein) and high (30% protein) protein levels

in the diet of sows throughout gestation on the maternal-fetal

cortisol regulation and the expression of genes regulating the

glucocorticoid response in the placenta and fetal brain. For this

purpose, the salivary cortisol levels during gestation and the

diurnal rhythmicity of cortisol in sows as well as the cortisol and

corticosteroid-binding globulin (CBG) concentrations in the

umbilical cord and fetuses were measured. Additionally, the

mRNA expression levels of GR, MR, 11b-HSD1, 11b-HSD2 and

c-fos were examined in the placenta and fetal hypothalamus and

hippocampus. To characterize transplacental cortisol transfer, the

enzyme activities of 11b-HSD1 and 11b-HSD2 were analyzed in

the placenta.

Materials and Methods

Ethic statement
All of the procedures involving animal handling and treatment

were in strict accordance with the German animal protection law

and approved by the relevant authorities (Landesamt für Land-

wirtschaft, Lebensmittelsicherheit und Fischerei, Mecklenburg-

Vorpommern, Germany; LVL M-V/TSD/7221.3-1.1-006/04;

LALLF M-V/TSD/7221.3-1.2-050/06; LALLF M-V/TSD/

7221.3-1.2-013/07). All surgery was performed under anesthesia

(see below) and all efforts were made to minimize suffering.

Animals and experimental procedures
A total of 27 primiparous German Landrace sows, bred and

raised in the institute’s pig breeding facility, were used. The

experiment was conducted over five temporally successive

replicates. Housing and breeding management were described in

detail by Rehfeldt et al. [22]. One day prior to the first

insemination, sows were randomly allocated to three dietary

groups. The day of the second insemination was designated as

gestational day (GD) 1. Starting on the day of the first

insemination, sows were fed an isoenergetic corn-barley, soybean

meal diet (,13.7 MJ ME/kg) with target crude protein levels of

120 (adequate protein, AP; n = 9), 300 (high protein, HP; n = 9) or

60 g/kg (low protein, LP; n = 9) balanced by different carbohy-

drate concentrations throughout gestation. Consequently, in the

AP, HP and LP diets, the protein:carbohydrate ratios were 1:5,

1:1.3 and 1:10.4, respectively. Diets were fed between 2.3 and

2.9 kg/d to achieve an average target energy intake of ,34 MJ

ME/d during gestation following the recommendations for

primiparous sows [27]. The sows were fed twice daily, and water

was provided ad libitum.

Salivary samples were collected daily between 08:00 and

10:00 h on GD 25 to 23, GD 22 to 24, GD 57 to 59 and GD

77 to 79. To collect serial blood samples for a circadian study, the

animals were surgically fitted with indwelling jugular vein

catheters on GD 84, as described by Metges et al. [20]. Beginning

on GD 92 at 08:00 h, blood samples were collected every two

hours until the next morning at 08:00 h. On GD 94, recovery of

fetuses was performed by Caesarean section lege artis under general

anesthesia with azaperone (0.05 ml/kg body weight Stresnil,

Janssen-Cilag GmbH, Neuss, Germany) and ketamine (0.15 ml/

kg body weight Ursotamin, Serumwerk Bernburg AG, Bernburg,

Germany) administered via an implanted jugular vein catheter.

Blood samples were taken from each sow immediately before

surgery and during anesthesia via catheter as well as from the

umbilical vein and artery of the first nine fetuses taken after the

initiation of anesthesia by puncture. After recovery, placental

samples from the fetal implantation sites (chorionic plates) were

rapidly dissected and prepared for RNA and enzyme activity

analyses. Fetal blood was obtained by puncture of the vena cava

cranialis, and immediately thereafter, fetuses were euthanized by

an injection of T61H (200 mg embutramide, 50 mg mebezonium

iodide and 5 mg tetracaine hydrochloride, Intervet, Unterschleis-

sheim, Germany). The body weight and length (crown to rump) of

fetuses were recorded, and the brains were then quickly removed,

weighed and placed on sterile, ice-cold Petri-dishes. The

hypothalamus, including the paraventricular nucleus (PVN), and

the hippocampus were dissected for RNA analyses. The stereo-

taxic atlas of the pig brain served as a reference [28]. After the

recovery of the last fetus, the sows were euthanized by intravenous

injection of T61H (16 mg embutramide, 2.4 mg mebezonium

iodide and 0.4 mg tetracaine hydrochloride per kg body weight).

All experimental procedures were performed on the animals

between 07:30 and 11:00 h. All fetuses recovered from each sow

were used for the evaluation of litter size, fetal body weight, crown-

rump length and brain weight.

Saliva and blood sampling and tissue preparation
Saliva samples were collected before feeding by allowing the

sows to chew on veterinary cotton buds until these were

thoroughly moistened (approximately 30–60 s per sample). The

buds were placed in tubes and centrifuged at 2,500 g for 15 min at

4uC. Saliva samples were stored at 220uC until analysis. After

thawing, the samples were spun at 2,500 g for 5 min, resulting in a

clear supernatant with low viscosity.

Blood samples were collected in ice-cold polypropylene tubes

containing EDTA solution, placed on ice and subsequently

centrifuged at 2,000 g for 15 min at 4uC to separate the plasma

portion. Plasma was then stored at 220uC until it was analyzed for

their cortisol and corticosteroid-binding globulin (CBG) concen-

trations.

For mRNA expression analysis, the hypothalamus, hippocam-

pus and placental samples were incubated overnight in RNAlater

(RNA Stabilization Reagent, Qiagen, Hilden, Germany) at 2–4uC
to protect RNA integrity and then transferred to 280uC for

storage. For analysis of 11b-HSD activity, placental tissue was

frozen in liquid nitrogen and stored at 280uC.

Cortisol analyses
Cortisol concentrations in 25 ml saliva samples were measured

in duplicate by an enzyme immunoassay (ACTIVE Cortisol EIA
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DSL-10-67100, Diagnostic Systems Laboratories Inc., Sinsheim,

Germany) according to the instructions of the manufacturer. The

cross-reactivity of the cortisol antiserum was measured against

various compounds and was 58.3% for prednisolone, 10.9% for

prednisone, 7.0% for cortisone, 5.7% for 11-deoxycortisol, 1.9%

for 21-deoxycortisol, 0.9% for 17a-hydroxycortisol and dexa-

methasone and 0.4% for triamcinolone according to the manu-

facturer. The lowest level of cortisol that can be detected by this

assay in porcine saliva was 0.35 ng/ml, and the intra- and inter-

assay coefficients of variation (CVs) were 2.0% and 8.7%,

respectively.

Plasma cortisol concentrations were analyzed in duplicate using

a commercially available 125I-RIA kit (ACTIVE Cortisol RIA

DSL-2100, Diagnostic Systems Laboratories Inc., Sinsheim,

Germany) according to the manufacturer’s guidelines. Cross-

reactivities of the antibody used to prednisolone and corticosterone

were 33.3% and 9.3%, respectively, and to any further competing

plasma steroids lower than 5%. The assay was validated for use

with porcine plasma. The test sensitivity was 8.1 nmol/l, and the

intra- and inter-assay CVs were 8.2% and 9.8%.

Corticosteroid-binding globulin (CBG)
Plasma samples were examined for CBG using a modified

binding assay previously described by Kanitz et al. [29]. Briefly,

after removing endogenous steroids from the plasma by dextran-

coated charcoal treatment, 25 ml of plasma was incubated with

0.78 nM unlabeled cortisol (Hydrocortisone, Merck, Darmstadt,

Germany) and 25 pM 3H-cortisol (specific radioactivity 68 Ci/

mmol, Amersham Pharmacia Biotech, Freiburg, Germany). Non-

specific binding (e.g. albumin binding) was determined in parallel

using a 100-fold excess of cold cortisol. The separation of bound

and free 3H-cortisol was performed by precipitation with dextran-

coated charcoal at 4uC and subsequent centrifugation at 1,000 g

for 10 min. Aliquots of supernatant fraction were taken for

scintillation counting. CBG binding was calculated as the

difference between the total binding and the non-specific binding

of cortisol. The intra- and inter-assay CVs were 7.8% and 9.1%.

The Free Cortisol Index (FCI), a surrogate measure of plasma

free cortisol, was calculated using the following formula:

FCI = [cortisol]/[CBG].

RNA extraction and quantification of transcripts
Total RNA from individual hypothalamus, hippocampus and

placenta samples was extracted using the InvisorbH Spin Tissue

RNA Mini Kit (Invitek, Berlin, Germany) according to the

manufacturer’s protocol. The concentration of RNA was deter-

mined by the absorbance at 260 nm. The RNA purity and

integrity were assessed by the 260/280 nm ratio and electropho-

resis using 2% agarose in TBE buffer (89 mM Tris, 89 mM boric

acid, 1 mM EDTA, pH 8.0) and the SYBR gold stain (MoBiTec,

Göttingen, Germany) at a final concentration recommended by

the manufacturer.

The absolute quantification of mRNA using the real-time

reverse transcriptase chain reaction (RT-PCR) was performed as

previously described by Löhrke et al. [30]. Fragments of mRNA

encoding GR, MR, 11b-HSD1 and 11b-HSD2 were obtained

from reverse transcription (RT) performed by an iScript cDNA

synthesis kit (BIO-RAD, München, Germany) with 100 ng of total

RNA following the guidelines of the manufacturer. The resulting

cDNA was amplified by real-time PCR (iCycler, BIO-RAD,

München, Germany) using an iQ SYBR green supermix (BIO-

RAD, München, Germany). One microliter of RT reaction was

added to 10 ml of PCR mix primed with gene-specific oligonucle-

otides (TIB MOLBIOL, Berlin, Germany). PCR was carried out

using a hot start (3 min, 94uC; 30 s, 60uC; 45 s, 70uC) followed by

45 cycles (10 s, 94uC; 30 s, 60uC; 45 s, 70uC with 5 s added in

each cycle) and with a final cycle of 10 s, 94uC; 30 s, 60uC; 7 min,

70uC for denaturation, annealing and elongation, respectively.

The primers were designed to span a corresponding intron and to

anneal between 60uC and 70uC based on the published cDNA and

gene sequences (for GR, accession no. AY779185; for MR,

accession no. M36074; for 11b-HSD1, accession

no. NM_008288; for 11b-HSD2, accession no. AF414125; for c-

fos, accession no. AJ132510). The following primer sequences

were used: GR (forward, 59-GTT CCA GAG AAC CCC AAG

AGT TCA-39; reverse, 59-TCA AAG GTG CTT TGG TCT

GTG GTA-39), MR (forward, 59-GTC TTC TTC AAA AGA

GCC GTG GAA-39; reverse, 59-CTC CTC GTG GAG GCC

TTT TAA CTT-39), 11b-HSD1 (forward, 59-GGT CAA CTT

CCT CAG CTA CGT GGT-39; reverse, 59-AGG ACA CAG

AGA GTG ATG GAC ACG-39), 11b-HSD2 (forward, 59-TGG

TAC CCT TGA GAT GAC CAA-39; reverse, 59-CAC TGG

TCC ACG TTT TTC ACT-39), c-fos (forward, 59-GGG ACA

GTC TCT CCT ACT ACC ACT-39; reverse, 59-GGT GAG

GGG CTC TGG TCT-39).

The specificity of the products was assessed using a melting

point analysis starting at 60uC and elevating the temperature to

90uC (1uC per 10 s), as well as by agarose gel electrophoresis in

comparison with oligonucleotide molecular mass ladders to

confirm that the calculated molecular mass of the product

corresponds to the produced oligonucleotide. The oligonucleotide

structure was checked by sequencing in some experiments. The

mRNA abundance was calculated using the known concentration

of standard oligonucleotides and amplification efficiency displayed

by the iCycler and expressed as pg per mg of total RNA.

11b-hydroxysteroid dehydrogenase (11b-HSD) activity
Placental 11b-HSD activity was measured by a modified

radiometric conversion assay as previously described [16,31].

Tissue was homogenized in Krebs-Ringer bicarbonate buffer

(118 mM NaCl, 3.8 mM KCl, 1.19 mM KH2PO4, 2.54 mM

CaCl2 6 2H2O, 1.19 mM MgSO4 6 7H2O, 25 mM NaHCO3,

and 0.2% glucose; pH 7.4), and the homogenate was centrifuged

at 4uC and 1,000 g for 10 min. The protein concentration was

measured by the Lowry method [32]. For 11b-HSD dehydroge-

nase activity, an aliquot of homogenate (0.5 mg protein/ml) was

incubated in 0.5 ml Krebs-Ringer buffer (+0.2% bovine serum

albumin) containing 12 nM [3H]-cortisol ([1,2,6,7-3H]-cortisol;

specific activity 70 Ci/mmol; Amersham Pharmacia Biotech

Europe GmbH, Germany), 1 mM unlabeled cortisol and

400 mM NADP+ or NAD+ (Sigma Aldrich GmbH, Germany)

for 1 h at 37uC in a shaking water bath. While the enzyme activity

measured in the presence of NADP+ is attributed to 11b-HSD1,

the net oxidation of cortisol to cortisone in the presence of NAD+

will be the sum of the activities of both 11b-HSD1 and 11b-HSD2

isoenzymes. The 11b-HSD1 reductase activity was assessed by

measuring the rate of conversion of [3H]-cortisone to [3H]-

cortisol. It was determined by incubating homogenate (0.5 mg

protein/ml) with 1 mM cortisone (Sigma Aldrich GmbH, Ger-

many) and [3H]-cortisone ([1,2(n)-3H]-cortisone; specific activity

45 Ci/mmol; Amersham Pharmacia Biotech Europe, Germany)

as a tracer in the presence of 400 mM NADPH at 37uC for 1 h.

Following all incubations, the transfer of the reaction mixtures into

4 ml ice-cold ethyl acetate stopped the reaction and extracted the

steroids into organic phase, which was dried under nitrogen.

Steroids were separated by thin-layer chromatography on silica gel

60 F254 plates (Merck KGaA, Germany) using 92:8 chloroform,

methanol mobile phase. The bands were visualized under UV
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light, and the activity was quantified using a liquid scintillation

counter (Tri-Carb 2900TR, Perkin Elmer LAS GmbH, Ger-

many). All samples were assayed in duplicate and specific

conversions of [3H]-cortisol or [3H]-cortisone into labeled

cortisone or cortisol, respectively, were calculated by subtracting

non-specific conversion in the presence of a heat-denatured

placental preparation from total conversion. 11b-HSD activities

were expressed as nmol cortisone or cortisol formed/mg protein

per 1 h.

Statistical analyses
The experiment was conducted over five replicates with all

three dietary treatments present in each replicate. For each of the

AP, HP and LP dietary groups, a total of 9 sows were included in

the statistical analysis. The data were evaluated using SAS/STAT

H 9.2 [33]. Repeated measures ANOVA (PROC MIXED) was

used to evaluate the effects of diet on salivary cortisol and the

circadian rhythm of plasma cortisol concentrations. The model

included the fixed factor diet, replicate, the repeated factor time,

the diet 6 replicate and diet 6 time interactions and the random

factor sow within diet and replicate. Areas under the curve (AUCs)

were calculated for plasma cortisol concentrations measured over

a period of 24 h using the trapezoidal method [34]. Fetal data

(hormones, enzyme activity and mRNA expression) were analyzed

with the PROC MIXED model using the fixed factors diet,

replicate, sex, the interactions diet 6 sex, diet 6 replicate and the

random factor sow within diet and replicate. The number of

fetuses per litter was analyzed with the mixed model comprising

the fixed factors diet, replicate and the interaction diet6replicate.

The model for body weight, crown-rump length and weight of

brain related to body weight included the fixed factors diet,

replicate, sex, litter size group (litters ,13 and $13 piglets

according to 13 as the median of litter size), the interactions diet6
sex, diet6replicate, diet6 litter size group and the random factor

sow within diet, replicate and litter size group.

Comparisons between different levels within factors were made

using the Tukey-Kramer test. The results are reported as least

square means (LS means) 6 standard error (SE).

Spearman’s rank correlation coefficients were estimated be-

tween maternal diurnal cortisol concentrations (area under curve,

AUC) and endocrine measures in the placenta, umbilical vessels

and fetuses and tested (vs. 0) in the AP, HP and LP dietary groups

using the CORR procedure.

The significance level was set at P#0.05.

Results

Effects of diet on cortisol concentrations in sows
The salivary cortisol concentrations of sows during gestation

were influenced by diet (P,0.01), time (P,0.001) and the diet 6
time interaction (P,0.05). Pairwise comparison of the diet groups

revealed higher salivary cortisol levels in LP sows compared to AP

(P,0.05) and HP (P,0.05) sows during gestation. Multiple

comparisons within the time points by the Tukey-Kramer

procedure provided a significantly increased salivary cortisol

concentration in LP sows compared to HP sows on GD 24

(Figure 1).

Statistical analyses revealed a significant effect of diet (P,0.001)

and time (P,0.001) on the circadian plasma cortisol concentra-

tions of sows on GD 91. The dynamic in the plasma profile of

cortisol is shown in Figure 2. A normal periodicity was observed in

the AP sows, with high levels in the early morning and a nadir at

2000. There was a 4.7-fold increase (12.3 nmol/l vs. 57.5 nmol/l;

P,0.001) from the minimum (2000) to maximum (0400) cortisol

concentrations in these sows. In contrast, the HP and LP sows

displayed unchanged concentrations during a period from 0800 to

2000 and a 2.6- and 2.3-fold increase of cortisol to maximum

levels at 0400, respectively. When plasma cortisol concentrations

were calculated as the total area under the curve (AUC), statistical

analyses revealed that the AUC was greater in the LP

(1035.6656.5 nmol/l h) and HP (974.7659.3 nmol/l h) sows

compared to the AP (729.1656.5 nmol/l h) sows (LP vs. AP:

P,0.01; HP vs. AP: P,0.05).

Immediately before fetus recovery, maternal plasma cortisol

concentrations were not different between the diets (P.0.81). The

Figure 1. Salivary cortisol concentrations of primiparous sows
throughout gestation. Sows were fed diets with adequate (AP,
12.1%; n = 9), high (HP, 30%; n = 9) or low (LP, 6.5%; n = 9) protein
concentrations and salivary cortisol was measured prior to gestation
(GD 0) and on GD 24, 58 and 79. Values are LS means + SE. Significant
differences between diet groups are indicated by asterisks (*P,0.05).
Salivary cortisol concentrations were higher in the LP sows compared to
the HP and AP sows.
doi:10.1371/journal.pone.0052748.g001

Figure 2. Diurnal plasma cortisol concentrations in primipa-
rous sows on GD 92. Sows were fed diets with adequate (AP, 12.1%;
n = 9), high (HP, 30%; n = 9) or low (LP, 6.5%; n = 9) protein
concentrations throughout gestation. Cortisol concentrations were
measured over a 24-h period beginning on GD 92. Values are LS means
6 SE. The calculated AUC of the HP and LP sows displayed higher
cortisol concentrations over 24 h compared to the AP sows (P,0.05).
doi:10.1371/journal.pone.0052748.g002

Maternal Protein Intake and Fetal Programming

PLOS ONE | www.plosone.org 4 December 2012 | Volume 7 | Issue 12 | e52748



anesthesia caused an approximately 3.5-fold increase of cortisol

concentration in all three diet groups (P,0.01; data not shown),

but there was no effect of diet on cortisol concentration during

Caesarean section (P.0.36). Furthermore, the cortisol concentra-

tion did not significantly change with the recovery of the first up to

the ninth fetus (P.0.29).

Effects of maternal diet on placenta
ANOVA revealed significant effects of diet on placental GR

mRNA (P,0.01) and c-fos mRNA (P,0.01) expression, whereas

no significant effects were found for placental MR mRNA

(P = 0.06), 11b-HSD1mRNA (P = 0.07) and 11b-HSD2 mRNA

(P = 0.07) expression. Tukey-Kramer tests showed that the LP diet

caused significantly higher GR mRNA expression (Figure 3A)

compared to AP (P,0.01) and HP (P,0.01) diets and higher c-fos

mRNA expression compared to AP (P,0.05) and HP (P,0.01)

sows (Figure 3E).

There was no effect of diet during gestation on enzyme activity

of 11b-HSD in the placenta (P.0.66). The highest enzyme activity

was measured for NAD+-dependent 11b-HSD dehydrogenase

activity compared to the NADP+-dependent activity (P,0.001),

which reflects 11b-HSD1 activity, and NADPH-dependent 11b-

HSD1 reductase activity (P,0.001; Figure 4).

To demonstrate the relationships between the placental mRNA

expression of GR, MR, 11b-HSD1, 11b-HSD2 and the activity of

11b-HSD and circadian maternal cortisol concentrations (AUC)

before fetus recovery, Spearman’s rank correlation coefficients

were determined for the three dietary groups (AP: n = 36–50; HP:

n = 41–50; LP: n = 32–46). There was a negative relationship

between placental GR mRNA and diurnal cortisol concentration

in HP sows (rs = 20.2907; P,0.05) and between MR mRNA and

maternal cortisol in AP sows (rs = 20.5636; P,0.001). No further

significant correlations were found for placental variables and

maternal diurnal cortisol.

Effects of maternal diet on fetuses
There was a main effect of maternal dietary protein:carbohy-

drate ratios on body weight (P,0.01) and the relative brain weight

(P,0.05) of fetuses. As shown in Table 1, the body weights of HP

(P,0.01) and LP (P = 0.05) fetuses were lower compared to AP

fetuses, and the brain weight related to body weight was higher in

the fetuses from mothers fed the HP diet compared to the AP diet

(P,0.05). The number of fetuses per litter and the crown-rump

length were not significantly affected by maternal diet (P.0.20).

ANOVA indicated effects of the maternal diet on plasma

cortisol concentrations in venous (P,0.05) and arterial (P,0.05)

fetal cord blood, with Tukey-Kramer analysis revealing that HP

fetuses displayed higher cortisol concentrations in the umbilical

vein (P,0.05) and artery (P,0.05) compared to AP fetuses

(Figure 5A). Further, the CBG concentrations in umbilical vessels

and vena cava cranialis were affected by maternal diet (venous and

arterial: P,0.05: vena cava cranialis: P,0.01). As shown in

Figure 5B, the CBG concentrations were significantly reduced in

all three blood vessels of the LP fetuses in comparison with the AP

fetuses (umbilical vein and artery: P,0.05; vena cava cranialis:

P,0.01). No effects of the maternal diet were found on the

calculated FCI. The FCI tended to be higher in blood samples

from the vena cava cranialis of the LP fetuses (P = 0.09; Figure 5C)

compared to the AP fetuses. Correlation analysis indicated a

positive relationship between diurnal cortisol concentration in LP

sows and fetal endogenous total plasma cortisol (rs = +0.3980;

P,0.001) and FCI (rs = +0.4823; P,0.0001). Maternal cortisol

and fetal CBG concentrations were negatively correlated in sows

of the LP (rs = 20.4024; P,0.001) and HP (rs = 20.2881; P,0.05)

groups. We could not detect any relationships between diurnal

maternal cortisol and fetal blood concentration variables in AP

sows. In the fetal brain, there was an effect of diet on hypothalamic

11b-HSD1 (P,0.05), 11b-HSD2 (P,0.05) and c-fos (P,0.001)

mRNA expression, whereas GR and MR transcripts were not

significantly affected by the diet (P.0.14; Figure 6A, B). The LP

fetuses displayed higher 11b-HSD1 mRNA levels than the AP and

HP (P,0.05) fetuses (Figure 6C). On the other hand, the 11b-

HSD2 mRNA expression was reduced in the hypothalamus from

the LP and HP fetuses compared to the AP fetuses (P,0.05).

Furthermore, the LP fetuses had lower c-fos mRNA expression

compared to fetuses from mothers fed the AP (P,0.01) and HP

(P,0.001) diets (Figure 6E). In the hippocampus, ANOVA

revealed no significant effects of the maternal diet on GR, MR,

11b-HSD1, 11b-HSD2 or c-fos mRNA expression (P.0.11).

Correlation analyses indicated positive relationships between

maternal diurnal cortisol concentrations and the GR (rs = +0.8505;

P,0.0001), MR (rs = +0.7453; P,0.001) and 11b-HSD1

(rs = +0.6782; P,0.01) mRNA expression in the fetal hypothala-

mus only in AP sows. However, a negative correlation was found

between maternal cortisol concentration and 11b-HSD1 mRNA

(rs = 20.4247; P,0.05) in the hippocampus of LP fetuses. No

further relationships were detected between maternal cortisol

concentration and fetal brain variables.

The factor sex and the interaction diet 6 sex had no significant

effects on any of the traits investigated (P.0.35).

Discussion

The major novel findings in this porcine model demonstrate for

the first time that both maternal diets with low protein to high

carbohydrate ratios and high protein to low carbohydrate ratios

throughout gestation generate changes in hormone concentrations

and in the expression levels of genes encoding key receptors and

enzymes that contribute to the regulation of the fetal cortisol levels

and action. These alterations included increased maternal cortisol

levels, dysregulated diurnal cortisol rhythm and heterogeneous

diet-dependent effects on GR, 11b-HSD1, 11b-HSD2, c-fos

mRNA expression in the placenta and fetal hypothalamus and

on fetal plasma cortisol and CBG concentrations.

Our results showed a significant effect of gestation stage on

maternal salivary cortisol with increasing concentrations in all

three diet groups. A previous study in pigs also indicated an

increase of maternal and fetal plasma cortisol until parturition

[35,36]. However, the LP diet caused higher salivary cortisol

concentrations compared to AP and HP sows; this result reflects a

higher concentration of unbound biologically active cortisol in LP

sows. Additionally, we found a disruption of the normal daily

rhythm in the circulating plasma cortisol concentration in LP sows

at the end of gestation, with high levels maintained throughout the

day. These results confirm previous studies on maternal under-

nutrition in human and animals. It is known that protein-caloric

malnutrition, which is the most common condition found in

humans [37], disturbs the energy balance of the organism. One of

the crucial endogenous responses to preserve this balance is the

activation of the HPA axis. Indeed, it is well established that food

restriction and starvation may influence both the activity and

rhythmicity of this axis [38–40]. Interestingly, in the present study,

the HP diet also caused a disruption of the circadian rhythm in the

plasma cortisol and a higher daily response (AUC), but had no

effect on salivary cortisol as was the case in LP sows. The

differences between fasted salivary and circadian plasma cortisol in

HP sows may result from the varying sampling times and different

metabolic state at these moments. We found that the circadian
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pattern of plasma cortisol is inversely proportional to the circadian

pattern of glucose, showing a glucose deficit in HP and LP sows

[20]. This glucose deficit may be counteracted in both diets by

increased cortisol secretion to promote glycogenolysis and

gluconeogenesis. In addition to this induced cortisol increase in

both diets, we assume that during fasting conditions at the time of

saliva sampling, protein deficiency in LP sows may further increase

cortisol secretion in order to promote protein degradation.

It is known that maternal protein deficiency and also protein

excess during gestation may cause intrauterine growth retardation

and low birth weight in the offspring [7,9,10]. With respect to the

present study, we found also a reduction of body weight in HP and

LP fetuses on GD 94, which also supports previous observations in

newborn piglets [22]. Additionally, an effect of maternal diet on

the relative brain weight was found, with higher brain weights in

the fetuses of HP sows. To date, the effects on fetal brain

development were only described for maternal undernutrition

[41]. It was demonstrated that the availability of nutrients plays a

critical role in the maturation of the brain and in the development

of optimal cognitive capacity [42]. As diet-derived amino acids are

essential for the synthesis of structural proteins, enzymes and

neuropeptides with influences on anatomy, chemistry and

neurophysiology, the protein excess in the present study may be

responsible for the higher brain weight in HP fetuses.

During gestation, glucocorticoids are important for fetal growth,

tissue development and the maturation of various organs to

prepare the fetus for extra-uterine existence. However, the

development of the HPA axis in fetuses is protected from an

excess supply of maternal glucocorticoids by placental 11b-HSD2,

which catalyzes the rapid metabolism of cortisol to the inert 11-

keto product cortisone [43]. This placental enzymatic barrier is

not complete, as a minor proportion of maternal glucocorticoid

crosses intact to the fetus; thus, maternal stress elevates fetal

glucocorticoid levels [44]. It was also demonstrated for pigs that

maternal cortisol provided 50% of the fetal cortisone during mid-

and late gestation [45]. In the present study, the analysis of the

11b-HSD enzyme activity in placental tissues demonstrated the

presence of both the 11b-HSD2 and 11b-HSD1 isoforms with a

remarkably higher dehydrogenase activity compared to the

reductase activity on GD 94. This distribution of NADP+- and

NAD+-dependent activities was concordant with similarly high

mRNA expression of 11b-HSD2 and low expression of 11b-HSD1

in the placenta. For pigs, Klemcke [46] also described placental

11b-HSD reductase activity in tissue fragment cultures on day 75

that was substantially less than the dehydrogenase activity, and a

predominance of 11b-HSD dehydrogenase activity was also found

in the placentae of other species [47,48]. In regards to diet effects

during gestation, studies in rats and sheep have shown that a

maternal low protein diet or nutrient restriction reduces placental

11ß-HSD2 expression and programs increased glucocorticoid

sensitivity at a tissue-specific level in the offspring [7,49,50]. In our

study, we could not find any alterations in the placental 11b-HSD

activity or mRNA expression of sows fed the LP or HP diets. This

may be caused by the specific epitheliochorial nature of the

porcine placenta in contrast to other species and/or the moderate

diet-induced maternal cortisol increase. Indeed, LP sows displayed

a higher expression of placental GR mRNA and c-fos mRNA.

This increased expression indicates an enhanced cellular activa-

tion and local glucocorticoid hormone action within the placenta

of LP sows, probably caused by higher free cortisol levels in these

animals. An increase of placental GR mRNA abundance was also

Figure 3. mRNA expression in placentas on GD 94. Sows were fed diets with adequate (AP, 12.1%), high (HP, 30%) and low (LP, 6.5%) protein
concentrations throughout gestation and the mRNA expression of the glucocorticoid receptor (GR), mineralocorticoid receptor (MR), 11b-
hydroxysteroid dehydrogenase type 1 (11b-HSD1), 11b-hydroxysteroid dehydrogenase type 2 (11b-HSD2) and c-fos in placentas from the fetal
implantation site was measured on GD 94. Values are LS means + SE. Significant differences between diet groups are indicated by asterisks (*P,0.05;
**P,0.01). A: GR mRNA expression was higher in placentas from the LP fetuses (n = 46) compared to the HP (n = 54) and AP (n = 48) fetuses. B: MR
mRNA expression in placentas from the AP (n = 43), HP (n = 48) and LP (n = 35) fetuses. C: 11b-HSD1 mRNA expression in placentas from the AP
(n = 36), HP (n = 50) and LP (n = 44) fetuses. D: 11b-HSD2 mRNA expression in placentas from the AP (n = 48), HP (n = 54) and LP (n = 43) fetuses. E: c-
fos mRNA expression was higher in placentas from the LP (n = 46) fetuses compared to the HP (n = 50) and AP (n = 50) fetuses.
doi:10.1371/journal.pone.0052748.g003

Figure 4. Enzymatic activities of 11b-hydroxysteroid dehydro-
genase in placentas on GD 94. Sows were fed diets with adequate
(AP, 12.1%), high (HP, 30%) and low (LP, 6.5%) protein concentrations
throughout gestation and the enzymatic activities of 11b-hydroxyste-
roid dehydrogenase (11b-HSD) in placentas from the fetal implantation
site were measured on GD 94. Values are LS means + SE. The maternal
diets had no effect on the NADP+-dependent (NADP+; AP, n = 13; HP,
n = 14; LP, n = 16) or NAD+-dependent 11b-HSD dehydrogenase activity
(NAD+; AP, n = 17; HP, n = 16; LP, n = 17) as well as on the NADPH-
dependent 11b-HSD reductase activity (NADP; AP, n = 15; HP, n = 16; LP,
n = 17).
doi:10.1371/journal.pone.0052748.g004

Table 1. Litter size, body weight and length and brain weight
of fetuses recovered on GD 94 from sows fed isoenergetic
diets with adequate (AP, 12.1%; n = 9), high (HP, 30%; n = 9)
and low (LP, 6.5%; n = 9) protein concentrations throughout
gestation.

AP HP LP

Number of fetuses/litter 13.261.2 12.461.3 12.361.2

Fetus body weight (g) 703.5616.4a,c 615.1615.9b,d 639.8616.1b

Crown-rump length (cm) 25.460.3 24.660.3 25.060.3

Brain (g/kg body weight) 27.060.9a 31.760.9b 28.660.9

Values are LS means 6 SE (AP, n = 114; HP, n = 107; LP, n = 108). Significant
differences between diet groups are indicated by different superscripts within a
row (a,bP#0.05; c,dP,0.01). The body weight was significantly lower in HP and
LP fetuses, and the brain weight related to body weight was significantly higher
in fetuses of HP sows compared to AP fetuses.
doi:10.1371/journal.pone.0052748.t001
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found after nutrient restriction in sheep, which may result in

hypersensitivity of the offspring to glucocorticoids [51].

HPA activity is regulated by a negative feedback process in

which circulating glucocorticoids act at various target sites in the

brain and pituitary gland. CBG influences the bioavailability as

well as the metabolic clearance rate of cortisol within the

circulation [52]. The amount of cortisol that is taken up by target

tissue is approximated by the non-CBG bound (free + albumin)

fraction of total circulating steroid [53]. Thus, differences in

circulating CBG levels determine the magnitude of the glucocor-

ticoid negative feedback signal [54]. The present study demon-

strated elevated cortisol concentrations in the umbilical vessels of

HP fetuses compared to controls, whereas the CBG concentrations

were reduced in umbilical and endogenous vessels from LP fetuses.

However, the calculated free cortisol index (FCI) tended to reflect

elevated endogenous concentrations of biologically active cortisol

in LP fetuses. A positive correlation between the maternal diurnal

cortisol and fetal cortisol as well as FCI was only found in LP

fetuses, whereas a negative correlation was revealed between

diurnal maternal cortisol and CBG in both HP and LP fetuses.

These results indicate that the elevated maternal cortisol

concentrations of both diets may affect fetal cortisol metabolism;

however, the bioavailability of cortisol is adjusted by CBG and the

effect of HP diet on fetal CBG concentrations seems to be weaker

than in LP fetuses. It has not been directly demonstrated whether

changes in plasma CBG result from changes in production,

metabolic degradation and/or transfer to target tissues. However,

Heo et al. [55] found in fetal pigs a positive correlation between

plasma CBG concentrations and hepatic CBG mRNA. Therefore,

the decrease of CBG concentration in LP fetuses in the present

study may result from the direct inhibition of fetal hepatic CBG

biosynthesis by elevated maternal cortisol exposure and/or limited

protein supply during gestation as indicated by a deficiency of

essential amino acids in umbilical and fetal blood plasma of

identical fetuses [21].

One further critical factor modulating the degree of glucocor-

ticoid access to its intracellular receptor is the presence of

glucocorticoid-metabolizing enzymes. Within the brain, 11b-

HSD1 is highly expressed in the key loci for glucocorticoid

feedback in the HPA axis, notably in the hypothalamus,

hippocampus and pituitary, whereas 11b-HSD2 expression is

higher in nuclei implicated in mediating central control of the salt/

water balance and blood pressure, e.g., the lateral hypothalamus,

central nucleus of amygdala and nucleus tractus solitarius [56,57].

The present results revealed that both inadequate diets affected the

expression of 11b-HSD in the brain. There was a higher 11b-

HSD1 mRNA expression in the hypothalamus of LP fetuses and a

reduced expression of 11b-HSD2 in both LP and HP fetuses. An

up-regulation of 11b-HSD1 expression by glucocorticoids has

been reported in cell models as well as in vivo studies [58,59]. Stress

itself has also been shown to regulate 11b-HSD1 mRNA

expression in a time- and tissue-dependent manner. While short-

term stressors induce a rise in hippocampal 11b-HSD1 expression,

more chronic stress causes a decrease in expression [56]. In a

previous study, we demonstrated that a single social isolation

caused an increase in cortisol concentrations and 11b-HSD1

mRNA expression in the hypothalamus and hippocampus of

postnatal pigs [60]. With respect to the present study, the

induction of 11b-HSD1 expression by LP diet would inevitably

produce a high intracellular cortisol level that might trigger an

intracellular feed-forward mechanism of cortisol formation via the

reductase activity of 11b-HSD1 isoenzyme to maximize occupan-

cy and activation of the glucocorticoid receptor. It is assumed that

the increase of 11b-HSD1 expression in response to stress or the

Figure 5. Cortisol, corticosteroid-binding globulin and free
cortisol index in cord blood and fetuses on GD 94. Sows were fed
diets with adequate (AP, 12.1%), high (HP, 30%) and low (LP, 6.5%)
protein concentrations throughout gestation and the cortisol and
corticosteroid-binding globulin (CBG) concentrations and free cortisol
index (FCI) in the endogenous (vena cava cranialis) and umbilical blood
vessels of fetuses were measured on GD 94. Values are LS means + SE
(AP, n = 80; HP, n = 81; LP, n = 80). Significant differences between diet
groups are indicated by asterisks (*P,0.05; **P,0.01). A: cortisol
concentrations were higher in the umbilical veins and arteries from HP
fetuses compared to controls. B: CBG concentrations were reduced in
the endogenous and umbilical blood vessels of LP fetuses compared to
controls. C: calculated FCI in the endogenous and umbilical blood
vessels of AP, HP and LP fetuses.
doi:10.1371/journal.pone.0052748.g005
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LP diet may be a compensatory action to increase the negative

feedback signal to switch-off the HPA axis [56]. Additionally, fetal

exposure to high glucocorticoid levels also may contribute to

neurotoxicity [61]. This notion is supported by the present finding

that in the fetal hypothalamus, the LP diet during gestation caused

a significant reduction of c-fos mRNA expression, a marker of

neuronal activity that acts as an inducible transcription factor in a

wide range of genes involved in the processes of proliferation,

differentiation and cell damage [62]. Repeated stress and chronic

glucocorticoid administration have been reported to reduce

hypothalamic c-fos expression in rats, indicating that glucocorti-

coids may be implicated in the regulation of immediate early genes

such as c-fos [63]. Moreover, the reduced hypothalamic 11b-

HSD2 expression in both LP and HP fetuses may also indicate

further glucocorticoid impact. In the brain, 11b-HSD2 is thought

to protect the intrinsically non-selective MR from activation by

corticosterone and to thus ensure the central regulation of blood

pressure and salt balance by aldosterone function [64]. Loss or

inhibition of this enzyme results in a syndrome of apparent

mineralocorticoid excess, resulting in hypertension and salt/water

imbalance [65,66]. In regards to the present results, we conclude

that the maternal LP diet affects the pre-receptor metabolism of

both the GR and MR in fetal brain, whereas the maternal HP diet

has a negative effect on MR activation. Furthermore, there was

also a negative correlation between maternal diurnal cortisol

concentrations in LP sows and 11b-HSD1 expression in the fetal

hippocampus, which indicates a stronger impact of the LP diet at

different glucocorticoid feedback sites.

Taken together, our results demonstrate that in pigs, both the

LP and HP diets fed throughout gestation may increase the

maternal cortisol concentration and affect the central ‘setting’ of

the fetal cortisol regulation. The alterations of hormones and gene

expression demonstrate glucocorticoid-dependent effects that were

not modulated by placental 11b-HSD2 regulation as reported for

other species [50,67]. However, the specific mechanisms by which

unbalanced protein and carbohydrate intake alter the fetal HPA

axis involve complex hormonal and neuronal interactions and

remain unclear. A previous study by our group with the same

experimental design showed that a HP diet during gestation in

sows stimulated lipolysis, ureagenesis and gluconeogenesis, reflect-

ing a state of metabolic energy and net glucose deficit, whereas the

LP diet caused an absolute deficiency of essential amino acids (as

indicated by decreased urea and serum protein levels) and altered

lipoprotein metabolism [68], which may point to different

pathways involved in glucocorticoid metabolism under the

influence of these two diets.

In conclusion, our results demonstrate for the first time that

both the low protein:high carbohydrate diet and the high

protein:low carbohydrate diet fed during gestation in pigs present

a metabolic stress to the mother and may have long-lasting

consequences for stress coping and health in the offspring. The

study highlights the importance of the maternal dietary protein:-

carbohydrate ratio during gestation on fetal gene expression

involved in central glucocorticoid action and regulatory pathways

of adaptation.
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