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General Introduction

General introduction

Obesity is one of the hallmarks of the metabolic syndrome that further 
comprises glucose intolerance, fatty liver and a disturbed lipid profile. 
People with the metabolic syndrome have an increased risk to develop 

type 2 diabetes and cardiovascular disease. Now, numbers on obesity and obesity-
related diseases are still rising, in spite all effort to promote weight loss and 
healthier lifestyle. More disturbingly, there is a significant increase in the proportion 
of obese children and adolescents. In general, body weight, genetic makeup, aging 
and a sedentary lifestyle are considered key players in the pathophysiology of the 
metabolic syndrome. A yet underestimated factor in the etiology of the metabolic 
syndrome and related diseases may be the early developmental environment that is 
known to exert long-lasting influences by so called ‘metabolic programming’.

The phenomenon “Metabolic Programming”
The term programming was first defined by Lucas, who defined programming 

as; “a stimulus or insult operating at a critical or sensitive period of growth and 
development that results in long term consequences for the structure or function 
of the organism” [1]. Shortly thereafter, Hales and Barker described “the thrifty 
phenotype” hypothesis which suggests that fetal adaptations in answer to a 
nutritionally environment may permanently reset or program fetal metabolism in 
order to optimize its chances of survival [2]. This response is advantageous for the 
developing organism when this poor environment is met, but becomes detrimental 
in a nutritional rich postnatal environment.

A large number of epidemiological studies have shown the association between 
impaired fetal nutrition and development of obesity, hypertension, diabetes and 
cardiovascular disease [3-7].

The role of fetal programming in the development of Non-Alcoholic Fatty Liver 
Disease in epidemiological studies

Several epidemiological studies implicate an intrauterine contribution to adult 
liver disease.  Although there is little literature about the specific effects of maternal 
nutrition on birth size in humans, there are many papers highlighting these effects 
under extreme conditions, like severe starvation (exemplified by the Dutch hunger 
winter, see [8]). It should be noted, however, that intrauterine growth restriction 
may have a plethora of other (often unknown) causes. Human infants born small-
for-gestational-age (SGA) were found to have reduced liver dimensions, as measured 

-  9  -
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by ultrasonography at birth [9]. In addition, low birth size in men, but not women, 
is associated with increased total cholesterol in blood, which is at least partially 
regulated by the liver [10]. A large Danish prospective record linkage study showed 
the strongest correlation between measures of birth size and cause-specific mortality 
for deaths attributed to liver cirrhosis [11]. Fraser and colleagues examined the 
association of birth weight with adult markers of liver damage and function in a 
random sample of 2101 British women. They found a small but consistent inverse 
linear association between birth weight and adult age-adjusted levels of alanine 
aminotransferase (ALT) and gamma glutamyltransferase (GTT) [12]. ALT and GGT 
are liver-specific markers and are considered biomarkers of non-alcoholic fatty liver 
disease (NAFLD). The inverse association of birth weight with ALT and GGT supports 
the hypothesis that intrauterine exposure may contribute to the onset of NAFLD.

Evidence of fetal programming in the development of non-alcoholic fatty liver 
disease (NAFLD) from animal models

While the relationship between early developmental events and adult disease 
has become evident, the biological mechanisms behind these programming effects 
have remained largely unclear, although epigenetic modifications and differences 
in cell type composition may be involved [13,14]. The importance of fetal and 
early postnatal life is currently extensively studied in animal models to clarify the 
physiological and molecular links between events during this developmental period 
and long-term health.

The first evidence for programming of NAFLD comes from models using 
nutritionally-restricted diets, although the greatest impact is seen in over-nourished 
models. Mouse models of maternal overweight or over-nutrition have shown 
convincing evidence of fetal programming of NAFLD in offspring [15-19].

Hepatic hypertrophy - Structural changes have been noted in the liver of offspring 
from malnourished mothers. Hepatic lobules of protein-restricted rat offspring were 
described as having double the mean volume of lobules from control livers, without 
changes in relative liver weight [20]. Moreover, several mouse models of maternal 
malnutrition show hepatic hyper¬trophy in the offspring [21,22]. While not in every 
study hepatic hypertrophy reported, increases in liver derived enzymes (ALT and 
AST) are sometimes observed [17,23,24], a change that often accompa¬nies hepatic 
hypertrophy and may appear in plasma after liver enlargement. Taken together, 
these results indicate that hepatic hypertrophy is a frequently-noted phenomenon 
accompanying gestational malnutrition. 

-  10  -
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Hepatic hypertrophy can be induced by several factors including altered oxidative 
status, fatty acid metabolism, energy production and utilization, cell turnover and 
altered hepatocellular cytoplasmic, and nuclear morphology [25]. Several of these 
factors have been reported in fetal programming of offspring health [18,20].

Liver Function - In addition to structural changes, there have been numerous 
reports that liver functionality is affected by maternal malnutrition. In rats partially 
deprived of protein during pregnancy, gluconeogenesis and hepatic glucose handling 
in offspring are altered compared to controls [20]. Glucose output from lactate is 
increased in maternal low-protein offspring, which is related to the difference in 
glucose handling. One possible mechanism is increased glucogenesis due to the 
greater absolute phosphoenolpyruvate carboxykinase (PEPCK) activity found in 
these livers [20]. Additionally, several animal models of maternal over-nutrition 
indicate mitochondrial abnormalities in the liver of offspring . Bruce and colleagues 
reported that the activity of the hepatic mitochondrial electron transport chain (ETC) 
enzyme complex (I,II/III, and IV) is reduced in offspring of high fat-fed mothers 
[18]. In the progression from NAFLD to non-alcoholic steatohepatitis (NASH), 
inflammatory pathways, which are also affected by fetal programming, are important. 
In that context, it has recently been reported that offspring from over-nourished 
dams showed increased Kupffer cell numbers with impaired phagocytic function and 
raised reduced oxygen species (ROS) synthesis together with reduced natural killer 
T cells and raised interleukin 12 and interleukin 18 levels [26]. Even though many of 
these animal models use different diets and different strategies, all accumulate fat in 
the liver and liver functionality seems to be altered in one way or the other (Table 1).

Lipotoxicity - Excessive hepatic fat storage has been shown in many animal models 
of fetal programming. While hepatic fat accumulation is not necessarily malignant, it 
is often associated with insulin resistance [27]. Models of maternal restriction, over-
nutrition and glucocorticoid exposure show increased body fat and altered hepatic 
lipid metabolism in offspring, accompanied by accumulating triglycerides and 
cholesterol, characteristics of hepatic steatosis [16,18,19,28]. 

It is still unclear what is underlying the increased lipid accumulation. Impaired 
fat oxidative capacity (impaired mitochondrial function) may be of importance; on 
the other hand, several animal models report a lipogenic transcriptome signature 
early in the development of the liver [22,29]. Nonhuman primates of over-nourished 
mothers show signs of NAFLD beginning in the early third trimester, including 
hepatic inflammation, oxidative stress, triglyceride accumulation and gluconeogenic 
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gene activation [29].  This is associated with PPAR gamma coactivator 1 alpha 
(PGC1a) deacetylation and increased hepatocyte nuclear factor 4 alpha (HNF4a) 
expression in the fetal liver, suggesting an important early mechanism by which 
excess lipids may reprogram hepatic lipid and glucose metabolism in the liver. In 
this study, the elevation of hepatic triglyceride levels persisted until adolescence 
with a 2-fold increase in percent body fat. Another study performed in rats found 
increased percent liver weight and enlarged hepatocytes and lipid accumulation in 
livers of offspring at weaning; it is suggested that exposure to maternal overweight 
programs systemic changes in insulin and adiponectin levels and alteration of genes 
involved in carbo¬hydrate metabolism, lipid biosynthesis and fatty acid catabolism. 
Interestingly, sterol regulatory element-binding protein 1 (SREBP1) was increased 
and identified as a common regulator of the altered genes, and in addition a decrease 
of PPAR-a-AMPK signaling was indicated [22]. 

In contrast, Krasnow and colleagues found no differences in triglyceride 
accumulation and hepatic inflammation in newborn mice. However, they reported an 
increase in fat mass in offspring from mothers fed a high-fat diet [30]. 

Currently, most of the research points towards programming of multiple aspects 
of energy-balance regulation in the offspring during gestational exposure to 
malnutrition. Therefore, an early change in a lipogenic pathway could be a cause in 
the development of NAFLD, because the transcriptome is already altered very early 
in life. 

As stated earlier, the pathophysiological and metabolic mechanisms of 
fetal programming are still under investigation. Possible mechanisms might 
involve epigenetic regulation as well as placental adaptations during important 
developmental phases.

Epigenetics
During the past decade, the role of epigenetics in the pathogenesis of disease 

has been increasingly recognized. Epigenetics is defined as heritable changes in 
gene activity and expression that occur without alterations in the DNA sequence. 
Epigenetic mechanisms include chromatin architecture, histone modifications and 
DNA methylation. In short genomic DNA is packaged with histones to form complexes 
called chromatin, chromatin can be divided into two different states; euchromatin 
and heterochromatin. Euchromatin represents the active state where the DNA is 
accessible, conversely heterochromatin represents the inactive state where the DNA 
is packaged into highly condensed forms that are inaccessible to transcription factors 
or chromatin-associated proteins. Histone modifications are critical for regulating 
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chromatin structure and function. Acetylation and methylation of lysines at histone 
tails are the most common modifications at the level of the histone. Hyperacetylation 
of histones is positively correlated with actively transcribed genes, in contrast 
histone methylation is associated with either transcriptional activation, inactivation 
or silent genomic regions. One of the best documented forms of epigenetic regulation 
is DNA methylation. DNA methylation is a stable and heritable element of epigenetic 
regulation and occurs by covalent modification of the fifth carbon in the cytosine 
base. In vertabrates DNA methylation occurs almost exclusively in cytosine-guanine 
(CpG) dinucleotides, which are often clustered into CpG islands, and subsequently 
influence transcriptional gene expression. All these modifications are crucial for 
packaging and interpreting the genome under the influence of physiological factors, 
and therefore it is considered a bridge between genotype and phenotype.

In the developing embryo, virtually all DNA is modified by the addition of a methyl 
group to the 5’ position of cytosine residues which precede a guanine residue, a so-
called CpG dinucleotide. As development and differentiation takes place and specific 
genes are recruited for expression in certain cell types, these nucleotides become 
demethylated and potentially associated with an open chromatin configuration. The 
lifetime pattern of methylation is established for the majority of genes by the end of 
this differentiation process, and DNA replication results in faithful copying of these 
methylation patterns. The period during which the cellular methylation pattern is 
established may be susceptible to various fetal (maternal) insults and is therefore a 
good candidate mechanism for fetal programming.

In humans, it has been shown that people prenatally exposed to famine during 
the Dutch hunger winter have less DNA methylation of the IGF2 gene compared with 
their unexposed, same sex siblings[31].

However, the specific role of epigenetics in the pathogenesis of NAFLD is largely 
unknown. A recent study in human patients showed a tight interaction between 
the presence of NAFLD and hepatic DNA methylation of PGC1A and mitochondrial 
transcription factor A (TFAM) promoters[32].

In rodents, numerous studies focus on the consequences of maternal nutrition 
on the liver epigenome. Promoters of nuclear receptors are relatively well-studied 
candidates for differential methylation. Lillicrop and colleagues characterized changes 
in methylation and expression of  the glucocorticoid receptor (GR) and peroxisome 
proliferator-activated receptor (Ppar) alpha [33,34]. Van Straten et al. made similar 
observations for the liver X receptor alpha (LXRa), amongst 200 other loci [35]. It 
seems plausible that changes in these key factors have long-term consequences for 
the regulation of metabolism, especially under challenging nutritional conditions. 

-  13  -
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On the other nutritional extreme, two recent reports showed that maternal 
high fat diet may alter DNA methylation and gene expression in the offspring. First, 
maternal high fat feeding reduces methylation and increased expression of the 
cyclin-dependent kinase inhibitor 1A (Cdkn1a) during neonatal liver development 
[36]. This alteration is responsible for changing hepatic proliferation and liver size, 
two aspects that are compatible with the development of a fatty liver phenotype [18]. 
The second report demonstrated that in offspring with increased serum glucose and 
liver triglyceride levels, hepatic Wnt1 (wingless-type MMTV integration site family, 
member 1) activity is affected through histone modifications [37].

The placenta
The placenta plays an essential role in the metabolic programming of adult 

diseases, since nutrients are transmitted to the fetus by the placenta. The placenta 
responds to alterations in maternal metabolism by changing its structure and 
or function, consequently this influences circulation of nutrients and placental 
functionality. The potential role of altered placental functionality in the metabolic 
programming of adult diseases have been extensively reviewed by others [38]. 

Human pregnancies in women with type 1 diabetes and pregnancies complicated 
with gestational diabetes have an increased risk for fetal macrosomia, which has 
been shown to be associated with altered placental transport. Likewise, woman who 
are overweight or obese at the start of pregnancy are more likely to display altered 
placental nutrient transport.

In addition animal studies provide strong evidence that maternal nutrition 
affects placenta nutrient transport, and therefore fetal development. Several mouse 
studies report that a high fat diet in pregnant mice leads to fetal overgrowth, in 
part by altered placental function. Li et al report altered placental vasculature and 
inflammatory response, seen by changes in Hif-1a, tnfa, vegf, il6, nf-kb and CD31 [39]. 
Besides changes by maternal diet, there is a placental divergence between the sexes. 
Most studies reporting placental changes by maternal diet, report sex differences 
[40-42]. There are several reports showing that after a maternal dietary exposure 
there are only a few genes found in common in the placenta samples between males 
and females, implying a clear sexual dimorphism in the response of the placenta to 
environmental influences between the sexes.

 

-  14  -
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Scope op this thesis 

Human and animal studies have shown that prenatal and neonatal conditions 
can exert long lasting changes in physiological function  and affect the risk to 
develop metabolic diseases at adult age, e.g. obesity, cardiovascular diseases 

and type 2 diabetes.
Over the past decades, the mean body mass index of adults has increased, including 

that of women at child bearing age. A number of epidemiological studies have shown 
a relationship between maternal obesity and nutritional intake is associated with 
an increased risk in infant mortality and neonatal adiposity. Yet, the underlying 
mechanism(s) between the early nutritional environment and the physiological 
consequences at adult life are largely unknown.

The aim of the research described in this thesis was to characterize the 
immediate and late physiological consequences of maternal western diet during the 
early developmental phases of the offspring. We first developed and characterized 
an animal model (Chapter 2). The long-term physiological consequences of the 
maternal western diet during important developmental phases was analyzed with 
respect to a predisposition toward the development of NAFLD in the male offspring 
at adult age. Assessment of early environment effects on processes at adult age can 
be hampered by a multitude of interfering factors during growing up. In chapter 
3 we addressed this potential distortion by performing analyses on pre-weaning 
offspring to elucidate the direct molecular impact of the maternal diet on the liver 
of the offspring. Importantly we also considered the potential sex-specificity of 
the effects. We determined the immediate effects of maternal western diet on both 
the molecular and the physiological outcome of young offspring, using microarray 
analyses. In chapter 4, we studied the the placental adaptations to maternal western 
nutrition in male and female offspring, in order get insights in in utero mechanisms 
of maternal programming. 

To discriminate maternal programming effects from factors influencing disease 
development during growing up , we assessed genome wide changes in DNA 
methylations from livers of offspring at 2 and at 32 weeks of age (Chapter 5). We 
concentrated on epigenetic changes, based on a number of recent studies that 
indicated that epigenetic mechanism play a role in long-term programming. We 
aimed to make a distinction between early epigenetic alterations in the liver that are 
conserved into adulthood and later events influencing the liver phenotype seen in 
the long term development of the offspring.

In chapter 6, we investigated the causative effects of methylation and expression 

-  16  -
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patterns in early human chorion villi placental biopsies on small for gestational age 
pregnancy outcomes. These selected genes have been published to correlate with 
being born small for gestational age in term placenta.

Finally, in chapter 7 we discuss the most relevant findings of this thesis, and the 
implications for our present understanding of the mechanism and the proposed 
future steps.

energy starvation during storage. Consequently, the storage stability of the yeast 
is increased. A disadvantage of a period of nitrogen starvation is that it also causes a 
partial loss of the fermentative capacity. However, the loss of fermentative capacity 
after carbon starvation is much more severe than after nitrogen starvation [257, 
259, 305]. It is clear that the production of yeast is a complex process consisting of 
different stages, which should simultaneously optimize fermentative capacity and 
storage stability.   

-  17  -
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Abstract 

Aim: Metabolic programming via components of the maternal diet during gestation 
may play a role in the development of different aspects of the metabolic syndrome. 
Using a mouse model we aimed to characterize the role of maternal western type 
diet in the development of non-alcoholic fatty liver disease (NAFLD) in the offspring. 

Methods: Female mice were fed either a western (W) or low-fat control (L) semi-
synthetic diet before and during gestation and lactation. At weaning, male offspring 
were assigned either the W or the L diet, generating four experimental groups: WW, 
WL, LW and LL offspring. Biochemical, histological and epigenetic indicators were 
investigated at 29 weeks of age. 

Results: Male offspring exposed to prenatal and post-weaning western-style diet 
(WW) showed hepatomegaly combined with accumulation of hepatic cholesterol 
and triglycerides. This accumulation was associated with up-regulation of de novo 
lipid synthesis, inflammation and dysregulation of lipid storage. Elevated hepatic 
transaminases and increased expression of Tnfa, Cd11, Mcp1 and Tgfb underpin the 
severity of liver injury. Histopathological analysis revealed the presence of advanced 
steatohepatitis in WW offspring. In addition, alterations in DNA methylation in key 
metabolic genes (Ppara, Insig, and Fasn) were detected. 

Conclusion: Maternal dietary fat intake during early development programs 
susceptibility to liver disease in male offspring, mediated by disturbances in lipid 
metabolism and inflammatory response. Long lasting epigenetic changes may 
underlie this dysregulation.
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Introduction

Growth and development in utero is a complex and dynamic process, requiring 
interacting components from the mother and fetus in order to ensure 
optimal growth and survival throughout pregnancy [43]. Depending on the 

interactions between the mother, the placenta and the fetus the supply of macro- and 
micro-nutrients and endocrine signals is critical in the early phase of life. 

Epidemiological studies have been the first to link this early phase of life to 
developing obesity, cardiovascular disease, type-2 diabetes and increased central 
adiposity in adults [3,44]. This link has been coined the Developmental Origins of 
Health and Disease (DOHaD) hypothesis. Originally, the focus of these studies was on 
the increased disease risk observed in individuals with a low birth weight, and hence 
the role of under-nutrition in utero [7,8,45]. 

Under-nutrition, however, has been nowadays replaced by over-nutrition in 
western society, affecting mothers and unborn children before or during gestation. 
Currently, in the USA 18-35% of pregnant woman are clinically obese [46]. Similarly, 
estimates from the UK suggest that 20% of pregnant woman registering for primary 
care are obese [47]. Obesity during pregnancy is associated with increased risk of 
complications such as gestational hypertension, preeclampsia, gestational diabetes 
mellitus and delivery of a large-for-gestational-age infant. Longitudinal studies 
have shown strong associations between infants born large for gestational age, an 
independent risk factor for childhood obesity, and high gestational weight gain of 
the mother [6]. In addition, maternal pre-pregnancy BMI is a better predictor of 
childhood obesity than high new-born birth weight [5,48-50]. Childhood obesity, as 
a major risk factor for adult obesity, early type-2 diabetes and cardiovascular disease 
[51,52], indicates a possible rise in the prevalence of metabolic diseases.  

The mechanistic link between maternal obesity and offspring health, by shared 
environment, is not yet completely understood. Animal studies support the 
concept that maternal over-nutrition during critical periods can result in long-term 
phenotypic changes in offspring e.g. hyperphagia, increased adiposity, reduced 
locomoter activity, hypertension and insulin resistance [21,53,54].

A number of studies have shown that these phenotypic changes, induced by 
prenatal nutrition, involve altered epigenetic regulation of specific genes [13], 
leading to metabolic dysregulation in the offspring. Nevertheless, there is limited 
information about the effect of maternal dietary fat intake on epigenetic processes 
and health outcome in offspring. 

Very recently, several groups have described that gestational energy-rich diets 
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can program hepatic steatosis or even non-alcoholic steatohepatitis (NASH) in the 
offspring in rodent models [16-19,24,26,55,56]. Often, these studies compare rodent 
chow with different diets based on lard as the main fat source (35, 45, or 60%), 
sometimes combined with high fructose intake or condensed milk. The combination 
of these studies clearly shows the close interrelationship between maternal diet and 
fetal liver physiology.  

However, because of the complex composition of the diets used in these studies, 
it is impossible to identify the relevant ingredients which underlie this metabolic 
programming. Hence, the aim of the present study was to characterize the long-term 
consequences of gestational over-nutrition in a mouse model and to pinpoint the 
molecular mechanisms involved using semi-synthetic diets only. The study focusses 
on the interactions between the prenatal and postnatal environment that together 
modulate the susceptibility to obesity and related diseases. We report that prenatal 
exposure to western diet (6 weeks before as well as during pregnancy and lactation) 
followed by post-weaning western diet feeding leads to increased weight gain, lipid 
accumulation and inflammation in the liver, the hallmarks NASH. We further correlate 
these phenotypic changes with epigenetic modifications in a selection of genes.

Material and Methods

Experimental animals
All mice were housed in a light- and temperature-controlled facility (lights on 

7:00 AM–7:00 PM, 21°C) with free access to drinking water and food. Experimental 
procedures were approved by the Ethics Committees for Animal Experiments of 
the University of Groningen. To study the effects of exposure to a western-style 
diet during development five week old female C57BL/6 mice were purchased from 
Harlan (Horst, the Netherlands) and randomly assigned to either a semi-synthetic 
energy-rich-western diet (W) (4.73 kcal g-1; 45% kcal fat, 20% kcal protein, 35% kcal 
carbohydrate; D12451, Research Diets, New Brunswick) or a semi-synthetic low-fat-
control diet (L) (3.85 kcal g-1; 10% kcal fat, 20 % kcal protein, 70% carbohydrate; 
D12450B, Research Diets). After 6 weeks on their respective diets, mice were mated 
with males. Dams failing to become pregnant were allowed to re-mate. Dams were 
maintained on their diets throughout pregnancy and lactation. Weight gain and food 
intake were measured weekly during this period. Dams were allowed to deliver 
spontaneously and left undisturbed with their litters for 24 h. This resulted in 6 
litters in the control diet group and 6 litters in the maternal western diet group. Litter 
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sizes were standardized to 5-6 pups, to ensure no litter was nutritionally biased. At 
weaning, male offspring were assigned to western or low-fat feeding, generating four 
experimental groups: LL(n=7), WL (n=7), LW (n=10), WW (n=8), which represents 
prenatal and lactation versus post-weaning diet. Offspring body weight and food 
consumption were recorded at weekly intervals. Offspring were terminated by heart 
puncture under isoflurane anesthesia. Tissues were collected, weighed and snap-
frozen in liquid nitrogen and stored at -80 ºC until biochemical analysis and RNA 
isolation.

Insulin tolerance test
Intraperitoneal insulin tolerance test (IPITT) was performed after 24 weeks on 

the W diet. Insulin tolerance was assessed after a four hour fast with a single bolus of 
insulin (0.5 U/kg, Actapid; Novo Nordisk, Begsvaerd, Denmark) intraperitoneally at 
time 0, tail venous blood glucose concentration was monitored at -10, 10, 20, 30, 40, 
50, 60, 75 and 90 minutes with a glucometer in conscious animals.

Plasma and liver measurements 
Blood glucose levels were measured with a Lifescan EuroFlash glucose meter 

(Lifescan Benelux, Beerse, Belgium). Plasma insulin concentrations were determined 
using an Ultrasensitive Mouse Insulin ELISA kit (Alpco Diagnostics, Salem, NH). 
Livers were homogenized in ice-cold phosphate-buffered saline. Hepatic lipids were 
extracted according to Bligh and Dyer.[57]. Commercially available kits (total and free 
cholesterol (DiaSys Diagnostic Systems, Holzheim, Germany), non-esterified-free 
fatty acids (Wako, Neuss, Germany) and triglycerides (Roche Diagnostics, Mannheim, 
Germany) were used to determine the lipid profiles in plasma and liver. Fatty acid 
composition was determined by gas chromatography after methylation as described 
previously.[58] Levels of the ketone body metabolite, 3-hydroxybutyric acid, in the 
plasma were determined using a commercial kit (BioAssay Systems, Heyward, CA). 
Immunoreactive hormones were determined on a Luminex 100 instrument (luminex, 
Oosterhout, the Netherlands) by multiplex immunoassay (Biorad, Hercules, CA) 
according to manufacturer’s protocol.

Histological analysis 
Liver sections were fixed in 4% formalin and paraffin embedded prior to 

sectioning. Fixed liver sections were stained with hematoxylin-eosin for visual 
assessment of steatosis and cellular infiltrate. The severity of liver condition was 
quantified by a certified veterinary pathologist using the Kleiner scoring system 
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[59]. The average score for each histological characteristic in each group was used. 
In-situ immunohistochemistry was performed on 4 µm-thick sections of paraffin-
embedded liver samples with a three step avidin–biotin technique according to the 
manufacturer’s instructions (LSAB2, Dako, Copenhagen, Denmark). The primary 
antibody was anti-CD3 (Dako) rabbit polyclonal antibody recognizing lymphocytes 
and primary antibodies against F4/80 (1:200; BioLegend, San Diego, CA) for 
macrophages. The number of lymphocytes/macrophages within the liver section 
was evaluated by counting positive cells per 400x field in 10 random fields.

RNA extraction and Expression Microarray 
Total RNA was extracted from liver and white adipose tissue (WAT) samples 

using the TRI Reagent method (Sigma-Aldrich) according to manufacturer’s protocol. 
Integrity and concentration of RNA were determined with Experion (Biorad). Purified 
total RNA from 6 liver samples per group was used for global gene expression analysis 
(mouseWG6 v2.0, Illumina, San Diego, California). 1 experimental and 1 biological 
outlier were excluded, so  final n= 6, 5, 5, 6 (LL, WL, LW, WW). Mouse WG6 arrays were 
analysed using the MADMAX pipeline [60], Wageningen, The Netherlands). After 
quantile and ComBat normalization data were prefiltered (FC1.1) and statistically 
analysed (IBMT); genes passing the FDR of 5% (LL versus WL, 1 probe; LW versus 
WW, 269 probes) were added to our list. An FDR of 10% would result in 6 and 716 
probes, respectively (data not shown here). MetacoreTM enrichment-analysis was 
performed on the extracted list. Comparison was between LW versus WW, since LL 
versus WL analysis yielded 1 probe. Array Data are deposited at the GEO database 
(GSE44901). 

Quantitative RT-PCR 
Complementary DNA was obtained using the reverse transcription procedure with 

Moloney Murine Leukemia Virus- reverse transcriptase (M-MLV-RT) (Sigma-Aldrich, 
St. Louis, MO) with random primers according to the protocol of the manufacturer. 
cDNA levels were measured by TAQMAN RT-PCR using an ABI PRISM 7900 sequence 
detector (Applied Biosystems, Nieuwekerk a/d IJssel, the Netherlands) against 
a calibration curve of pooled cDNA solutions. PCR was performed on all samples 
available (n= 7, 7, 10, 8 (LL, WL, LW, WW). Hepatic expression levels were normalized 
to 36b4 and adipocyte expression levels to Eef2. The sequences of primers and probes 
published earlier are deposited at RTPrimerDB (www.rtprimerdb.org), unpublished 
primers and probe sequences are available on request. 
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DNA isolation, bisulphite conversion and gene-specific DNA methylation analysis
Genomic DNA was isolated from liver using the Allprep DNA/RNA isolation kit 

(Qiagen, Venlo, The Netherlands) following the manufacturer’s protocol. Bisulphite 
modification of 500ng genomic DNA was performed utilizing the EZ DNA Methylation 
Kit (Zymo Research, Orange, CA, USA) according to manufacturer instructions. 
The bisulphite-converted DNA (20–25 ng/μl) was stored at −20 °C until use. DNA 
amplifications were performed on bisulphite-treated DNA using commercially 
available assays for Fasn (PM00238448, Qiagen), Insig (PM00203847, Qiagen) and 
Lpl (PM00405118, Qiagen). PCR primers were designed for Lxra, Ppara and Pgc1a 
(Table S2). Modified DNA (20–25 ng) was amplified in a total volume of 25 μl. 2 μl of 
the PCR product was analysed on agarose gel. The methylation status was examined 
by pyrosequencing using a Qiagen pyromark Q24 system with 10μl of the PCR 
product. Pyrosequencing reactions were set up using PyroGold Reagent kit (Qiagen) 
according to the manufacturer’s instructions. The methylation levels at the target 
CpGs were evaluated by converting the resulting pyrograms to numerical values for 
peak heights and expressed either as the percentage of methylation of individual CpG 
sites or as the mean of all CpGs analysed at a given sequence.

Data analysis and statistics 
Data were tested for normal distribution, then reported as Tukey’s Box and 

Wiskers plot using median with 25th to75th percentile intervals, unless stated 
otherwise. Plots were created using the Graphpad Prism 5.0 software package. 
Statistical analysis between prenatal exposure was performed using the Mann-
Whitney U-test and the level of significance was set at p<0.05. Statistical analyses 
were performed using SPSS 20.0 for Windows (SPSS Inc, Chicago, Illinois). 
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Results

Characteristics of the dams 
Female mice received a western-style diet (W) before and throughout pregnancy 

and lactation. The different dietary treatments did not affect body weight, fasting 
plasma glucose, insulin, cholesterol and non-esterified fatty acid levels among 
dams at weaning (Table 1). Importantly, food intake was 6.00 g/mouse/day in the 
western diet group and 7.29 g/mouse/day in the control group, leading to similar 
daily caloric intake. Plasma triglyceride levels were elevated at time of weaning in 
western-diet fed dams (Table 1). Neither litter size (low-fat; n=5-8 versus western; 
n=5-10) nor birth weight (low-fat; 1.31 (1.10-1.53) versus Western 1.11 (0.90-1.40)) 
was influenced by prenatal western diet.

Table 1. Physiological characteristics of dams at weaning

L W

Body wight (g) 27.05 (25.18-27.42) 28.71 (26.06-32.07)

Plasma

Glucose (mmol L -1) 6.45 (5.70-7.20) 6.45 (5.70-7.20)

Insulin (ng L -1) 0.43 (0.18-3.78) 0.28 (0.17-1.08)

Triglycerides (mmol L -1) 0.26 (0.18-0.31) 0.50 (0.31-0.83)*

Cholesterol (mmol L -1) 2.49 (1.80-2.76) 3.35 (0.86-4.07)

Non-esterified fatty acids 

(mmol L -1)
0.38 (0.30-0.51) 0.44 (0.38-0.59)

L, low-fat control; W, western-style diet.
Values are median (min-max)
L n=6, W n=6, *P < 0.05

Maternal western diet had limited effects on plasma parameters in the offspring 
at adult age. To elucidate the long-term effects of maternal diet, all metabolic 
parameters of offspring were compared based on the prenatal treatment; LL versus 
WL and LW versus WW.

Despite the small effects seen in western-fed dams, WW offspring reached a 
greater body weight compared to LW offspring (p<0.05, Fig. 1A). This difference in 
body weight did not relate to food intake (Fig. S1). 

Analysis of fasted plasma lipids revealed similar levels of β-hydroxybutyrate, 
non-esterified fatty acids (NEFA), triglycerides (TG) and total cholesterol (CHOL) 
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between prenatal treatment groups (Table 2). No difference was detected on fasting 
plasma glucose and insulin over the course of the experiment (Table S3). In addition, 
no decrease in insulin sensitivity was detected between offspring during an insulin 
tolerance test (Fig. S2). 

Plasma adipokines and adipose tissue derived hormones were analyzed (Table 
2). GIP, gastric inhibitory polypeptide (p<0.01, WW versus LW) and plasma GLP-1, 
glucagon like peptide (p<0.05, WL versus LL) were decreased in offspring prenatally 
exposed to the western diet. 

Table 2. Plasma parameters of male offspring at 29 weeks of age

LL WL LW WW
n 7 7 10 8

Triglycerides (mmol L -1) 0.42 (0.26-0.50) 0.59 (0.33-0.71) 0.52 (0.34-0.73) 0.49 (0.18-0.83)

Cholesterol (mmol L -1) 3.66 (2.72-3.91) 3.42 (1.98-3.92) 4.65 (2.80-5.89) 4.65 (2.56-6.67)

Free cholesterol (ng L -1) 2.34 (1.99-2.61) 2.31 (1.97-2.53) 2.49 (1.64-2.83) 2.76 (2.22-3.32)

Esterified cholesterol 

(mmol L -1)
1.08 (0.38-1.83) 1.12 (0.01-1.54) 1.94 (0.31-4.25) 2.06 (0.31-3.65)

Non-esterified fatty acids 

(mmol L -1)
0.53 (0.40-0.69) 0.50 (0.38-0.90) 0.53 (0.38-0.69) 0.42 (0.31-0.58)

B-hydroxybutyrate 

(mmol L -1)
0.75 (0.58-1.97) 0.60 (0.33-1.01) 0.32 (0.22-1.38) 0.22 (0.17-0.50)

Leptin (pg mL -1) 8.14 (2.89-22.18) 11.53 (0.58-29.35)
31.00 (22.53-

99.37)
40.27 (27.62-54.19)

Resistin (pg mL -1)
45.69 (23.57-

109.23)

66.79 (13.25-

86.45)

136.71 (79.94-

254.32)

132.41 (54.54-

184.80)

GLP-1 (pg mL -1)
43.71 (31.75-

61.23)

27.84 (9.30-

72.31)#
32.76 (4.72-78.22) 31.97 (22.01-72.31)

PAI-1 (pg mL -1) 1.23 (0.96-1.55) 1.34 (0.97-2.71) 1.66 (1.27-4.30) 1.55 (1.14-4.04

Glucagon (pg mL -1)
322.26(243.22-

393.81)

270.74 (100.08-

924.98)

2.73.98 (218.49-

655.42)

285.81 (147.50-

969.98)

Ghrelin (pg mL -1) 14.24 (5.02-20.24) 13.83 (5.66-34.81) 10.41 (6.69-14.24) 6.82 (5.66-8.83)**

GIP (pg mL -1)
229.48 (189.01-

273.83)

224.31 (161.94-

286.45)

264.96 (195.60-

396.46)

231.20 (161.32-

247.38)**

Values are median (min-mix), # P < 0.05 WL vs. LL, *P < 0.05 WW vs. LW

Maternal western diet induces fat accumulation in the liver of offspring on 
western diet. While, livers of LL and WL offspring were regarded as very similar 
in size (LL 1.20(0.80-1.80) versus WL 1.40(0.90-1.80), WW offspring displayed 
alterations in liver size (LW 1.55(1.20-2.70) versus WW 2.20(1.80-3.70), p<0.01) 
and gross morphology (Fig. 1B). Moreover, this increase in size was still seen when 
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comparing relative liver mass (to body weight) of WW with LW offspring (Fig. 1C, 
p<0.01).

This increased liver mass parallels with hepatic lipid analysis. Accumulation 
of triglycerides (p<0.01, versus LW) and cholesterol (p<0.05, versus LW) was 
measured in the livers of WW offspring (Fig. 1D). The relative amount of saturated 
fatty acids (SFA) was not affected by prenatal western-diet feeding. However, the 
relative abundance of monounsaturated fatty acids was elevated (MUFA, p<0.01, 
versus LW), while a marked reduction in polyunsaturated fatty acids (PUFA, p<0.05, 
versus LW) was observed in WW offspring (Fig. 1E). The relative amounts of stearate 
(18:0) arachidonate (20:4) and docosanoic acid (22:0) were markedly decreased in 
WW offspring (p<0.05, versus LW), whereas these were increased in WL offspring 
(p<0.05, versus LL). In contrast, the relative amounts of palmitoleate (16:1), oleate 
(18:1), cis-vaccenate (18:1) and eicosenoate (20:1) were markedly increased in WW 
offspring (p<0.05 versus LW) (Fig. S3). 

Maternal fat intake primes the progression towards development of 
steatohepatitis. Plasma alanine aminotransferase (ALT), a marker for hepatic 
damage, was normal in LL and WL offspring, but increased in the WW offspring 
compared to LW offspring (Fig. 2A, p<0.05, WW versus LW). Analysis of the aspartate 
aminotransferase (AST) showed similar results (Fig. 2B, p<0.01, WW versus LW), 
indicating that maternal western-diet feeding led to increased liver damage in the 
offspring exposed to post-weaning western diet. 

In parallel, histological analysis revealed clear evidence of liver injury in WW 
offspring, as confirmed by the Kleiner NAFLD Activity Score (Fig. 2C). Offspring fed 
the low-fat diet post weaning showed relatively normal hepatic architecture, without 
ballooning and with slight inflammation. As described above, post-weaning western 
diet led to a hepatic fatty liver in adult LW offspring. In addition, maternal western 
diet strengthened the disease progression to acute steatohepatitis (NASH) by greater 
fat infiltration in the periportal zone and increased steatosis in distinct panacinar 
zones compared to LW offspring (Fig. 2D). Increased presence of lymphocytes (CD3 
staining, Fig. 2E) and macrophages (F4/80 staining, Fig. 2F) confirmed the boosted 
inflammation in the liver of WW offspring. 

Increased hepatic inflammation and fibrogenesis in WW offspring. To characterize 
the molecular consequences of maternal western diet feeding, we assessed the 
hepatic gene expression profile by Illumina WG6 microarrays. Metacore enrichment 
analysis indicated alterations in regulatory pathways, processes and proces networks    
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Figure 1. Effects of maternal western-style diet feeding on hepatic lipids. Phenotypic characterization of 
29-week-old male offspring. LL(n=7), WL(n=7), LW (n=10), WW (n=8). A, body weight at 29 weeks of age. 
B, Livers from LL, WL, LW, and WW offspring differences in size and gross morphology. C, Percentage of 
liver weight vs. total body weight. D, Liver triglyceride and total cholesterol. E, saturated fatty acids (SFA), 
monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA) composition. *P < 0.05; **P 
< 0.01. Data expressed as median with percentiles (25-75).
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Figure 2. Exposure to western-style diet during early developmental phases and adult life induces hepatic 
steatosis. A, Plasma ALT levels. B, plasma AST levels. C, NAS activity score. D, H&E staining. E, CD3 and F, 
F4/80 stains of representative liver sections. *P < 0.05; **P < 0.01. Data expressed as median with percen-
tiles (25-75). LL (n=7), WL (n=7), LW (n=10), WW (n=8).
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between LW and WW offspring groups. Retinol metabolism and arachidonic acid 
metabolism were affected, which can lead to disturbed circadian rhythm and drive 
to the metabolic syndrome through altered glycolysis and fatty acid metabolism in 
post-weaning western diet groups. The gene-expression profile of WW offspring has 
uniquely changed in respect to inflammatory pathways, which is in concordance with 
our histological data (Table 3). 

The interaction between disrupted lipid homeostasis and immune response is 
implicated in the pathogenesis of NASH. Among key inflammatory genes, Tnfa was up 
regulated in prenatally exposed WL (versus LL) and WW offspring (p<0.05, versus 
LW). In addition, Mcp1 was highly induced in WW offspring (p<0.05, versus LW), as 
well as Cd11 (p<0.05, versus LW) and Cd68 (p<0.01, versus LW). The hepatic fibrosis 
marker, Tgfb, showed elevated mRNA level only in the WW offspring with NASH 
phenotype (p<0.05, versus LW) (Fig. 3C).

Table 3. Summary of Microarray-generated Metacore analyses in LW vs. WW offspring

P-value FDR

Differentially regulated pathways

Protein folding and mutation 0.00000 0.00001

Angiotensin system maturation

Linoleic acid/Rodent version 0.00008 0.00928

Differentially regulated processes

Response to organic substance 0.00000 0.00000

Response to stress 0.00000 0.00000

Response to endogenous stimulus 0.00000 0.00000

Response to hormone stimulus 0.00000 0.00000

Response to wounding 0.00000 0.00000

wound healing 0.00000 0.00000

Regulation of biological quality 0.00000 0.00000

Response to chemical stimulus 0.00000 0.00000

Cellular response to hormone stimulus 0.00000 0.00000

Cellular response to chemical stimulus 0.00000 0.00000

Differentially regulated networks

Inflammation_IL-6 signalling 0.00007 0.00952

Development_Skeletal muscle development 0.00033 0.02318

Development_Regulation of angiogenesis 0.00087 0.03423

Cell adhesion_Integrin priming 0.00097 0.03423

Blood coagulation 0.00176 0.03709

Cell adhesion_Cell matrix interaction 0.00184 0.03709
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Maternal fat intake induces hepatic lipogenic gene expression, in parallel to lipid 
accumulation. To further explore the hepatic lipid accumulation in WW offspring, 
we assessed the expression of genes involved in fatty acid synthesis and oxidation 
(Fig. 3A and 3B). Expression of several key genes involved in hepatic lipogenesis 
was found to be increased in WW offspring relative to LW, such as the master 
lipogenic transcription factor Srebp1c (p<0.05) and target genes  Fasn (p<0.05), 
Scd1 (p<0.001), Acc1 (p<0.05) and Elovl6 (p<0.05). The expression of Lxra was not 
affected by prenatal western diet feeding. However, the expression of Rxra, encoding 
for the heterodimer partner of LXR and the PPARs, was reduced in WW offspring 
compared to LW offspring (p<0.05). In addition, a reduced mRNA level of Ppara was 
detected (p<0.01, WW versus LW), without changes in expression of target genes. 
The mRNA level of Cidea and Cidec, involved in lipid droplet formation, was increased 
in offspring exposed to the western-style diet prenatally (WW versus LW).

Figure 3. Effect of prenatal diet on mRNA expression in the liver. A, mRNA levels of genes involved in de 
novo lipogenesis in liver. B, mRNA levels of regulatory genes in liver. C, mRNA level of inflammatory mark-
ers in liver. *P < 0.05; **P < 0.01; ***P < 0.001. Data expressed as median with percentiles (25-75). LL 
(n=7), WL (n=7), LW (n=10), WW (n=8).
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Maternal western diet increases transcription of genes involved in lipid synthesis 
and inflammation in adipose tissue. Since metabolic disorders are associated with 
adipose tissue, we examined this tissue in more detail. Alterations in the transcript 
level of the fatty acid synthesis regulating genes were observed in white adipose 
tissue (WAT). Scd1 and Elovl6 were down-regulated, while Dgat2 (p<0.05), Fatp4 
(Slc27a4, p<0.05), Lpl (p<0.05) and Fabp4 (p<0.05) were up-regulated in WW 
offspring compared to LW offspring. Furthermore, offspring exposed to the western-
style diet during developmental periods showed higher expression level of Srebp1a 
(p<0.05, LL versus WL and p<0.05, WW versus LW), Srebp1c (p<0.01, LL versus WL 
and not significant, WW versus LW) and Srebp2 (p<0.09, LL versus WL and p<0.01, 
WW versus LW) (Fig. S4A).

In parallel, the inflammatory status of WAT was characterized since low-level 
chronic inflammation of white adipose tissue is a well-documented phenomenon in 
animal and human obesity. Gene expression level of the macrophage related markers 
like F4/80 (p<0.001, LL and WL versus LW and WW), Cd11 (p<0.001, LL and WL 
versus LW and WW) and Tnfa (p<0.01, LL and WL versus LW and WW) were all 
markedly increased in the LW and WW offspring compared to LL and WL offspring. 
Moreover, WW offspring had a significantly higher expression of the pro-fibrotic 
Timp1 (p<0.01, WW versus LW) and higher transcript level of Il6 although it was 
not significant, relative to LW offspring (Fig. S4B). The expression of these genes was 
not only affected by post-weaning western feeding alone, demonstrating significant 
positive interaction between prenatal exposure to western diet in inducing adipose 
tissue inflammation.

Maternal western diet modifies the hepatic DNA methylation pattern of Lpl, Fasn, 
Insig2, Lxra, Pgc1a and the Ppara imprinted region. DNA methylation changes 
have been shown to be important for long-term regulation of gene expression. We 
selected several key metabolic genes for methylation analyses. Genes that have a 
regulatory function in metabolism and a relatively CpG rich promoter were analysed: 
Lxra, Insig2, Ppara, Pgc1a, Fasn and Lpl. The results of the DNA methylation analysis 
in liver tissues are shown in Fig. 4. Lxra, Insig2, Ppara, Fasn and Lpl genes showed 
higher methylation levels of at least one individual CpG position related to the 
maternal diet. Pgc1a, on the other hand, showed reduced methylation at the first CpG 
position (LW vs WW). Only for Fasn was the difference in methylation so high that 
also the average of all methylated sites was increased (WW vs. LW).
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Figure 4. Levels of DNA methylation in key metabolic genes in the liver. Methylation levels of consecutive 
CpG positions and their average of A, Lxra, B Insig2, C Ppara, D Pgc1a, C, Fasn, and F Lpl. *P < 0.05. Data 
expressed as median with interquartile range (25-75). LL (n=7), WL (n=7), LW (n=10), WW (n=8).

Discussion

This study investigated the role of a maternal western diet (rich in energy, fat 
and cholesterol) on the development of adult metabolic disease susceptibility 
of the offspring. Using a mouse model of maternal western-style diet feeding 
we further strengthen the concept that early developmental phases are critical 
to the development and progression of the metabolic syndrome. In our study 
WW offspring - the combination of maternal and offspring western diet feeding - 
presented increased weight gain, hepatic hyperlipidemia as well as increased liver 
injury, confirmed by histopathological characterization and verification by hepatic 
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expression of inflammatory markers. Whether these physiological changes, seen 
in offspring prenatally exposed to western diet, are induced by elevated dietary fat 
content per se or is instead due to a change in dietary fatty acid composition was not 
addressed in this experimental design. 

Murine models have consistently described lipid abnormalities in offspring 
exposed to a high fat diet during early phases of development [16-19,24,26,55,56,61]. 
We here compared western type diet (moderate fat and cholesterol) to matched 
semisynthetic control diet. In contrast to these studies, where obesogenic diets have 
been used, our feeding regimen did not lead to maternal obesity or maternal insulin 
resistance, since dams on western diet had a comparable caloric intake as control 
dams by eating less. We have started feeding the different diets several weeks before 
mating, to guarantee a steady state situation in the dams and to avoid abrupt metabolic 
changes during pregnancy. Otherwise, direct stress effects of a dietary change on the 
embryo and fetus could have occurred. Still, our data clearly indicate that maternal 
western diet intake, even without maternal obesity and/or insulin resistance, has an 
effect on the metabolism of offspring, predisposing them to development of NAFLD 
later in life. Hence, our study extends the data from our colleagues with the novel 
finding that maternal obesity is not required for programming of NAFLD, but that an 
isocaloric shift from carbohydrate to fat in the diet is already sufficient. 

The pathogenesis of NAFLD is considered a two-hit model. The “first hit” (fat 
accumulation) sensitizes the liver to injuries caused by one or more additional 
factors, while the “second hit” leads to the development of fibrosis [62]. Following this 
suggested model, the “first hit” in this study could be the dysregulated fat metabolism 
in WW offspring, derived from an increased de novo lipogenesis, increased lipid 
storage and decreased oxidation.

Increased de novo lipogenesis in this model could be mediated through increased 
expression of Srebp1c and downstream target genes. The hepatic SREBP1c mediated 
pathways are known to be activated by insulin and Lxra [63]. In our model, however, 
the WW offspring did neither show an alteration in the transcript level of Lxra, nor 
in the expression of corresponding Lxra target genes. It has been shown that PUFA 
suppress the activity of Srebp1c, independent of Lxra, by enhanced degradation of 
Srebp1c mRNA and stimulated proteasomal degradation of SREBP proteins [64]. 
Therefore, we suggest that the increased level of Srebp1c is induced by the decreased 
level of hepatic PUFA. 

In addition to decreased levels of hepatic PUFA in WW offspring, there was an 
increase in MUFA. This tilt of the balance towards MUFA formation may be caused by 
the upregulation of Scd1, shown to play a key role in adequate storage and hence the 
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development of hepatic steatosis [65]. Adequate storage of lipids is further promoted 
by the CIDE family proteins [66,67]. Increased hepatic mRNA expression of Cidea 
and Cidec was present in WW offspring indicative of abnormal elevation of lipid 
droplet formation. Cidea mRNA expression has been shown to be highly correlated 
with the development of hepatic steatosis in humans [67]. CIDEC also mediated the 
development of hepatic steatosis [68]. In the development of NAFLD CIDE family 
members could be a promising sign of altered lipid accumulation.

The “second hit” in the development of NASH encompasses a variety of factors. 
These factors include hepatocyte organelle (particularly mitochondria) malfunction, 
peroxisome proliferator-activated receptor dysfunction and inflammation [69]. 
Firstly, mitochondrial dysfunction has been proposed as an important mechanism 
in the development of NASH in offspring from high fat diet fed dams [18]. While 
we did not address electron transport activity, WW offspring show signs of altered 
mitochondrial function e.g. microvesicular fat accumulation, decreased plasma 
β-hydroxybutyrate and down regulation of Ppara mRNA. We could assume that 
peroxisomal and mitochondrial β-oxidation systems are not appropriately up-
regulated to match the increased production of fatty acids.

Secondly, inflammation could be a key process to initiate the development of 
NASH. In our model, pre- and post-weaning western-diet feeding led to increased 
Tnfa levels in the liver, this increase has been shown to be involved in the recruitment 
of circulating macrophages, activation of Kupffer cells and hepatic stellate cells. 
Likewise, the higher expression of Tgfb in WW offspring indicates the initiation of 
these intracellular signaling cascades through the activation of hepatic stellate cells. 
This recruitment in WW offspring contributed to the more severe liver injury seen.

Moreover, in WAT there was an increased expression of inflammatory markers 
like Cd38 and Timp1. Interestingly, under obese conditions, low level chronic 
inflammation and macrophage infiltration into white adipose tissue is a well-
documented phenomenon in NAFLD [70].

Among the different mechanisms that could lead to inter-individual differences, 
the epigenetic regulation of gene expression has emerged as a potentially important 
contributor. One such contributor, which has been established as playing a role in 
the programming of offspring through maternal nutrition, is the methylation of 
CpG islands [13]. We have previously described, in a programming model of protein 
restriction, that the CpG methylation of Lxra is altered [35]. In contrast to the protein 
restriction model, we now found no differences in Lxra methylation. However, 
another important regulator, Ppara, showed significant methylation differences in 
several CpG positions; this might explain the loss of up regulation of this gene. This 
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finding has been described earlier in a model of maternal protein restriction [71]. 
The regulatory region of Ppara belongs to the most sensitive metabolic programming 
target, in a nutritional perspective. Our results further support the theory that 
maternal over-nutrition leads to altered DNA methylation pattern of the offspring 
during their development and influencing their later health.

In summary, hepatic triglyceride accumulation in WW offspring was attributed 
to up regulation of de novo fatty acid synthesis via activation of Srebp1c, failure to 
up regulate mitochondrial B-oxidation and fatty acid export. We propose that the 
major force in the disease progression from NAFLD to NASH of WW offspring is 
inflammation due to programmed effects of maternal western diet. First epigenetic 
changes have been described here, but a genome wide approach will be required to 
unravel the complete underlying network of regulation.
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Supplementary Figures and Tables

Table S1. List of primers used for pyrosequencing of bisulfite converted genomic DNA

Gene Primer Sequence (‘5 to 3’) Annealing 
temperature

Product 
length (bp)

Pgc1a
Forward
Reverse
Sequencing

TGTTTTAGGGGAAAGTTTGAGTAAGT

5’-biotin-CTTAACCCTAAAAATTACCCTA

TGATTTTGGTGAGAT

60 161

Lxra
Forward
Reverse
Sequencing

GGGAGGTTGGGAATATAGGT

5’-biotin-TCAATCACCCCCACCCTAATC

AGGTTGGGGTTTGGT

60 140

Ppara
Forward
Reverse
Sequencing

GATAGTGAGGTGGGTGGATAG

5’-biotin-ACCCTCTCCAATAACTATAAATCTC

TGGATAGGGAGGGGA

60 162

Figure S1. Food intake of  offspring  averaged over several weeks. A, Food intake per day. B, Fat intake 
per day. C, Feeding efficiency. Data expressed as median with percentiles (25-75). LL (n=7), WL (n=7), LW 
(n=10), WW (n=8).
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Table S2. Plasma glucose and insuin levels at different time-points.

LL WL LW WW
 Glucose (mmol L -1)

8 10.0 (8.0-15.8) 9.5 (8.7-13.6) 12.3 (9.4-13.1) 12.3 (9.0-16.8)

19 9.5 (8.1-15.1) 9.7 (8.8-11.6) 11.5 (10.4-14.3) 11.5 (8.8-19.7)

29 6.2 (5.3-8.8) 7.4 (4.9-8.6) 8.6 (6.1-10.0) 9.6 (6.6-10.7)

Insulin (ng mL -1)

9 0.23 (0.14-0.45) 0.26 (0.13-2.00) 0.99 (0.15-6.87) 1.59 (0.10-3.22)

20 0.17 (0.10-0.28) 0.23 (0.14-0.83) 1.03 (0.29-1.23) 1.11 (0.38-1.25)

29 0.29 (0.07-0.45) 0.20 (0.05-0.83) 0.75 (0.34-1.09) 0.84 (0.65-1.94)

Time in weeks after weaning. Mice were fasted for 4h in week 8, 9, 19 and 20. Mice were fasted for 12h at 
termination. n=7-10. Values are median (min-max).

 Figure S2. Insulin tolerance test.
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 Figure S3. Hepatic lipid analysis. N=7-10, values are median with percentiles (min-max).
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 Figure S4. Effect of prenatal diet on mRNA expression in white adipose tissue. A, mRNA levels of genes 
involved in fatty acid synthesis. B, mRNA level of inflammatory markers. *P < 0.05; **P < 0.01; ***P < 0.001. 
Data expressed as median with percentiles (25-75). LL (n=7), WL (n=7), LW (n=10), WW (n=8).
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Abstract 

Maternal diet is associated with the development of metabolism-related and 
other non-communicable diseases in offspring. Underlying mechanisms, functional 
profiles, and molecular markers are only starting to be revealed. Here, we explored 
the physiological and molecular impact of maternal Western-style diet on the liver 
of male and female offspring. C57BL/6 dams were exposed to either a low fat/
low cholesterol diet (LFD) or a Western-style high fat/high cholesterol diet (WSD) 
for six weeks before mating, as well as during gestation and lactation. Dams and 
offspring were sacrificed at postnatal day 14, and body, liver, and blood parameters 
were assessed. The impact of maternal WSD on the pups’ liver gene expression was 
characterised by whole-transcriptome microarray analysis. Exclusively male offspring 
had significantly higher body weight upon maternal WSD. In offspring of both sexes 
of WSD dams, liver and blood parameters, as well as hepatic gene expression profiles 
were changed. In total, 686 and 604 genes were differentially expressed in liver (p 
≤ 0.01) of males and females, respectively. Only 10% of these significantly changed 
genes overlapped in both sexes. In males, in particular alterations of gene expression 
with respect to developmental functions and processes were observed, such as Wnt/
beta-catenin signalling. In females, mainly genes important for lipid metabolism, 
including cholesterol synthesis, were changed. We conclude that maternal WSD 
affects physiological parameters and induces vital changes in the molecular profile 
of the liver in two-week-old pups. Remarkably, the observed biological responses of 
the offspring reveal pronounced sex-specificity
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Introduction 

Incidence of metabolic syndrome and other non-communicable diseases 
increased epidemic-like over the last decades. This not only puts a heavy burden 
on the individual, but also on the health care systems worldwide [71,72]. It is 

commonly accepted that food patterns, such as a Western-style high fat diet (WSD), 
have a causal link to the development of metabolic syndrome and cardiovascular 
diseases [73-75]. In general, WSDs refer to highly processed diets that are rich in 
calories and have a high (saturated) fat and cholesterol content. Nowadays, this kind 
of food pattern is increasingly replacing a healthy low fat diet (LFD) in Western, as 
well as in newly industrialized countries (‘emerging economies’) [76-79]. 

Apart from the direct impact of nutrition on the individual’s health, an increasing 
number of studies substantiates that early-life nutritional cues co-determine the 
health status in later life by metabolic programming [80-83]. Currently, understanding 
of the metabolic programming mechanisms is still incomplete. Yet, evidence from 
human and animal studies progressively demonstrates that early-life nutrition affects 
the offspring’s epigenome, which is associated with gene expression status and adult 
health eventually [35,36,84,85]. Besides the pre-conceptional period, where the 
oocyte and sperm can be affected by nutritional and environmental factors [86,87], 
the foetal and early post-natal stages seem to be the main susceptible periods for 
metabolic programming [83,88]. In these perinatal periods, offspring’s nourishment 
is essentially provided by the mother, therefore basically linked to the maternal diet. 
To date, the impact of varying maternal high fat diets (HFD) on the adult offspring 
was investigated in several animal studies, reporting primarily on physiological 
outcomes. Essentially, features of metabolism-related diseases were observed, 
including obesity, hypertension, poor glycaemic control, dyslipidaemia, and the 
development of diabetes and fatty liver [15,16,89-93]. Thereby, sex-specificity 
regarding nature and severity of effects was reported [15,16,89-92,94]. Knowledge 
of related molecular mechanisms is scarce and results mainly from targeted 
approaches. Hence, it is fragmentary and limited to selective genes and functions, 
including alterations in the hypothalamic regulation of energy homeostasis, as well 
as regulation of a limited number of genes and proteins related to liver development 
and function [15,36,91,92,95-97]. 

Moreover, most studies on the effects of maternal diet are designed to determine 
long-term effects on the offspring’s health, and focus on the adult period when 
disease patterns are distinct. During growing up, numerous factors act upon the 
offspring, which presumably blur the critical molecular impact of the maternal diet 
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that account for metabolic programming effects. To circumvent this problem and 
to eliminate influencing factors apart from maternal diet, analysis of pre-weaning 
offspring will contribute to the understanding of the direct molecular impact of 
maternal diet and its influence on the offspring’s health status in adult life. 

In the present study, we aimed to characterise the direct molecular impact of 
maternal WSD and its relation to the phenotype of young pre-weaning C57BL/6 
offspring. Importantly, we also considered potential sex-specificity of effects by 
analysing both male and female two-week-old offspring of dams receiving either a 
LFD or a WSD. In all mice, body, liver, and blood lipid parameters were determined 
and the liver transcriptome was monitored by microarray analysis. Our results 
indicate that maternal WSD has a clear impact on young offspring, which shows a 
strong sex-dependency for the physiological, as well as for the molecular outcome. 

Methods 

Ethics Statement 
The national and institutional guidelines for the care and use of animals were 

followed and the experimental procedures were approved by the Ethics Committees 
for Animal Experiments of the University of Groningen, The Netherlands (code 5709). 
All efforts were made to minimize suffering. 

Animals and Diets 
Female C57BL/6 mice (five weeks of age) were purchased from Harlan (Horst, 

The Netherlands) and housed individually in the light- and temperature-controlled 
facility of the University Medical Center Groningen (lights on 7:00 am-7:00 pm, 21°C). 
The mice had free access to drinking water and were randomly assigned to either a 
semi-synthetic low fat control diet (LFD, 3.85 kcal/g; 10 E% fat, 20 E% protein, 70 
E% carbohydrate; D12450B, Research Diets, New Brunswick, USA) that contained 
low amounts of cholesterol from lard (18.0 mg cholesterol/kg) or a semi-synthetic 
energy rich Western-style high fat diet (WSD, 4.73 kcal/g; 45 E% fat, 20 E% protein, 
35 E% carbohydrate; D12451, Research Diets) that contained a high cholesterol 
content from lard (196.5 mg cholesterol/kg). After 6 weeks on their respective diets 
(pre-treatment period), the female mice were mated with males on control diet. In 
case conceiving failed, mice were allowed to re-mate. Throughout pregnancy and 
lactation, the dams received the same diets as during pre-treatment (Figure 1). Mice 
were allowed to deliver spontaneously and were left undisturbed with their litters for 
24 h. Litter sizes were standardized to 5-7 pups, to ensure no litter was nutritionally 
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biased. By natural circumstances, the litter size of some dams was reduced further, 
but not changing the overall male/female ratio within the diet significantly. Two 
weeks into lactation, dams and offspring were terminated by heart puncture under 
isoflurane anaesthesia. Blood was drawn and livers were dissected, weighed, snap-
frozen in liquid nitrogen, and stored at -80 ºC until further use. Both male and female 
offspring were included into further analysis, resulting in four experimental groups: 
male offspring from maternal LFD (m-LF; n = 6), male offspring from maternal WSD 
(m-WS; n = 6), female offspring from maternal LFD (f-LF; n = 9), female offspring 
from maternal WSD (f-WS; n = 6). 

Plasma lipids 
Commercially available kits were used according to the manufacturers’ instructions 

to determine the lipid profiles, including triglycerides (Roche Diagnostics, Mannheim, 
Germany), total and non-esterified cholesterol (DiaSys Diagnostic Systems, Holzheim, 
Germany), and non-esterified fatty acids (Wako, Neuss, Germany) in blood plasma of 
dams and offspring. 

RNA Isolation 
Total RNA was isolated from liver samples using TRIzol reagent (Invitrogen, 

Breda, The Netherlands), treated with DNAse, and purified on columns (RNAeasy 
microkit, Qiagen, Venlo, The Netherlands), all according to the manufacturers’ 
instructions. RNA concentration was determined using the NanoDrop ND-1000 UV-vis 
spectrophotometer (Isogen, Maarsen, The Netherlands). RNA integrity was verified 
on an Agilent 2100 Bioanalyzer with the 6000 Nano Kit using the Eukaryote Total 
RNA Nano assay according to the manufacturer’s instructions (Agilent Technologies, 
Amsterdam, The Netherlands). Samples were considered suitable for hybridization 
when they showed intact bands of 18S and 28S ribosomal RNA subunits, displayed no 
chromosomal peaks or RNA degradation products, and had a RNA integrity number 
(RIN) above 8.0. 

Microarray Hybridization and Analysis 
Per offspring liver sample, 100 ng of purified RNA was used for the preparation 

of labelled cDNA, applying the Ambion Whole Transcript (WT) Expression kit (Life 
Technologies, Carlsbad, USA) in combination with the Affymetrix GeneChip WT 
Terminal Labelling kit (Affymetrix, Santa Clara, USA). All samples were hybridized 
at one time point to Affymetrix GeneChip Mouse Gene 1.1 ST arrays according to 
standard Affymetrix protocols. Quality control and normalisation were performed 
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using Bioconductor software packages integrated in an on-line pipeline [98]. 
Normalised expression estimates of probe sets were computed by the robust 
multiarray (RMA) analysis algorithm available in the Bioconductor library AffyPLM 
using default settings [99]. Probe sets were redefined according to Dai et al. [100] 
and assigned to unique gene identifiers (IDs) of the Entrez Gene database, resulting 
in 19,682 assigned Entrez IDs. Array data were submitted to the Gene Expression 
Omnibus and are available under accession number GSE46359. 

Bioinformatic Analysis 
Of the 19,682 defined genes covered by the microarray, only genes with an intensity 

value of ≥ 20 on at least 4 arrays and an interquartile range (IQR) ≥ 0.1 were selected 
for further analysis. The remaining 11,362 genes were ranked based on their IQR 
value, and principal component analysis (PCA) was applied on the top 1,000 most 
variable genes using MultiExperimentViewer, version 4.8.1 [101,102]. Signal 2log 
ratios, which represent fold changes (FC), and related significances of change were 
calculated from the mean signal intensities of maternal WSD groups and maternal 
LFD groups using intensity based-moderated t-statistics (IBMT) implementing 
empirical Bayes correction [103]. Resulting 2log ratios and p-values were applied 
for further descriptive bioinformatic analysis of the data. Results of quantitative real-
time PCRs that confirm the microarray data are presented as Supporting Information 
(Figure S1). 

Ingenuity Pathway Analysis (IPA, Ingenuity® Systems, www.ingenuity.com) was 
used to relate the microarray data to biological functions and canonical pathways. 
Genes that significantly changed in expression due to maternal diet (p-value ≤ 0.01) 
were subjected to this comprehensive pathway and network analysis. 
Gene sets related to biological functions that were most significant to the data, were 
expressed in heat maps using MultiExperimentViewer, version 4.8.1 [101,102]. By 
hierarchical clustering based on Pearson correlation, gene data were organized into 
binary trees that group similar elements together. 

Statistical analysis 
All physiological data are expressed as means ± standard deviation (SD). In dams, 

the differences between the mean values of the two diet groups were tested for 
statistical significance with a Student’s t test. In offspring, effects of maternal WSD 
were tested by comparing mean values within one sex-group using one-way ANOVA 
and the Tukey post hoc test (SPSS Inc., Chicago, USA). For all tests, p-values ≤ 0.05 
were considered statistically significant.
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Results 

Body, liver, and blood parameters of dams and two-week-old offspring 
To determine the impact of maternal diet on the body’s physiology and molecular 

function of the offspring’s liver, C57BL/6 dams were fed either a low fat diet (LFD, 
10 E% fat, 18.0 mg cholesterol/kg) or Western-style high fat diet (WSD, 45 E% fat, 
196.5 mg cholesterol/kg) six weeks pre-mating and continued during pregnancy and 
lactation (Figure 1).

 Figure 1. Study design

Dams on LFD and WSD had similar body weights at the different measuring time 
points (data not shown), but at sacrifice. At sacrifice, WSD dams had a significantly 
higher body weight than LFD dams, accompanied by lower liver weight/body 
weight ratios at similar liver weights (Table 1). Fasted blood parameters, including 
triglycerides (TG), cholesterol, and non-esterified fatty acids (NEFA) were comparable 
at this time point. 

Table 1. Physiological parameters in dams fed LFD or WSD at two weeks post- delivery

LFD WSD

Body wight (g) 27.3±1.67 32.21±1.19*

Liver weight (g) 2.28±0.31 2.00±0.15

Ratio liver/bodyweight (%) 8.33±0.64 6.22±0.31**

Plasma lipids

Triglycerides (mmol L -1) 0.62±0.10 0.73±0.06

Cholesterol (mmol L -1) 1.70±0.40 2.50±0.79

Non-esterified fatty acids (mmol L -1) 0.22±0.04 0.32±0.09

*P <0.05, **P <0.01
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The body weight of offspring from WSD and LFD dams at postnatal day (PD) 8 
and PD14 (sacrifice) showed a significant increase over time that was independent 
from sex or diet (Figure 2A). At both time points, male offspring of WSD dams were 
significantly heavier than offspring of LFD dams. For female offspring, significant 
differences in body weight were not detected at any time (Figure 2A). In both sexes, 
liver weight was significantly higher at sacrifice in offspring of WSD dams, leading to 
a significant increased liver weight/body weight ratio in WSD females only (Figure 
2B and C). For blood parameters, likewise differences between the sexes were 
observed: in male offspring of WSD dams, plasma TG and plasma cholesterol levels 
were significantly higher and lower, respectively, when compared with offspring 
from LFD dams (Figure 2D). In females, only NEFA plasma levels were affected by the 
mother’s diet, and were significantly lower in WSD offspring (Figure 2D). 

Changes in gene expression upon maternal WSD 
To evaluate the molecular effects of maternal WSD during the pre- and gestational 

period and during lactation, we performed microarray analysis (MA) on liver 
RNA from two-week-old offspring. The distribution of IBMT p-values of resulting 
data indicated a similar gene expression profile for males and females at baseline 
(maternal LFD) and differential gene expression between maternal WSD and LFD 
exposures in all offspring (data not shown). Principal component analysis (PCA) 
of the top 1,000 most variable genes was performed, using the inter quartile range 
(IQR) of all samples as indicator of variability of gene expression. As shown in Figure 
3A, the samples distinctly separate into two clusters by principle component (PC) 
1, which accounts for 28% of the gene expression variation. One cluster contains 
the male samples and the other one the female samples. Within the males, another 
moderate clustering by PC2 (20%) was detected. It mainly separates the group of 
male offspring from LFD dams from the group of male offspring from WSD. Still, one 
male pup of maternal LFD (m-LF6) rather clustered with the male offspring of the 
WSD dams. This is probably caused by an idiosyncratic gene expression profile, as 
this mouse showed similar behaviour in the heat maps (see below) of Wnt/beta-
catenin pathway and fatty acid metabolism, but not in the cholesterol metabolism. 
In females, a pronounced second clustering by PC2 was not detectable. In addition, 
no clear separation was visible with further components (e.g. PC3 and PC4, data not 
shown). 

Using the offspring of LFD dams as a reference, we calculated 2log ratios of 
gene expression in male and female offspring of WSD dams separately, to identify 
differentially expressed genes between diets within the two sexes. Thereby, a 2log 
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Figure 2. Offspring’s body, liver and blood parameters. (A) Body weight at postnatal day (PD) 8 and 14, 
(B) liver weight at PD 14, (C) liver weight/body weight ratio, and (D) plasma triglycerides (TG), cholesterol 
(Cho) and non-esterified fatyy acids (NEFA)were determined in offspring of maternal LFD of maternal 
WSD. Data as median with percentiles (min-max). *P < 0.05, **P < 0.01.
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ratio of 1 corresponds to a fold change (FC) of 2. Plotting the ratios for the whole 
gene set in a scatter plot (Figure 3B) revealed that gene expression of male offspring 
was strongly affected by maternal WSD, with ratios from -2.22 to 1.87. In females, 
the response was weaker (ratios between -0.89 and 1.32) and did not correlate 
with the male response. Although numerous genes in females were regulated in the 
same direction as in males upon maternal WSD, a substantial number was regulated 
oppositely. 

In total, a maternal WSD caused approximately the same number of significantly 
(p ≤ 0.01) differentially expressed genes in male and female offspring, 686 and 
604 genes respectively (Figure 3C). In both cases, about half of these differentially 
expressed genes were up-regulated and half were down-regulated by maternal WSD. 
Interestingly, comparison of the subsets of significantly up- and down-regulated 
genes revealed that only about 10% of the up- or down-regulated genes overlapped in 
both sexes (Figure 3D). In addition, there were also four genes that were significantly 
differentially expressed by maternal WSD, but in opposite directions in males and 
females (Table 2). 

Table 2. Genes that are differentially regulated (p<0.01) upon maternal WSD in male and female offspring 
(for functional information see Gene lists S1)

Up-regulated in males and 
females

down-regulated in males and 
females Oppositely regulated

Akr1c13 Ncl Ang Prpf4 9030625A04Rik

Atp5c1 Nid2 Bmyc Rarres1 Abcg8

Atp6v0e Pcyt1a Casp8 Rnase4 Mrgpre

Bcas2 Pgrmc2 Cldn25 Rnd2 Paqr9

Ccbl1 Phpt1 Gdf10 Sntb1

Ces1e Ppa1 Gfra1 Steap2

Ces1g Ppap2c Grtp1 Syt1

Chst3 Psmb10 Igsf9 Tmem200b

Clec2h Qdpr Isyna1 Tox

Ctnnbip1 Sdhb Itih5 Zfhx2

Dnahc11 Slc36a1 Leprotl1 Zfp27

Idh2 Slc9a3r1 Mustn1

Il7 Sqrdl Mxra8

Krt20 Susd1 Myo15b

Meg3 Tead1 NA

Mgea5 Olfml1
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Changes in biological functions and pathways upon maternal WSD 
To investigate which biological functions and pathways the differentially 

regulated genes affect, data were analysed using Ingenuity Pathway Analysis (IPA). 
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Figure 3. Maternal diet-induced profiles of liver gene expression and biological functions. (A) PCA was 
performed with the top 1,000 most variable genes (based on IQR) of the microarray analysis. (B) The 
gene expression response (displayed as 2log-ratio of maternal WSD-maternal LFD) of male and female 
offspring is plotted against each other. (C) By maternal WSD significantly up- or down-regulated genes (p ≤ 
0.01) are shown for male and female offspring. (D) Significantly up- or down-regulated genes (p ≤ 0.01) in 
both sexes were compared and are shown as Venn diagrams. (E) and (F) Ingenuity Pathway Analysis (IPA) 
was carried out on genes that were significantly differentially expressed upon maternal WSD. The top 25 
regulated biological functions in males and females respectively, are displayed. Hatched bars = biological 
functions that occur in the top 25 of both sexes. Filled bars = biological functions that are specific for one 
sex. Sys = System.
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As can be seen in Figure 3E and 3F, 13 of the top 25 regulated biological functions 
were regulated in both sexes, but differed in ranking. The remaining 12 regulated 
biological functions differed between males and females (Figure 3E and F). In IPA, 
the significance of regulation of a biological function is indicated by –log(p-values), 
which are calculated based on the number of regulated genes in relation to the total 
number of genes attributed to the function. Thereby, a –log(p-value) of 10 relates 
to a p-value of 1.0*10-10 and a –log(p-value) of 5 relates to a p-value of 1.0*10-5. 
In males, the top 10 regulated biological functions had –log(p-values) between 9.82 
and 5.28. In females, the regulation of biological functions was less pronounced, with 
maximal –log(p-value) of 4.96. 

In males, the strongest regulated biological functions included most notably 
(cell) developmental functions, such as Cellular Growth & Proliferation, Cellular 
Development, and Haematological System Development. In contrast, in females, 
especially functions that relate to metabolism and energy homeostasis were among 
the highest regulated functions, including Lipid metabolism, Vitamin & Mineral 
Metabolism, and Energy Production. Except for Energy Production, the above-
mentioned functions were also listed in the top 25 of the other sex, but on a much 
lower rank. 

Differential gene expression of the Wnt2-related gene set 
Various pathways and sub-functions correspond to biological function categories 

in IPA. Figure 4 and 5 display heat maps of gene sets that relate either to developmental 
or metabolic functions, which were regulated upon maternal WSD according to IPA. 
Represented gene sets were received from the integrated knowledge base of IPA and 
the KEGG pathway database. Only genes significantly differing in gene expression 
depending on maternal diet in at least one of the sexes are displayed. 

The Wnt/beta-catenin signalling pathway (Figure 4), which is a representative 
pathway related to cell development, growth, and proliferation, was indicated by 
IPA to be significantly regulated in males upon maternal WSD. The responding gene 
set contained 32 genes, which showed moderate interindividual variability of gene 
expression at baseline (maternal LFD). Basal expression levels of the Wnt/beta-
catenin pathway genes were alike in both sexes, with exception of two genes (Smad3 
and Tle2), which were significantly but only slightly differentially expressed in male 
and female offspring of maternal LFD (FC = 1.13 and 1.14 respectively). 

Upon exposure to maternal WSD, clear and interindividual steady differential 
expression of 25 genes of the Wnt/beta-catenin set was detected in male offspring. 
By hierarchical clustering of the genes based on Pearson correlation, two main 
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clusters were formed, largely representing subsets of up- and down-regulated genes 
in male offspring from maternal WSD. The subset of up-regulated genes primarily 
contained factors that are indicated as negative regulators of Wnt/beta-catenin 
signalling (Med12, Sox9, TCF3, Ctnnbip1, Hdac2), or as negative regulators of cell 
proliferation (Stk11, Slc9a3r1). The set of down-regulated genes predominantly 
consisted of factors indicated as direct members of the Wnt/beta-catenin signalling 
pathway (Wnt2, LRP5, TCF7), or as positive regulators of Wnt/beta-catenin signalling 
(Bmp2, Dab2). There were few exceptions to these findings within the clusters: DKK3 
and Gpc3, which are negative regulators of Wnt/beta-catenin signalling, were among 
the down-regulated genes, and Dixdc1 and SMAD3, which are indicated as positive 
regulators were among the up-regulated genes. 

In female offspring, the overall effects of maternal WSD were interindividually 
inconsistent and more subtle than in males. Only nine genes were significantly 
affected, forming a small subgroup of mostly up-regulated genes. Even though 
the group contained the two genes that were significantly regulated in both sexes 
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Figure 4. Heat map of Wnt/beta-catenin pathway. The Wnt/beta-catenin gene set was hierarchically 
clustered based on Pearson correlation. Gene expression values are displayed on colour scale: blue 
indicates lower values than average of maternal LFD-group of respective sex; orange indicates higher 
values than average of maternal LFD-group of respective sex. (m) = gene was significantly changed in male 
offspring upon maternal WSD. (f) = gene was significantly changed in female offspring upon maternal 
WSD. p-values ≤ 0.01 were considered significant.
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(Ctnnbip1 and Slc9a3r1), the sets of up-regulated genes in males and females differed 
essentially from each other. A set of consistently down-regulated genes in females 
was not clearly distinguishable. 

Different sub-functions and differential gene expression of the lipid metabolism 
gene sets 

For males, IPA indicated 16 different sub-functions of lipid metabolism that were 
significantly regulated (p ≤ 0.05) and contained at least seven molecules (Figure 5A). 
In females, 11 sub-functions of lipid metabolism matched the same criteria (Figure 
5B). Yet, only four of these sub-functions overlapped in males and females. 

For selected sub-functions of lipid metabolism - Fatty Acid Metabolism, 
Metabolism of Cholesterol, and Concentration of Cholesterol - the relevant gene 
lists were extracted from IPA and heat maps were generated. According to IPA, Fatty 
Acid Metabolism (represented by a gene set of 58 genes) was regulated in both 
sexes. Basal (= maternal LFD) expression levels of all genes were similar in males 
and females, showing moderate interindividual variability (Figure 5C). In offspring 
from WSD dams, pronounced differential gene expression was seen in both sexes. By 
hierarchical clustering based on Pearson correlation, four main clusters were formed 
(uppermost = cluster 1; lowermost = cluster 4). Cluster 1 and cluster 4 represented 
the groups of down- and up-regulated genes in male offspring, respectively. In females, 
cluster 2 containing the down-regulated genes and cluster 3 and 4 containing the up-
regulated genes of Fatty Acid Metabolism. Thereby, five genes of the whole set were 
significantly regulated in both sexes (Abcg8, Casp8, Pcyt1a, Sdhb, Slc36a1), and 53 
genes only in one sex. 

Cholesterol Metabolism and Cholesterol Concentration were indicated to be 
significantly regulated exclusively in female and male offspring, respectively. The 
combined gene set consisted of 24 genes, whose basal expression levels were similar 
in both sexes, but showed moderate to strong interindividual variation (Figure 5D). 
Upon maternal WSD, differential gene expression in both sexes was visible. The 
three clusters (cluster 1 – 3) that formed upon hierarchical clustering with Pearson 
correlation contained either down-regulated genes (cluster 1) or up-regulated genes 
(cluster 2) in males, or up-regulated genes (cluster 3) in females. The up-regulated 
genes in males included factors relevant for cholesterol transport (Abcg5, Abcg8, 
Apoa2, Nr1h2), while the up-regulated genes in females predominantly related to 
cholesterol biosynthesis. Only one gene (Abcg8) was significantly regulated in both 
sexes. 

In summary, the data presented in Figure 5 show that gene expression at baseline 
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did not differ between the sexes, but interindividual variations were observed. Upon 
exposure to maternal WSD pronounced gene expression changes occurred in males 
and females that differed clearly between the sexes. Furthermore, depending on the 
biological function certain individual mice had stronger responses than others, but 
not always the same individual mice had the strongest response. 
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Figure 5. Lipid metabolism in offspring of maternal WSD represented by sub-functions and heat maps. 
(A) and (B) display sub-functions of lipid-metabolism that were according to IPA significantly regulated 
(p ≤ 0.05) upon maternal WSD in males or females respectively and contained ≥ 7 regulated molecules. 
Hatched bars = sub-functions that are regulated in both sexes. Filled bars = sub-functions that are 
specific for the sex. Syn = Synthesis; Conc = Concentration; Metab = Metabolism; Transp = Transport; 
Accu = Accumulation; Terp = Terpenoid; Cho = Cholesterol; DAG = Diacylglycerol; FA = Fatty Acid. (C) 
and (D) show hierarchical clustered heat maps of the fatty acid metabolism gene set and the cholesterol 
metabolism gene set, respectively. Hierarchical clustering of gene sets was based on Pearson correlation. 
Gene expression values are displayed on colour scale: blue indicates lower values than average of maternal 
LFD-group of respective sex; orange indicates higher values than average of maternal LFD-group of 
respective sex. (m) = gene was significantly changed in male offspring upon maternal WSD. (f) = gene was 
significantly changed in female offspring upon maternal WSD. p-values ≤ 0.01 were considered significant.

Proefschrift G.M.M. Pruis _ RUG.indd   57 17-11-2015   21:45:19



Discussion 

To date, the concept of metabolic programming, which refers to the link of 
maternal nutrition with the predisposition of the offspring for non-communicable 
diseases, is widely accepted. Rodent studies consistently demonstrate that maternal 
high fat intake is associated with the development of metabolic abnormalities in 
adolescent and adult offspring. In general, this is independent from the sex and 
the post-weaning diet of the offspring [18,19,104]. However, the specific nature 
and severity of the observed abnormalities, including obesity, disturbed glycaemic 
control, and fatty liver, can still be influenced by sex and the post-weaning diet, 
respectively [15,16,91]. A likely explanation for this may be that similar outcomes 
(fatty liver, body weight changes, etc.) can putatively be achieved by different 
mechanisms in males and females. Therefore, on top of the physiology the underlying 
molecular networks need to be characterised. Moreover, it is critical to study the 
initiating phase of programming, thus when the offspring is still under the influence 
of the maternal diet. 

While a large number of publications deal with the long-term consequences of 
varying maternal diets on the offspring’s physiology and health in adulthood, the 
immediate effects in young offspring are mostly unexplored. To get more insight into 
this early phase, in the present study, we analysed young offspring at a pre-weaning 
time point, eliminating most influencing factors other than maternal diet. Apart from 
determining physiological parameters, we also monitored the liver transcriptome in 
male and female offspring. This approach allowed us to (i) characterise the molecular 
impact of maternal WSD and its relation to the phenotype, (ii) to illuminate sex-
specific effects, and (iii) to identify molecular aspects that went unnoticed to date 
by the usual function-focussed strategies. So, here, we observed that young mouse 
offspring of maternal WSD showed changes in physiological parameters, including 
significantly higher body weight and liver weight, as well as altered plasma lipids. 
The amplitude of these changes depended on the sex of the offspring. 

To identify underlying direct effects of maternal diet on the offspring that relate 
to the observed phenotype and on possibly adverse health effects in later life, we 
analysed the hepatic molecular status of the young mice in a universal approach and 
linked it to biological functionality. Within our transcriptome-wide analysis of the 
offspring’s livers, we detected that the gene expression profiles upon maternal LFD 
were similar in males and females, but maternal WSD induced clear differences in 
the expression profiles between the sexes. This demonstrates that on transcriptional 
level males and females react differently upon maternal WSD. Within both sexes, gene 
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expression profiles of the maternal diet groups were different from each other, with a 
more pronounced maternal diet effect in males indicated by the distinct clustering of 
diet groups in the PCA. In females, however, further factors seem to be involved in the 
manifestation of variability, which does not exclude that, compared to males, a more 
subtle effect of the diet on the transcriptome is present in the females. 

Correlating gene expression changes in males and females showed that male 
offspring had in general a more pronounced transcriptome-wide response to 
maternal diet. Furthermore, in some cases, the responses were opposite in both 
sexes. Although the number of significantly regulated genes (p ≤ 0.01) was similar in 
both males and females, they overlapped only slightly. Overall, this indicates that the 
molecular status of young offspring of both sexes is in general affected by maternal 
WSD, but that sex-differences occur regarding strength and nature of the response. 
This is in accordance with earlier findings of sex-dependent molecular effects in 
adult offspring [15,16,89-91,94,104-106], and extends them to a global level. 

Applying IPA to explore the biological significance of the molecular impact 
of maternal WSD, we found that the relatively small overlap of regulated genes in 
both sexes translates into a similar result on functional level: only half of the top 
25 regulated functions, identified by IPA, overlapped in males and females, and they 
ranked completely different. Interestingly, consistent with our findings that males 
respond stronger on a molecular level to the challenge by maternal diet, they also 
showed stronger reactions on a functional level, as indicated by the high significance 
of regulation of biological functions, expressed as –log(p-value). Thus, males and 
females seem to have a specific prioritisation of which biological functions are 
regulated with a certain effort upon stimuli exposure. 

According to IPA, in liver from male offspring, predominantly regulation of 
developmental functions was induced by maternal WSD. One pathway that is highly 
associated with developmental functions is the Wnt/beta-catenin pathway. No sex-
specific differences were detected for the expression levels of Wnt/beta-catenin 
pathway genes at baseline. However, upon maternal WSD, pronounced differential 
expression was observed in male offspring only, emphasizing that maternal WSD 
affects the two sexes differently. On the whole, we detected for the male offspring from 
maternal WSD that direct Wnt/beta-catenin pathway genes and positive regulators 
of Wnt/beta-catenin signalling were down-regulated, and negative regulators of 
Wnt/beta-catenin signalling and cell proliferation were up-regulated. 

In general, Wnt/beta-catenin signalling is crucial for embryonic development and 
homeostatic self-renewal in adulthood [107]. When Wnt binds to its receptor, beta-
catenin is stabilised and translocates to the nucleus. There, it induces the transcription 
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of the beta-catenin target gene battery leading to cell proliferation and the direction of 
cell fate [108-110]. For liver in particular, this process not only controls development, 
growth, and regeneration, but also regulates hepatic zonation, haematopoiesis, and 
various metabolic functions, including energy substrate metabolism and detoxification 
processes [111-114]. Disruption of proper Wnt/beta-catenin signalling during 
development, such as conditional beta-catenin knockout, leads to decreased liver 
growth, diminished hepatocyte proliferation, and sustained haematopoiesis, indicating 
delayed liver development [115]. 

Overall, our results imply that the Wnt/beta-catenin pathway is inhibited in male 
offspring of maternal WSD at two weeks postnatally. Since proper beta-catenin activity 
is limited to certain developmental periods, including embryonic day 10 to 14 and 
postnatal day 5 to 20 [115,116], the decrease of Wnt/beta-catenin activity at this time 
point could imply impaired liver development [115]. However, that would be in contrast 
with the increased liver weight of male offspring of maternal WSD that we detected 
in our study, despite hepatocyte specific proliferation markers showing no differential 
expression. In addition, plasma cholesterol was decreased in the relevant male pups. 
Thus, decreased Wnt/beta-catenin signalling by maternal WSD might affect cholesterol 
homeostasis in males, causing the observed phenotype of increased liver weight by 
lipid accumulation in the liver, next to steady or impaired hepatocyte proliferation. 
This is supported by Behari et al., who associated inhibited beta-catenin signalling with 
defective cholesterol homeostasis and increased hepatic cholesterol accumulation and 
steatosis [117]. 

As mentioned above, lipid metabolism is one of the most extensively discussed issues 
with respect to maternal HFD, but only a limited number of studies considered sex 
differences [15,91]. The present study demonstrates for the first time that regulation 
of lipid metabolism by maternal WSD occurs already in young, pre-pubertal mice in a 
sex-specific manner. This includes that different sub-functions of lipid metabolism were 
affected in both sexes, as indicated by IPA, and that also the sub-functions themselves 
were regulated sex-dependently, which is shown convincingly by the heat maps, zooming 
in on fatty acid and cholesterol metabolism. For cholesterol metabolism, the sex-specific 
effects of maternal WSD are especially remarkable: in males, primarily genes related 
to cholesterol homeostasis were regulated. This is in accordance with the findings that 
decreased Wnt/beta-catenin signalling might result in defective cholesterol homeostasis 
[117], hence could contribute to the changes in liver weight and plasma lipids observed 
in males, as indicated above. In contrast, in females, genes of the cholesterol biosynthesis 
were predominantly up-regulated, suggesting an increased synthesis of cholesterol. 

Chapter 3
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Since plasma cholesterol levels did not change in females of maternal WSD, but liver 
weight increased significantly, it is conceivable that accumulation of cholesterol in the 
liver might have contributed to the increased liver weight. So, it seems that the equal 
phenotypes of increased liver weight in male in female offspring result from different 
sex-specifically regulated mechanisms. 

Sexual dimorphism of lipid and cholesterol metabolism is described in humans 
and animal models, especially in relation to cardiovascular diseases and cholelithiasis 
[118,119]. How the dimorphism develops is not well understood, but sex-specific 
regulation and activation of relevant transcription factors by (sex) hormones is 
indicated [120-122]. Circulating sex hormone levels in the early postnatal phase are not 
well fathomed, but they are expected to be similarly low in male and female young mice 
[123]. Hence, the direct effect of sex hormones in our study is questionable, but could 
be considered in future research. Apart from this, brain sexual dimorphism might be 
relevant for the observed sex-specific effects. Brain sexual differentiation starts in utero 
and concerns – apart from the usually discussed reproduction-related circuits – many 
brain regions, including the nucleus arcuatus, which is crucial for energy homeostasis 
[124,125]. Hence, central metabolism regulation might already be affected at this young 
age in a sex-dependent manner. Related to this, different metabolic load and metabolic 
plasticity in both sexes might contribute to the differences in male and female offspring. 
Thus, further parameters like suckling amounts of different individuals should be 
analysed in future research. 

Conclusion 

In conclusion, effects of maternal WSD can already be observed in two-week-old 
offspring in the present model. Except for the liver phenotype, we observed pronounced 
differences between male and female offspring for all measured parameters, including 
the liver transcriptomes. The cause of this sex-specificity is unclear and requires further 
research. 

Furthermore, on the background of the metabolic programming concept, it has to 
be explored how persistent the effects observed in young offspring are, and how they 
relate to the molecular and health status of adult offspring. Herein lies the potential to 
identify early markers of adverse health effects in later life that could be used to develop 
enhanced early diagnosis, prevention, and treatment strategies of non-communicable 
diseases, such as the metabolic syndrome. 

Sex-specific physiological and molecular changes
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Sex-specific physiological and molecular changes

Figure S1. Confirmation of microarray results by quantitative real-time PCR. For each gene, the left panel 
(A1 – H1) displays the microarray results (signal intensity), and the right panel (A2 – H2) displays the 
corresponding quantitative real-time PCR (qPCR) measurements. For the qPCR analyses, the mRNA levels 
were standardized to the housekeeping gene 36B4 (relative expression). Horizontal bars and whiskers 
represent mean values ± SD. Significance was determined by intensity based-moderated t-statistics 
implementing empirical Bayes correction (microarray data) or unpaired student’s t-test (qPCR data). *p 
≤ 0.05. MA = microarray. Light blue circle = male/maternal LFD; dark blue circle = male/maternal WSD; 
pink square = female/maternal LFD; red square = female/maternal WSD. ignificantly changed in female 
offspring upon maternal WSD. p-values ≤ 0.01 were considered significant.
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Editorial

Over the past decades maternal nutritional intake has been proven to affect 
the prenatal and postnatal development of the fetus as well as its long-term 
health (see [127] and [128] for recent overviews). In this thesis, we have  

shown that maternal western style diet gives rise to long lasting programming of 
the liver in adult mouse offspring [76], affecting mostly the males. Moreover, we 
demonstrated that several aspects of sex-specific programming are already present 
in two-week old offspring [129], clearly before puberty. The question arising now 
is if this sexual dimorphism was already present during prenatal development, and 
which factors contributed to its manifestation. 

One major determinant of development and intrauterine growth is the placental 
supply of nutrients, which occurs primarily by a combination of diffusion and 
transporter-mediated transport [130]. The surface area for exchange is a major 
determinant of these pathways. Despite the important role of the placenta, very few 
studies have investigated the relation of sex and placental development as a putative 
explanation of sex-specific programming. Therefore, we here present an overview 
of the fetal and placental findings in our previously described mouse model [76]. To 
determine the impact of maternal diet and sex on fetal development, C57BL/6J dams 
were fed either a low fat diet (10 kcal% from fat, 18 mg cholesterol/kg) or Western-
style high fat diet (45 kcal% from fat, 196.5 mg cholesterol/kg) two weeks pre-mating 
and continued during pregnancy. At gestational day 18.5, dams were sacrificed under 
isoflurane anesthesia and fetuses and placentas were characterized. Interestingly, 
male fetuses exposed to the Western diet during development weighed more than 
those exposed to low fat diet, while there was no significant difference in body length 
(Fig.1A, B). In addition, also the placentas of male offspring exposed to western diet 
were of a slightly larger weight than low-fat fed male offspring. These differences, 
due to maternal diet, were not observed in female offspring of these dams (Fig 1C).
Due to the setup of the experiments we had only a small number of placenta samples 
for histological examination. However, we observed a distinct difference in placental 
histology in terms of the ratio between the labyrinth layer and the spongiotrophoblast 
layer in male offspring (Fig.1 D, E). As mentioned previously the major determinant of 
intrauterine growth is the placental supply of nutrients to the fetus. The labyrinthine 
zone is the main site for nutrient transfer in the mouse placenta during late gestation 
and its absolute volume and volume fraction are known to increase progressively 
during the second half of pregnancy. The estimated depth of the labyrinth layer for 
the male mice was 872 ± 161 µm, while the measurement for the females was 340 ± 
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Figure 1. Effect of maternal western style diet feeding and sex on fetal (5-9) body weight (A), body length 
(B), placenta weight (C), labyrinth thickness (D), placenta histology (E), and plaental gene expression (F) 
at gestational day 18.5. Data expressed as median with interquartile range (25-75), with outliers as points. 
*P < 0.05. Scale bar in (E) is 500 um. L, labyrinth, JZ, junctional zone.
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48 µm. Since placental layering was affected, mRNA levels of selected transporter 
genes were measured on gestational day 18.5 by TaqMan real-time PCR. We 
determined the expression of genes responsible for glucose transport (Glut1 (Slc2a1), 
Glut4 (Slc2a2)), Glut12 (Slc2a12), cholesterol uptake (Ldlr, Scarb1) and cholesterol 
excretion (Abca1, Abcg1). Neither maternal diet nor sex significantly affected the 
examined transcription levels. (Fig.1 F).
In summary, we observed an increase in weight of the male fetuses and their placentas 
under Western diet conditions. Moreover, there was a distinct difference between 
the male and female placentas: The larger labyrinth diameter in male placentas 
compared to the female placentas might lead to a higher transport capacity of 
nutrients, which let us speculate that the male placenta supports transport of excess 
maternal nutrients to the male fetus. On the contrary, the female placenta might act 
as a barrier which limits nutrient supply to the female fetus. As a result, the male 
fetus shows increased growth under these conditions of maternal surplus nutrients, 
whereas the female fetus is protected. Our findings are supported by other mouse 
studies which report that placental changes to prenatal stimuli differ between both 
sexes, supporting the idea that placentas of female fetuses protect against prenatal 
insults 130-132. Our findings might contribute to a better understanding of the sex 
differences observed in many animal studies in the field of long-term metabolic 
programming.

methods

All mice were housed in a light- and temperature-controlled facility (lights on 7:00 
AM–7:00 PM, 21°C) with free access to drinking water and food. Experimental 
procedures were approved by the Ethics Committees for Animal Experiments of the 
University of Groningen. 

To study the effects of exposure to a western-style diet during development, six 
week old female C57BL/6 mice were purchased from Harlan (Horst, the Netherlands) 
and randomly assigned to either a semi-synthetic energy-rich-western diet (W) (4.73 
kcal/gm; 45% kcal fat, 20% kcal protein, 35% kcal carbohydrate; D12451, Research 
Diets, New Brunswick) or a semi-synthetic low-fat-control diet (L) (3.85 kcal/gm; 
10% kcal fat, 20 % kcal protein, 70% carbohydrate; D12450B, Research Diets). After 2 
weeks on their respective diets, mice were mated with males. Dams were maintained 
on their diets throughout pregnancy, and terminated at prenatal day 18.5. Tissues 
were collected, weighed and snap-frozen in liquid nitrogen and stored at -80 ºC until 
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histological analysis and RNA/DNA isolation.

RNA extraction. Total RNA was extracted from liver and placenta samples using 
the TRI Reagent method (Sigma-Aldrich) according to manufacturer’s protocol. 
Concentrations were estimated by measuring absorbance at 260 nm with a 
spectophotometer (Nanodrop). Complementary DNA was obtained using the reverse 
transcription procedure with Moloney Murine Leukemia Virus- reverse transcriptase 
(M-MLV-RT) (Sigma-Aldrich, St. Louis, MO) with random primers according to the 
protocol of the manufacturer. cDNA levels were measured by TAQMAN RT-PCR using 
an ABI PRISM 7900 sequence detector (Applied Biosystems, Nieuwekerk a/d IJssel, 
the Netherlands) against a calibration curve of pooled cDNA solutions. Hepatic 
expression levels were normalized to 36b4. The sequences of primers and probes 
published earlier are deposited at RTPrimerDB (www.rtprimerdb.org), unpublished 
primers and probe sequences are on request.
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Abstract 

The environment, including maternal nutrition, alters the DNA methylome of the 
developing organism. The investigation of these programmed epigenetic changes 
might contribute to our understanding of metabolic disease susceptibility and disease 
progression. The aim of our current study was to characterize the long-term epigenetic 
consequences of maternal western-style diet in C57/BL6 mice, followed by western-
style postweaning diet. The DNA methylome of the 14-days-old and 32-weeks-old 
liver were examined at the genome-wide level by reduced representation bisulfite 
sequencing (RRBS) to analyze the potential contribution of disease progression. The 
maternal pre/perinatal western-style diet feeding had already altered numerous 
of CpGs in the DNA methylome of the offspring at 14 days of age, but only 318 of 
differentially methylated CpGs from the early examined alterations remained at 32 
weeks of age. Over 300 differentially methylated promoters were identified to be 
affected by nutritional programming. The differences of the methylated signature 
change in time. More hypermethylation was detected at 14 days of age than at 32 
weeks of age. We show that there are a number of genes belonging to metabolic 
pathways affected by the maternal dietary programming. Our data allow a distinction 
between early conserved epigenetic alterations occurring in liver and late stochastic 
events promoting liver steatosis progression.
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Introduction

Perinatal nutrition directly influences fetal growth and the development of 
physiological functions of all organ systems [133-137]. It has been shown that 
environmental exposures including nutrition during critical and sensitive 

periods of early life can have permanent consequences in many physiological 
processes, which is known as “programming” [138]. There is now considerable 
evidence for epigenetic factors mediating programming of health and disease as 
a response to early nutrition [139-141]. Epigenetic programming, and especially 
the functional epigenetic states following nutritional exposure, is particularly 
relevant to the issue of metabolic disease susceptibility [142,143]. Epidemiological 
and experimental evidences have revealed that environmental factors modulate 
epigenetic patterns in the embryo, fetus and even breastfed offspring. Then, these 
environmental factors influence the susceptibility to non-communicable diseases 
such as diabetes, non-alcoholic fatty liver disease (NAFLD) and cardiovascular 
diseases in later life [142-144].

Epigenetic regulations such as DNA methylation and histone modifications play 
an important role in genomic reprogramming during early development including 
gametogenesis, embryogenesis and fetal development [140]. DNA methylation is a 
stable and heritable element of epigenetic regulation that also serves as an important 
memory mechanism during embryogenesis [145]. DNA methylation primarily occurs 
on cytosine residues of CpG dinucleotides, which are often clustered as CpG islands, 
and subsequently influences transcriptional expression. DNA methylation plays 
important roles during embryogenesis including genomic imprinting, regulating 
chromatin structure jointly with histone modification, either maintaining levels of 
gene transcription in all tissues, and X chromosome inactivation  [146].

DNA methylation alterations are known to induce the susceptibility to obesity and 
increase the risk to develop NAFLD in rodent models [33,147-151]. Programming 
studies mostly focus on the impact of maternal epigenetically-active diets which 
induce alterations in the epigenome of the offspring and predispose to certain 
diseases in adult life. Reductions of methyl-donors in diets endorses steatohepatitis, 
cirrhosis, and liver cancer in mice and rats, while priming methyl stores prevent these 
outcomes [152-156]. Animal studies have demonstrated that when the methylome 
is altered on obesity- or adipogenesis-related genes such as leptin, leptin receptor, 
glucocorticoid and peroxisome proliferator-activated receptor gamma (PPARG), 
predispose towards an obese phenotype is observed in adult life [143,157-159].

The increased prevalence of obesity-related diseases observed in the last decade 
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supports a critical role of the fetal programming scenario either by undernutrition 
or overnutrition. Animal studies have shown that rodents and sheep that underwent 
either a high-carbohydrate or a high-fat (HFD) dietary treatment during pregnancy 
are able to transmit the metabolic syndrome related phenotypes to their offspring 
[133,140,151,158]. Recent evidence from experimental animals has revealed that the 
fatty liver is a strong modifier of and/or a primary player in the metabolic syndrome 
related diseases as a long-term consequence of a poor or fat rich nutritional 
environment during early life [16,19,97,160-163].

In chapter 2 we have developed a western-style diet model of programming of 
fatty liver disease [75], that extensively characterized the postnatal development 
of the liver [128] and of the intestine [164]. Hence, we hypothesized that maternal 
western-style diet feeding not only contributes to metabolic disease susceptibility; 
it is even promoting the progression of advanced NAFLD in obesogenic state of the 
offspring respectively. To highlight the importance of DNA methylation alterations 
triggered by early maternal diet in this model, we here aimed to compare the DNA 
methylome of the liver from different dietary groups at different ages. Therefore, 
extensive liver DNA methylation profiles were generated by reduced representation 
bisulfite sequencing (RRBS). Differences in the liver methylome were correlated 
with differences in liver gene expression and with available human methylation data. 
Frequent functionally relevant methylation differences were discovered that might 
promote disease progression from mild to advanced NAFLD.

 

Methods

Animals 
All experimental protocols were approved by the Ethics Committee for Animal 

Experiments at the University of Groningen. Five week old virgin female C57BL/6 
mice were purchased from Harlan (Horst, the Netherlands) and randomly assigned to 
either a semi-synthetic energy-rich western-style diet (W) (D12451, Research Diets, 
New Brunswick) or a semi-synthetic control low-fat diet (L) (D12450B, Research 
Diets, New Brunswick) for 6 weeks. After this period female mice were mated with 
males and continued their diets during pregnancy and lactation. Litter sizes were 
adjusted to 5–6 pups to avoid nutritional bias. Based on our previous analyzes 
[75,128] only male offspring were selected to examine epigenetic alterations. All 
animal were terminated by cervical dislocation under isoflurane anaesthesia. Blood 
was collected by cardiac puncture and livers were dissected, weighed, snap-frozen 
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in liquid nitrogen, and stored at -80°C until analysis. The four experimental groups 
of this study were: 14-days-old male offspring from maternal L (L; n= 6), 14-days-
old male offspring from maternal W (W; n= 6), 32-weeks-old male offspring from 
maternal L postweaning W (LW; n =6), 32-weeks-old male offspring from maternal 
W and postweaning W (WW; n= 6). Physiologic data including weight, weekly weight 
gain, body mass index (BMI, kg/m2), and lipid profile were obtained and described 
in our preceding publication [75,128].

Generation of genomic data by EpiQuest library construction, sequence 
alignments and data analysis

DNA and RNA were extracted from frozen liver tissues using the AllPrep Mini 
Kit (Qiagen, Venlo, The Netherlands). EpiQuest libraries were prepared from 200 
to 500 ng mouse genomic DNA obtained from the mentioned 24 samples above. 
RRBS sequencing was performed by Baseclear (Leiden, Netherlands) according to 
their protocols. Sequence reads from the bisulfite-treated EpiQuest libraries were 
identified using standard Illumina base-calling software and then analysed using a 
Zymo Research proprietary computational pipeline. We collected a comprehensive 
set of regions of interest, which includes promoters, CpG islands, and repetitive 
elements. For each of these regions, the number of methylated and unmethylated 
CpG observations was determined, and a P-value is assigned using Fisher’s exact test. 
The software pipeline is implemented in Python (alignment processing module) and 
R (statistical analysis module) by Zymo Epigentic Core Services (Zymo Research, CA, 
USA). For the selection of the strongly differentially methylated sites, the following 
criteria were used: statistical significance p<0.05 using Fischer`s exact test and 
methylation difference was smaller than -0.35 by hypermethylation or greater than 
0.35 by hypomethylation.

Integration of DNA methylation and expression data 
Total RNA was isolated from liver tissue as described with the generated 

expression data. The microarray data is publically available through NCBI (GSE4901, 
GSE46359). Correlation between gene expression and DNA methylation for each 
gene was measured via the Spearman rank correlation coefficient. 

Bioinformatics analysis 
Genes with strongly significant DNA methylation changes were analyzed for 

biological processes, disease and gene networks enrichment. GO term using GoRilla 
and ingenuity were used to study the pathway and functionality of genes. KEGG 
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pathway analysis was performed by WebGestalt.

Results

The workflow (Figure 1) for exploration of specific DNA methylation signatures 
of our nutritional programming model consisted of the following steps: generation 
of RRBS data, determination of methylation differences between groups L versus W 
offspring and LW versus WW offspring, correlation between DNA methylation and 
RNA expression datasets and identification of identical methylation changes among 
groups. This figure also summarizes the general findings of this study.

Pretreatment
42 days

Gestation
21 days

Lactation
21 days

Post-weaning dietary treatment
29 weeks

L diet for dam

W diet for dam

L diet for offspring

W diet for offspring

L diet for offspring

W diet for offspring

LW

WW

L

W

Programming Comparison at 14 days
L versus W

L (n=6) 14-days-old male mice exposed
maternal control low fat diet

W (n=6) 14-days-old male mice exposed
maternal western-style diet

5412 hypo and 11344 hyper
SDM CpGs in L vs W

9007 hypo and 5833 hyper
SDM CpGs in LW vs WW

63 hypo- and 255 hypermethyated
identical promoters between comparison

Reduced Representation Bisulfite Sequencing (RRBS)

291 hypo and 4063 hyper
SDM promoters in L vs W

2186 hypo and 684 hyper
SDM promoters in LW vs WW

96 hypo- and 244 hypermethyated
identical CpGs between comparison

4 hypo and 11 hyper
SDM promoters showed
inverse correlation with
transcription
in L vs W

6 hypo and 21 hyper
SDM promoters showed
inverse correlation with
transcription
in LW vs WW

Programming Comparison at 32 weeks
LW versus W

LW (n=6) 32-weeks-old male mice exposed
Maternal control low fat diet and
postweaning western diet

WW (n=6) 32-weeks-old male mice exposed
maternal western-style diet and postweaning
western-style diet

 Figure 1. Study design, workflow and general findings.
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Characteristics of genome-wide DNA methylation profiles in offspring groups
To investigate the DNA methylation patterns that were altered as a result of 

maternal diet, we compared control and “programmed” liver tissue of wild type 
C57BL/6J mice at age 14 days (L versus W) and at age 32 weeks (LW versus WW). Six 
samples per group were subjected to RRBS to generate reads, which were mapped 
to the mouse genome. The observed changes were subtle. As we anticipated the 
maternal diet did not provoke any dramatic changes in the DNA methylation pattern, 
neither in young nor adult liver, since that would lead to developmental defects. 

Table 1. Numbers of DMTracks identified by RRBS, and assignment to subgenomic regions

L vs. W LW vs. WW

Hypo Hyper Total Hypo Hyper Total

All 5412 11344 16756 9007 5833 14840

Promoter 291 4063 4354 2186 684 2870

Exon 361 1764 2125 1336 604 1940

Intron 2012 4273 6285 3310 2230 5540

“Open-sea” 2748 1244 3992 2175 2315 4490

CGI 205 3152 3357 1961 565 2526

Promoter CGI 131 2457 2588 1490 395 1885

We identified 16756 differentially methylated CpGs, of which 32.3% were 
hypomethylated and 67.7%  hypermethylated in the young animals (14 days, L vs 
W (Table 1)). Hypermethylation was found highly enriched in promoter and exon 
regions at this early developmental stage of maternal programming (L versus W). 
Figure 2A shows the abundance of CpG methylation along the chromosomes, with 
a relative peak at chromosome 11. However, these data were not corrected for 
chromosome length or CpG content.

For the adult animals (32 weeks, LW versus WW comparison), 14840 strongly 
differentially methylated CpGs were identified that displayed more hypomethylation 
which could be a partial aging effect (Table 1). The same, lower frequencies of 
differential methylation were observed in the transcription determining regions 
at later stage. The highest percentage of hypomethylated CpGs were detected in 
intergenic and intronic regions in all comparison, which make up the largest fraction 
of the genome. The relative enrichment in promoter areas of those differentially 
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methylated CpG sites was increased (20%) at early life (day 14) compared to later life 
(week 32) (Figure 3A & B). We found that ~37% of the differentially methylated CpG 
sites in maternal diet exposure are located in introns independent from age, while 
CpGs located in the promoter are more differentially methylated at the early time-
point (26%) compared to adult (19%). However, CpGs located in “open sea” area 
were more frequently methylated in later and early (~30% vs ~23%). Most of the 
differentially methylated CpG sites were overrepresented in intron and in “open sea” 
(Figure 3 A & B). Concerning the genomic localization of the differentially methylated 
regions, the pattern along the chromosomes is very similar to that after 14 days of 
age, althought the number of hypomethylated sites is generally higher (Figure 2B).

 Figure 2. Distribution of strongly methylated CpGs across the genome. A, at 14 days of age in L vs. W. B, 
at 32 weeks of age in LW vs. WW.
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 Figure 3. Distribution of strongly methylated CpGs in different functional areas of the genome. A, at 14 
days of age in L vs. W. B, at 32 weeks of age in LW vs. WW.

Programmed differential methylation according to advance in life and disease
To extend our scope we selected the identical promoters among significant 

methylation differences within time: we compared the significant methylation 
differences at day 14 (L vs W) to those at week 32 (LW vs WW). 63 promoters were 
hypomethylated at both ages, while 255 hypermethylated promoters were identified 
as stable over time (Table 2).
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Table 2. List of identical differential methylated promoters over time (conserved between L vs, W and LW 
vs WW)

Identical 
hypomethylated 

promoters
Identical hypermethylated promoters

2410127L17Rik
2510003E04Rik
Ago2
Ahi1
Ammecr1l
Bivm
Bloc1s3
Brsk2
C030046E11Rik
Cabp2
Casp7
Ccdc124
Ccdc64
Cdh11
Clcf1
Dis3l
Dpf1
Eng
Epha7
Fbxw2
Fbxw7
Fgr
Foxb2
Gkap1
Gm5134
Gpr141
Gpr153
H2afx
Haus4
Impdh2
Ing3
Irf2bp2
Kpna2
Lmo2
Lrrc10b
Mir671
Mirlet7i
Mt2
Mtss1l
Ndufs1
Nip7,Cog8
Pcdhac1
Pgbd1
Pim1
Plxnd1
Ppapdc1a

Ppfibp2
Rfx4 
Rgl2
Rilpl1
Rtca
Scnn1a
Serp2
Sin3a
Slc6a17
Spen
Stard10
Steap2
Tbx2
Thsd7b
Vwc2
Zc2hc1a
Zfp191

1110035M17Rik
1700007L15Rik
1700025G04Rik
1700045I19Rik
1810010H24Rik
3110002H16Rik
4833424O15Rik
4922501C03Rik
4932438H23Rik
A330050B17Rik
A930003O13Rik
Abca1
Ablim3
Acvr1c
Adamts15
Adcy3
Adipor1
Aip
Ankrd63
Anp32a
Arih1
Arntl
Arvcf
Ascl1
Asic4
Atoh8
Atp1a3
Atp8b1
Atpaf1
Atxn1
AU040320
AV039307
B3galt4
Bach1
Bambi-ps1
Barhl2
Boll
Brms1
Brsk2
Cacnb1
Cacng3
Cadm4
Cadps
Camk2b
Camta2
Cap2

Cbfa2t3
Ccdc146
Cdh8
Cdk2
Cep164
Cnnm3
Col4a4
Commd1
Crnkl1
Cxadr
Dap3
Dchs1
Dcun1d2
Dcun1d4
Ddit3
Def8
Depdc5
Dhx16
Dlc1
Dmtf1
Dock5
Ebf4
Efcab7
Elac2
Elfn2
Entpd4
Epha2
Erf
Eri1
Erlin1
Esco1
Ezr
F2r
Faim2
Fam212a
Fam46a
Fance
Fbxl7
Fbxo21
Fbxo9
Fcf1
Flnb
Fnbp1
Fnip2
Fosb
Fzd8

Gar1
Gata4 
Glis3
Glyctk
Gm14327
Gm20257
Gm527
Gm5577
Gm561
Gpc1
H2afz
H2-Bl
H3f3b
Herpud1
Hes5
Hipk1
Hltf
Hmgcr
Hmx3
Hnrnpa3
Hnrnpf
Hnrpll
Hoxa5
Hoxb1
Hs3st3b1
Hspb3
Htr6
Inhbb
Jag1
Katnal1
Kcnh3
Kcnip3
Khdrbs1
Kif2c
Klf16
Kremen2
Lasp1
Lmna
Lnp
Lrfn4
Lrrc24
Lypd6
Map3k9
Mapk12
Mapk14
Mapt

Mboat1
Mdm1
Mesp2
Metap1
Mfap2
Mgll
Miip,Fv1
Mir3058
Mir615
Mrpl40
Mrps9
Msh6
Mtmr4
Myo10
Ndst2
Nek1
Nexn
Nfxl1
Nmt2
Ntrk1
Odf2
Pacs1
Pax6
Paxbp1
Pcdhb13
Pcsk1
Phf2
Phf21b
Pkn1
Plekho1
Pnma2
Podxl
Polr3h
Pomt2
Ppp1r18
Ppp2r2b
Ppp2r2d
Prelid2
Prkar2b
Prmt6
Prom1
Prox1
Ptma
Ptms
Ptpn9
Ptprg

Rad51
Ranbp17
Rbm46
Reln
Rexo2
Ripk2
Rnf146
Rnf149 
Rnft1
Rpa2
Rpl14
Rspo3
Rybp
Samd14
Sap30l
Scn9a
Scpep1
Sec14l1
Serf2
Sez6l
Sfmbt1
Shank2
Shisa9
Skida1
Slc13a5
Slc35d1
Slc7a5
Smg5
Snhg9
Snrpa1
Sorbs3
Sorcs3
Sowahb
Sox21
Sox7
Ssh2
St3gal3
St6gal2
St8sia4
T
Tacc1
Tbkbp1
Theg
Thrap3
Thsd7b
Thumpd3

Tmem106a
Tmem150c
Tmem65
Traf6
Trim45
Trip6
Trmt12
Tspan13
Ttc38
Twist1
Ubac2
Ubqln1
Unkl
Usp3
Usp30
Vasp
Vgll3
Wnk1
Wnt4
Wnt7b
Xkr6
Ythdf3
Zcchc14
Zfp52
Zic1

Based on the general assumption that promoter hypomethylation often causes 
up-regulation of gene expression, whereas promoter hypermethylation is associated 
with down-regulation of genes, we examined the correlation between differentially 
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methylated gene promoters and gene transcription. Gene expression microarray data 
(published earlier, GSE44901 and GSE46359) derived from the same tissue samples 
that were used for RRBS, were used to analyze the functional correspondence 
with the differentially methylated promoters. However, only eleven genes were 
hypermethylated at their promoters and down-regulated in maternal western-style 
diet exposed condition at early stage in the L vs W comparison (Table 3). Several genes 
showed differential expression either at age 14 days (L vs W) or at age 32 weeks (LW 
vs WW). However, none of the differentially methylated identical promoters showed 
correlation with significantly differential expressed genes in 14 days liver (L vs W) 
and 32 weeks liver (LW vs WW) (Table 3). Differential promoter DNA methylation and 
differential gene transcription in maternal western-diet exposure did not correlate 
extensively in our study.

Table 3. List of differentially methylated promoters associated with inverse transcription level of the gene

Young liver Adult liver

Hypomethylated Hypermethylated Hypomethylated Hypermethylated

Impdh2 1700025G04Rik Ccdc124 Ankrd63

Mt2 Ablim3 Clcf1 Camta2

Ppfibp2 Inhbb Epha7 Cbfa2t3

Sin3a Lypd6 Rfx4 Cnnm3

Nmt2 Rgl2 Dcun1d4

Prom1 Slc6a17 Dmtf1

Ptpn9 Fam46a

Reln Fance

Rspo3 Fbxo21

Shisa9 Nek1

Tmem150c Phf2

Podx1

Rad51

Sec14l1

Skida1

Sorbs3

Sowahb

Tacca

Trap3

Ubqln1

Usp3

-  81  -

Nutritional programming of the DNA methylome

Proefschrift G.M.M. Pruis _ RUG.indd   81 17-11-2015   21:45:32



Functional enrichment of genes that reveal differential methylation by maternal 
western diet exposure

To identify biological pathways in the liver with enrichment of genes that exhibit 
differential DNA methylation in maternal western-diet exposed offspring, a KEGG 
pathway analysis was performed using WebGestalt. The 318 identical programmed 
promoters (from Table 2), represented by CpG sites with differential DNA 
methylation in liver, showed relevant enriched KEGG pathways as MAPK signaling 
pathway, NOD-like receptor signaling pathway, Pathways in cancer, Melanogenesis, 
RIG-I-like receptor signaling pathway, Gastric acid secretion, Hepatitis C, Dilated 
cardiomyopathy (Table 4). The corresponding, significantly enriched GO biological 
processes that represent the effect of nutritional programming in differentially 
methylated promoters are summarized in Table 5.

Table 4. Enrichent of KEGG analysis in differential methylated promoters using WebGesalt 

PathwayName #Gene EntrezGene Statistics

NOD-like receptor 
signaling pathway 5 192656 26416 

22051 22034 29857
C=57;O=5;E=0.28;R=17.87;rawP=9.34e-
06;adjP=0.0003

MAPK signaling 
pathway 9

18211 54376 22034 
12295 26416 13198 
286940 29857 
17762

C=268;O=9;E=1.32;R=6.84;rawP=8.26e-
06;adjP=0.0003

Neutrophin signaling 
pathway 6

18211 192656 
26416 22034 29857 
12323

C=131;O=6;E=0.64;R=9.33;rawP=4.96e-
05;adjP=0.0010

Melanogenesis 5
22417 12323 
104111 22422 
14370

C=100;O=5;E=0.49;R=10.19;rawP=0.0001;ad
jP=0.0015

Pathways in cancer 8
18211 19361 22417 
12566 17688 22034 
22422 14370

C=325;O=8;E=1.60;R=5.02;rawP=0.0002;ad
jP=0.0025

RIG-I-like reseptor 
signaling pathway 4 26416 73174 22034 

29857
C=69;O=4;E=0.34;R=11.81;rawP=0.0004;ad
jP=0.0041

Gastric acid secresion 4 22350 12323 
104111 232975

C=73;O=4;E=0.36;R=11.16;rawP=0.0005;ad
jP=0.0044

Progesterone-
mediated oocyte 
maturation

4 26416 12566 29857 
104111

C=88;O=4;E=0.43;R=9.26;rawP=0.0010;ad
jP=0.0069

Dilated 
cardiomyopathy 4 54376 12295 

104111 16905
C=89;O=4;E=0.44;R=9.16;rawP=0.0010;ad
jP=0.0069

GnRH signaling 
pathway 4 26416 29857 12323 

104111
C=99;O=4;E=0.49;R=8.23;rawP=0.0015;ad
jP=0.0085

The statistic s for the enriched pathways: C; number of reference genes in the category, O; number of genes 
in the gene set and in the category, E; expected number in the category, R; ratio of enrichment, rawP; p 
value from hypergeometric test, adjP; p value adjusted by the multiple test adjustment.
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Table 5. Enrichent of GO biological processes in differentially methylated promoters by nutritional 
programming using GoRilla 

GO term Description P-value FDR q-value Enrichment (N, B, n, b)

GO:0044260 cellular macromolecule 
metabolic process 9,66E-06 9,23E-02 1.39 (6118,1879,284,121)

GO:0043170 macromolecule 
metabolic process 1,24E-05 5,91E-02 1.36 (6118,2048,284,129)

GO:0090304 nucleic acid metabolic 
process 1,08E-04 3,42E-01 1.48 (6118,1136,284,78)

GO:0051252 regulation of RNA meta-
bolic process 2,53E-04 6,04E-01 1.44 (6118,1184,284,79)

GO:2001141 regulation of RNA 
biosynthetic process 2,88E-04 5,50E-01 1.44 (6118,1151,284,77)

GO:0006351 transcription, DNA-
templated 3,41E-04 5,43E-01 1.55 (6118,808,284,58)

GO:0016070 RNA metabolic process 3,83E-04 5,23E-01 1.47 (6118,1012,284,69)

GO:0006355
regulation of 
transcription, DNA-
templated

4,11E-04 4,90E-01 1.43 (6118,1145,284,76)

GO:0032774 RNA biosynthetic process 4,28E-04 4,54E-01 1.53 (6118,815,284,58)

GO:0034654
nucleobase-containing 
compound biosynthetic 
process

4,67E-04 4,46E-01 1.51 (6118,872,284,61)

GO:0019219

regulation of 
nucleobase-containing 
compound metabolic 
process

5,24E-04 4,55E-01 1.36 (6118,1422,284,90)

GO:1901362 organic cyclic compound 
biosynthetic process 7,40E-04 5,89E-01 1.47 (6118,924,284,63)

GO:0009059 macromolecule 
biosynthetic process 7,97E-04 5,85E-01 1.46 (6118,945,284,64)

GO:0018130 heterocycle biosynthetic 
process 8,25E-04 5,63E-01 1.47 (6118,891,284,61)

GO:0034645 cellular macromolecule 
biosynthetic process 8,79E-04 5,60E-01 1.46 (6118,930,284,63)

GO:0044271
cellular nitrogen 
compound biosynthetic 
process

8,90E-04 5,31E-01 1.46 (6118,912,284,62)

GO:0019438 aromatic compound 
biosynthetic process 9,00E-04 5,06E-01 1.47 (6118,894,284,61)

GO:0051171
regulation of nitrogen 
compound metabolic 
process

9,32E-04 4,95E-01 1.34 (6118,1446,284,90)

The statistic s for the enriched pathways: C; number of reference genes in the category, O; number of genes 
in the gene set and in the category, E; expected number in the category, R; ratio of enrichment, rawP; p 
value from hypergeometric test, adjP; p value adjusted by the multiple test adjustment.
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A core set of mouse NAFLD/NASH specific methylation patterns is conserved in 
human steatohepatitis
Mouse dietary and/or genetically engineered models of NAFLD/NASH exhibit many 
clinically relevant characteristics of human mild and advanced steatohepatitis. Since 
similarities are observed at gene expression level and histological inspection, it was 
our interest to examine whether there are epigenetic traits that display analogues 
methylation aberrations in mouse NAFLD/NASH and in human progressed 
steatohepatitis. We compared the methylome data (GSE49542) of Murphy and 
colleagues, who extensively studied the DNA methylation pattern of human mild 
and advanced NAFLD, with our own datasets. Strikingly, we found 42 promoters 
that showed similar methylation patterns (identified in adult LW vs WW mouse 
offspring with matching promoter hypo- or hypermethylation) in our dataset and  
in human mild/advanced NAFLD/NASH (Table 6). Among the group of the most 
consistently hypermethylated genes in both human NAFLD and adult mouse NAFLD 
(38 gene promoters), we discovered several metabolic genes, like Lpcat1 (encoding 
lysophosphatidylcholine acyltransferase 1), Enpp2 (ectonucleotide pyrophosphatase/ 
phosphodiesterase 2), Gpd1l (glycerol-3-phosphate dehydrogenase 1-like), Gls 
(glutaminase), Aldh1a3 (aldehyde dehydrogenase family 1, subfamily A3). However 
only 4 promoters showed consistent promoter-hypomethylation in both adult mice 
and humans (4 genes).

 
Table 6. List of conserved differentially methylated promoters in mouse and human

Identical Hypomethylated Promoters in Mouse 
(LWvsWW) & Human mild vs advanced NAFLD

Identical Hypermethylated 
Promoters in Mouse(LWvsWW) & 
Human mild vs advanced NAFLD

Akap10 Fbxw11 Lbh Stk39 Dact2

Aldh1a3 Fgr Lefty1 Tanc1 Depdc7

Arrdc2 Fmnl2 Limk2 Tars Hsd17b14

Capn2 Fnbp1 Lpcat1 Uhrf1 Mgmt

Cpe Foxc1 Mad1l1 Wipf1

Dact1 Gls Nfasc

Dyrk2 Gpd1l Podxl

Eif4a1 Hey1 Ptrf

Enpp2 Jazf1 Shb

Esrrg Junb Sorcs2

Ets1 Kcnn3 Spon1

-  84  -

Chapter 5

Proefschrift G.M.M. Pruis _ RUG.indd   84 17-11-2015   21:45:33



Discussion

The intrauterine milieu has great impact on fetal development and influences 
the physiology and metabolism of the offspring in later life. The contribution of this 
fetal programming to susceptibility to non-communicable diseases such as diabetes, 
non-alcoholic fatty liver disease (NAFLD) and cardiovascular diseases has been 
shown many times during the last decade. Amongst epigenetic mechanisms, DNA 
methylation is one of the underlying factors for mediating the effects of exposure to 
the maternal nutrition. Based on this known consequences of maternal nutrition on 
epigenetics, we performed a genome-wide methylation profile analysis using RRBS 
in our nutritional programming model by Western-type diet.

To identify focal methylation alterations and the underlying molecular mechanisms 
in our maternal Western-diet feeding model, we studied the liver of 14-day-old mice 
and 32-week-old mice. Our RRBS analysis revealed considerable proportions of 
altered single CpG methylation in all comparisons. These were widely distributed 
across the mouse genome and did not exhibit a strikingly different methylome 
landscape, but rather small specific differences. To further focus on physiologically 
relevant changes in DNA methylation, we compared the differentially methylated 
promoters at 14 days with those at 32 weeks and identified 318 loci in common (63 
promoters hypomethylated, 255 hypermethylated). 

To understand the underlying molecular mechanism involved in our programming 
model, we followed the classical way to identify the differential methylated promoters 
and the correlated changes in gene expression. We assumed that a candidate pathway 
could be pinpointed by this association (the effect of maternal diet at DNA and RNA 
level). However, none of the conserved differentially methylated identical promoters 
showed correlation with significantly differential gene expression in both 14 days 
liver and 32 weeks liver. At early only, 11 genes were hypermethylated at their 
promoters and down-regulated in maternal western-style diet exposed condition 
at early stage. Amongst those, Ablim3 (encoding for actin binding LIM protein 
family, member 3) is a known differentially regulated gene in hepatoblastoma and 
play roles in embryonic development [165]. Likewise, promoter hypomethylation 
correlated for some genes with increased gene expression, but the overlap between 
promoter hypomethylated genes and transcriptionally up-regulated genes was not 
significant. However, one gene might be interesting to mention: Sin3a  (encoding 
SIN3 transcription regulator family member A) is involved in regulation of lipid 
metabolism via peroxisome proliferator-activated receptor alpha (PPARA) and may 
therefore by relevant for metabolic regulation.
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Differential promoter DNA methylation and differential gene transcription in 
maternal western-diet exposure did not correlate extensively in our study; this is, 
however, also the case in other recent studies [166,167]. Comparative methylation-
transcriptome studies demonstrated that the negative association between DNA 
methylation and gene expression is present in low CpG dense promoters (also 
observed here), while the CpG rich promoters are mostly unmethylated and 
methylation does not correlate with constitutive gene expression [168,169]. On 
the other hand, the programmed methylation differences might influence gene 
expression in the context of a second stimulus (like an adverse postweaning diet), 
so the collection of multiplied risk factors induces substantive expression changes 
and lead to the disease. The importance of complex traits and disease requires more 
multifarious analysis at epigenetic, genetic and expression level.

Recently, several genome-wide studies revealed that gene body methylation 
is evolutionally conserved and associated with actively transcribed genes [170], 
providing compelling evidence that gene body methylation may be functionally 
important [171]. It has already been indicated that gene body methylation is a general 
feature of highly expressed genes in human cell lines [172,173]. Recent studies in 
adverse maternal environmental mouse models have revealed that differential gene 
body methylation of the offspring DNA is generally associated with transcriptional 
changes [174-176]. Growing evidence suggests that maternal adversity during 
gestation induces epigenetic changes in the offspring genome [175], although the 
gene body methylation still remains unclear and inconclusive [170,172,175]. Our 
study supports the evidence that association between gene body methylation and 
transcriptional expression may be more complex than previously thought and, 
perhaps, underestimated.

Ultimately, we are interested in fatty liver disease in humans, not in rodents. 
Epidemiological studies also provided/provide first-hand support indicating a close 
correlation of maternal diet consumption with either disease prevention or disease 
development. Therefore, we analyzed the possible correlation of our data with an 
available human dataset. It was interesting to discover a significant overlap (42 
genes) between the methylation status of human and mouse genes. Unfortunately, 
no direct mechanistic link was found connecting the two datasets, so we did not 
found a gene or a set of genes which could explain the disease in humans and mice. 
Nevertheless this overlap deserves confirmation through further studies. The genes 
described in Table 5 could still be valuable to predict the risk of fatty liver disease or 
its progression in humans, maybe in association with genetic markers [166].

One of the potential limitations of our study was using liver homogenates to carry 
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out methylation analysis rather than purifying specific cell types. Therefore, the 
mixture of cell populations might mask DNA methylation differences. However, the 
relatively small tissues at day 14 after birth implied a technical challenge to perform 
all metabolic measurements and isolation of the specific cell population for genome 
wide analysis.

Conclusion

The present study suggests that substantial changes of methylation in the liver 
DNA of the offspring may cause epigenetic dysregulation, which may mediate the 
increased risk of obesity and NAFLD in individuals exposed to adverse intrauterine 
environment. The persistent influence of maternal diet on early and adult tissue 
proposed that the correlation between focal DNA methylation changes and 
transcriptional changes is more complex than expected. Epigenetic modifications 
provide a mechanism by which external environmental factors can modify genetic 
predisposition for health and disease. The observed DNA methylation changes, 
especially when conserved between mice and human, may provide potential 
biomarkers for disease prediction in the offspring. In contrast to genetic changes, 
epigenetic changes occur in a gradual manner during the disease progression and 
they are potentially reversible. Epigenetic manipulation through metabolic pathways 
such as one-carbon metabolism has been proposed as a promising approach to retard 
the progression of NAFLD. Investigating postnatal diet as epigenetic modifiers may 
lead to the development of preventive strategies for NAFLD/NASH and associated 
complications.
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Abstract 

Background: Variations in DNA methylation levels in the placenta are thought 
to influence gene expression and are associated with complications of pregnancy 
like fetal growth restriction (FGR). The most important cause for FGR is placental 
dysfunction. We here questioned whether changes in DNA methylation, followed by 
gene expression changes, are mechanistically involved in the etiology of FGR.

Methods: In this retrospective case control study we examined the association 
between small for gestational age children (SGA) and both DNA methylation and 
gene expression levels of the genes WNT2, IGF2-H19, SERPINA3, HERVWE1 and 
PPARG in first trimester placental tissue. We also examined the repetitive element 
LINE-1. These candidate genes have been reported in the literature to be associated 
with SGA. We used first trimester placental tissue from chorionic villus biopsies. 35 
SGA children (<p10) were matched to 70 controls based on their gestational age and 
gender. DNA methylation levels were analyzed by pyrosequencing and mRNA levels 
were analyzed by Real-Time PCR.

Results: None of the average DNA methylation levels, measured for each gene, 
showed a significant difference between SGA placental tissue compared to control 
tissue. However, hypermethylation of WNT2 was detected on two CpG positions in 
SGA. This was not associated with changes in gene expression.

Conclusion: Apart from two CpG positions of the WNT2 gene, no evident changes 
in DNA methylation or expression were found. This indicates that the already 
reported changes in term placenta are not present in the early placenta and therefore 
must arise after the first trimester. 
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Introduction

Environmental factors are thought to influence the epigenome of the placenta 
and the fetus [177]. DNA methylation is one of these epigenetic changes [178]. 
Compared with somatic tissues, the human placenta has a low global DNA 

methylation, which might allow a high expression of many genes. It is hypothesized 
that changes in DNA methylation in the placenta can lead to placenta dysfunction 
resulting in pregnancy complications like fetal growth restriction (FGR) [179]. Small 
for gestational age (SGA) is often taken as a proxy for FGR and is defined as a birth 
weight below the 10th percentile of a birth weight curve [180]. Causes of FGR are 
divided into fetal, maternal and placental causes. However, placental dysfunction 
accounts for the majority of FGR cases [181]. FGR is an important cause of perinatal 
morbidity and mortality. Apart from these direct adverse outcomes, low birth weight 
of the fetus is also associated with health problems later in life like hypertension, 
coronary heart disease and diabetes [182].

Altered DNA methylation patterns of selected genes have already been 
demonstrated in small for gestational age (SGA) placentas at term [177]. However, it 
is not known whether these altered DNA methylation profiles are primarily causative 
for, or the result of SGA. The aim of this study was to investigate the association of SGA 
and the DNA methylation and expression patterns of selected genes in early placenta 
tissue. Therefore we used first trimester placenta material obtained with chorionic 
villus biopsies (CVB) of pregnancies which resulted in the birth of a SGA neonate. 
We examined the repetitive element LINE-1 and the genes WNT2, IGF2-H19, 
SERPINA3, HERVWE1 and PPARG in our population. From these genes it is known 
that the DNA methylation levels are changed in post-partum placental tissue in FGR 
pregnancies [183-188]. 

We chose the repetitive element LINE-1 to assess whether genome wide DNA 
methylation changes are present in SGA infants. In humans, about 50% of the DNA 
consists of repetitive elements like LINE-1, which is DNA not coding for proteins. In 
placentas of neonates with a lower birth weight a lower DNA methylation of LINE-1 
has been found [183].

WNT genes are involved in a wide range of developmental processes [189-
191]. Several mouse studies demonstrated the important role of Wnt2 in placental 
vascularization. Mice deficient in Wnt2 show a reduction in birth weight and fetal 
survival is only 50% because of improper placental function [192]. Ferreira et al. 
examined WNT2 methylation in the post-delivery placenta and found high WNT2 
promotor DNA methylation with a reduced WNT2 expression in association with low 
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birth weight [184]. 
The imprinted IGF2-H19 gene complex is associated with fetal and placental 

growth, affecting birth weight [193,194]. It is also known that altered methylation 
patterns on chromosome 11p15 (location of IGF2-H19) are related to growth 
disorders, like Beckwith-Wiedeman and Silver-Russel syndrome [195]. Koukoura et 
al. showed a lower methylation level and a higher expression of H19 associated with 
FGR [185]. Several other studies show a significantly lower IGF2 gene expression in 
term FGR samples [196,197]. However, Tabano et al. did not find any differences in 
DNA methylation status of the IGF2-H19 gene between FGR and controls [198].

SERPINA3 belongs to the family of serine protease inhibitors, which are 
glycoproteins. A lower DNA methylation level in placentas of both pre-eclampsia 
and SGA, compared to normal placentas has been found [186]. An overexpression of 
SERPINA3 in pre-eclampsia and SGA was found [186,199].

HERVWE1 belongs to the endogenous retroviruses. HERVWE1 is highly expressed 
in the placenta, which reflects its important role. The protein product of HERVWE1 is 
syncytin-1 and this protein is involved in fusion of the cytotrophoblast cells to form 
the syncytial layer of the placenta [200-202]. It is shown that the structure of the 
syncytium in the placenta is significant different in FGR pregnancies [203]. Ruebner 
et al. found hypermethylation of the HERVWE1 promoter region in association with 
reduced syncytin-1 expression levels in abnormal term placentas, including FGR 
[187].

At last we selected PPARG. PPARG is a transcription factor that is highly 
expressed in placenta trophoblast cells. It plays an important role in the regulation of 
transporting fatty acids from the placenta to the fetus [204,205]. Pparg null mice are 
lethal due to abnormal placental development with a characteristic reduction of lipid 
droplets in trophoblasts [206]. In human term placenta PPARG expression is reduced 
in SGA children, presumably due to higher DNA methylation status [188].

Methods  

Patients
In the period of 2004 until 2009 surplus villi of 695 CVBs were stored prospectively 

at the department of Obstetrics and Gynecology of the University Medical Center 
Groningen. The CVB was performed between 11 and 13 weeks of gestation, mainly 
for maternal age (women over the age of 36 in the 18th week of pregnancy) or 
serum screening related risk of aneuploidy. Gestational age was confirmed by 
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ultrasound (crown-rump length). Tissue was obtained vaginally by using a biopsy 
catheter (Cook, K-CMA-5000). Surplus material, not needed for karyotyping, was 
obtained and decidua was mechanically separated from the villi. Follow-up of these 
pregnancies was collected by a questionnaire returned by the patient postpartum. 
The pregnancies with known follow-up were analyzed and completed with the 
patient files [207-209]. SGA was defined as a birth weight below the 10th percentile. 
The birth weight percentile was calculated by using Dutch birth weight tables, which 
correct for gestational age, parity and gender. We included only singleton pregnancies. 
We selected 35 neonates with a birth weight below the 10th percentile. For each 
case, two controls were selected with a birth weight between p20-p80, matched 
for gestational age at the time of sampling and gender. Exclusion criteria for the 
controls were pre-existent maternal disorders, concurrent morbidity, smoking, use 
of medication that might influence intrauterine growth, pregnancy complications (as 
pre-eclampsia) and multiple pregnancy. Fetal karyotyping showed no chromosomal 
abnormalities. For the cases, pregnancy complications such as hypertension and 
preeclampsia, and smoking during pregnancy were not excluded, since it is known 
these factors are associated with FGR [210].  Patients were informed that surplus 
material could be used for research, according to the “Code for proper use of human 
tissue”, version 2002, of the Dutch Federation of Medical Scientific Societies. Samples 
were coded and outcomes anonymized.

Gene selection
To select relevant genes, we performed a systematic search using the following 

terms in pubmed: (DNA) methylation, epigenetics, (gene) expression, intra-uterine 
growth restriction (IUGR), FGR, SGA and fetal growth. From this list in our opinion 
biologically relevant genes were selected. As we also wanted to look at genome 
wide DNA methylation changes, we also included a repetitive element. On forehand 
we decided to select a maximum of five genes, the generated list contains more 
biologically relevant genes. Our search resulted in the repetitive element LINE-
1 and the following five candidate genes: WNT2, IGF2-H19, SERPINA3, HERVWE1 
and PPARG [183-188]. Thereafter genes were checked for a known promoter, 
using a promotor database (available at http://rulai.cshl.edu/cgi-bin/TRED/tred.
cgi?process=home). 

DNA isolation and bisulfite treatment
Samples were prepared in GT-buffer and stored at -20°C or -80°C. DNA was 

isolated using the DNeasy Blood&Tissue Kit (Qiagen, Hilden, Germany), according 
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to manufacturer’s protocol. The tissue was homogenized by passing it through a 
syringe with a 20G needle, for at least 5-10 times. The DNA was diluted in 100µL 
buffer AE (Qiagen). To check quality and to exclude contamination, the DNA product 
was analyzed by gel. DNA concentrations and protein contamination of the samples 
were checked by using a Nanodrop spectrophotometer. Samples with a 260/230 ratio 
lower than 1,0 were cleaned by using standard ethanol precipitation. Depending on 
the amount of DNA, the samples were resuspended in 20-100µL Buffer AE. After 
isolation the samples were stored at 4°C, until bisulfite treatment.

Bisulfite treatment was performed using the EZ DNA Methylation-Gold Kit (Zymo 
Research, Orange, USA), according to supplier’s protocol. Depending on the amount 
of DNA available, 200-500 ng of DNA was used per sample. Universally unmethylated 
and universally methylated DNA standards were used in the reactions as a control. 
The following conditions were used to generate bisulfate modified DNA: 10 minutes 
at 98°C, 2.5 hours at 64°C, and then cooled to 4°C. At the end of the procedure the 
samples were eluted in 50µL M-Elution Buffer (provided by Zymo Research).

PCR and pyrosequencing
Primers for the selected genes were designed with Pyromark Assay Design (Supl. 

table 1). Polymerase chain reaction (PCR) was performed using the PyroMark PCR 
Kit from Qiagen. Pyrosequencing was used to determine methylation status of single 
CpGs. Samples were analyzed by the Pyromark Q24 (Qiagen), according to protocol. In 
each run an internal control for bisulfite treatment was incorporated. Thereby, both 
universally methylated and universally unmethylated DNA was used in the runs as 
unmethylated or methylated control (the methylated & unmethylated gDNA Control 
Kit from Life Technologies was used). Data were analyzed using the PyroMark Q24 
Analysis Software. The level of DNA methylation is given as a percentage. 

Quantative Real Time PCR
The mRNA level of WNT2, IGF2, SERPINA3, HERVWE1 and PPARG were detected 

by Quantitative real-time (qPCR). LINE-1 does not code for genetic information, 
but served as a surrogate marker for genome-wide DNA methylation, therefore 
expression was not analyzed. 

RNA was isolated and purified using Macherey-Nagel NucleoSpin RNA/protein 
Kit, according to manufacturer’s protocol (Düren, Germany). Part of the samples was 
cleaned using QiagenRNeasyMinElute Cleanup Kit. A total amount of 250 ng RNA was 
used to synthesize cDNA. cDNA was prepared with M-MLV reverse transcriptase, RT 
buffer, dNTP mix, random nonamers, RNAse OUT and DTT. The mixture was briefly 
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centrifuged with the RNA, and incubated at 25°C for 10 minutes, then at 37°C for 50 
minutes, and then heated at 70°C for 15 minutes. 

To determine the transcriptional profile of the selected genes, qPCR was applied 
with Taqman assays.  ACTB and 18SrRNA were used as endogenous reference genes. 
For the qPCR, cDNA was amplified by using the appropriate primers and probes. For 
18SrRNA, WNT2, IGF2, SERPINA3 and HERVWE1 TaqMan gene expression assays 
were used, provided by Applied Biosystems (Supl. table 2). The primer and probe 
sequences for PPARG and ACTB have been published (www.LabPediatricsRug.nl) and 
are presented in Additonal file 5. All samples were run in duplicates on the 7900HT 
Fast Real-Time PCR System (Lifetechnologies). SDS 2.4 Software from Applied 
Biosystems was used to analyze the runs. The mRNA levels of the studied genes were 
calculated relative to ACTB and 18SrRNA.

Statistical analysis
All statistics analyses were performed using SPSS Statistics 20.0. For normally 

distributed data the independent samples T-test was used and data were presented 
as a mean with standard deviation. When the data were not normally distributed, 
nonparametric tests were used (Mann-Whitney U test) and the data were presented 
as median and range. Outcomes were considered significant with a probability value 
of <0.05.
 

Results

35 SGA neonates and 70 neonates with a normal birth weight were included. The 
groups were different for maternal hypertension and smoking. Maternal and neonatal 
characteristics are presented in Table 1. For some of the genes not all the samples 
were sufficient. The total of analyzed samples are presented below the figures. 
We looked at the DNA methylation level of the separate CpG positions (Supplemental 
file 4), and also at the mean DNA methylation levels of all the CpG positions together 
(Table 2). Furthermore we looked at gene expression and the correlation between 
DNA methylation and expression. 

At first we looked at LINE-1. This repetitive element showed an average DNA 
methylation level close to 50% in both groups (Table 2). When analyzing the 3 CpG’s 
separately, no differences were found between cases and controls (Supl. Table3). 
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Table 1. Maternal and neonatal characteristics.

Characteristics Controls (n=70) Cases (n=35) P-value

Gestational age at CVB in weeks 
(median and range)

11.3 (10.1-12.4) 11.3 (10.1-12.4) 0.991

Gestational age at delivery in 
weeks (median and range)

40.2 (37.6-42.9) 37.7 (29.3-41.7) 0.0521

Maternal characteristics

Maternal age at CVB in years (me-
dian and range)

38.3 (26.5-45.1) 39.1 (25.1-43.8) 0.1931

Parity 0.5052

Primiparous 14 (20%) 9 (27.7)

Multiparous 56 (80%) 26 (74.3%)

Hypertension during pregnancy <0.0013

No hypertension 56 (80%) 17 (48.6%)

Hypertension 0 4 (11.4%)

Pre-eclampsia 0 2 (5.7%)

Unknown 14 (20%) 12 (24.3%)

Smoking during pregnancy <0.0012

Yes 0 12 (34%)

No 65 (92.9%) 23 (65.7%)

Unknown 5 (7.1%) 0

Neonatal characteristics

Gender 0.7832

Male 36 (51.4%) 17 (48.6%)

Female 34 (48.6%) 18 (51.4%)

Birth weight in grams (median and 
range)

3500 (2710-4010) 2700 (690-3110) 0.0011

Birth weight percentile

<2.3% 0 9 (25.7%)

2.3-5% 0 14 (40.0%)

5-10% 0 12 (34.3%)

20-50% 39 (55.7%) 0

50-80% 31 (44.3%) 0
1 Mann-Whitney test, 2 Chi-square test 3 Fisher’s exact test.
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Table 2. The average DNA methylation levels for the different genes examined

Genes Positions 
analized

Average methylation 
level (%) 

Controls (n=70)

Average methylation 
level (%) 

Cases (n=35)
P-value

LINE-1 3 48.58±3.15 47.53±3.80 0.1392

WNT2 12 12.16 (3.33-50.98) 13.55 (7.06-53.07) 0.1621

IGF2-H19 4 38.88±4.91 39.40±5.16 0.6312

SERPINA3 6 26.55±6.48 27.58±7.12 0.4682

HERVWE1 4 7.45 (3.59-27.97) 8.30 (3.52-24.55) 0.7591

PPARG 5 4.84 (2.20-8.36) 4.96 (2.73-7.34) 0.6811

1 Calculated with Mann-Whitney test. 2 Calculated with independent T-test.

In case of WNT2, the first and second analyzed CpG showed a significantly higher 
DNA methylation level in SGA samples, compared to controls (Fig. 1, respectively 
p=0.041 and p=0.039). However, no change in gene expression was found. When we 
looked at the correlation between WNT2 DNA methylation and WNT2 expression no 
statistical differences were found (Figure 1).  

When analyzing the DNA methylation level of the genes IGF2-H19, SERPINA3, 
HERVWE1 and PPARG, no significant differences were found. Neither for the seperate 
CpG positions, as for the average DNA methylation level between cases and controls. 
For PPARG it was remarkable that we found a relatively low DNA methylation level in 
both groups compared to our other studied genes.

When stratifying our population into different groups, that is comparing the 
lowest versus the highest methylated samples and comparing the different birth 
weight groups, we also found no significant differences in DNA methylation (data not 
shown). 

There were also no statistical differences in mRNA expression of these four genes 
between SGA cases and controls (IGF2-H19 p=0.923; SERPINA3 p= 0.776; HERVWE1 
p=0.340; PPARG p=0.334;). The DNA methylation and expression data of these four 
genes are shown in Figure 2.  For these four genes no correlation was found between 
DNA methylation and expression (Suppl. figure 1).

Interestingly, for IGF2/H19, we noticed the presence of a previously unknown 
single nucleotide polymorphism at CpG4 in roughly 50% of all samples. Consequently, 
we excluded CpG4 from all statistical analyses. 
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 Figure 1. DNA Methylation and expression of WNT2 and the association with SGA. (A) Methylation of 
CpG1 (n=105). (B) Methylation of CpG2 (n=105). (C) Average of all the 12 CpG positions analyzed (n=105). 
(D) Expression of WNT2 (n=99 (67 controls/32 cases)). (E) The correlation between WNT2 methylation 
and expression.
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Figure 2. DNA Methylation and expression of IGF2-H19, SERPINA3, HERVWE1 and PPARG. (A) Methylation 
of IGF2-H19 (n=105). (B) Expression of IGF2-H19 (n=99 (67 controls/32 cases)). (C) Methylation of 
SERPINA3 (n=100 (66 controls/34 cases)). (D) Expression of SERPINA3 (n=92 (61 controls/31 cases)). 
(E) Methylation of HERVWE1 (n=102 (68 controls/34 cases)). (F) Expression of HERVWE1 (n=99 (67 
controls/32 cases)). (G) Methylation of PPARG (n=102 (68 controls/34 cases)). (H) Expression of PPARG 
(n=98 (66 controls/32 cases)).
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Discussion

Changes in DNA methylation of several genes in term placenta have been linked 
to SGA and have been associated with changed expression of these genes [177]. 
However, studies showing whether this is a cause or a consequence of FGR are 
lacking. Based on the studies performed in term placenta we selected candidate 
genes related to fetal growth and looked for a difference in DNA methylation pattern 
in early, first trimester placenta samples.  For LINE-1 we found out that the overall 
DNA methylation in first trimester SGA samples is not changed. This suggests that 
overall DNA methylation in first trimester SGA samples is not changed, but is affected 
later on during development. The level of DNA methylation was about 50% in both 
cases as controls, as reported earlier in normal pregnancies [211].

For WNT2, in our population, only the first and second examined CpG position of 
WNT2 showed a significantly higher DNA methylation level in the cases, compared 
to controls. Using the program TFSEARCH, we identified putative transcription factor 
binding sites. Transcription factor binding sites are likely epigenetic transcriptional 
regulation sites, as modifications here may influence transcription factor binding 
[212]. We found that ADR1, MZF1 and SP1 bind to binding sites on the first analyzed 
CpG position of WNT2. The second CpG showed no correlation with any transcription 
factor. Possibly the changes in DNA methylation in the first CpG have a biological 
relevance due to transcription factors. Therefore, we looked at the expression of 
WNT2. However, we found no differences in expression between SGA and controls. 
There was also no correlation between DNA methylation of the promoter and 
expression. However, the relation between DNA methylation and gene expression is 
very complex and gene expression is also dependent on other factors like histone 
acetylation [178,213]. 

We also analyzed the average DNA methylation level of the first five CpG positions 
of the total 12 CpG positions of the WNT2 gene we examined. This was done because 
these are the same positions that were included in the Ferreira study and in this 
way we were able to compare our results with theirs [184]. However, no statistically 
significant differences were found in the DNA methylation status of the first single 
five CpGs between the SGA and the controls (data not shown). 

In our early placenta material no significant difference in DNA methylation levels 
could be found for IGF2-H19, nor in the expression levels of IGF2. Interestingly, we 
identified a new single nucleotide polymorphism at CpG position 4, which prohibited 
DNA methylation analysis of this position. We therefore omitted this position from 
the statistical analyses.  
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For SERPINA3, HERVWE1 and PPARG we did not find any difference in DNA 
methylation, nor in expression. For PPARG we did find a very low methylation level. 
A low methylation level permits expression of this gene, confirming its important 
role in placental development.   

In our selection of genes we did not find, except for WNT2, methylation 
differences. This suggests that the reported DNA methylation changes in term SGA 
placenta occur later during pregnancy, at least after the first trimester. In order to 
make a definite statement about the DNA methylation throughout pregnancy we 
would have to measure the DNA methylation in term placentas in the same cases as 
we used for the CVB. Unfortunately, this material is not available. The CVB was taken 
in the 11th till 13th week of pregnancy. A lot of these women were only visiting the 
University Medical Center Groningen for the biopsy. When the outcome of the CVB 
was normal, most of the women went back to their own hospital or midwife and 
delivered there. For this reason, the ultrasound measurements like fetal biometry 
and doppler velocimetry are also absent. We are unable to compare our laboratory 
findings with these clinical data.  

Further limitations of this study are that we only examined a few candidate 
genes based on our literature search. Array studies could be helpful to select strong 
candidate genes for further research. We have to attend that there is a variability in 
DNA methylation in the placenta. Therefore, to be able to validate SGA associated 
genes, the differences must be remarkable.  

Conclusion

Our study showed hypermethylation of the WNT2 gene on two CpG positions in 
SGA cases. However no DNA methylation or expression changes were observed for 
the other genes in early placental material, between the 11th and 13th week, related 
to SGA. 

This indicates that the DNA methylation and/or expression differences reported 
in the literature before arise after the first trimester, between the second trimester 
and the term period. 
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Supplementary Figures and Tables
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Gene Primers Sequence to analyze

LINE-1

F: provided by Qiagen, cat. no. 970042 TTYGTGGTGYGTYGTTT

R: provided by Qiagen,

S: provided by Qiagen

WNT2

F: GGGTGTATGAAATGATGGTAAGAG GAGGTGAGGYGGGGAAGGGGG
AATATYGTTGTATGGTTAYGAG
TATAYGYGAATATAGAATTTTT
AGGGAGTTTTAGGTTAAAGAG
TATTYGTGGGTTTTYGGAGYGT
GYGTTTYGGATTGTYGAGGTAT
TYGTTGGTAAATAAGTTTTTG
AG

R: CCCCCTTCCTCCTTTCCTCACATTACA

S1: GAGATGTTTGGGGAT

S2: GGGAAGTTTTAGGTTAAAG

IGF-H19 DMR 
(ICR1)

F: 5’-GGGGGTTTTTGTATAGTATATGGGT-3’ AATYGGAAGTGGTYGY-
GYGGYGGTAGTGTAGGTT-
TATATATTATAGTTR: 5’-ACTCCTATAAATATCCTATTCCCAAATAAC-3’

S: 5’-TGGTTGTAGTTGTGG-3’

SERPINA3

F: 5’-AGTTGAGAATGGAGAGAATGTT-3’ AATTAAGATYGAGGGATATAY-
GTGGATTTYGGATTAGTTT-
TYGTTAAYGTGGATT-
TYGTTTTTAGTTTGTATAAG-
TAGTTAGTTTTG

R: 5’-ATTCTTATCAAAAACCTTCAAAACTAACT-3’

S: 5’-GGAGAATTTGATTTAGGAG-3’

HERVWE1

F: TGGAGAGTGAATTATTGAGTTATATGA TTTTGGGGYGGGTTTTTTTTT
TGGGATGAGGGTAAAAYGTTT
GAGATATAGTAATTATTTTGTA
ATTGAGAGATAGATTAGTTGG
ATTTTAGGTYGATTAAGAATT
TTTAAGTTTAGTTGGGAAGGT
GATTAYGT

R: ATCCCCATTATTATCCCTCCTACTATACTC

S1: GGATAGTGAATATAGATAGAAGT

S2: AGATAGGATTAGTTGGATT

PPARG

F: GGTAAGGAATTTTGAAAGTGTGTAGTA  GAYGGTTTGGTYGATYGTYGT-
GTGAAGGGTAAGTTATTTTG-
GTYGAGR: CTAAAAAACCACCCAAAAAAAATCCCATT

S: TGGAAAGAATATTTTGGGAA

Tabel S1. Primers used for PCR and pyrosequencing.
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Figure S1. The scatterplots show the correlation between methylation and expression. Expression is cal-
culated relative to the expression of the housekeeping genes 18SrRNA and ACTB (A) IGF2-H19. (B) SER-
PINA3. (C) HERVWE1. (D) PPARG.

Gene Assay/primers

ACTB
F: CTGACTGACTACCTCATGAAGATCCT
R: CTTAATGTCACGCACGATTTCC
Taqman probe: CAGCTTCACCACCACGGCCGAG

18rRNA Taqman Hs99999901_s1

WNT2 Taqman Hs00608224_m1

IGF-H19 Taqman Hs00171254_m1

SERPINA3 Taqman Hs00153674_m1

HERVWE1 Taqman Hs02341206_g1

PPARG
F: GATGTCTCATAATGCCATCAGGT
R: GGATTCAGCTGGTCGATATCACT
Taqman probe: CAACAGCTTCTCCTTCTCGGCCTG

Tabel S2. Assays used for qPCR
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Table S3. Methylation of the individual CpG positions for the different genes examined and the association 
with SGA.

Gene CG position Controls Cases P-value

LINE-1 CG1¹ 48,00 (37,00-53,00) 47,00 (40,00-55,00) 0,170a

CG2² 50,93 ± 3,33 49,80 ± 3,97 0,128b

CG3² 46,83 ± 3,14 45,74 ± 3,85 0,125b

Average 3 CGs² 48,58 ± 3,15 47,53 ± 3,80 0,139b

WNT2 CG1¹ 13,72 (3,96-56,77) 23.21 (5,94-56,88) 0,041a*

CG2¹ 30,18 (7,43-72,32) 35,94 (12,00-70,10) 0,039 a*

CG3¹ 24,82 (12,45-61,37) 30,43 (13,09-62,67) 0,095a

CG4¹ 10,57 (4,76- 47,32) 11,36 (4,78-46,73) 0,223a

CG5¹ 20,52 (7,19-52,18) 19,78 (6,55-51,09) 0,301a

CG6¹ 5,23 (1,48-47,76) 5,50 (2,19-47,47) 0,405a

CG7¹ 5,79 (2,77-50,19) 6,11 (1,70-52,10) 0,415a

CG8¹ 4,21 (1,02-42,40) 5,40 (0,95-45,82) 0,459a

CG9¹ 4,86 (1,35-41,31) 6,16 (1,19-45,79) 0,330a

CG10¹ 5,81 (1,64-48,52) 6,04 (1,72-54,30) 0,906a

CG11¹ 5,66 (1,76-47,87) 5,88 (1,77-50,07) 0,175a

CG12¹ 13,05 (6,83-62,60) 14,16 (2,86-66,51) 0,146a

Average 12 CGs¹ 12,16 (6,33-50,98) 13,55 (7,06-53,07) 0,162a

IGF2-H19 CG1² 40,70 ± 5,37 41,63 ± 5,43 0,407b

CG2² 43,00 ± 5,25 43,17 ± 5,19 0,874b

CG3² 35,06 ± 5,73 35,37 ± 6,21 0,797b

CG5² 36,74 ± 4,65 37,43 ± 5,01 0,489b

Average 4 CGs ¹ 38,88 ± 4,91 39,40 ± 5,16 0,613a

SERPINA3 CG1¹ 23,50 (9,00-41,00) 22,00 (13,00-46,00) 0,735a

CG2¹ 12,00 (5,00-30,00) 12,00 (6,00-29,00) 0,612a

CG3² 22,70 ± 8,29 23,24 ± 8,88 0,765b

CG4² 55,20 ± 11,95 58,62 ± 14,20 0,207b

CG5¹ 14,00 (6,00-29,00) 13,00 (5,00-36,00) 0,790a

CG6² 30,70 ± 8,47 30,88 ± 8,91 0,919b

Average 6 CGs² 26,55 ± 6,48 27,58 ± 7,12 0,468b
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Gene CG position Controls Cases P-value

HERVWE1 CG1¹ 7,22 (2,67-24,47) 8,03 (2,01-24,41) 0,443a

CG2¹ 4,14 (0,90-19,16) 4,61 (0,00-21,95) 0,713a

CG3¹ 10,20 (3,54-35,49) 10,55 (3,96-28,76) 0,937a

CG4¹ 9,86 (4,89-30,17) 10,47 (5,22-23,07) 0,531a

Average 4 CGs¹ 7,45 (3,59-27,97) 8,30 (3,52-24,55) 0,759a

PPARG CG1¹ 2,70 (1,42-12,18) 4,89 (2,20-8,36) 0,859a

CG2¹ 5,96 (2,92-19,78) 2,77 (1,22-12,18) 0,683a

CG3¹ 4,29 (1,48-14,79) 6,06 (2,92-19,78) 0,629a

CG4¹ 2,59 (0,00-14,18) 4,27 (1,48-17,61) 0,431a

CG5¹ 6,42 (2,71-13,49) 2,73 (0,00-14,18) 0,845a

Average 5 CGs¹ 4,84 (2,20-8,36) 4,96 (2,73-7,34) 0,681a

The data are either presented as median and range (1) or as mean with standard deviation (2). To 
calculate the p-value the Mann-Whitney test (a) or the independent T-test was used (b). * Significant at 
the 0,05 level.
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Discussion

The alarming increase in the prevalence of the metabolic syndrome in the 
western world but also in developing countries, can in part be contributed 
to the change in dietary habits and the lack of exercise. However, animal 

and epidemiological studies have indicated that nutrition during the fetal and/or 
the neonatal period also affects adult health. This concept has emerged in to the 
predictive adaptive response hypothesis, as postulated by Gluckman [214]. Predictive 
adaptive response describes the processes by which environmental interactions in 
early development lead to changes in the physiological phenotype of the developing 
fetus in expectation of future advantage in a particular predicted adult environment. 
A mismatch in this environment could predispose to or increase the vulnerability to 
develop certain metabolic diseases at later age.

In this thesis we characterized the physiological consequences of a maternal 
western diet during early developmental phases on the long-term health of the 
offspring. By doing this at several stages of development we aimed to elucidate part 
of the mechanism(s) that facilitates maternal programming.

In chapter 2 we presented the nutritional mouse model used to investigate 
the effect of maternal nutritional programming. The combination of maternal 
and offspring western diet feeding resulted in increased weight gain, hepatic 
hyperlipidemia as well as increased liver injury in the male offspring exclusively. This 
phenotype was confirmed by histopathological characterization and verification by 
hepatic expression of inflammatory markers. With this clear disease state in the 
adult male offspring we decided to concentrate on possible changes in the liver in the 
early period to investigate metabolic pathways vulnerable for programming (chapter 
3). In two-week-old offspring of these dams, once again exclusively male offspring  
had significantly higher body weight upon maternal western diet compared with 
offspring from maternal control diet.  Although this time, female liver to body weight 
ratio was also affected by maternal western diet, meaning an increase in liver weight 
compared to body weight. In addition blood parameters as well as hepatic gene 
expression profiles were changed in offspring of western diet-fed dams. Contrary to 
what one might expect from the long term results, the strongest regulated biological 
functions in males included cell developmental functions, whilst in females especially 
functions that relate to metabolism and energy homeostasis were among the highest 
regulated functions.

The second part of this thesis focused on the mechanisms facilitating maternal 
programming and sex specificity. In chapter 4 we performed histology on the placentas 
from offspring of the animal model used in this thesis. Although no difference was 
seen between the different maternal diets, there was a difference between the 
genders. We saw a distinct increase in the ratio between the labyrinth layer and the 
spongiotrophoblast layer for the male offspring only. This finding could indicate 
that the male placenta is being more apt to transport excess maternal nutrients to 
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the male fetus, whereas the placenta of the females acts as a barrier, consequently 
leading to increased growth in the male fetus in contrast to the female fetus. 

In the last two experimetnal chapters of this thesis we investigated DNA 
methylation in and during development. In Chapter 5 we studied epigenetic DNA 
methylation as a mechanism that might facilitate programming effects to persist into 
adulthood. We had hypothesized to find early epigenetic marks that were conserved 
into adulthood possibly being able to serve as a marker for predisposition to develop 
liver disease. This proved to be more complex than anticipated. Although we did 
find a core set of offspring NAFLD specific methylation patterns was found to be 
corresponding to human steatohepatitis.

Identifying markers for a disease state is never easy, since rarely there is only one 
factor playing a role in determining the development of the fetus. The influence of 
maternal life-style in human programming is expected to be even more complex. In 
chapter 6 we have investigated if altered methylation patterns of genes in small for 
gestational age postpartum placentas are also present in placenta tissue obtained 
by chorionic villous biopsies from small for gestational age neonates. This early 
placental material is difficult to come by and therefore very valuable. Methylation 
changes found in late placenta could not be traced back to the early placenta 
samples, implying that these marks do not have a causative relation with the small 
for gestational age development.

Most of the findings in this thesis are in line with hypotheses in the literature 
proposing  that prenatal exposure to a high caloric diet renders offspring especially 
sensitive to lipotoxic effects of postnatal high caloric diets. Murine models have 
consistently described lipid abnormalities in adult offspring exposed to a high fat 
diet during early phases of development [16-19,24,26,54,55,60]. In contrast to these 
studies, we have not been able to generate obese or insulin resistant dams when 
given obesogenic diets. In our studies an experimental high fat semi-synthetic diet 
was compared to a control semi-synthetic diet whereas in earlier studies obesogenic 
diets have been compared to rodent chow, which we regard as a flaw in experimental 
design. Despite this difference, we were able to show that maternal western diet 
predisposes to metabolic derangement in offspring adulthood. 

Studies investigating the early phenotype of offspring by maternal programming 
report changes in lipogenic pathways similar to our results. Non-human primates 
of overnurished mothers show signs of NAFLD in the early third trimester [29]. In a 
rodent model of maternal over nutrition there was a liver to body weight difference, 
in addition enlarged hepatocytes and lipid accumulation in livers of offspring were 
observed [22]. However only few of the studies investigating the early effects of 
maternal programming reported on possible sex differences that could be present. 
Only scarce literature investigates placentation in the context of programming 
but, whenever it is done, most of these studies do focus on the sexually dimorphic 
placenta [39-41]. In terms of the human placenta, several studies have identified a 
number of differences in gene expression [215,216]. O’Connell et al. have shown that 
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the placenta exhibits sexually dimorphic placental development over time. Although 
the study of O’Connell et al. did not investigate the effect of maternal nutrition, it does 
strengthen our hypothesis that males are more vulnerable to a sub-optimal in utero 
environment [132]. They hypothesized that the female feto-placental unit relies on 
continued growth of vascular elements in the placenta throughout gestation, whereas 
in the male feto-placental unit high fetal growth depends more heavily on the growth 
of tissue containing transporter molecules.

This thesis has provided evidence of a substantial effect of diet during pregnancy 
on both physiology and gene expression in rodent offspring at different stages of 
development.

In the experiments performed in this thesis we have not been able to investigate 
functional changes in addition to the molecular changes in this maternal nutritional 
model. Future studies should investigate if the fetal and adult hepatic expression 
levels of genes involved in lipid metabolism are translated into quantitative 
changes in physiological relevant lipid fluxes. Indeed, several studies report that 
liver functionality is affected by maternal malnutrition in the adult offspring, e.g. 
gluconeogenesis, glucose handling, mitochondrial electron transport and phagocytic 
function [18,20,26,217].

Future research should focus on finding early markers of the metabolic syndrome 
leading to the development of comorbidities. In this frame sex specificity should 
always be taken into account. In addition histone modifications and DNA methylation 
patterns should be investigated in a gender specific manner.
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Over de laatste decennia is er een alarmerende toename van obesitas in de west-
erse wereld. Met deze toename in obesitas is er een toename van de ontwikkeling 
van het metabool syndroom, waarbij men moet denken aan type 2 diabetes, hyper-
tensie en hart- en vaatziekten. Daarnaast breidt deze ontwikkeling zich steeds verder 
uit, naar bijvoorbeeld ontwikkelingslanden. 

Voor een groot deel kan dit alles teruggeleid worden naar dieet gewoonten en 
het ontbreken van lichaamsbeweging. Dierlijke maar ook epidemiologische stud-
ies hebben aangetoond dat nutriënten tijdens de foetale en neonatale periode een 
langdurig effect hebben op de gezondheid. Uit epidemiologische studies naar onder-
voeding tijdens de zwangerschap is gebleken dat  nakomelingen een verhoogd risico 
hebben op verschillende chronische ziekten. Dit verband tussen prenatale voeding 
en ontwikkeling van ziekten op latere leeftijd wordt ook wel “metabole program-
mering” genoemd; waarbij omgevingsfactoren in de vroege ontwikkeling leiden tot 
veranderingen in het fenotype van het in ontwikkeling zijnde foetus, in de verwacht-
ing dat dit in de toekomst een voordeel geeft in de omgeving waar het kind in zal 
opgroeien. Een mismatch in deze omgeving kan een verhoogde kans creëren op het 
ontwikkelen van bepaalde metabole ziekten op latere leeftijd.

In dit proefschrift karakteriseren wij de fysiologische consequenties van me-
tabole programmering door een maternaal westers dieet te gebruiken gedurende 
vroege ontwikkelingsfasen van de foetus. Door de fysiologische consequenties te 
karakteriseren in verschillende stadia van de ontwikkeling hebben we geprobeerd 
een gedeelte van het mechanisme dat ten grondslag ligt aan programmering op te 
helderen. 

Net als andere studies hebben wij gebruik gemaakt van een diermodel, waarbij 
er voor en tijdens de conceptie, zwangerschap en lactatie een westers- of controle 
dieet gevoed wordt aan de moeder. Wanneer de nakomelingen gespeend worden 
gaan deze eveneens op een westers- of controle dieet tot ze een volwassen leeftijd 
hebben bereikt. 

In hoofdstuk 2 beschrijven we dat de combinatie van zowel een maternaal- als 
volwassen westers dieet leidt tot een verhoogd lichaamsgewicht, hepatische hyper-
lipidemie en verhoogde waardes van lever enzymen in de mannelijke nakomelingen. 
Deze bevindingen, samen met de gen expressie en histologische waarnemingen in 
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de lever leiden tot de conclusie dat een maternaal westers dieet kan leiden tot non-
alcoholische lever vervetting en mogelijk steatose van de lever. Met dit duidelijke 
programmeringsfenotype hebben we ons geconcentreerd op mogelijke veranderin-
gen in de vroege fase van de lever, hoofdstuk 3. In dit hoofdstuk wordt nogmaals 
een verhoogd lichaamsgewicht waargenomen in de nakomelingen blootgesteld aan 
een maternaal westers dieet. De gen expressie profielen van deze levers waren dan 
ook significant veranderd vergeleken met de levers van maternaal controle dieet na-
komelingen. In tegenstelling tot onze verwachting zaten de grootste verschillen in 
biologische functies die betrekking hebben op cel ontwikkelingsfuncties, terwijl in 
vrouwelijke nakomelingen de functies gerelateerd aan metabolisme en energie ho-
meostase de grootste verschillen toonden.

Uit hoofdstuk 2 en 3 blijkt nogmaals het verschil tussen beide seksen in metabole 
programmering. Als gevolg hiervan hebben we het mechanisme dat dit sekse-spec-
ifieke effect mogelijk maakt onderzocht, hoofdstuk 4. Een goede kandidaat voor het 
verschil tussen de seksen is de placenta, tijdens de zwangerschap is het de placenta 
die de voedingsstoffen naar de foetus transporteert. De placenta’s van de nakomelin-
gen op de verschillende diëten verschilden niet van elkaar op histologisch niveau. 
Wel hebben we geslacht specifieke effecten van de placenta waar kunnen nemen, 
zo is er een verhoogde ratio tussen de labyrint laag en spongiotrofoblast laag in de 
placenta’s van de mannelijke nakomelingen, dit in vergelijking met vrouwelijke na-
komelingen. Deze bevinding zou kunnen impliceren dat de mannelijke placenta meer 
kansen biedt om het teveel aan maternale nutriënten naar de mannelijke foetus te 
transporteren, terwijl de placenta van vrouwelijke nakomelingen als een barrière 
dient. Helaas hebben we geen tracer studie uitgevoerd naar het transport van nu-
triënten over de placenta.

In een aantal studies wordt beschreven dat epigenetische veranderingen ten 
grondslag kunnen liggen aan metabole programmering. Methylering in de biolo-
gie speelt een belangrijke rol in de status van het DNA, die de expressie van genen 
en daardoor het metabolisme kan reguleren. In hoofdstuk 5 hebben we in ons di-
ermodel gekeken naar de verschillen in DNA methylering in de levers van controle 
en geprogrammeerde muizen. Dit hebben we gedaan op 2 verschillende tijdspunten 
om zo oorzaak van gevolg te kunnen onderscheiden in metabole programmering. 
Daarnaast onderzochten we of deze epigenetische veranderingen invloed hebben 
op de expressie van genen. Het maternale westerse dieet veroorzaakt veranderde 
(verhoogde en verlaagde)DNA methylatie in verschillende regio’s in het genoom. In 
deze studie was de correlatie tussen methylatie en gen-expressie laag. Wel hebben 
we een set van methyleringspatronen in de geprogrammeerde nakomelingen gevon-
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den welke corresponderen met humane steatohepatitis.
In hoofdstuk 6 hebben we onderzocht of een veranderd methyleringspatroon van 

bepaalde genen in a terme placenta’s van groei vertraagde kinderen ook voorkomt in 
placenta weefsel verkregen vroeg in de zwangerschap. In ons onderzoek hebben we 
geen veranderde methylering van deze genen kunnen vinden in de vroege placenta 
monsters van groei vertraagde kinderen. Dit zou kunnen betekenen dat deze genen 
geen causale rol spelen in de ontwikkeling van het achterblijven van de groei van 
deze kinderen. Wanneer en of de verschillen wel ontstaan in de latere placenta van 
deze kinderen kunnen we met dit onderzoek niet zeggen.
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En dan het meest gelezen stuk van elk proefschrift: het dankwoord. Ik zal proberen 
iedereen die ik de afgelopen 4 jaar (en een beetje) heb leren kennen en die op de één 
of de andere manier bij mijn onderzoek betrokken was te bedanken, maar voor het 
geval ik iemand vergeet wil ik bij deze iedereen bedanken en hoop ik dat niemand 
zich overgeslagen zal voelen.

Ten eerste wil ik graag mijn promotoren en directe begeleiders bedanken voor de 
afgelopen jaren. 

Bert, bedankt voor de kans om promotie onderzoek bij Kindergeneeskunde 
te kunnen doen. Je bent altijd erg kritisch geweest wat betreft het maternale 
programmerings onderzoek, dit heeft onder meer bijgedragen aan goede discussies 
en dit heeft mij beter doen nadenken over mijn proeven en resultaten.

Henkjan,  jouw wetenschappelijke kennis en de interpretatie van data zorgde 
altijd voor nieuwe inzichten waardoor ik met veel enthousiasme weer aan de slag 
ging. Verder heb je mij in het laatste jaar enorm geholpen bij het afronden van mijn 
proefschrift. Het deadline-schema werkte zeer motiverend en je scherpe en kritische 
beschouwingen heb ik altijd weten te waarderen.

En dan Torsten, mijn dagelijkse steun en toeverlaat. Zonder jou was ik nooit tot 
dit einde gekomen. Jouw deur stond altijd open voor advies, het bespreken van data, 
een praatje en snoep. Ik heb genoten van mijn tijd op het lab en het onderzoek dat we 
uitgevoerd hebben. Bedankt!

Dear Agnes, we worked on this metabolic programming project together. Thank 
you for being a mentor and more for me. You have helped me a lot. Moreover thank 
you for your patience with me (especially on your topic epigenetics). I hope to see 
you again!

Ik wil ook graag de leescommissie, bestaande uit Prof. dr. Martin Hofker, Prof. 
dr. Jan Glatz en Prof. dr. Sicco Scherjon, bedanken voor het beoordelen van mijn 
proefschrift.

Lieve paranimfen, Karen: Ik heb bijna mijn gehele promotie traject met jouw een 
kamer gedeeld (de leukste kamer, wat anderen ook beweren!!). Bedankt voor alle 
werkbesprekingen, maar vooral voor de besprekingen die niks te maken hadden met 
het werk. Sweet Antonella (not everybody would describe you as such), although I 
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have not known you for a very long time I know we both feel like we have known 
each other for many years. Thank you for making my transition in a new lab so easy, 
I do not know yet how I will cope when you are back to Italy. I cannot wait to see you 
again with a little Mrs. Bean.

COLLEGA’s

Ik zou graag alle mede auteur’s van mijn manuscripten willen bedanken. Bedankt 
voor jullie tijd en samenwerking. Speciaal zou ik nog willen noemen Petronella 
en Vera, voor het samen schrijven van het review. Mona en Wilma, collega’s uit 
Wageningen, voor de vele manuscripten die nog steeds geschreven worden op basis 
van onze samenwerking.

En dan het “programmerings sub-groepje”; Vincent (bedankt voor de micro-array 
analyses), Mathijs (vele uren op het CDP), Lidiya, Maaike en Violeta, bedankt voor 
jullie hulp bij de dierproeven. Maar ook voor jullie meningen en input over mijn data 
waardoor ik nieuwe inzichten kon krijgen in mijn onderzoek. 

Mijn kamergenoten door de jaren heen: Henk (de enige constante factor en 
humorist), Margot, Arne (jouw rollen in de promotie filmpjes zijn altijd memorabel, 
ik kijk uit naar jouw promotie), Wytske (tegen jouw harde werken kan niemand op), 
Karen, Gijs (altijd  gezellig met jou), Lidiya en Sanam (last ones to join but it was a 
pleasure). Ik vond de kamer avonden buiten het werk om altijd erg gezellig!

De eetclub in wisselende samenstellingen: Karen, Andrea, Nicolien, Anke, Vera, 
Esther, Wytske en Nienke, bedankt voor de gezellige avonden na het werk. Ik ben blij 
dat we zo af en toe nog een reünie hebben en even bij kunnen kletsen. 

Jan Freark, jouw moet ik ook even apart bedanken; bedankt voor alle hulp 
(injecties) tijdens de dierexperimenten, nogmaals sorry dat je hierdoor opgezwollen 
op de eerste hulp beland bent. 

De dames van het secretariaat, Hilde en Gea, altijd in voor een gezellig praatje, 
jullie worden gemist!

Alle andere leden en oud-leden van het lab kindergeneeskunde, en natuurlijk ook 
de collega’s van MDL, wil ik bedanken voor alle input en samenwerkingen, maar ook 
voor de leuke tijd en plezier op het lab: Aycha, Albert, Uwe (always a party when you 
are around), Janine, Hans, Juul, Elodie, Weilin, Mariëtte, Renze, Theo, Trijnie, Rick, 
Angelika, Niels, Danny, Dicky, Tim, Vera, Dirk-Jan, Carolien, Marleen, Brenda, Marije, 
Anke, Marcela, Jelena, Gemma, Barbara, Jurgen, Anne-Claire, Agnieszka, Sarah, Fiona, 
Jolita, Tjasso, Manon, Floris, Ali, Shiva, Mark, Anouk, Janette, Klaas-Nico en Han. Ook 
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de collega’s van Metabole ziekten bedankt, het was altijd erg gezellig tijdens het 
pyrosequencen.

Natuurlijk moet ik alle medewerkers en dierverzorgers van het CDP bedanken, 
want zonder het CDP geen experimenten. Bedankt voor de goede zorgen en de 
organisatie.

Als afsluiter van de collega’s: mijn nieuwe collega’s van het lab Experimentele 
Hematologie en Kinderoncologie, bedankt voor de gezelligheid en goede werksfeer!

Vrienden en familie

Alle vriendjes en vriendinnetjes, vooral bedankt voor alle afleiding naast het 
werk, dit was soms hard nodig!

Mijn lieve familie, ik bedenk me vaak hoe gelukkig ik mezelf mag rekenen met een 
familie zoals de onze. Woorden zullen hier altijd tekort schieten, maar ik zal het toch 
proberen. 

Allereerst mijn grote broer, Jesse, natuurlijk moet ik je bedanken voor het 
promotiefeest in één van jouw “etablissementen”. Verder bedankt voor je eeuwige 
geëtter en dat ik me nog altijd een klein zusje kan voelen met jouw in de buurt. 
Gelukkig is er Martien die je nog een beetje in toom kan houden, hiervoor mijn dank. 

Mijn “kleine” broertje, Toussaint, we zijn van ver gekomen. “Vroeger” konden we 
elkaar wel schieten, gelukkig ligt die tijd ver achter ons. Ik ben blij dat ik je nog zo 
vaak zie en dat je graag op je kleine neefje en nichtje past. 

Mijn grote maar toch ook een beetje kleine zus, Ruth, eigenlijk toch wel mijn beste 
maatje! Onze persoonlijkheden verschillen nogal en we zijn in alles uitersten en toch 
zou ik niet zonder je kunnen. Bedankt voor je steun bij alles wat ik doe! 

Dan mijn ouders. Allerliefste Elvira, er zijn vele benamingen voor een “stiefmoeder” 
maar allemaal voelen ze voor mij niet juist. Op alle manieren ben je als een moeder 
voor me! Bedankt voor het vertrouwen dat je in me hebt en altijd hebt gehad. 

Mijn allerliefste papa, ik denk dat aan de laatste stelling van mijn proefschrift al 
af te lezen valt hoe ik over jouw denk. Zelfs nu we allemaal volwassen zijn sta je nog 
altijd voor ons klaar, ik zou niet weten wat we zonder je moeten. Ik ben trots dat jij 
mijn papa bent!

Dankwoord
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En tot slot “mijn gezinnetje”. Lieve Johan, ik wil je bedanken voor al je steun, hulp 
en geduld in de afgelopen jaren. Bedankt dat jij met de komst van Jonas minder bent 
gaan werken zodat ik door kon gaan. Ik weet dat ik niet de makkelijkste ben en je 
best wat met me te stellen hebt, bedankt dat je het met me uithoudt. Maar vooral 
bedankt voor onze kindjes, ik kan niet wachten op de gezinsuitbreiding die zich 
alweer aandoet. 

Lieve kindjes, er is niets wat ik niet voor jullie zou doen. Bedankt dat jullie alles 
voor mij in perspectief hebben gezet en elke dag zetten, er gaat niets boven jullie!

Liefs, Maurien
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