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liver. Altered insulin-like growth factor (IGF) signalling 
in transcriptome analyses prompted investigation of IGF-2 
and insulin-like growth factor binding proteins (IGFBPs) 
levels in muscle and liver.
Results Maternal diet enriched with methylating micro-
nutrients was associated with increased foetal weight in 
late gestation. Hepatic transcriptional patterns also revealed 
differences in vitamin B6 and folate metabolism between 
the two diets, suggesting that supplementation was effec-
tive. Additionally, shifts in growth-supporting metabolic 
routes of the lipid and energy metabolism, including 
IGF signalling, and of cell cycle-related pathways were 
found to occur in liver tissue in supplemented individu-
als. Weight differences and modulated IGF pathways were 
also reflected in the muscle content of IGF-2 (increased in 
MET) and IGFBP-2 (decreased in MET).
Conclusions Maternal dietary challenges provoke stage-
dependent and tissue-specific transcriptomic modulations 
in the liver pointing to molecular routes contributing to the 

Abstract 
Purpose Maternal diet during pregnancy impacts foe-
tal growth and development. In particular, dietary levels 
of methylating micronutrients (methionine, folate, cho-
line, vitamins B6, and B12) interfere with the availability 
and allocation of methyl groups for methylation reactions, 
thereby influencing normal transcription. However, the 
currently recommended methylating micronutrient supple-
mentation regimen is haphazard and arbitrary at best.
Methods To investigate the effects of a methylating 
micronutrient-rich maternal diet, pregnant Pietrain sows 
were fed either a standard diet (CON) or a diet supple-
mented with methionine, folate, choline, B6, B12, and zinc 
(MET). Foetal liver and muscle (M. longissimus dorsi) tis-
sues were collected at 35, 63, and 91 days post-conception. 
Transcriptional responses to diet were assessed in foetal 
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organismal adaptation. Subtle effects on late foetal growth 
are associated with changes in the IGF signalling mainly in 
skeletal muscle tissue that is less resilient to dietary stimuli 
than liver.

Keywords Foetal programming · IGF system · Maternal 
diet · Methyl donors · One-carbon cycle · Pigs

Introduction

Nutrient availability during pregnancy affects foetal devel-
opment in a number of ways. For example, dietary expo-
sures at various foetal stages are thought to impact long-
term metabolism and health [1–4] in accordance with the 
concept of genetic plasticity [5]. However, our understand-
ing of the mechanisms driving foetal programming is lim-
ited, despite on-going debate [6, 7]. Nutritional program-
ming has been linked to epigenetic modifications reflecting 
maternal macro- and micronutrient supply [8, 9], but the 
detailed knowledge of such adaptive mechanisms is rather 
fragmentary [10–12].

Methyl donor nutrients often interfere with the avail-
ability and allocation of methyl groups for methylation 
reactions (Fig. 1). The one-carbon metabolism involves 
the passing of methyl groups from choline, folate, and 
methionine to S-adenosyl methionine (SAM), acting as a 
key methyl donor to methylate DNA, RNA, and proteins; 
B vitamins serve as coenzymes in this process. Addition-
ally, the trace element zinc is required. As a result, the 
expression of many genes is affected by dietary levels of 
methylating micronutrients [13, 14]. The metabolism of 
methylating micronutrients is common among numer-
ous species, including rats [15] and humans [16], sug-
gesting that dietary folate, methionine, and choline are 
fungible sources of methyl groups [17]. A deficiency of 
methyl group donors during pregnancy can lead to severe 
complications [18], which has generated the now-com-
monplace practice of supplementation among pregnant 
women living in the developed world. Importantly, the 
consequences of chronic supplementation with methyl-
ating micronutrients are not fully clear. To date, several 
studies have shown that an excessive methylating micro-
nutrient intake during pregnancy can have adverse effects 
on embryonic development, glucose homoeostasis, and 
health [19–22].

According to the commonly accepted phylogeny of 
mammals [23], mice (Muridae, Rodentia) are more closely 
related to humans (Hominidae, Primates) than pigs (Sui-
dae, Cetartiodactyla). However, pigs have become a 
prominent animal model to study dietary effects [24–29], 
because porcine metabolism more closely resembles 

human requirements for methylating micronutrients during 
pregnancy compared to the murine one [21] (Table 1). Pig 
models have been used to investigate the impact of pater-
nal diets enriched with methylating micronutrients down 
the male line [37, 38], highlighting genes related to lipid 
metabolism as diet-dependent.

We conducted a longitudinal study in pigs examin-
ing foetal development in response to maternal diets vary-
ing in methylating micronutrients. The dietary intake of 
folate, choline, methionine, vitamin B6, vitamin B12, and 
zinc was altered to mimic de facto mandatory fortification 
and supplementation in an experimental setting. Accord-
ing to histological studies [39, 40], prenatal development 
in porcine liver is characterised by three periods of stage-
specific organismal demands: (1) a period of cell differen-
tiation [18–40 days post-conception (dpc)], (2) a period of 
metabolic activity and haematopoiesis (40–80 dpc), and (3) 
a period of increased growth and glycogen accumulation 
(80–113 dpc). These stages show distinctive expression pro-
files that link to postnatal development [41]. The aim of this 
study was to evaluate whether porcine foetuses are affected 
due to an overloaded one-carbon cycle following excess 
dietary supplementation with methylating micronutrients. 
In particular, hepatic expression patterns were monitored 
for long-term consequences. Moreover, growth-promoting 
effects were deduced from the diet and stage-specific levels 

Fig. 1  Simplified version of the one-carbon metabolism highlighting 
the involvement of folate, methionine, and choline metabolism. DHF 
dihydrofolate, THF tetrahydrofolate, methyl-THF methyl tetrahydro-
folate, SAM S-adenosyl methionine, SAH S-adenosyl homocysteine



1719Eur J Nutr (2016) 55:1717–1727 

1 3

of insulin-like growth factor-2 and its binding proteins that 
were determined in liver and skeletal muscle tissue.

Materials and methods

Animals, diets, and sample collection

This study was approved by the Scientific Committee of the 
Leibniz Institute for Farm Animal Biology (FBN), and the 
experimental setup was approved by the ethics committee of 
the federal state of Mecklenburg-Western Pomerania, Ger-
many. Pietrain gilts (N = 18; 3 sows × 2 diets × 3 stages) 
were randomly assigned to either a standard diet (CON) or a 
standard diet supplemented with one-carbon cycle substrates 
and associated cofactors (MET). Specifically, the diets dif-
fered in levels of methionine, choline, folic acid, vitamin B6, 
vitamin B12, and zinc (Table 2). The doses of the altered 
micronutrients match about 80 % of their estimated toxicity. 
Gilts were artificially inseminated with semen from pure-
bred sires. Experimental diets began 10 days before insemi-
nation and lasted until slaughtering at the time that foetuses 
were sampled (Fig. 2). At three prenatal time points [35 days 
post-conception (dpc), 63 dpc, and 91 dpc], gilts were exsan-
guinated and uteri were quickly removed, weighed, and dis-
sected. Foetal liver and muscle samples were immediately 
collected, frozen in liquid nitrogen, and stored at −80 °C 
until further analyses. At stage 35 dpc, precursor tissue from 
the back muscle was dissected from the area along the spine.

Table 1  Approximate daily requirements of methylating micronutrients during pregnancy in different species calculated per kg BW and per kg 
BW0.75

In addition to basal daily energy utilisation, allometric scaling based on body weight0.75  was used to predict and compare basal nutrient require-
ments in species divergent in body weight, including human, mice, and pig [30–32]. Data from cited references were converted to mg/kg BW 
and mg/kg BW0.75, respectively
a 70 kg BW
b 30 g BW
c 150 kg BW
d Standardised precaecal digestibility of methionine 85 % (calculated according to [33])

Species Item Requirement (mg/kg BW) Requirement (mg/kg BW0.75) References

Humana Choline 7 20 [34]

Folate 0.01 0.03

Methionine 11 32

Mouseb Choline 330 762 [35]

Folate 0.70 1.62

Methionine 1500 3462

Pigc Choline 24 84 [36]

Folate 0.03 0.10

Methionined 39 136

Table 2  Ingredients and nutrient composition of the experimental 
diets fed to gilts during gestation (Exp. 1, 2, and 3)

In particular, dietary amounts of altered micronutrients, including 
trace elements, amino acids, and vitamins are displayed (per kg diet)

Item CON MET

Ingredients, row material

 Barley (g/kg) 510

 Soybean (g/kg) 230

 Corn (g/kg) 110

 Sugar beet pellets (g/kg) 80

 Molasses (g/kg) 20

Analysed

 DM (g/kg) 870

 Crude ash (g/kg) 59

 Crude protein (g/kg) 126

 Crude fat (g/kg) 47

 Starch (g/kg) 339

 Sugar (g/kg) 57

 Crude fibre (g/kg) 89

Calculated

 Energy (MJ of ME/kg) 13.3

Supplemented

 Methionine (mg/kg) 2050.0 4700.0

 Choline (mg/kg) 500.0 2230.0

 Folic acid (mg/kg) 3.0 92.2

 Vitamin B6 (mg/kg) 3.0 1180.0

 Vitamin B12 (µg/kg) 31.0 5930.0

 Zinc (mg/kg) 21.8 149.0
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RNA isolation, target preparation, and hybridisation

Foetal liver tissue was crushed with a mortar and pestle in 
liquid nitrogen. Total RNA was isolated from individual 
liver samples (N = 138) using Tri-Reagent (Sigma-Aldrich, 
Taufkirchen, Germany) as per the manufacturer’s instruc-
tions. DNase treatment and subsequent purification steps 
were performed using a column-based system (RNeasy 
Mini Kit, Qiagen, Hilden, Germany). RNA integrity and 
quantity were checked by agarose gel electrophoresis and 
spectrophotometer (ND1000, PEQLAB, Erlangen, Ger-
many). Absence of genomic DNA was verified by a PCR 
amplification of the porcine GAPDH gene (forward primer: 
5′-AAGCAGGGATGATGTTCTGG-3′; reverse primer: 
5′-ATGCCTCCTGTACCACCAAC-3′). All RNA sam-
ples were stored at −80 °C until downstream analysis was 
performed.

The number of foetuses per sow did not differ signifi-
cantly due to maternal diet (Table 3). However, in order 
to average positional effects regarding growth perfor-
mance within the uterus, foetuses were analysed in a 
pooling design. The foetuses originating from each litter 
were allocated to constitute two foetal pools per litter. In 
total, 36 pools (2 pools × 3 litters × 2 diets × 3 stages) 

were assigned, resulting in six pools per dietary group 
and ontogenetic stage. For the microarray experiments, 
biotin-labelled cRNA samples were hybridised on Affym-
etrix GeneChip Porcine Genome Arrays (Affymetrix, Santa 
Clara, CA, USA).

Data analyses

In total, 32 arrays passed the appropriate quality con-
trol criteria as proposed by Kauffmann et al. [42] (35 dpc 
CON: 5 pools; 35 dpc MET: 5 pools; 63 dpc CON: 6 pools; 
63 dpc MET: 6 pools; 91 dpc CON: 5 pools; 91 dpc MET: 
5 pools). The data were GC-RMA normalised (Log2) and 
filtered by three criteria: the present rate (>50 % per die-
tary group and stage), the standard deviation (SD > 0.4), 
and the mean (m > 2.5). Relative changes in mRNA abun-
dance were estimated via multi-factorial variance analyses 
(SAS Institute, Cary, NC, USA) considering dietary group, 
ontogenetic stage, and gilt [Vijk = µ + dieti + stagej + (d
iet × stage)ij + giltk(dieti, × stagej) + eijk]. The inter-
action between dietary treatment and ontogenetic stage 
refers to the longitudinal experimental design as presented 
in studies dealing with nutritional insults in a longitudinal 
experiment [26, 27]. Due to multiple testing, p values were 
converted to a set of q values [43]. p values ≤0.05 and q 
values ≤0.25 were considered statistically significant. Raw 
data were deposited in a MIAME-compliant database [44], 
the National Center for Biotechnology Information Gene 
Expression Omnibus (accession number: GSE59299).

Pathway analysis based on IPA

The probe-sets were annotated according to EnsEMBL Sus 
scrofa Build 9 [45]. Gene lists obtained from the microar-
ray analyses were evaluated with IPA (Ingenuity Pathway 
Analysis, Ingenuity Systems, Redwood City, CA, USA). 
Statistical significance was set at p ≤ 0.05.

Quantitative real‑time PCR

Total transcript levels of selected targets (IGFBP1, 
IGFBP2, IGFBP3, IGF2, IGF2R, DNMT1, DNMT3A, 
DNMT3B, BHMT, MAT2B) and reference genes (RPL32) 
were quantified by real-time qPCR (Table S1) as previously 

Fig. 2  Experimental design. In three individual experiments, Pietrain 
gilts were fed either a control gestation diet (CON) or a gestation diet 
supplemented with substrates and co-factors of the one-carbon-cycle 
(MET). Foetal liver tissue (N = 138) was collected at three sampling 
points (35, 63, and 91 dpc). CON control diet, MET methyl-supple-
mented diet, IN insemination, dpc days post-conception

Table 3  Foetal weights and litter sizes at 35, 63, and 91 dpc

Least square mean ± SEM; dpc days post-conception

Item 35 dpc 63 dpc 91 dpc

CON MET p value CON MET p value CON MET p value

Litter size 12.66 ± 3.88 8.33 ± 3.88 0.4746 11.00 ± 0.94 10.33 ± 0.94 0.6433 9.66 ± 2.49 9.00 ± 2.49 0.8593

Foetal weight 3.67 ± 0.09 3.99 ± 0.09 0.0179 145.01 ± 3.57 141.51 ± 3.37 0.4794 569.20 ± 18.99 729.61 ± 17.29 <0.0001
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described [27]. In brief, individual liver mRNA sam-
ples (N = 12 per dietary group per stage) were analysed 
in duplicate on a LightCycler 480 system using LightCy-
cler 480 SYBR Green I Master (Roche, Mannheim, Ger-
many). Data were factorial normalised and correlated to 
corresponding microarray data (Pearson’s product-moment 
correlation).

Western ligand blot (WLB) analyses of IGFBP

IGFBPs were measured in extracts of liver and skeletal 
muscle tissue from porcine foetuses by Western ligand blot 
(WLB) analysis as described previously [46, 47]. Liver 
and skeletal muscle tissue from five individual foetuses 
from each dietary group, ontogenetic stage, and sex were 
analysed (N = 120). In brief, 50 mg tissue was homoge-
nised in RIPA buffer [50 mM Tris (pH 7.4), 150 mM NaCl, 
0.1 % SDS (w/v), 1 % Triton X-100 (w/v)] using Precellys 
24 (PEQLAB Biotechnologie GmbH, Erlangen, Ger-
many) and incubated on ice for 30 min. After centrifuga-
tion at 14,000g for 10 min, the supernatants were isolated 
and analysed. Protein concentrations in the extracts were 
quantified by BCA assay. Extracts were diluted in sam-
ple buffer [312.5 mM Tris (pH 6.8), 50 % (w/v) glycerol, 
5 mM EDTA (pH 8), 1 % (w/v) SDS, and 0.02 % brom-
phenol blue] and heated for five minutes. Then, 20 µg of 
total protein per lane was applied to SDS-PAGE [48]. Gels 
were blotted on polyvinylidene fluoride membranes (Mili-
pore Corp., Bedford, MA). Blots were blocked and incu-
bated with biotinylated human IGF-II (1:500; BioIGF2-10; 
Ibt Systems GmbH, Binzwangen, Germany). Membranes 
were washed and incubated with horseradish peroxidase-
conjugated streptavidin (1:2500; Ibt Systems GmbH, Bin-
zwangen, Germany) and washed again. All washing and 
incubation steps were performed at room temperature. The 
binding proteins were detected by enhanced chemilumi-
nescence using Luminata Forte (Milipore Corp., Bedford, 
MA) on KODAK IMAGE Station 4000MM (Molecular 
Imaging Systems; Carestream Health Inc., New Haven, 
CT) and semi-quantified using GelAnalyzer 2010a. Signal 
intensities were corrected for background and normalised 
according to Ponceau staining (liver samples) and stain-
free technique (muscle samples). Diet- and stage-medi-
ated effects were analysed by ANOVA considering dietary 
group, ontogenetic stage, gilt, and sex. The level of signifi-
cance was set at p ≤ 0.05.

Muscular IGF1 and IGF2 levels

Foetal IGF1 and IGF2 levels were analysed in extracts of 
skeletal muscle tissue with a commercial enzyme-linked 
immunosorbent assay (ELISA) purchased from Medi-
agnost, Reutlingen, Hamburg, Germany. Five individual 

foetuses per dietary group, ontogenetic stage, and sex 
(N = 60) were analysed. Diet- and stage-mediated effects 
were analysed by ANOVA considering dietary group, 
ontogenetic stage, gilt, and sex. The level of significance 
was set at p ≤ 0.05.

Results

The current study investigated foetal weight and global 
transcript abundances as well as appearance of IGF-related 
components of porcine foetuses in response to either a 
standard or an excessive amount of methylating micronutri-
ents fed to their mothers during gestation.

Increased foetal weight at 35 and 91 dpc

Individual foetal weight was recorded at three prenatal 
stages (Table 3). Foetuses obtained from gilts fed the MET 
diet showed increased foetal weight (p < 0.0001). Stage-
specifically, foetal weight was increased at 35 dpc in MET 
samples but unaltered at 63 dpc. At stage 91 dpc, both male 
and female MET foetuses were heavier than their age-
matched controls. Here, the difference in foetal weight was 
approximately 28 %.

Microarray experiment

Initial microarray analyses of porcine liver tissue identified 
14,853 expressed probe-sets (~61 % present calls). Further 
analyses left 9363 probe-sets after filtering, representing 
6697 genes.

Transcriptional responses between MET and CON 
foetuses within stages

At 35 dpc, 204 transcripts (96 probe-sets MET > CON) 
were found to be altered between the dietary groups (Table 
S2). Ingenuity Pathway Analyses (IPA) indicated enrich-
ment of molecular routes related to fatty acid β-oxidation 
and oleate biosynthesis (Table 4). When CON and MET 
foetuses were compared at stage 63 dpc, only 13 transcripts 
(11 probe-sets MET > CON) showed altered mRNA levels. 
No associated pathways were assigned. At stage 91 dpc, 
514 transcripts (185 probe-sets MET > CON) differed sig-
nificantly between the dietary groups. According to IPA, a 
set of metabolic pathways was found to differ due to the 
maternal dietary treatment; in particular, these included 
transcripts associated with GADD45 signalling, folate pol-
yglutamylation, IGF signalling, the pyridoxal 5-phosphate 
salvage pathway, and Wnt/β-catenin signalling. Notably, 
no transcript was found to be altered at all of the examined 
foetal stages.
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Longitudinal transcriptional responses in MET 
and CON foetuses

Expression patterns at different stages of gestation and 
dietary backgrounds were visualised by a hierarchical clus-
tering (Fig. 3). The three clusters corresponded to the dis-
tinct foetal stages, indicating that effects mediated by stage 
dominated effects mediated by diet. To highlight transcrip-
tional changes between the developmental stages that were 
diet-specific and occurred only in one of the diet groups, 
comparisons were first made within diet groups between 
35–63, 63–91, and 35–91 dpc. The resulting gene lists were 
compared between MET and CON foetuses at the cor-
responding developmental periods to identify commonly 
altered transcripts normally associated with physiological 
maturation processes. Consequently, the analyses focused 
on transcripts representing longitudinal transcriptional pat-
terns specific to either MET or CON foetuses (Table S3 and 
Table S4).

When diet-specific alterations in CON foetuses were 
compared between 35 and 63 dpc, 487 probe-sets were 
found to be different (258 probe-sets 35 dpc < 63 dpc). 
Of those, transcripts associated with fatty acid β-oxidation 

and oleate biosynthesis were pronounced. Hence, along 
ontogenesis, the obtained differences referring to lipid 
metabolism appeared in CON samples but not in MET 
samples. At 63–91 dpc, foetuses showed differences in 
mRNA expression represented by 966 probe-sets (732 
probe-sets 63 dpc < 91 dpc). In particular, molecular routes 
related to AMPK signalling, IGF signalling, and Wnt/β-
catenin signalling were enriched. Between 35 and 91 dpc, 
374 probe-sets showed an altered mRNA abundance (237 
probe-sets 35 dpc < 91 dpc). Transcripts participating in 
glutamate removal from folates and oleate biosynthesis 
exhibited diet-specific expression.

The analyses of MET foetuses at 35 dpc compared 
to 63 dpc revealed 1018 probe-sets as diet-specific (750 
probe-sets 35 dpc < 63 dpc). Of those, transcripts associ-
ated with AMPK signalling, cell cycle control of chromo-
somal replication, cyclins and cell cycle regulation, mitotic 
roles of Polo-like kinase, and Wnt/β-catenin signalling 
were altered. Hence, along ontogenesis, the obtained differ-
ences in energy metabolism and growth control appeared in 
MET samples but not in CON samples. Diet-related effects 
during the developmental interval 63–91 dpc revealed 897 
probe-sets (331 probe-sets 63 dpc < 91 dpc) and highlighted 

Table 4  Pathways altered between the dietary groups within one ontogenetic stage in liver tissue

FC fold change

Stage (dpc) Canonical 
pathway

p value Metadata of involved genes

35 Fatty acid 
β-oxidation

2.84E−02 Gene ACSL5 AUH

FC −1.52 −2.27

Oleate biosyn-
thesis

4.00E−03 Gene FADS1 FADS6

FC +1.60 +1.65

63 –

91 GADD45 
signalling

5.98E−04 Gene CCND2 CCNE1 CDKN1A GADD45A

FC +1.69 +1.34 −1.58 −1.31

Folate poly-
glutamyla-
tion

5.70E−03 Gene MTHFD1L SHMT2

FC −1.85 −1.42

IGF signalling 4.40E−02 Gene CSNK2A2 IGFBP1 IGFBP2 PIK3R2 PRKAR2B

FC −1.44 −1.68 −1.72 −1.92 −1.70

Pyridoxal 
5-phosphate 
salvage 
pathway

4.14E−02 Gene CDK5 CSNK1A1 PRKM7 SGK1

FC +1.45 −1.24 −1.56 −1.39

Wnt/β-catenin 
signalling

7.72E−03 Gene CDH5 CSNK1A1 CSNK1G3 CSNK2A2 CTNNB1 LRP6 MYC SFRP1 SOX4

FC −2.25 −1.24 −1.74 −1.44 −1.29 −1.97 −1.55 −1.36 −1.83
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transcripts associated with tRNA charging. Between 35 and 
91 dpc, 519 probe-sets were altered in MET foetuses (282 
probe-sets 35 dpc < 91 dpc). Of those, transcripts related to 
folate polyglutamylation were highlighted.

qPCR experiment

To assess the reproducibility of the microarray experiment, 
selected transcripts (IGFBP1, IGFBP2, IGFBP3, IGF2, 
IGF2R, DNMT1, DNMT3a, DNMT3b, BHMT, MAT2B) 
were analysed by qPCR at multiple sampling points in liver 
tissue (Table S1). The degrees of correlation indicate reli-
able results.

IGFBP and IGF appearance in liver and skeletal 
muscle tissue

Since foetal weight differed and IGF signalling, a major 
driver of growth was altered in liver at later stages of 
foetal development, we also profiled the expression of 
IGF-binding proteins on the protein level. Liver, a key 
metabolic organ, and muscle, a major growth-related tis-
sue, were selected for investigation. In foetal liver tissue, 
intact IGFBP-1 (30 kDa), IGFBP-2 (35 kDa), IGFBP-3 
(44 kDa), and IGFBP-6 (40 kDa) were detectable (Table 
S5). IGFBP-2 was the dominant IGFBP and was present in 

both intact and fragmented forms. IGFBP-6 was below the 
detection limit at stages 35 and 63 dpc but appeared at stage 
91 dpc. In liver tissue, no overall diet effects were observed 
for IGFBP1, IGFBP2, IGFBP3, and IGFBP6 (p = 0.1043, 
p = 0.0685, p = 0.4538, and p = 0.1549, respectively). 
Further, no interaction between diet and stage on IGFBPs 
was observed.

In skeletal muscle tissue, intact IGFBP-2 (31 kDa) 
and IGFBP-5 (27 kDa) were detectable (Table 5). Again, 
IGFBP-2 appeared to be the dominant IGFBP. No over-
all diet effects were observed for IGFBP2 and IGFBP5 
(p = 0.3275, p = 0.1049, respectively) nor for IGF1 and 
IGF2 (p = 0.8790, p = 0.0514, respectively). However, 
the interaction between diet and stage revealed decreased 
IGFBP-2 level and increased IGF2 level in MET muscle 
tissue at 91 dpc compared to age-matching CON samples.

Discussion

Foetuses exposed to maternal MET diet were heavier than 
age-matched controls at stage 91 dpc, but not at stages 35 
and 63 dpc, suggesting accelerated growth during mid and 
late gestation when compared to regular foetal develop-
ment [49]. Obviously, dietary effects cumulated at stage 
91 dpc. There are numerous studies investigating com-
plex phenotypes programmed by various nutritional chal-
lenges, reporting correlations between maternal diet and 
foetal weight in pigs [50], sheep [51], and rats [2, 52]. In 
particular, maternal intake of methylating micronutrients 
was identified to act on both foetal and neonatal weight, 
although inconsistencies appeared due to either single or 
combined effects of such nutrients [10, 53–55]. Interest-
ingly, previous meta-analysis suggested that a twofold 
increase in the amount of dietary methylating micronutri-
ents during pregnancy (i.e. folate) was followed by a 2 % 
increase in birth weight in humans [56]. Our results are in 
line with these findings, as the maternal folate intake was 
elevated by a factor of 31 (Table 2), and foetal weight was 
increased by 28 % at stage 91 dpc (Table 3).

The link between IGF signalling and growth is well 
known. In our study, the increased levels of IGF2 and 
the decreased levels of IGFBP-2 (Table 5) in muscle tis-
sue likely contribute to the weight differences obtained 
in MET foetuses at 91 dpc. However, in liver tissue, the 
decreased transcript abundances of IGFBP1 and IGFBP2 
were not observed on the protein level in MET foetuses. 
Sophisticated patterns of components related to the IGF 
system were reported previously when mice exhibiting 
high growth rates showed decreased muscular IGFBP3 and 
IGFBP6 transcript abundances [57]. Conversely, porcine 
intra-uterine growth retarded (IUGR) foetuses and new-
borns showed increased expression of IGFBP2, IGFBP3, 

Fig. 3  Hierarchical cluster analyses of CON and MET samples at 
different prenatal stages. Least-squares means derived from mixed-
model analyses are displayed as a heat map, including all subgroups 
from the interaction between diet and stage. Columns indicate sub-
groups and rows indicate probe-sets. Colouring reflects mRNA abun-
dance (see key)
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and IGFBP5 in liver [58] and muscle tissue [59], respec-
tively. Moreover, overexpression of both hepatic IGFBP-1 
and muscular IGFBP-2 in adult transgenic mice resulted 
in reduced body weight [60, 61]. Hence, the expression 
of distinct IGFBPs is thought to contribute to growth rate 
modulations by altering the bioavailability of insulin-like 
growth factors [61, 62], which are known regulators of foe-
tal development and differentiation. The protein expression 
of IGFBPs revealed stage-specific patterns in accordance 
with previous experiments investigating foetal muscular 
tissue [63], maternal serum, and milk [64, 65]. Notably, in 
our study, IGFBP-2 appeared to be the dominant IGFBP in 
both foetal liver and skeletal muscle tissue, in contrast to 
porcine pancreas, where IGFBP3 levels were pronounced 
[66].

In liver tissue, our analysis of transcripts encoding 
enzymes involved in the one-carbon cycle revealed a sophis-
ticated pattern including both diet-responsive (Table 4; 
MTHFD1L, SHMT2) and diet-unresponsive genes (e.g. 
AHCYL1, BHMT, MAT2B; data not shown). As stated 
recently, methyl donor supply and placental transfer to the 
foetus comprise complex mechanisms involving compensa-
tory mechanisms and feedback loops if deficiency occurs 
[67]. It is conceivable that the decreased mRNA levels of 
MTHFD1L and SHMT2 (encoding enzymes utilising tet-
rahydrofolate and 10-formyltetrahydrofolate) account for 
reduced folate derivatives in the foetal circulation due to 
maternal buffer capacity, or for substrate-dependent inhibi-
tion due to unmetabolised folate equivalents in the foetus 
itself [68]. These findings indicate that the maternal diet was 
effective. The transcriptional pattern reflects that liver tis-
sue is much more resilient during early and mid-gestation in 
order to contribute adapting to the metabolic requirements.

At early and mid-gestation, hepatic expression patterns 
were widely similar and revealed moderate dietary effects. 
Regarding liver tissue, this observation may reflect the 
minor challenging potential of an excessive maternal sup-
ply of methylating micronutrients in a short term. However, 
the resilient character of foetal liver tissue excluded parts 
of the lipid metabolism, indicating an increased demand 
for acyl components for both synthesis and β-oxidation 
(Table 4). Indeed, alterations in lipid metabolism have been 
highlighted previously as a result of parental methyl-defi-
cient [69, 70] and methyl-supplemented diets [37]. Further-
more, alterations of the energy sensing and energy utilising 
AMPK signalling were specifically pronounced in MET 
foetuses between 35 and 63 dpc (Table S4). Such processes 
may serve to meet the metabolic requirements associated 
with cell proliferation and cell differentiation. Notably, one 
of the few transcripts highlighted at early and mid-gestation 
(MET < CON), follistatin (FST), is known to impact cell 
proliferation and cell differentiation during embryogenesis 
via Wnt/β-catenin signalling and myostatin signalling [71].Ta
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Despite results describing the methylating potential 
of methylating micronutrients on DNA and histones [11, 
72, 73], insight regarding their impact on gene expression 
remains elusive. In fact, concerns about chronic supple-
mentation of methylating micronutrients during pregnancy 
have been raised since contribution to metabolic disorders 
was discussed [74, 75]. In our study, liver tissue appeared 
to be neither positively nor negatively affected in gene 
expression at foetal stages. However, foetal overgrowth 
during the second half of pregnancy has been associated 
with postnatal obesity [76], suggesting hepatic alterations 
of metabolic relevant genes in the long term.

According to hierarchical cluster analyses (Fig. 3), 
stage-specific effects on transcription were more pro-
nounced than those mediated by diet. These results are in 
line with previous findings in which porcine foetuses and 
offspring were examined at various ontogenetic stages fol-
lowing exposure to maternal diets varying in protein con-
tent [7].

Conclusions

In summary, a maternal diet enriched with methylat-
ing micronutrients was associated with an increased foe-
tal weight in late gestation. Hepatic expression patterns 
reflected moderate effects from supplementation. The tran-
scriptomic response maps pathways undergoing stage-spe-
cific modulation in order to warrant metabolic adaptation to 
nutritional factors. Moreover, our data insinuate that altera-
tions of late foetal growth may be a result of adjustments 
of IGF signalling (IGF2; IGFBP-2) in the liver but mainly 
in the skeletal muscle that is less resilient to dietary effects 
than the liver.
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