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Fetal programming 

Pregnancy is a dynamic process associated with physiological changes of the 
mother in order to nurture the developing fetus. The survival and development of the 
fetus is dependent on optimal maternal hemodynamic changes and the quality of 
intrauterine environment [1]. Adversity in the intrauterine environment can reset 
important physiological parameters in the fetus, a notion known as fetal programming 
[2]. The fetal programming ensures at least short-term benefits so that the offspring is 
well-adjusted to the adverse in utero environment. However, this might create a 
physiological conflict with the post-uterine environment, as most of the adverse stimuli 
are then abolished [3]. The discrepancy between the fetal adaptation and the later 
environment, therefore, can lead to aberrant mechanisms and increased susceptibility to 
diseases in later life [4–6].  

The concept of fetal programming, also known as the Developmental Origins of 
Health and Disease (DOHaD) or Barker’s hypothesis, originates from epidemiological 
studies performed in the early ‘80s on the association between birth weight and 
morbidity and mortality in later life [7–9]. This initiated a worldwide interest and research 
in the area of fetal and developmental programming for clues and consequences of 
pregnancy complications and their effect in later life.  

However, the first experimental studies showing evidence that early life 
stressors can lead to later adverse adjustment have been already done by Widdowson 
and McCance in the early ‘60s of the past century [10]. They showed that restricted 
nutrient availability during weaning leads to a decline in the growth rate of rat pups which 
is not restored after exposure to normal food intake. Later on, many other experimental 
studies have shown that undernutrition in utero can result in hypertension, diabetes, and 
neurocognitive disorders in later life [11–15]. These experimental models were almost 
always associated with a decreased birth weight, suggesting that fetal growth restriction 
is the most evident primary event of fetal programming towards disease. 

 

Critical windows of development 

During an organism’s development, there are periods when the phenotype is 
more responsive to intrinsic or extrinsic factors, also known as critical windows of 
development. These critical windows are typically defined by distinct starting and end 
time points and the presence of a stressor before or after those time points has little or 
no phenotypic effects [16]. However, during fetal development, these critical windows 
are likely to be with a variable time of duration and dose-dependent on the stressor 
[17,18]. This is in part due to an increased growth through the processes of cellular 
hyperplasia and hypertrophy that are abundant at different times of the development 
and may overlap at several time points [19,20]. Moreover, different tissues mature at a 
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different rate and some of them are composed of long-lived cells making them susceptible 
to intrauterine stimuli at distinct periods of development [21–23]. 

Fetal growth is a dynamic process and is primarily dependent on the placental 
nutrient delivery system [24]. The total protein deposition in human fetuses is rapidly 
increasing until 26th weeks of gestation and plateaus after 35th weeks of gestation [25]. 
On the other hand, fetal lipid accumulation is constant until the second half of pregnancy 
when the fat synthesis and deposition is increasing, leading to increased fetal weight gain 
[26]. The fast-growing tissues are at a high demand for nutrients and oxygen and exposure 
to shortage or environmental stressors will result in minor or major fetal growth 
abnormalities. It is easy to speculate that, in case the insult occurs early in development, 
it will result in a symmetrical reduction of the organ size and probably will affect the cell 
number leading to symmetrically growth-restricted fetus. In contrast, if the insult 
happens later in the gestation, the organ size will be differentially affected (probably 
without changes in the cell number per organ), therefore resulting in asymmetrical 
growth restriction. This responsiveness of the fetus to insults is also known as 
developmental plasticity.    

 

Pregnancy-associated disorders 

Pregnancy-associated disorders represent a heterogeneous group of diseases 
mainly arising from inadequate placentation or metabolic maladaptation. These are 
associated with significant maternal and fetal mortality and morbidity including 
decreased fetal weight. As decreased fetal weight is one of the indicators for fetal 
programming [27,28], here we explore the clinical features, pathophysiology and the 
programming effect of these disorders.    

Preeclampsia 

Preeclampsia is a heterogeneous, multisystemic pregnancy-associated disorder. 
Although the etiology is complex, it is still diagnosed with the clinical onset of 
hypertension (>140/90 mmHg) and proteinuria (>0,3 g in 24 hours urine) after the 20th 
week of gestation [29]. Risk factors for preeclampsia are multiple and include advanced 
maternal age, primiparity, new sexual partner, chronic hypertension, renal disease, 
previous preeclampsia, collagen vascular disorder, obesity and diabetes mellitus [30]. 
Furthermore, preeclampsia can be substratified as early and late-onset preeclampsia, 
depending on the occurrence of the symptoms before or after the 34th week of gestation 
[31,32]. In 10% of the preeclamptic cases, preeclampsia can be superimposed into HELLP 
syndrome, characterized by hemolysis, elevated liver enzymes, and low platelet count. It 
can also be complicated by eclampsia with further implications of the brain and 
development of seizures [33]. Women exposed to preeclampsia have at least 2- fold 
increased risk of developing cardiovascular pathologies in later life [34].  
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Preeclampsia is associated with increased risk for maternal and fetal morbidity 
and mortality [35]. Approximately 2/3 of the total preeclamptic pregnancies are 
complicated with fetal growth restriction and increased susceptibility to chronic diseases 
in later life (extensively overviewed in chapter 2 of this thesis).  

 

Intrauterine growth restriction  

Intrauterine growth restriction (IUGR) is characterized by failure of the fetus to 
reach their predetermined growth potential [36]. It affects 10-15% of the pregnancies and 
it is associated with increased mortality and morbidity in the offspring [37]. The term of 
fetal growth restriction (FGR) is much appropriate to be used when the diagnosis is based 
only on the weight of the fetus.  

Risk factors for developing IUGR are advanced maternal age (>35 years), 
multiparity, hypertensive disorders of pregnancy including preeclampsia, pre-existing 
diabetes, alcohol, smoking and toxic substances abuse, maternal undernutrition fetal 
infections, genetic and congenital malformations and placental abnormalities [37]. These 
offspring are at increased risk for immediate or long-term consequences such as minor 
neurocognitive deficits, cardiovascular diseases, dyslipidemia, diabetes, obesity and 
metabolic syndrome in later life [38,39].   

Diabetes during pregnancy 

Diabetes in pregnancy occurs in around 14% of pregnancies and can be 
separated into three different categories: diabetes mellitus type 1, diabetes mellitus type 
2 and gestational diabetes [40]. Diabetes mellitus type 1 is characterized by diminished 
structure and functionality of beta cells due to autoreactive CD4+ T cells attack and it is 
manifested with hyperglycemia and hypoinsulinemia [41]. Diabetes mellitus type 2 has 
unknown etiology yet, and it is characterized by global insulin resistance, 
hyperinsulinemia, and hyperglycemia [42]. Gestational diabetes (GDM) is a de novo onset 
of diabetes occurring during the second or third trimester of pregnancy, manifested with 
the same characteristics as type 2 diabetes [43,44]. Women diagnosed with GDM in the 
first trimester of pregnancy are considered as patients with pre-existing diabetes mellitus 
[45].  

 Pregnancies complicated with diabetes are at increased risk of developing 
miscarriages, pre-term delivery, preeclampsia, congenital malformations, macrosomia or 
even microsomia [46–48]. Although the glycemic disturbances are much more severe in 
pregnant women with type 1 diabetes, the fetal outcomes are equally or even much more 
severe if the pregnancies are complicated with type 2 diabetes in comparison to type 1 
diabetes controls [49,50]. However, it was shown that children born to either gestational 
diabetes or pre-existing type 1 or type 2 diabetes are all equally exposed to hyperglycemic 
conditions [51] and that long-term outcomes in these offspring are not per se dependent 
on the type of maternal diabetes [52,53].      
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Animal models of pregnancy-associated disorders  

Animal models are indispensable in the fetal programming research, primarily 
due to the possibility to test and combine different programming factors and check their 
long-term effects. As human pregnancy-associated disorders involve a meshwork of 
diverse mechanisms involving inflammation, immunity and angiogenesis, a 
comprehensive and translatable disease model is of great importance for better 
understanding of the mechanistic aspects and the programming consequences of such 
diseases.  

         

Figure 1. Gross histological morphology of human (A) and mouse placenta (B) (reproduced with permission 

of [61], Dove Medical Press Ltd.).  

Animal models of pregnancy-associated disorders can be developed in various 

species, however, the most often used ones are rodent animal models, e.g., mice and rats 

[54–56]. There is a spectrum of advantages using these models, namely short length of 
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pregnancy (19-22 days) and multiparity, which enables studies on multiple fetuses at the 

same time [57]. Another important feature of the rodent placenta is that it has a similar 

gross morphology as the human placenta. Placentae of rodents and humans are of the 

same hemochorial type and both have a discoid shape [58]. The hemochorial placenta 

has, as a special feature, a direct contact of the trophoblast layer with the maternal 

circulation without being separated by endothelium. However, the human hemochorial 

interface is monochorionic, composed of only a syncytiotrophoblast layer and a 

discontinuous cytotrophoblast villous, while in mice the interface is trichorionic 

composed of three trophoblast layers including two syncytial layers and one 

cytotrophoblast layer [59,60]. The term placenta in rodents and humans can be roughly 

divided into three segments as represented in Figure 1 [61]. Firstly we recognize a basal 

plate that directly interacts with the maternal decidual layers. Secondly, the middle part 

of the placenta is recognized as a terminal villous unit in human and as labyrinth zone in 

the mouse placenta [62]. This part enables most of the nutrient and gas exchange. Lastly, 

on the fetal surface, the placenta is presented with a chorionic plate. Among other 

differences between these two types of placentae is the endocrine functionality. The 

human placenta produces placental estrogen and chorionic gonadotropin, whereas the 

rodent placenta does not. However, the junctional zone in mice is comprised of glycogen 

cells and spongiotrophoblasts that may contribute to the endocrine function of the 

placenta [62].   

 

Offspring response 

 In the offspring, we can discern a broad spectrum of responses to a hostile 
intrauterine environment. In this thesis, we concentrate on several ones, which are 
individually described below (Figure 2). 

Body and organ size adaptations 

One of the most important and easily approachable phenotypic characteristic of 

the newborn is the body weight [28,63]. In the human population, it is already well known 

that small babies are at increased risk for a range of immediate neonatal morbidities. 

However, in the past decades, there is increasing evidence that size at birth is also 

associated with later life outcomes [63]. Therefore, a tight control of organ- and body 

weight is necessary to ensure optimal size, based on its genetic potential and functionality 

demands. Dysregulation of such processes can result in multiple phenotypic differences 

including growth restriction or an increased fetal weight and organ hypo- or hyperplasia 

[64]. Size control is dependent on major signaling pathways such as insulin/IGF1, mTOR, 

1 

1 



Fetal programming in pregnancy-associated disorders 

 

 

 15 

 

JAK, that are involved in growth rate, cell division and growth coordination. During the 

cell cycle, the primary step is cell division, which is heavily dependent on environmental 

factors that in turn can modify the cellular homeostasis and enable cell size and number 

adaptation to the newly encountered environment [65].  

                    

Figure 2. Potential factors associated with fetal programming due to pregnancy-associated disorders. 

 

Previously, it was shown that protein deprivation during rodent pregnancy leads 

to significantly smaller pups [66]. Intrauterine growth restriction can decrease the 

nephron number [67], reduce the beta cell mass in the pancreas [68] and alters the 

cardiac morphology [69–71]. Besides body weight, another often used parameter is the 

organ-to-body weight ratio which represents the relative organ weight. Usually, the 

growth restricted fetuses are associated with a brain sparing effect, whereby brain weight 

is relatively conserved compared to liver weight, resulting in an increased brain-to-liver 

ratio. These different growth patterns during organ development between growth 

restricted and control offspring favor the fetal physiology in such a way that gestational 

age at birth is increased together with the immediate chance of survival, however with a 

possible functional discrepancy of the neonatal physiology in later life.  
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Metabolic patterns 

Metabolites are intermediate products of metabolic reactions with low 

molecular weight (equal or smaller than 1500 Da) [72]. During pregnancy, metabolic 

adaptations are essential to ensure adequate growth and development of the fetus. 

Principal changes occur during pregnancy in carbohydrate and lipid metabolism [73,74]. 

There is an increase in plasma glucose and free fatty acids, which enables a sufficient 

substrate availability to the fetus [75]. However, there is still not much known about the 

distinct metabolic patterns during pregnancy-associated disorders. This is of extreme 

importance, especially because maternal metabolism can influence fetal metabolism 

either directly via the placenta or indirectly via hormonal mediators or changes in 

placental metabolism.  

Extensive analysis of metabolic patterns is pivotal in the comprehension of the 

clinical phenotype of a certain disease. Such analysis are possible with large-scale studies 

of metabolomics, based on a systematic detection, identification, and quantification of 

metabolites in biological tissues and/or fluids [76]. For instance, metabolomics can 

capture exposures that are extremely difficult to be quantified and can shed light on 

aberrant physiological processes that ultimately can point to a later-life disease [77].  

Epigenetics 

Epigenetics is the study of heritable (mitotically or meiotically) changes in gene 

expression without alterations in the DNA sequence [78]. The epigenetic field comprises 

several areas, including changes in DNA methylation, chromatin modifications and 

alterations in non-coding RNA molecules [79]. They are responsible for a flexible 

relationship between the genotype and the phenotype. Disruptions in the epigenetic 

marks can lead to an altered gene function which in turn is an underlying process for 

several chronic disorders [80]. Epigenetic changes are reversible, but nonetheless once 

established are relatively stable [81] and can be even transmitted to the next generation 

leading to transgenerational epigenetic inheritance [82]. 

During critical windows of fetal development, epigenetic marks are partially 

cleared and then re-established, in order to restore the developmental potency. This was 

exemplified in the mouse, where the epigenome is reprogrammed during conception at 

gestational day (GD) 3,5 and later when the primordial germ cells are formed (GD 13.5) 

[83]. In humans, similar reprogramming dynamics are present. DNA methylation drops 

between 5-7 weeks of gestation, resulting in hypomethylated germ cells of both sexes 

until 19 weeks of gestation [84,85]. This makes the embryo and the fetus extremely 
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vulnerable to hostile environmental stimuli especially during the periods of 

reprogramming. It was shown that exposure to maternal nutrient deprivation in the first 

trimester of human pregnancy is associated with increased risk for cardiovascular and 

neurocognitive disorders in later life. Exposure in the second trimester is associated with 

increased risk for kidney and lung disorders. Finally, exposure in the last trimester of 

pregnancy is associated with impaired glucose tolerance [86]. In addition, in utero 

exposure to the Dutch Famine at the end of the World War II was associated with aberrant 

methylation of several genes (in whole blood samples) involved in cardiovascular and 

metabolic diseases. Interestingly, some of these methylation changes in relation to the in 

utero nutritional deprivation were reported to be sex-specific [87,88].  

Aim and outline of the thesis 

The aim of this thesis was to develop new and more specific models of human 

pregnancy-associated diseases that would be suitable to study the underlying 

mechanisms of fetal programming. The studies are designed to deliver a better 

understanding of the complex pathophysiological effects of pregnancy-associated 

disorders on the fetal outcome. In future, this should contribute to the design of 

preventive and therapeutic strategies. Hence, our ultimate goal is to provide the 

phenotypic marks associated with fetal programming.  

Preeclampsia is associated with increased risk for cardiovascular and metabolic 

disorders in later life of the offspring. In chapter 2 we summarized the available human 

and animal studies on preeclampsia with respect to the cardiometabolic outcome of the 

offspring. Furthermore, novel insights into the mechanisms of fetal programming 

obtained from these studies, are described.  

Angiogenic dysbalance has been promoted as a successful model of translational 

research, elucidating possible mechanism in the genesis of preeclampsia [89]. Therefore, 

in chapter 3 we determined the effects of the antiangiogenic factor sFlt-1 (soluble fms 

like tyrosine kinase 1) on pregnancy and fetal outcomes. We demonstrate that 

antiangiogenic dysbalance solely does not explain the pathophysiology of preeclampsia 

entirely. However, we show that it can have a direct effect on the liver molecular 

phenotype, including modulation in the Ppara promoter methylation levels.  

Preeclampsia is a multifactorial disorder and possibly two different 

pathophysiological mechanisms might be intertwined in its genesis. Frequently, 

preeclampsia is associated with inflammation and increased concentrations of 
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antiangiogenic factors. In chapter 4 we characterize a novel “double hit” preeclampsia 

model by induction of both an angiogenic dysbalance and a low-grade inflammation. We 

demonstrate that this was accompanied by changes in the metabolic footprint of the 

mother and the fetuses as well, showing sex-specific differences in the outcome.  

Intrauterine growth restriction is a common complication of preeclampsia, but 

as well it can be registered as an isolated disorder without manifestation of maternal 

symptoms [90]. The hypothesis that growth restriction is associated with obesity and 

insulin resistance in later life was tested in chapter 5. First, we characterized a novel IUGR 

model with conditional deletion of transcriptional factor Tfap2c in the junctional zone of 

the placenta. Next, in the adulthood of the offspring, we assessed the metabolic 

parameters. We demonstrate sex-specific differences in the molecular parameters with 

predominant affection on the female offspring. 

Gestational diabetes is another frequent pregnancy-associated disorder that 

shows an increased risk for complications in the offspring [91]. However, an ideal animal 

model for type 2 diabetes in pregnancy is still a challenge. In chapter 6 we explored a 

novel model of generalized insulin resistance (by conditional global deletion of the insulin 

receptor (IR)) in pregnancy. We determined the maternal and fetal characteristics and we 

show that fetuses exposed to hyperinsulinemia and hyperglycemia have altered 

expression and methylation levels of the sterol regulatory binding factor 2 gene (Srebf2) 

in fetal liver and brain. This factor is already known to be adjusted in diabetic patients, 

but this is the first study showing that it can also serve as a phenotypic mark of fetal 

programming due to the diabetic intrauterine environment.  

Finally, in chapter 7 we give an overview of the most relevant findings described 

in the previous chapters and provides suggestions for further research in the field of fetal 

programming.  
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Abstract 

A balanced intrauterine homeostasis during pregnancy is crucial for optimal 
growth and development of the fetus. The intrauterine environment is extremely 
vulnerable to multisystem pregnancy disorders such as preeclampsia, which can be 
triggered by various pathophysiological factors, such as angiogenic imbalance, immune 
responses and inflammation. The fetus adapts to these conditions by a mechanism known 
as developmental programming which can lead to increased risk of chronic non-
communicable diseases (NCDs) in later life. This is shown in a substantial number of 
epidemiological studies which associates preeclampsia with an increased onset of 
cardiovascular and metabolic diseases in later life of the offspring. Furthermore, animal 
models based predominantly on one of the pathophysiological mechanism of 
preeclampsia e.g. angiogenic imbalance, immune response or inflammation do address 
the susceptibility of the preeclamptic offspring to increased maternal blood pressure and 
disrupted metabolic homeostasis. Accordingly, we extensively reviewed the latest 
research on the role of preeclampsia on offspring’s metabolism and cardiovascular 
phenotype. We conclude that future research on the pathophysiological changes during 
preeclampsia and methods to intervene the harsh intrauterine environment will be 
essential for effective therapies.  
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Introduction 

The global prevalence of chronic non-communicable (NCDs) cardiometabolic 
diseases such as hypertension, cardiovascular disease (CVD), diabetes mellitus type 2 and 
metabolic syndrome has markedly increased during the past decades [1]. A number of 
genes and behavioral changes have been identified as initiators and mediators of these 
complex cardio-metabolic diseases [2–4]. However, the increasing prevalence of NCDs 
cannot be accounted only to these determinants. Biological factors already present during 
early development can lead to immediate cardiometabolic fetal responses that might 
have long-term effects.  

The Developmental Origins of Health and Disease (DOHaD) or the ‘Barker’ 
hypothesis attempts to explain the high incidence of chronic non-communicable diseases 
(NCD’s) by unfavorable in utero conditions. Depending on the severity of the insult during 
specific critical windows of fetal development, permanent tissue adjustments can occur, 
leading to long-term changes in organ function [5]. During pregnancy, the key regulatory 
organ of the intrauterine environment is the placenta, which serves as a metabolic, 
immune and endocrine organ. It enables and regulates the transport of gases, nutrients, 
hormones, immunoglobulins and waste products between the mother and the fetus in 
order to maintain a favorable developmental homeostasis [6]. Hostile environmental 
factors present during early life, when rapid growth and differentiation is expected, can 
have a powerful impact on physiological health for a lifetime.  

Preeclampsia is a pregnancy-associated syndrome, characterized by 
hypertension and proteinuria, affecting 2-8% of the population worldwide [7]. It remains 
a major obstetric problem due to the high prevalence of maternal and fetal mortality and 
morbidity. Although the etiology is puzzling, several pathophysiological mechanisms 
combined were proven to be involved at least in the clinical course of preeclampsia. 
Antiangiogenic imbalance, excessive inflammation, hypoxia and/or autoantibodies 
targeting the renin-angiotensin system comprise the harsh intrauterine environment 
during preeclampsia [8,9]. All these factors may interact with the genome of the mother 
and the fetus in terms of gene expression modulation, ultimately affecting expressed 
phenotype. 

In this review, firstly we address epidemiological and human studies that show a 
contribution of preeclampsia to cardiometabolic alterations in the offspring. Further, we 
focus on animal studies in this research area, approaching three different mechanistic 
scenarios of preeclampsia. Finally, we discuss possible mechanisms that may explain the 
relevance of preeclampsia in developmental programming of metabolic and 
cardiovascular diseases in the offspring. 
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Evidence from human studies: offspring status after preeclampsia  

 Birth weight screening is still an important assessment of optimal in utero 
nutrition and development. During preeclampsia, 13-60% of the pregnancies are 
complicated by decreased birth weight depending on the region, maternal age and the 
severity of the disease [10,11]. Therefore, preeclampsia is one of the leading factors of 
fetal growth restriction (FGR) [12,13]. Low birth weight per se is already an established 
risk factor for cardiovascular and metabolic diseases in later life, although the causal 
mechanisms are still speculative [14,15]. 

 Preeclampsia is characterized by new-onset hypertension during pregnancy  
(≥140/90 mmHg), along with proteinuria. However, little is known about neonatal blood 
pressure after this complication of pregnancy. An early report indicated that term 
neonates from preeclamptic mothers have transient hypertension [16]. A more recent 
study showed that premature neonates from preeclamptic mothers, compared to 
controls, have an early neonatal hypotension [17]. As indicated, blood pressure levels are 
also altered in these children, which appears to be associated with the gestational age. 
Furthermore, observation of blood pressure in school-age children previously exposed to 
preeclampsia showed higher systolic and diastolic blood pressure already at age of 8 years 
[18–23]. Additionally, it was reported that these children have smaller hearts, increased 
heart rate and features of cardiac diastolic dysfunction [24], and an increased risk of 
congenital heart defects namely septal defects [25,26]. However, in a cohort study, 65 
years follow up of preeclamptic offspring did not show an increased risk of coronary heart 
disease, but they reported increased stroke incidence [27].    

Evaluation of endothelial functionality with non-invasive assessment can provide 
considerable insight into blood pressure risk stratification. School-age children, previously 
exposed to preeclampsia showed increased vascular stiffness in the pulmonary and 
peripheral vascular system [24,28]. Moreover, intact endothelial morphology is a potent 
vascular tone regulator. Analysis of endothelial cord cells showed a decreased number of 
endothelial colony forming cells in contrast to increased senescent progenitor cells 
[29,30]. This is indicative for at least advanced endothelial cord cell aging in the 
preeclamptic neonates. 

The body mass index (BMI), plasma glucose, and lipid concentrations serve as 
strong indicators of optimal metabolic functioning and, when increased, are risk factors 
for cardiovascular and metabolic diseases. Preeclampsia shares many features with the 
metabolic syndrome including increased maternal concentrations of pro-inflammatory 
cytokines, insulin, leptin, triglycerides, free fatty acid and low-density cholesterol, usually 
in the absence of diabetes [31]. Children from preeclamptic mothers show an increased 
risk of hospitalizations for endocrine and metabolic diseases in the first five years of life 
[32]. In adolescence, premature born preeclamptic males have an increased BMI in 
comparison to premature males born from normotensive pregnancies [33]. Cord blood 
samples from preeclamptic children show altered lipid profiles and increased tumor 
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necrosis factor alpha (TNFa) when studied for metabolic and inflammatory parameters 
[31,34,35], but in adolescence, these changes in glucose and lipid profiles are not 
prominent anymore [19,21]. These effects may be influenced to some extent by maternal 
metabolic blood parameters and placental insufficiency. However, in school-age children 
previously exposed to preeclampsia, the metabolic phenotype shows changes only after 
subclustering of this group. The Quantitative Insulin Sensitivity Check Index (QUICKI) 
serves as a predictive marker for diabetes onset based on fasting plasma glucose and 
insulin levels, and low values correspond to increased insulin resistance. Subdivision of 
groups based on QUICKI did show increased leptin and triglycerides levels in preeclampsia 
exposed children that had independently low QUICKI values [36]. This suggests that 
insulin resistance independently, superimposed on earlier preeclampsia exposure can 
serve as a strong predictor of the metabolic syndrome. These clinical observations reflect 
a transiently affected neonatal metabolism, which is not continuous through adolescence 
but possibly can lead to increased susceptibility to the metabolic syndrome after a second 
environmental stressor, such as a metabolic stress. 

 

Intrauterine adverse environment during preeclampsia and offspring outcome: animal 

studies 

Animal models of preeclampsia can provide a unique possibility to understand 
the causal relationship and the molecular networks of preeclampsia-induced offspring 
pathology. Unfortunately, there is currently no perfect animal model of preeclampsia due 
to the complex and poorly understood pathophysiology of this disease (see Table 1 for 
overview). Most of the presented models are based only on one pathophysiological 
feature, failing to reproduce the whole spectrum of preeclampsia characteristics. It is 
important to unravel whether all these experimental pathophysiological changes, which 
appear during preeclampsia, contribute to a partial or full range of cardiovascular and 
metabolic changes in the offspring. The use of several animal models of preeclampsia 
could help to distinguish the independent and/or dependent contribution of each of these 
factors to the developmental programming of offspring health. Below, we will discuss the 
animal studies that involve offspring follow up after induction of major pathophysiological 
conditions of preeclampsia, excluding the genetic or surgically induced animal models of 
preeclampsia. 

1. Angiogenic disparity 

Angiogenic dysbalance is a well-known feature of preeclampsia. The 
antiangiogenic factors soluble fms like tyrosine kinase-1 (sFlt-1) and soluble endoglin 
(sEng) are increased in preeclamptic patients, after the 30th week of pregnancy [37]. sFlt-
1 and sEng promote vascular dysfunction and capillary permeability, liver dysfunction and 
neurological abnormalities via antagonization of proangiogenic factors such as VEGF and 
PlGF or TGFb signaling respectively [38–40]. 
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Table 1. Spectrum of cardiometabolic alterations in offspring from preeclamptic mothers (animal models). 

Model Species/ 
strain 

Offspring outcome Offspring 
age 

Reference 

sFlt-1 
overexpression 

CD-1 mice Catch up growth, iPGTT variations 24 weeks [42] 

sFlt-1 
overexpression 

CD-1 mice Hypertension in males, low BW in 
comparison to controls 

9 weeks [41] 

sFlt-1 
overexpression 

 

 

2nd impact: 
prepregnancy 

obesity 

CD-1 mice Hypertension in male offspring 

Metabolic changes: 
hypercholesterolemia, 
hyperleptinemia in females and 
hypertriglyceridemia in males 

+ 2nd impact: more detrimental 
effect on weight gain and 
metabolic effects 

24 weeks [45] 

Prepregnancy 
obesity and sFlt-
1 overexpression  

CD-1 mice Fasting glucose increased in 
males 

Altered vascular responsiveness 
in both sexes 

12 weeks [43] 

AT1-AA 
immunization 

2nd impact: high 
sugar diet 20% 

sucrose 

Wistar rats Insulin resistance 

+ 2nd impact: Altered lipid and 
glucose profile without 
hypertension 

40 weeks [54] 

AT1-AA passive 
immunization 

Wistar rats Myocardial remodeling 3 weeks [143] 

AT1-AA passive 
immunization 

C67Bl/6J 
mice 

Abnormal kidney and liver 
development 

GD 18 [53] 

LPS injections Sprague 
Dawely rats 

Increased BW and fat deposits, 
hyperleptinemia, hypertension 
(no major sex-specific effects) 

24 weeks [60] 

LPS injections Sprague 
Dawely rats 

Hypertension, proteinuria, 
decreased glomeruli  

25 weeks 

 

[61] 

LPS injections Sprague 
Dawely rats 

Hypertension, left ventricle 
hypertrophy 

32 weeks  [62] 

LPS injections CD-1 mice Decreased body weight, impaired 
spermatogenesis 

35 weeks [64] 
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LPS injections 
+high-fat diet 

during 
pregnancy until 
3 months of age 

Sprague 
Dawely rats 

Hypertension, insulin resistance 12 weeks  [65] 

LPS injections 

2nd impact: high- 
fat diet 

ICR mice Metabolic phenotype altered only 
due to the HF diet 

No data [66] 

 

 

Adenoviral overexpression of sFlt-1 mimics the clinical course of preeclampsia in 

rodents [38]. Fetuses in this model show restricted growth that can be maintained until 

adulthood or can show catch up growth until the age of 6 months (Table 1) [41,42]. Solely, 

sFlt-1 exposure during pregnancy imposes sex-specific glucose and/or insulin responses 

(to a glucose bolus) in the offspring, suggesting sex-specific differences in developmental 

programming of glucose metabolism. In addition, hypertension was observed only in male 

offspring [41–43]. Sex-specific offspring outcomes are poorly understood, but one of the 

possible reasons can be sexually dimorphic adaptations of the placenta [44].  

When another environmental stressor, such as maternal obesity, is introduced 

during sFlt-1 induced preeclampsia the offspring’s birth weight is not compromised. On 

the contrary, several biochemical parameters such as blood glucose, cholesterol, 

triglycerides and leptin are increased, in combination with increased fat tissue depositions 

and aberrant carotid vascular reactivity in both sexes [43,45]. This may indicate that a 

single antiangiogenic intrauterine insult can influence sexual dimorphic changes in 

placenta, by priming the males towards hypertensive phenotype, but this is not sufficient 

for profound metabolic alterations without additional trigger factors.  

Unfortunately, the effects of increased soluble endoglin (sEng) on the offspring 

health are still largely unknown. In vivo studies in mice have shown that direct 

administration of sEng increases the vascular resistance and subsequently the blood 

pressure [46]. In patients with diabetes and hypertension, sEng is positively correlated 

with the basal glucose levels suggesting a potential role in the glucose metabolism [47]. 

In accordance with previous findings and the known synergistic effect of sEng and sFlt-1 

on preeclampsia outcome, we can speculate on the effects on offspring health in a similar 

or superimposed manner. 
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2. Angiotensin II type I receptor antibodies  

The prevalence of angiotensin II type I receptor autoantibodies (AT1 AA) has a 

range of 70 to 95% in women diagnosed with preeclampsia, compared to 30% of healthy 

controls. A higher antibody titer is proportionally correlated to the severity of the disease 

[48,49]. In addition, AT1 AA display an agonistic effect on the AT1 receptor, promoting 

vasoconstriction and aldosterone secretion, similarly to angiotensin II [50–52]. 

Passive immunization with AT1 AA in rodents is associated with the development 

of proteinuria and hypertension at the end of pregnancy [53,54]. The fetuses show growth 

restriction and remodeling in several organs, such as the liver, the heart, and the kidney. 

At the histopathological level, glomerular loss, myocardial apoptosis and immature cell 

liver infiltration are observed in the offspring, suggesting an adaptive decline in fetal 

growth and organogenesis possible due to maternal-fetal transfer of AT1 AA. Irani et al. 

reported unaffected functionality of these transported antibodies [53], and successful 

activation of fetal AT1 receptors may contribute to systemic vasoconstriction and 

hypoxia, that can predispose the offspring to organ maladaptation. 

Zhang et al. did long-term follow up on offspring derived from dams actively 

immunized against AT1 receptor antigen [54]. A middle-age checkup at 10 months of age 

showed elevated fasting insulin levels and increased homeostasis model assessment 

(HOMA) index, suggesting the development of insulin resistance (Table 1). This was 

expected especially because AT1 receptors are involved in insulin signaling of beta cells 

[55]. An additional, two months feeding with high sugar diet of these adult offspring leads 

to even more pronounced metabolic alterations such as increased triglycerides, 

decreased high-density cholesterol, impaired glucose tolerance and enlarged visceral fat 

depositions [54]. All these alterations are contributors to the progression of the metabolic 

syndrome. Surprisingly, blood pressure was normal in these animals, although they had 

been exposed to the AT1 antibodies in utero and in the weaning period via the maternal 

milk. One possible interpretation is that intrarenal angiotensin II, contrary to plasma 

angiotensin II, may be positively involved in blood pressure regulation. Another important 

comment is that vascular endothelium has relatively large regeneration capacities, and if 

there is no constant provocation with AT1 antibodies, no endothelial-related rise of the 

blood pressure will occur.  

In sum, AT1 antibody exposure does not affect the fetal blood pressure, but can 

have detrimental effects on organ formation and insulin resistance, which can be 
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potentiated with an unhealthy diet. Nevertheless, more studies are needed in order to 

elucidate the underlying mechanisms of AT1 AA induced fetal metabolic programming.  

3. Inflammatory milieu 

Mild inflammation is generally considered a normal feature of pregnancy, 

whereas more exaggerated systemic inflammatory responses are characteristic of 

preeclampsia [9]. In accordance, proinflammatory cytokine concentrations are increased 

(TNFa, IL-6, Il-1b) in preeclamptic patients [56–58]. The association between 

inflammation and preeclampsia served as the basis for an experimental animal model of 

preeclampsia by low-dose intravenous infusion of bacterial endotoxin [59]. Nowadays, 

most of the developmental studies that involve exposure to lipopolysaccharide (LPS) 

during pregnancy are focused on the immunological consequences without concentrating 

on the possible preeclamptic symptoms in the dam.  

Mid-gestational LPS exposure is characterized by large range of cardiovascular 

events such as increased blood pressure, aortal vascular impairment, left ventricular 

hypertrophy, diastolic dysfunction, and myocardial apoptosis in adult offspring, without 

specific sex differences [60–64]. This implies striking endothelial and cardiac sensitivity of 

the fetus for inflammation that is maintained until adulthood, which programs health 

towards cardiovascular functional decline. This, in part, can be explained by upregulation 

of the NF-kB signaling pathway, and increase of reactive oxygen species and 

downregulation of the renal dopaminergic system leading to hypertension and vascular 

instability [64]. 

Combined effects of LPS and high-fat diet exposure during pregnancy have 

differential effects on offspring’s glucose and lipid metabolism (Table 1). It was shown 

that exposure to LPS in mid-gestation and high-fat feeding until 3 months of age can lead 

to impaired liver function and insulin resistance [65]. On the contrary, exposure to LPS in 

late gestation with additional high-fat diet stress after the lactation period did not result 

in an impaired metabolic phenotype in the offspring [66]. This suggests that timing of LPS 

exposure is crucial for fetal metabolic programming and in part can be explained by 

changes in maturational properties of the placenta, which in the last term of pregnancy 

are fully developed, possibly resulting in placental impermeability for the intermediate 

metabolic effectors of LPS [67]. Another important observation is that LPS and high-fat 

diet combined have a beneficial effect on blood pressure and the inflammatory response 

in the offspring, but not on the insulin resistance progression and liver dysfunction. Mid-
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gestation exposure to LPS seems to attenuate the offspring sensitivity to high-fat diet 

induced inflammation, which in association with normotension and normalized IL-6, 

TNFa, and leptin concentrations [65]. On the contrary, an aberrant inflammatory 

response on its own is not sufficient for a systemic breakdown in the regulation of insulin 

resistance.  

Altogether, the data indicate that the developmental programming of offspring 

health via preeclampsia is caused by a “two-hit” combination of, first, systemic 

immunomodulatory and antiangiogenic signals during mid to late gestation and, second, 

a later host susceptibility marked by unhealthy lifestyle (e.g. Western diet). These animal 

data have important translational consequences, as the first hit is needed to affect the 

offspring’s development, and the presence of the second hit explains why only a minority 

of human fetuses exposed to preeclampsia develop detrimental cardiovascular and 

metabolic diseases later.  

 

Underlying mechanisms of developmental programming  

In order to interpret the developmental programming of cardiometabolic health 

via preeclampsia, we underline below the conserved mechanisms of chronic disease 

development, their interaction with the preeclamptic environment and their effects on 

embryonic growth and epigenetic status (Figure 1). Understanding the specific 

mechanisms by which preeclampsia impacts offspring welfare is crucial for developing 

appropriate strategies to improve the negative effects of the harsh intrauterine 

environment. 

 

Placental permeability: the initiator 

The placental blood barrier serves as a protector and nutrient sensor between 

the mother and the child. In preeclampsia, placental morphology is perturbed showing 

superficial trophoblast invasion and insufficient remodeling of spiral arteries in the 

myometrium [68,69]. Thus, with this defective placentation, two separate factors can 

influence its permeability: the placental composition and the exchange surface area. 

Several factors influence placental composition, including an intact syncytiotrophoblast 

layer and cellular junctions assembly. The syncytiotrophoblast, a continuous membrane 

layer of the placenta, serves as a checkpoint for placental transport [70–72]. During 
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preeclampsia this layer is highly apoptotic [73], suggesting a dysfunctional adaptation of 

the placenta to increased fetal nutrient demand or an effect of the increased 

proinflammatory cytokines during preeclampsia.  

 

 

 

 

Figure 1. The impact of preeclampsia on offspring/adult health. Schematic diagram of how possible 

preeclamptic scenarios are shaping the intrauterine environment, influencing the placental structure (initiator) 

and imposing unfavorable signaling network (mediators) in the offspring. This can program several aspects of 

the metabolic and cardiovascular system, mainly via organ remodeling and epigenetic modulation of gene 

expression (effectors). 
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Consistent with this idea, tight junctions integral membrane proteins, important for 

paracellular transport of water and nutrients, are extremely susceptible to TGFb and IL-

1b destruction which can be reversed in vitro by specific cytokine inhibitors [74,75].Given 

that discontinuous placental membranes are accompanied with increased porosity, it is 

probable that loss of syncytiotrophoblast integrity underlines the defective nutrient 

transport of preeclamptic placenta.  

An altered placental surface area in preeclampsia has been reported along with 

decreased placental weight, changes in the shape and increased thickness, probably due 

to compensatory mechanisms [76]. The growth of the placenta was reported to be 

compromised only on the minor axis, and corresponded to the severity of preeclampsia. 

This axis is speculated to coincide with mediolateral development of the fetus, suggesting 

that this area is not spared during preeclampsia. In accordance, fetal length is less 

compromised in offspring in comparison with severely affected abdominal circumference 

[34,77].  

A central question is whether these structural changes in the preeclamptic 

placenta are transport determinants for pathological signaling molecules to the fetus. It 

is known that inflammatory cytokines and AT1 AA can cross the placenta, but no data on 

the transfer of antiangiogenic molecules to the fetus is available [53,78]. They can act as 

potent signaling modifiers of glucose and lipid metabolism, but a definitive description of 

their mechanisms of action is lacking. Currently, we rely solely on animal data: for 

example, challenging with an inflammatory cytokine such as TNFa induces insulin 

receptor downregulation in the liver that promotes the development of liver insulin 

resistance [79,80]. An IL-6 challenge in rodents showed increased mobilization of acyl-

CoA, a metabolic active form of fatty acid, in the skeletal muscles that has been strongly 

associated with lipid accumulation in muscles and peripheral insulin resistance [79–81]. 

AT1 AA exposure has detrimental effects on function of the liver, by NF-kB and NADPH 

oxidase dependent release of reactive oxygen species [82,83]. Ubiquitous exposure to 

sFlt-1 leads to hypovascularization in several organs including pancreas and adipose 

tissue, which in turn can affect the beta cell mass and energy expenditure of the adipose 

tissue [84,85]. In addition, prolonged exposure to sFlt-1 is involved in the development of 

diastolic dysfunction and heart failure [86]. Taken together, increased exposure of the 

fetal organism to these molecules may have a detrimental effect on a proper metabolic 

and cardiovascular functioning. 
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Reactive oxygen species: the mediators 

 Multiple lines of evidence suggest that oxidative damage is one of the underlying 

mechanisms of many chronic diseases such as type 2 diabetes, obesity, hypertension, 

atherosclerosis and metabolic syndrome [87,88]. Oxidative stress occurs as soon as the 

production and consumption of reactive oxygen species (ROS) are imbalanced.  

During preeclampsia, inflammatory cytokines and AT1 AA promote increased 

ROS production by up to 40% when compared to control placentas [89–92]. Whether 

oxidative distress is a cause or consequence of placental dysfunction and/or fetal nutrient 

demand is a matter of ongoing debate and most studies simply describe an association of 

ROS overflow with metabolic consequences rather than mechanistic connections. 

 Normal fetal development is dependent on tightly controlled oxidative stress 

exposure for optimal cellular signaling, differentiation and proliferation [93]. However, 

during preeclampsia, the functionality of the placenta is reduced and the antioxidant 

capacity is diminished, suggesting increased oxidative stress transfer to the fetus. Cord 

blood analyzed from preeclamptic mothers showed either decreased antioxidant activity 

[94] or increased oxidative stress markers [95–98], but not for all [99], suggesting a 

possibility of lipid peroxidation and protein inactivation in the fetus [100]. Several tissues 

are extremely susceptible to oxidative damage, including beta cells and vascular 

endothelium mainly due to low cytoprotective mechanisms [101,102]. Furthermore, 

treatment of hypoxic dams with antioxidants during gestation ameliorates the vascular 

dysfunction in the offspring, indicating that antioxidant treatment may indeed be an 

interventional treatment [103]. On the contrary, clinical trials that involved routine 

antioxidant supplementation during pregnancy contradict the idea of preventive effect 

towards preeclampsia [104,105]. Another trial that included only high-risk preeclampsia 

patients reported protective effect of antioxidant vitamins in combination with L-arginine 

[106], suggesting that exclusive antioxidant treatment is not sufficient to combat 

preeclampsia.   

Leptin signaling as mediator 

 Leptin is a satiety hormone and via Jak2/Stat3 and PI3K-Akt signaling pathways 

has a major impact on the energy homeostasis, body composition and appetite in early 

fetal and later adult life [107]. Moreover, leptin expression is responsive to the 

intrauterine and fetal environment, showing overexpression in monochorionic twin 

placenta only on the side of the growth restricted fetus [108]. The extent to which leptin 
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signaling is implicated in overall fetal metabolism is unknown, but there is evidence that 

it stimulates fatty acid oxidation in muscles, increases the glucose turnover in brain, heart, 

and brown adipose tissue and inhibits the global lipid accumulation [109]. By contrast, 

reduction of leptin concentrations and the state of leptin resistance share similar effects 

on the metabolism, promoting hyperinsulinemia and hyperglycemia. During 

preeclampsia, maternal leptin concentrations show a 2-fold increase in comparison to 

control subjects, irrespective of body mass index [110–114], which is usually combined 

with hyperinsulinemia, altered lipid profile and decreased 2-methoxyestradiol, which 

serves as an important vasoprotector and vasodilatator [115,116]. There is a dichotomy, 

therefore, between the protective metabolic effects of leptin and apparently deleterious 

effects of hyperleptinemia on maternal health. In part, this can be explained by a 

development of leptin resistance, mainly due to inactivation of STAT3 intracellular activity 

which is also decreased in preeclamptic pregnancies [117].  

Fetal cord leptin concentrations are increased [110,118] in preeclamptic 

pregnancies, possibly due to increased nutrient demand of the fetus and/or increased 

placental permeability and consecutive leptin flow to the fetus. Hyperleptinemia in utero 

can alter the adrenal responsiveness [56,119] in the fetus and together with increased 

inflammatory markers can develop a defense mechanism of leptin resistance, which 

ultimately can lead to deleterious effects on cardiovascular and metabolic health. 

 

Cellular adaptations as effectors  

Optimal organ functioning is dependent on the quantity, morphology and 

functionality of relevant cell types due to appropriate differentiation of pluripotent 

embryonic stem cells. Although the mechanisms of embryonic cell fate decisions are 

obscure, presence of low energy levels and prominent signaling networks are strongly 

correlated with disturbed metabolic stem cell fate [120–122]. Importantly, all these 

adverse conditions are also present in utero during preeclampsia.  

Moreover, several reports showed changes in the number of nephrons, beta 

cells and/or cardiomyocytes in offspring exposed to a harsh intrauterine environment 

[123–126]. A decreased number of nephrons contributes to low rates of renal 

ultrafiltration that affects blood circulating volume which ultimately can lead to increased 

blood pressure [126]. Decreased beta-cell mass adaptation due to early life stressors, such 

as undernutrition and placental insufficiency, possibly can have an influence on later 
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disease development, e.g. diabetes mellitus [127]. Initial heart size has an influence on 

the end diastolic volume and serves as a predictive index for myocardial disease [24].  

These (mal)adaptive changes are observed mainly in organs constructed from 

long-lived postmitotic cells [123,128]. As these cells are not- or rarely dividing cells, their 

development during intrauterine life is extremely important in order to prepare them for 

long-term functionality. Tightly controlled processes regulate cell number while their 

functioning is dependent on specific signaling molecules and energy sources. During 

preeclampsia, the increased concentration of inflammatory markers and improper 

vascular signaling molecules might perturb these regulatory processes essential in organ 

formation [129]. Combined with poor nutrient supply via the placenta this can lead to 

detrimental effects in offspring health.  

 

Epigenetic changes as effectors 

Exposure to different environmental stimuli, especially during critical windows 

of development, results in formation of adaptive epigenetic marks as part of the adaptive 

stress response [5]. Epigenetic marking system includes changes in DNA methylation, 

histone modifications and non-coding RNA (ncRNA) expression. Usually, they are 

established early in development and act as regulators of developmental, tissue and sex-

specific gene expression [130–133].  

DNA methylation is a unique form of gene regulation because it involves direct 

covalent interaction within the genome and can provide long-term stability in a heritable 

transgenerational way [134]. Methylation of important regulatory sites, e.g. gene 

promoters or enhancers, is mostly connected to gene repression, resulting in gene 

expression downregulation [135]. 

DNA methylation analysis of cord blood cells is a valuable target to study the 

early epigenetic consequences of preeclampsia to the fetus. Several studies analyzed DNA 

methylation of genes involved in fetal growth and development that are also highly 

sensitive to environmental perturbations. Hypomethylation has been observed in the 

promoter region of the 11β-hydroxysteroid dehydrogenase type 2 (HSD11B2) in cord 

blood samples from neonates exposed to preeclampsia [136]. Decreased methylation was 

also reported for insulin-like growth factor 2 (IGF2) in the Differentially Methylated 

Regions (DMR), important for gene regulation of imprinted genes [137]. By contrast, in 
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preeclamptic placentas, HSD11B2 and IGF2 gene expression levels are decreased 

[138,139]. Therefore, there is a discrepancy between the reported hypomethylated status 

and the observed downregulated activity of these genes in other studies. It is tempting to 

speculate that this is a compensatory change in methylation to ensure favorable offspring 

functioning, but on the other side, it can be an atypical decrease in gene expression which 

can lead to metabolic maladaptation. 

A recent study used a genome-wide methylation analysis in which neonatal cord 

blood DNA from mothers diagnosed with early onset preeclampsia showed promoter 

hypomethylation or hypermethylation for different subsets of genes. Prominent DNA 

modifications were primarily discovered in genes involved in lipid metabolism and 

inflammation, pointing out that early epigenetic disruptions can be seen in preeclamptic 

children [140]. Altogether, these findings support an effect of preeclampsia on the 

methylation status of the neonates cord blood, but it is unclear whether this is a 

protective or maladaptive effect. Although this does not prove any causal relationship 

with long-term health effects, it can be used as an initial proof of principle for conduction 

of new cohort studies.  

To our knowledge, there are no data concerning histone modifications and/or 

ncRNAs in offspring from preeclamptic mothers. Communication between DNA 

methylation and chromatin modifiers or promoter regions of ncRNAs has been 

established [141,142], and abnormal methylation either solely or via other epigenetic 

marks can be an important mediator of fetal metabolism. It is becoming clear that these 

molecules are implicated in several diseases and successful discovering of their 

implication in developmental programming can lead to possible biological biomarkers or 

targets for therapy. 

 

Concluding remarks 

Taking into consideration the great amount of evidence, it is reasonable to 

suggest that preeclampsia constrains the cardiometabolic health of the offspring. Still, it 

remains difficult to estimate the degree of involvement of preeclampsia into the 

cardiovascular and metabolic health programming of the offspring. The major obstacle is 

the multiple pathophysiological pathways implicated in the development and the clinical 

course of preeclampsia that may influence each other or act independently all at once or 

in series. Depending on which mechanism is dominantly involved, and which secondary 
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environmental stressors are present, different aspects of the metabolism and the 

cardiovascular system can be affected. The role of the placenta as a central initiator of 

long-term preeclamptic consequences in the offspring is just the beginning to be explored 

(Figure 1). However, understanding of all mechanisms by which preeclampsia alters fetal 

growth and development and later on programs it towards chronic disorders is crucial for 

identification of individuals at risk and for development of future clinical interventions or 

prevention strategies. 
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Abstract 

The soluble fms-like tyrosine kinase factor 1 (sFlt-1) has been identified as a 

major contributor to angiogenic dysbalance during preeclampsia. Several studies have 

shown that preeclampsia can lead to metabolic disturbances in offspring. However, little 

is known about the effects of sFlt-1 on the fetal health. In this study, we aim to evaluate 

the effects of high sFlt-1 concentrations during pregnancy on the fetal liver physiology in 

a rat model.  

Sprague-Dawley dams were exposed to control or sFlt-1 adenovirus during the 

mid-gestational period, and later they were subclustered according to concentrations 

(low and high sFlt-1 based on the sFlt-1 plasma levels at term of pregnancy), comprising 

three experimental groups. Fetuses exposed to high sFlt-1 concentrations in utero 

showed fetal growth restriction and brain-sparing effects in comparison with the low sFlt-

1 and the control group of fetuses. In continuation, the microarray analysis of the fetal 

liver of the high sFlt-1 group showed significant enrichment of key genes for the fatty 

acids metabolism and Ppara targets. In addition, using pyrosequencing, we found that the 

increased Ppara expression in the high sFlt-1 group is accompanied with decreased 

methylation of its promoter.  

Our data show that high sFlt-1 concentrations during pregnancy have 

detrimental effects on the fetal growth and liver physiology, including upregulation of the 

fatty acid metabolism genes and the Ppara targets in the fetal liver. Changes in DNA 

methylation point to potential long-term effects for the offspring.  
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Introduction 

The fetal programming hypothesis proposes that the adverse intrauterine and 

early life environment can shape the individual towards susceptibility to cardiometabolic 

diseases [1]. This concept is supported by many studies that have shown that 

malnutrition, toxins, smoking, and maternal diseases during pregnancy affect the birth 

weight of the offspring, resulting in an aberrant response of the cardiovascular and 

metabolic system in later life[2–5]. Furthermore, the opposite situation of increased birth 

weight or macrosomia also contributes to metabolic programming and later-life 

morbidity, primarily via altered body composition at birth [6–8].  

Preeclampsia is a pregnancy-associated disorder, usually complicated with fetal 

growth restriction and affects 3-7% [9] of the population worldwide. It is diagnosed with 

hypertension and proteinuria and poses a major threat to the maternal and fetal 

health[10]. As a multifactorial disease, it is associated with several pathophysiological 

pathways including angiogenic imbalance with a predominance of soluble fms like 

tyrosine kinase-1 (sFlt-1), which is 2 to 5 fold increased in preeclamptic patients [9,11]. 

sFlt-1 serves as an antagonist of placental growth factor (PlGF) and vascular endothelial 

growth factor (VEGF), thus promoting hypovascularization, endothelial dysfunction and 

vasoconstriction in the mother with concomitant hypoxia [12]. 

Recent studies suggest that sFlt-1 may play a role in lipid and protein 

metabolism. The circulating plasma proteome of the dams exposed to sFlt-1 shows 

increased apolipoprotein fractions that are mediators of cholesterol esterification and 

removal of excess cholesterol from tissues[13]. Moreover, the fatty acid availability is 

increased in sFlt-1 induced preeclampsia due to increased expression of fatty acid 

translocase in sFlt-1 overexpressing placental tissue[14]. Additionally, it was reported that 

liver X receptor and retinoid X receptor (LXR/RXR) pathway is upregulated in sFlt-1 

induced preeclampsia which is a substantial pathway in the regulation of lipid 

metabolism, and inflammation [13].  

Although increased concentrations of sFlt-1 contribute to the pathogenesis of 

preeclampsia and fetal growth restriction [15], the specific effects of sFlt-1 on the 

developing fetus are not well understood. With this study, we aimed to evaluate (1) the 

effects of sFlt-1 on the fetal development, (2) adjustments of the fetal liver gene 

expression, and (3) whether prominent changes in gene expression are accompanied by 

prospective changes in the fetal liver DNA methylation.  

3 
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Materials and methods  

Animals 

All animals were housed and handled according to the institutional guidelines 

following Dutch legislation. All experiments were approved by the Institutional Animal 

Care and Use Committee of the University of Groningen (DEC-RUG 6420E). Female 

Sprague-Dawley (SD) rats (Charles River, France) were housed in a light and temperature 

controlled facility (lights on from 7:00 am until 7:00 pm, 21oC). Food and water were 

provided ad libitum. Vaginal smears were taken daily and when the females were in a pro-

oestrus phase of their cycle, were housed with a male overnight. The following day, if 

spermatozoa were present in the vaginal smear, was considered as day 0 of gestation. At 

day 8 of gestation, animals were randomly divided into two groups, control (n=5) and sFlt-

1 (n=7), receiving either control Ad-null or adenovirus overexpressing sFlt-1 (Ad-sFlt-1), 

respectively. We distinguished either ultra-high or very low sFlt-1 concentrations in our 

sFlt-1 group, so we used a cutoff point of 1000 ng/ml sFlt-1 in plasma to continue working 

with high (n=3) and low sFlt-1 (n=4) group of dams.  

Amplification and purification of sFlt-1 and control adenovirus  

Adenovirus vector stock of Ad-null (a kind gift from U.J. Tietge, University 

Medical Center Groningen, the Netherlands) and Ad-sFlt-1 (a kind gift from S.A. 

Karumanchi, Beth Israel Deaconess Medical Center, Boston, MA, USA) were used for 

adenoviral gene delivery. Viruses were amplified in HEK 293A cells at a multiplicity of 

infection (MOI) of 10. Adenoviral purification was performed with a cesium chloride (CsCl) 

density gradient (d= 1.45 g/ml and 1,20 g/ml). The clear thick adenoviral band was 

transferred to a DG column (Biorad, Temse, Belgium) for washing and elution. The 

concentration of plaque forming units (PFU) was analyzed with an enzyme-linked 

immunoassay that detects the adenoviral hexon (Adeasy viral titer kit, Agilent 

Technologies, Santa Clara, CA, USA). 1x1012 PFU of adenovirus expressing an empty vector 

or mouse sFlt-1 were injected via the tail vein on gestational day 8. 

Blood pressure measurements  

On gestational day 19, the systemic blood pressure for all groups was assessed 

under anesthesia (100% O2, 0.8mL/min, 5% isoflurane for induction followed by 2%) with 

the aortal catheter positioned in the abdominal aorta and connected with a bed-side 

monitor (Datex-Ohmeda, Cardiocap/5). Blood pressure measurement values were 

recorded 30 seconds after cannulation. 
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Analysis of blood and urine samples 

On gestational day 12, maternal blood was collected in EDTA containing tubes 

via the tail vein. Within half an hour the blood was centrifuged for 20 minutes at 1000 

rpm and the plasma was stored at -80oC until analysis. On gestational day 19, animals 

were anesthetized with isoflurane inhalation and the abdominal cavity was opened. After 

blood pressure measurements, blood was collected via the abdominal aorta and 

centrifuged as stated above to collect plasma. Plasma was stored as stated above. Fetal 

blood was collected by nicking the left ventricle of the heart, while the fetuses were 

slightly tilted in order to keep the pooled blood in the thoracic cavity while it was collected 

in heparin-coated capillary tubes (Vitrex Medical A/S, Herlev, Denmark). SFlt-1 

concentrations in plasma were determined using a mouse sFlt-1 ELISA kit (R&D Systems, 

Inc., Minneapolis, MN, USA). 24 urine samples were collected by placing the pregnant 

dams in metabolic cages at gestational day 16 and 17, and the protein levels were 

determined using Pierce method. The concentration of proteins (mg) per sample was 

multiplied by the 24-hour urine volume.  

RNA isolation 

Total RNA was isolated from fetal livers collected on gestational day 19 with 

allprep DNA/RNA mini kit (Qiagen, Venlo, the Netherlands), following the manufacturer’s 

protocol. RNA quality and quantity were assessed with Nanodrop 2000c (Thermo 

Scientific, Pittsburgh, PA, USA). RNA was immediately stored at -80oC until further 

analysis. RNA integrity was further verified on an Agilent 2100 Bioanalyzer, using the 

Eukaryote Total RNA Nano Assay according to manufacturer’s protocol (Agilent 

Technologies, Amsterdam, the Netherlands). Samples that had an RNA integrity number 

(RIN) above 9.0 and no RNA degradation products were considered acceptable for 

microarray hybridization. 

Microarray hybridization and analysis 

Total RNA isolated from fetal livers (5 samples per group: control and high sFlt-

1) was used for microarray analysis. Labeled cDNA was prepared from 100 ng RNA using 

the Ambion Whole Transcript Expression Kit (Life Technologies, Carlsbad, CA, USA) and 

Affymetrix GeneChip WT Terminal Labeling Kit (Affymetrix, Santa Clara, CA, USA). All 

samples were hybridized to Affymetrix GeneChip Mouse Gene 1.1 ST arrays according to 

standard Affymetrix protocols. Array images and normalization was performed with 

Bioconductor software packages (Lin 2011). Probes sets were assigned to unique gene 

identifiers (IDs) of the Entrez Gene database, resulting in 19.357 assigned Entrez IDs. 

3 



Fetal programming in pregnancy-associated disorders 

 

 

 60 

 

Bioinformatics analysis 

The microarray covered 19.357 genes, and only the ones with an intensity value 

of >20 on at least three arrays and interquartile range (IQR) > 0,2 on at least 5 probes per 

gene on the array were selected for further analysis. The top 1000 most variable genes 

were used for principal component analysis (PCA) using MultiExperiment Viewer version 

4.8.4. Signal log2 ratios, which represent fold changes (FC), and related significances of 

change were calculated from the mean intensities of the control and high sFlt-1 group 

using intensity-based moderated t statistics (IBMT) implementing Bayes correction [16]. 

Resulting log2 ratios and p values were applied for further analysis of the data. Gene set 

enrichment analysis was used to relate the microarray data to networks of diseases and 

biological functions. Heat maps generation showing a comparison of gene expression 

patterns was done with MultiExperiment Viewer version 4.8.4.  

Genomic DNA isolation and pyrosequencing 

Fetal livers were homogenized with a TissueLyser LT (Qiagen, Hilden, Germany) 

for 1 minute at 40 Hz. Genomic DNA was isolated using allprep DNA/RNA mini kit (Qiagen, 

Venlo, the Netherlands), following manufacturer’s protocol. DNA purity and 

concentration was validated on Nanodrop 2000c (Thermo Scientific, Pittsburgh PA, USA), 

while 500 ng of genomic DNA was used for bisulfite conversion with the EZ DNA 

Methylation Gold Kit  (Zymo Research, Leiden, the Netherlands) according to 

manufacturer’s protocol. Samples were stored at -20oC until analysis. With Pyromark 

Assay Design 2.0 software (Qiagen), bisulfite specific primers were designed for the rat 

Ppar alpha promoter region (forward: 5’-biotin-GAGGGTATTAGGTGGGAAGTTTTATTAG-

3’; reverse: 5’-AACCTAAAAAACCCTAAACAATTCT-3’). Twenty nanograms of bisulfite-

modified DNA were used for amplification with HotStarTaq master mix using the following 

steps: DNA polymerase activation (95oC for 15 min), three-step cycle of denaturation 

(94oC for 30 sec), annealing (58oC for 1 min) and extension (72oC for 45 sec) repeated for 

45 cycles in a row. Finally, the last extension was carried out at 72oC for 7 minutes. The 

PCR product was analyzed using the sequencing primer: 5’-

CTAAATAAAAAAACTACCCAAAAT-3’ and sequence to analyze: CACCCRACRA 

ACRAAACAAC CCTATAAAAA AAACRCRCCT AAACRAACRC RCCTTTCTAC TCCCAACCCC 

RCRCACCR, for the extent of methylation per selected CpG position by pyrosequencing 

using a Pyromark Q24 system and analysis software 2.0 (Qiagen). The level of DNA 

methylation is given as a percentage.  
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Statistical analysis 

All data are presented as mean ± SEM. Differences between groups were calculated with 

a unpaired t-test (two groups) or one-way ANOVA (three groups). Comparison of multiple 

groups (DNA methylation analysis of different CpG positions) was analyzed by two-way 

analysis of variance (ANOVA), followed by a Bonferroni posthoc test. For all statistical 

tests, a p-value < 0.05 was considered significant. All data were analyzed using GraphPad 

Prism 6.0 Software (GraphPad). 

Results 

Maternal characteristics upon sFlt-1 overexpression 

To validate our overexpression model we measured concentrations of sFlt-1 in 

plasma, 96 hours post adenovirus injections (gestational day 12) and at gestational day 

(GD) 19. Surprisingly, plasma sFlt-1 concentrations in the overexpressed animals were not 

in the same range. We identified animals that have moderate increase (n=4) of sFlt-1 

concentrations in plasma at GD12 (mean 310 ng/ml ± 109) and GD19 (mean 640 ng/ml 

± 624) (Figure 1A), and animals (n=3) with high concentrations of plasma sFlt-1 in the 

same time points (mean GD12 1073 ng/ml ±735; mean GD19: 4726 ng/ml ± 2215) (Figure 

1A). In that way, we characterized two groups of dams with low and high sFlt-1 

concentrations in addition to the control group, where the sFlt-1 concentrations at GD19 

were almost zero (mean 0.08 ng/ml ± 0.008). In addition, the aortic blood pressure was 

assessed at GD19 and there were no significant differences between the control and low 

sFlt-1 group. In comparison, the high sFlt-1 group showed decreased diastolic and mean 

arterial pressure (Figure 1B). Furthermore, excessive proteinuria was not present in any 

of inspected groups (Figure 1C).  

Figure 1. Overexpression of sFlt-1 in pregnant dams. (A) plasma sFlt-1 concentrations in dams (n=3-4), (B) Blood 

pressure values (*p<0.05, n=3-4), (C) Protein levels in 24 hours urine from pregnant dams (n=3-4). SAP=systolic 

arterial pressure, DAP=diastolic arterial pressure, MAP=middle arterial pressure. 
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Fetuses from dams that have high sFlt-1 concentrations are growth restricted  

It was reported that increased sFlt-1 concentrations in the mother can result in 

growth restriction of the fetus [15]. In our study, fetuses that were exposed to high sFlt-

1 concentrations were approximately 22% lighter and the length was reduced by 9% in 

comparison to controls (Figure 2A, B). Also, the body proportionality, as expressed by the 

ponderal index PI (weight in grams/length in mm), was lower in the fetuses exposed to 

high sFlt-1 concentrations when compared to the fetuses exposed to low or no sFlt-1 

(Figure 2C). There were no differences between these parameters in the control and the 

low sFlt-1 group (Figure 2).  

Figure 2. Fetal characterization. (A) Fetal body weight at gestational day 19 (n=10), (B) Fetal crown-rump length 

at gestational day 19 (n=10), (C) Fetal weight to length ponderal index (n=10).***p<0.001. 

 

Brain-sparing and increased sFlt-1 concentrations in fetuses exposed to high sFlt-1 

maternal concentrations 

To evaluate whether the fetal growth restriction is asymmetrical or symmetrical 

we assessed the organ weight at GD 19. The liver weights of fetuses exposed to high 

maternal sFlt-1 concentrations were smaller in comparison to the control group (Figure 

3A). Brain weight was uncompromised in all groups (Figure 3B). We also checked the 

brain/liver ratio as an indicator of fetal asymmetrical/symmetrical growth. We observed 

increased brain/liver ratio in the fetuses exposed to high sFlt-1 as compared with the low 

sFlt-1 and the control group and no changes in the low sFlt-1 group as compared with the 

control group (Figure 3C), indicating that brain-sparing occurs in the fetuses exposed to 

the high sFlt-1. To evaluate whether the maternal sFlt-1 levels could influence the fetal 

sFlt-1 levels, we measured the plasma sFlt-1 concentrations in the fetuses. We observed 

that fetuses exposed to high sFlt-1 during pregnancy have an 18-fold increase of sFlt-1 in 

fetal plasma in comparison to control and low sFlt-1 group (Figure 3D).  
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Figure 3. Asymmetrical growth restriction in fetuses exposed to high sFlt-1. (A) Fetal liver weight as percentage 

of body weight at gestational day 19 (n=10), (B) Fetal brain weight as percentage of body weight at gestational 

day 19 (n=10), (C) Brain to liver ratio (n=10), (D) Fetal plasma sFlt-1 concentrations at gestational day 19 (n=10). 

**p<0.01, ***p<0,001. 

 

sFlt-1 overexpression and growth restriction modulate the fetal liver gene expression 

In order to detect whether the fetal growth restriction due to the sFlt-1 

overexpression affected the liver function, we performed microarray analysis on fetal 

liver RNA. We performed an unsupervised clustering analysis on the top 1000 most 

variable genes based on interquartile range (IQR), which is an indicator of variability of 

gene expression. In continuation, we performed principal component analysis (PCA) of 

the top 1000 most variable genes. As shown in Figure 4A the samples tend to cluster in 

two separate clusters in principle component 1 (PC1), which accounts for 34 % of the gene 

expression. Only one fetal liver from the high sFlt-1 group tends to cluster with the control 

ones. The dendrogram plot, accompanied by a heat map of the gene expression 

differences between the groups is presented in Figure 4B. As expected, the liver gene 

expression profiles between the groups were recognizably different meaning that 

exposure to high sFlt-1 concentrations in utero can mediate fetal liver molecular changes. 

Further analysis depicted that there is upregulation of several genes involved in the fatty 
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acid beta-oxidation, including the master regulators such as Cpt1a, Cpt1b, and Acadvl 

(Figure 4C).  

 

Figure 4. Analysis of the transcriptional response to high sFlt-1 in fetal liver. (A) principal component analysis on 

the top 1000 differentially expressed genes. (B) heatmap showing top 1000 differentially expressed genes in the 

liver in response to sFlt-1. (C) heatmap showing enriched fatty acid beta-oxidation gene set. 

 

Fatty acid metabolic pathways are upregulated in liver from growth-restricted fetuses 

exposed to high sFlt-1 concentrations  

Since many genes were upregulated in the high sFlt-1 fetal livers as compared to 

the control fetal livers, we performed a GSEA in order to evaluate the pathways in which 

these genes are involved. We used gene set enrichment analysis (GSEA) to analyze GO 

and KEGG gene sets that are significantly altered in the livers from the high sFlt-1 group 

in comparison to the controls. Top downregulated pathways involved olfactory sensing 

pathways and g-gated potassium and calcium channels (Supplementary Table 1). 

Moreover, significantly enriched metabolic pathways included genes responsible for fatty 

acid beta-oxidation; fatty acid, triacylglycerol, and ketone body metabolism. In addition, 

3 



Fetal programming in pregnancy-associated disorders 

 

 

 65 

 

gene set enrichment analysis indicated that genes involved in the Ppara signaling pathway 

are induced upon sFlt-1 overexpression (Table 1). 

 

 

Table 1. Gene set enrichment analysis of upregulated pathways in response to high sFlt-1. 

 

 

 

Ppara is differentially methylated in fetal liver upon fetal growth restriction due to 

sFlt-1 overexpression 

Moreover, it was reported that protein-restricted diet during pregnancy 

influences the methylation rates of the Ppara promoter region in livers from juvenile 

offspring [17]. To investigate whether the methylation status of Ppara is influenced in our 

growth restricted and sFlt-1 exposed fetuses, we designed a rat specific pyrosequencing 

assay for Ppara that encompasses 10 CpG positions located 500 bp upstream the 

transcriptional start site (TSS) (Figure 5A). Methylation of CpG position 5 was decreased 

in the high sFlt-1 group (Figure 5B) and the average methylation of the selected region 

showed hypomethylation (Figure 5C), which is in accordance with the previously reported 

results.  
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Figure 5. Ppara is differentially methylated in the liver in response to high sFlt-1. (A) schematic representation 

of promoter region of rat Ppara. (B) Methylation percentage levels per each inspected CpG site (n=6, two-way 

analysis of variance test). (C) Average methylation percentage per inspected area (n=6), *p<0.05. 

 

Discussion 

 The results of the present study indicate that maternal sFlt-1 overexpression has 

an important implication in the fetal liver physiology. Despite the limited changes in the 

maternal physiology, exposure to a high sFlt-1 concentration from middle to the end of 

gestation resulted in fetal growth restriction. This was accompanied by decreased liver 

weight, altered gene expression and Ppara methylation in the fetal liver. 

It was reported that sFlt-1 overexpression during pregnancy contributes to the 

pathophysiology of preeclampsia [15,18]. However, in our study, despite the increased 

viral load to induce sFlt-1 overexpression, we could not record the clinical symptoms of 

preeclampsia. One possible explanation could be that our model produced either too high 

or too low sFlt-1 concentration instead of the middle range concentrations that were 

obtained with other models [15,18,19]. It can be speculated that these conflicting results 
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are due to the differences in the timing and methods used to track the blood pressure 

and proteinuria. The advantage of this specific model is that we can study the effects of 

high levels of sFlt-1 on the fetuses in the absence of maternal signs, such as hypertension 

and proteinuria. Therefore, we consider our models as a model of sFlt-1 overexpression.  

Using this maternal sFlt-1 overexpression model, we demonstrate that the 

increased maternal sFlt-1 concentrations lead to asymmetrical growth restriction of the 

fetus. This is a condition where the brain development is preserved at the expense of liver 

growth. The brain sparing effect usually occurs due to maternal and/or fetal hypoxia 

where concomitant redistribution of the oxygenated blood is established at the expense 

of other organs [20,21]. In addition, brain/liver ratio is an important predictor of the fetal 

outcome [22]. It is well established that redistribution of nutrients leads to a reduction of 

the functional capacity of metabolically active organs e.g. liver. This adaptation can lead 

to metabolic programming and a thrifty phenotype that can persist later in life. Several 

studies, previously have shown that low birth weight increases the risk of cardiovascular 

and metabolic diseases e.g. stroke, diabetes, obesity etc [23–27]. Potential factors include 

malnutrition and toxins present during pregnancy. Our data demonstrate that fetal 

exposure to sFlt-1 is associated with asymmetrical growth restriction, however to what 

extent this contributes to developmental programming of the fetus still remains to be 

determined.  

Moreover, we observed that maternal plasma sFlt-1 concentrations result in 

increased plasma sFlt-1 concentrations in the fetuses as well. These results support earlier 

observations, that angiogenic factors are increased in maternal and umbilical cord 

samples in pregnancies complicated with intrauterine growth restriction [28]. 

Additionally, several other studies have reported that newborns small for gestational age 

(SGA) also have increased sFlt-1 concentrations in umbilical plasma samples [29,30]. 

These results suggest that the fetuses are not only exposed to the indirect effects of sFlt-

1 but also via direct exposition to sFlt-1. It is possible that sFlt-1 interferes with the fetal 

organ angiogenesis, but the exact mechanism will require further investigation. 

 Importantly, we observed that the gene expression profile is changed in fetal 

livers that were exposed to high sFlt-1 concentrations in utero. This difference was 

prominent in the genes involved in the fatty acid metabolism, which is crucial for the 

energy supply of the fast growing fetal organism. This is in accordance with a mouse study 

of sFlt-1 overexpression where it was found that LXR/RXR pathway was the top modified 

canonical pathway in the plasma proteome of dams 6 months postpartum [13]. This 
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pathway is involved in the regulation of the lipid metabolism. In contrast, a calory 

restricted diet results in decreased expression of genes involved in fatty acid synthesis 

[31] and folate-restricted diet increases the expression of genes involved in fatty acid 

degradation and beta-oxidation processes [32]. These findings suggest that expression 

modulation of genes involved in fatty acid metabolism serves as a compensatory 

mechanism in fetal growth restriction, obtained either via nutritional or via 

antiangiogenic manipulation.  

In agreement with the upregulated fatty acid metabolism genes, we observed 

that the Ppara targets pathway was enriched as well. Ppar genes are a unique set of fatty 

acid-regulated transcriptional factors that increase fatty acid metabolism [33]. In 

particular, Ppara acts as a key nutritional and environmental sensor in order to establish 

metabolic adaptation [34]. Activation of Ppara induces uptake and catabolism of fatty 

acids by upregulation of genes involved in beta-oxidation and fatty acid transport [35]. 

Moreover, the peroxisome proliferator-activated receptors (PPARs) have a substantial 

role in fetal metabolism and are well known for their role in developmental programming 

[36]. 

It was reported that fetal growth restriction due to a caloric restricted maternal 

diet results in decreased Ppara expression and can be maintained for longer period of 

time [37]. However, growth restricted livers from protein-restricted mothers [17] have 

increased Ppara expression that is in accordance with our results. It appears that the 

differences in the fatty acid metabolism and Ppara signaling are also affected in our sFlt-

1 exposed growth-restricted fetuses.  

 We found moderate but significant changes in the promoter methylation pattern 

of Ppara in the fetal liver exposed to the highest sFlt-1 concentrations in utero. Previously, 

it was reported that Ppara is differentially methylated in the offspring livers of growth-

restricted rats exposed to low protein and calorie restriction intake in utero. In 

continuation, it was shown that these discrete changes are stable and persistent in 

adulthood[17]. These Ppara methylation differences in early life might be considered as 

an indicator of metabolic adaptation to the intrauterine harsh environment.  

 Together, these results show that high maternal levels of sFlt-1 result in fetal 

growth restriction, high fetal plasma sFlt-1 levels, changes in fatty acid gene expression 

and their master regulator Ppara, that also shows promoter methylation alterations in 

accordance with the gene expression. This is consistent with other models of 
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developmental programming e.g. protein restriction [17]. These findings should warrant 

further investigations into the sFlt-1 contribution to the developmental programming of 

offspring health.   
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Abstract 

Preeclampsia is a multifactorial pregnancy-associated disorder characterized by 

an angiogenic dysbalance and systemic inflammation. However, animal models which 

combine these two pathophysiological conditions are missing. Here we introduce a novel 

double hit preeclampsia mouse model which mimics the complex multifactorial 

conditions that are present during preeclampsia and allows the investigation of early 

consequences for the fetus. Adenoviral overexpression of soluble fms-like tyrosine kinase 

(sFlt-1) and lipopolysaccharide (LPS) administration at mid-gestation in pregnant mice 

resulted in hypertension and albuminuria comparable to the manifestation in humans, 

and more specific for the model we revealed an increased concentration of different 

types of phosphatidylcholines. The fetuses of both sexes were growth restricted, but only 

in males, a brain-sparing effect was shown. On the metabolomics levels, male fetuses 

show changes in the amino acid metabolism, while females showed more pronounced 

alterations in the lipid metabolism. Our results show that combined exposure to sFlt-1 

and LPS mimics the clinical symptoms of preeclampsia in vivo and affects fetal growth in 

a sex-specific manner.  

4 



Fetal programming in pregnancy-associated disorders 

 

 

 77 

 

Introduction     

Preeclampsia is a multisystemic pregnancy-associated disorder that is identified 

after the 20th week of gestation with the onset of hypertension and proteinuria [1]. It is 

the most frequent complication of pregnancy, affecting 3-7% of the population [1,2]. In 

up to 60% of cases, preeclampsia is further complicated by fetal growth restriction [3,4]. 

Moreover, preeclampsia and subsequent fetal growth restriction lead to increased 

susceptibility of the offspring to chronic cardiometabolic diseases in later life (Chapter 2). 

In the recent years, it became apparent that preeclampsia has characteristics of the 

metabolic syndrome, at least in an altered angiogenic and inflammatory state [6,7].  

The concentrations of antiangiogenic factors are elevated in preeclamptic 

patients [8]; e.g. elevated levels of circulating soluble fms-like tyrosine kinase 1 (sFlt-1) 

have been shown to be clearly associated with the severity of preeclamptic symptoms [9]. 

Furthermore, several markers of inflammation are also increased in plasma of 

preeclamptic patients [10]. Moreover, inflammation impacts the blood pressure and the 

renal function during pregnancy, contributing to the clinical course of preeclampsia 

[11,12]. 

Perturbations in maternal health during pregnancy can lead to morphological 

and functional changes of major organ systems for life and this has a demonstrable impact 

on the offspring [13,14]; an effect known as developmental programming. Especially, 

during early onset preeclampsia there is 2- to 4- fold increased risk of fetal growth 

restriction [4]. Maladaptation in the fetal autonomic regulation, metabolic and epigenetic 

changes all have been suggested as a putative predisposing factor in the development of 

cardiometabolic diseases in growth-restricted offspring [15–17]. However, little is known 

whether preeclampsia has an effect on the maternal and/or fetal metabolome, which can 

provide better understanding at the metabolomics level of the relationship between 

early-life insults and later-life disease susceptibility.   

 In vivo models of preeclampsia are of extreme importance in clarifying the 

pathophysiological aspects of the disease and in the evaluation of potential fetal 

programming mechanisms. Inflammatory models of preeclampsia, such as low dose 

endotoxin infusion [18] or TNFa administration [12], have provided significant insights 

into kidney and placental pathophysiology during preeclampsia based on inflammatory 

mechanisms. Furthermore, models that involve antagonism of angiogenesis [19,20] has 

been widely studied in the evaluation of the maternal and fetal health [21–24]. 

Altogether, these models are each based only on a single pathophysiological mechanism 
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[25,26] that results in some of the clinical symptomatology of preeclampsia, not covering 

the full pathophysiological spectrum that occurs during this disorder. Therefore, we 

aimed to develop a model that involves the interplay of both antiangiogenesis and 

inflammation. The current study describes a novel, double hit model of preeclampsia that 

resembles the complete clinical course in order to investigate the genuine role of 

antiangiogenesis and inflammation in pregnant mice with regard to metabolic fetal 

outcomes and function.  

 

Materials and methods  

Animals and experimental procedures 

C57Bl/6 mice (Charles River, France) between 9-12 weeks old, were housed in a 

light and temperature controlled facility (lights on from 7:00 am until 7:00 pm, 21 oC). 

Mouse chow diet (2186 RMH-B, AB diets) and water were provided to the animals ad 

libitum. Animals were timely mated overnight. The following day the dams were checked 

for vaginal plug and, if present we counted it as gestational day 0.5 of pregnancy. At 

gestational day 8.5, animals were randomly assigned to receive either recombinant 

adenovirus encoding mouse sFlt-1 (Ad-sFlt1) or empty control adenovirus (Adnull) via 

retroorbital injection. At gestational day 10.5, animals received either 25 ug/kg LPS (E.coli 

0111:B4, Sigma-Aldrich, St Louis, MO, USA) in the group that received AdsFlt-1 or PBS (in 

the group that received the Adnull). At gestational day 16.5, 24 hours urine was collected. 

At gestational day 18.5, blood pressure was assessed via the abdominal aorta (Datex-

Ohmeda, Cardiocap/5). Placenta and fetal tissues were collected at gestational day 18.5. 

All experiments were approved by the Institutional Animal Care and Use Committee of 

the University of Groningen (DEC number 6803). 

Amplification and purification of sFlt-1 and control adenovirus  

Adenovirus vector stock of Ad-null (a kind gift from U.J. Tietge, University 

Medical Center Groningen, the Netherlands) and AdsFlt-1 (a kind gift from S.A. 

Karumanchi, Beth Israel Deaconess Medical Center, Boston, MA, USA) were used for 

adenoviral gene delivery. Viruses were amplified in HEK 293A cells at a multiplicity of 

infection (MOI) of 10. Adenoviral purification was performed with a cesium chloride (CsCl) 

density gradient (d= 1.45 g/ml and 1,20 g/ml). Adenoviral elution was performed with DG 

columns (Biorad, Temse, Belgium). The concentration of plaque forming units (PFU) was 

analyzed with an enzyme-linked immunoassay that detects the adenoviral hexon (Adeasy 
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viral titer kit, Agilent Technologies, Santa Clara, CA, USA). 1x109 PFU of adenovirus 

expressing an empty vector (n=9) or mouse sFlt-1 (n=9) in 100 ul PBS were injected via 

the retroorbital plexus on gestational day 8.5. 

Plasma analysis 

Maternal blood was collected on gestational day 18.5 in EDTA containing tubes 

(Greiner Bio-One, Kremsmünster, Austria) with heart puncture. Within half an hour the 

blood was centrifuged for 20 minutes at 1000 rpm and the plasma was stored at -80oC 

until analysis. Fetal blood was collected by nicking the left ventricle of the heart, while the 

fetuses were slightly tilted in order to keep the pooled blood in the thoracic cavity while 

it was collected in EDTA-coated capillary tubes (Greiner Bio-One, Kremsmünster, Austria). 

SFlt-1 concentrations in plasma were determined using a mouse sFlt-1 ELISA kit (R&D 

Systems, Inc., Minneapolis, MN, USA) according to manufacturer’s protocol. 

Plasma metabolome detection 

 Plasma was obtained and stored as described above. Plasma metabolome 

analysis was performed with Biocrates AbsoluteIDQ p180 Kit at their facility (Biocrates 

Life Sciences AG, Austria), as described previously [27]. In short, a commercially available 

direct flow injection and LC-MS/MS kit was used to analyze 188 available metabolites in 

plasma samples, including hexose (1), amino acids (21), biogenic amines (21), 

glycerophospholipids (90), sphingolipids (15) and acylcarnitines (40). Internal standards 

were pre-pipetted and calibration standard mix in seven different concentrations were 

included in a standardized assay in 96 well plate format. Per sample 10 ul of plasma was 

loaded in each well. Derivatization was done with 5% solution of phenyl-isothiocyanate, 

followed by extraction with addition of methanol with 5 mM ammonium acetate. The 

samples were delivered to API4000 Qtrap® tandem mass spectrometry instrument 

(Applied Biosystems, Foste City, CA), using reverse phase HPLC column followed by direct 

flow injection assay. 

Urine analysis 

Urine samples were collected by placing the pregnant dams in metabolic cages 

at gestational day 16.5 for 24 hours. The protein and albumin levels were determined 

using the Pierce BSA Protein Assay Kit (Thermo Fisher Scientific, Rockford, Il, USA) or 

Assaypro Mouse Albumin Elisa kit (St. Charles, MO, USA), respectively. The concentration 

of total protein and albumin per sample was multiplied by the 24-hour urine volume. 
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Histological analysis 

Placenta tissues were fixed in 4% paraformaldehyde (PFA) for 24 hours and 

stored in 70% ethanol until embedded in paraffin under standard procedures. Placental 

sections (7 µm) were mounted on standard slides (Engelbrecht Medizin- und Labortechnik 

GmbH, Edermünde, Germany). For morphological analysis, sections were stained with 

hematoxylin and eosin (H&E). 

Morphometric analysis 

Morphometric analysis of placentae and placental compartments (labyrinth and 

spongiotrophoblast layer) were performed on nine serial sections of the central region of 

at least five placentas from each experimental group (control Ad0+PBS, n=5 and 

AdsFlt+LPS, n=6) with an Axiophot model microscope (Carl Zeiss, Oberkochen, Germany) 

equipped with a Nikon DS-U1 camera and NIS-BR 3.1 software (Nikon, Düsseldorf, 

Germany). An auto-white-balance-correction was performed using ImageJ 1.51n (Wayne 

Rasband, Maryland, USA). 

RNA isolation and gene expression analysis 

 Total RNA from placentas was extracted with TriReagent (Life Technologies, 

Carlsblad, CA, USA). RNA quality and quantity was assessed with Nanodrop 2000c 

(Nanodrop Technologies, Wilmington, DE). cDNA synthesis was performed on 1 μg of total 

RNA using M-MLV reverse transcriptase (Life technologies, Carlsblad, CA, USA), 

RNaseOUT  (Life Technologies, Carlsblad, CA, USA), random nonamers (Sigma-Aldrich, St 

Louis, MO, USA). For quantitative real-time PCR, cDNA was amplified with TaqMan 

(Applied Biosystems, CA, USA) on a StepOnePlusTM Real-Time PCR System (Applied 

Biosystems, CA, USA). Primers used for RT-qPCR are listed in supplementary table 1 (see 

also [28]). The average expression level of mouse beta-actin and GAPDH was used as a 

house-keeping gene in all qPCR analysis and the standard curve method was used for 

quantification.  

Statistical analysis  

Differences between groups were calculated with the Mann-Whitney U test. 

Data are presented as median and interquartile range, if not stated otherwise. For all 

statistical tests, a p-value < 0.05 was considered significant. Pearson R correlation was 

used to check the association between selected parameters. Data were analyzed using 

GraphPad Prism 6.0 Software. For metabolomics data, all the analyses were performed 

with MetaboAnalyst 3.0 [29]. For row-wise normalization we chose to normalize with a 

reference sample (sample in the control with the least missing values) and column-wise 
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normalization was done by log2 transformation of the data. Univariate data analysis was 

performed using volcano plot with fold change threshold of 1.4 and t-tests threshold of 

0.1, as well as Mann-Whitney U test. Multivariate data analysis was performed with 

principal component analysis (PCA) and partial least squares discriminant analysis PLS-DA 

in order to visualize the metabolic differences between controls and double hit 

preeclampsia subjects (dam and fetuses). The variable importance in the projection (VIP) 

scores higher than 1.0 were considered relevant for group discrimination [30].  

Results 

Combined sFlt-1 and LPS exposure induces preeclampsia symptoms in pregnant dams 

To study the effects of the proposed model, C57Bl/6 mice were subjected to 

adenoviral overexpression of sFlt-1, and 48 hours later challenged with LPS. The weight 

gain, food and water consumption on gestational day 17.5 were not different between 

the groups (Supplementary Figure S1B-D). At gestational day 17.5, total urinary protein 

excretion (Supplementary Figure S1A), as well as of mouse-specific albumin (Figure 1A), 

                                      

Figure 1. Double hit exposure to sFlt-1 and LPS in pregnant dams can induce preeclampsia symptoms. (A) Urine 

albumin concentration in 24 hour urine samples from pregnant dams at GD 17.5 (n=8-10). (B) Plasma sFlt-1 

concentrations from pregnant dams at GD 18.5  (n=8-9).(C) Systolic blood pressure (SBP) in pregnant dams at 

GD 18.5  (n=7-8). (D) Correlation between sFlt-1 plasma concentrations and systolic blood pressure in pregnant 

dams (Person r correlation r= 0,57;p= 0,02, n=15). Data are given as median and interquartile range (figure A, B, 

C), * p<0.05; **p<0.01. 
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were significantly increased in the dams that have been exposed to the double hit of sFlt-

1 and LPS. In continuation, these dams had 2-fold increased sFlt-1 concentrations in the 

plasma (Figure 1B). On gestational day 18.5, also systolic blood pressure in the pregnant 

dams exposed to the double hit was significantly increased in comparison to controls 

(Figure 1C). Moreover, there was a positive correlation between the blood pressure 

values and the obtained sFlt-1 concentrations of the pregnant dams (Figure 1D). There 

were no differences in the number of pups nor in the percentage of resorptions between 

the groups (Supplementary Figure S1E, F). Together, these data show that mid-gestation 

double hit exposure to sFlt-1 and LPS replicates the clinical features of human 

preeclampsia in pregnant dams. 

     

Clinical features of preeclampsia are not accompanied by changes in placental 

compartment area  

In order to evaluate whether the double hit exposure of pregnant dams to sFlt-1 

and LPS differentially affects the placental growth or morphology, we analyzed placental 

sections at gestational day 18.5. We assessed total placental area as well as different 

placental compartments, namely the labyrinth and the spongiotrophoblast layer (Figure 

1A). Total placental area tended to be decreased in the double hit placentas in 

comparison to controls (Figure 2B, p=0.0519). This can be attributed both to the labyrinth 

and the spongiotrophoblast layer, although the specific changes did not reach statistical 

significance (Figure 2C, D). Assessment of the labyrinth to spongiotrophoblast ratio 

showed no differences between the double hit placentas and the control ones (Figure 

2E). Despite the overall decreased placental area, the placental morphology between the 

double hit preeclamptic dams and controls was unaffected. 

 

Maternal plasma phosphatidylcholines are increased during double hit preeclampsia 

Given that preeclampsia is characterized by widespread adaptations in 

metabolites  [31], including e.g. lipids and carnitines [32] we expected that the double hit 

preeclamptic dams have a unique metabolomic profile, resembling the human condition. 

A total of 183 metabolites were investigated by tandem mass (MS/MS) spectrometry. 

Metabolites that were below the lower limit of quantification (<LLOQ) were excluded; the 

remaining 141 metabolites were included in the analysis. To identify metabolomic 

differences between groups, we performed an unsupervised principal component 
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analysis (PCA) (Supplementary Figure S2A) and a supervised partial least squares 

discriminant analysis (PLS-DA) (Figure 3A).  

  

 

Figure 2. Placental morphology at GD 18.5 in double hit preeclampsia model. (A) Placentas were collected and 

7 µm sections were stained with hematoxylin and eosin. Scale bar = 1000 µm. D= decidua, S= spongiotrophoblast 

layer, L= labyrinth layer, U=umbilical cord. Surface area of (B) the whole placenta, (C) the labyrinth layer and (D) 

the spongiotrophoblast layer were measured in mm2. (E) The ratio of the labyrinth area to the 

spongiotrophoblast area. Data given as mean ± SEM (figure B-E; n=5-6 *p=0,05). Scale bar 1000 μm.  
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Figure 3. Maternal metabolome during double hit preeclampsia (n=3) (A) supervised partial least discriminatory 

analysis PLS DA on 141 metabolites in plasma of control and double hit PE dams (B) Heat map representation of 

top 25 modified metabolites, color-coding intensity in the red spectrum shows increase of given metabolites 

and color intensity in the blue spectrum shows decrease of the given metabolites. Red=Ad0+PBS group, 

Green=sFlt1+LPS 

 

The results show that the metabolome profile of the double hit preeclamptic 

dams tends to cluster separately from the one of controls (Figure 3A). The clear 

distinction of these groups is based on the variable importance of projection (VIP) scores 

obtained from each of the 141 metabolites included in the analysis and the top 15 variable 

compounds are listed in the Supplementary Figure S2B. A heat map representation of the 

top 25 modified metabolites, showed distinct metabolic footprints between the groups, 

with the levels of a number of metabolites from the class of phosphatidylcholines (PC) 

being upregulated in the double hit preeclamptic dams (Figure 3B). Furthermore, we 

examined the top modified metabolites with a threshold combination of fold change and 

t-tests (p< 0.05). In total, 10 metabolites were significantly changed in the plasma from 

double hit preeclamptic dams including several long chain fatty acid phosphatidylcholines 

(PC) and acylcarnitine C4 (Table 1).  
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Table 1. Maternal metabolome during preeclampsia shows increased concentrations majorly in the 

glycerophosphatydilcholine group of metabolites. FC: fold change; PC-phosphatydilcholine; AA-

diacyl; AE-acyl-alkyl; C- carnitine.  

Name FC Log2 (FC) p-value 

PC aa C34:1 0.62923 -0.66834 7.0299E-5 

PC aa C36:3 0.63805 -0.64825 0.0041525 

PC ae C34:1 0.6201 -0.68943 0.0057079 

PC aa C36:5 0.50116 -0.99667 0.013278 

PC aa C36:1 0.55954 -0.83769 0.016105 

C4 0.47941 -1.0607 0.020592 

PC ae C38:3 0.61983 -0.69005 0.02596 

PC aa C38:3 0.51582 -0.99667 0.029883 

PC aa C32:1 0.51583 -0.95503 0.038355 

PC ae C36:3 0.56121 -0.8338 0.043259 

 

Fetuses exposed to double hit preeclampsia show growth restriction differences in a 

sex-specific manner 

Considering that up to 60% of the early onset preeclamptic pregnancies are 

complicated by fetal growth restriction, we assumed that also our double hit 

preeclampsia model will lead to impaired fetal growth. Therefore, we phenotyped body 

size and major organs at GD 18.5 to define the presence and type of growth restriction. 

Male and female fetuses from double hit preeclamptic dams were lighter in comparison 

to controls (Figure 4A). The liver weight was compromised in both sexes (Figure 4B), while 

the brain was smaller only in the female fetuses that were exposed to double hit 

preeclampsia (Figure 4C). In order to evaluate whether there is a brain sparing effect in 

our fetuses, we calculated the brain to liver ratio. Brain to liver ratio was significantly 

increased for the males, while no brain sparing was observed for the females exposed to 

the double hit preeclampsia (Figure 4D). These data show that double hit preeclampsia 

results in fetal growth restriction and brain sparing is only observed in the males. 
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Figure 4. Fetal characterization at GD 18 in the double hit preeclampsia model. (A) fetal body weight in 

grams,  (B) fetal liver weight in grams, (C) fetal brain weight in grams, (D) brain to liver ratio, (E) placental weight. 

All data are given as median and interquartile range, n=17-21, for males and n=18-19 for females; *p<0.05; 

**p<0.01, ***p<0.001. 

 

Fetal metabolome after double hit preeclampsia exposure shows sex-specific 

differences 

To explore whether the different growth restriction patterns are associated with 

metabolomics changes, we analyzed the fetal plasma metabolome. The univariate 

analysis of log-transformed mouse fetal plasma metabolome data revealed significant 
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sex-specific differences. The unsupervised principal component analysis (PCA)  

(Supplementary Figure S3A) and the supervised partial least squares discriminant 

analysis (PLS-DA) (Figure 5A) showed an overlap between the metabolic footprint of the 

 

Figure 5. Fetal metabolomes are differentially affected by double hit preeclampsia. (A) supervised partial least 

discriminatory analysis PLS DA on 141 metabolites in plasma of male control fetuses and double hit PE male 

fetuses, (B) Proline and threonine concentrations in male fetal plasma, (C) supervised partial least discriminatory 

analysis PLS DA on 141 metabolites in plasma of female control fetuses and double hit PE female fetuses, (D) 

Plasma concentrations of changed metabolites in female fetal plasma. Data are given as median and 

interquartile range (figure B,D), n=5 per group, * p<0.05; **p<0.01. Red=Ad0+PBS, green=sFlt1+LPS 

 

males exposed to double hit preeclampsia and the controls. In total only 2 metabolites 

were significantly decreased in the plasma of the double hit preeclampsia exposed male 

fetuses when compared to controls, including the amino acids proline and threonine 

showed significantly reduced levels (p < 0.05) (Figure 5B). In comparison, the 

unsupervised PCA (Supplementary Figure 3B) and the supervised PLS-DA)(Figure 5C), 

revealed more obvious clustering pattern between the metabolic footprint of female 

fetuses exposed to double hit preeclampsia and controls. In total, 5 metabolites showed 

reduced levels (p<0.05) in the plasma from female fetuses exposed to double hit 
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preeclampsia in comparison to controls, including phosphatidylcholines (PC ae 32:1; PC 

ae 42:1), acylcarnitine (C14:1) and sphingomyelins (SM C24:1; SM C24:0) (Figure 5D).  

To determine whether these sex-specific metabolomic differences are 

associated with changes in the placental nutrient transport, we checked the expression 

levels of several amino acids, fatty acids, and glucose placenta transporters. However, no 

 

Figure 6. Gene expression analysis of important placental nutrient transporters. (A) Amino acid transporters and 

glucose transporter Glut-1 and (B) fatty acids transporters in male placentas (n=8-9), (C) amino acid transporters 

and Glut-1 and (D) fatty acid transporters in female placentas. Data given as ± SD;*p<0.5,**p<0.01,***p<0.001. 

 

differences were observed in the gene expression levels between the groups with male 

placentas (Figure 6A, B). In comparison, in the female placentas, there was a significantly 

decreased expression of sodium-coupled neutral amino acid transporter-1 (Snat-1), fatty 

acid transporter 6 (Fatp6) and fatty acid binding protein 3 (Fabp3) in the placentas 

exposed to double hit preeclampsia.      
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Discussion 

The results of this study demonstrate that a combined exposure to an 

antiangiogenic (sFlt-1) and a proinflammatory (LPS) factor leads to preeclampsia in mice, 

mimicking the characteristics of the disease in human. This double hit exposure leads to 

smaller placentas, an increase in blood pressure, albuminuria, and increased 

phosphatidylcholines in the dam. Although the placental compartments were not 

compromised, fetuses were growth restricted in a sex-specific manner and showed 

different metabolomic footprints.  

Preeclampsia is closely linked to the metabolic syndrome on several levels. 

Obesity and diabetes mellitus serve as known risk factors for preeclampsia [33,34] and 

increased pro-inflammatory cytokines contribute to the pathogenesis of preeclampsia 

[12,35,36]. Furthermore, preeclamptic women are at increased risk to develop 

cardiovascular diseases in later life [37,38]. Moreover, dysbalance in angiogenesis 

impacts endothelial function resulting in changes that resemble preeclamptic symptoms, 

namely by increased plasma sFlt-1 levels and hypertension [19–21]. However, a combined 

effect of these distinct pathophysiological components to the development of 

preeclampsia has not been addressed so far. Therefore, a double hit exposure to 

antiangiogenic factors and low-grade inflammation will be useful in deploying a 

comprehensive in vivo model for preeclampsia.  

Here we reported that exposure to sFlt-1 and LPS in vivo lead to hypertension 

and albuminuria in the pregnant dam. Although earlier reports suggested that high-dose 

LPS administration may lead to a fetal loss [39,40], inflammation by means of low dose 

LPS administration showed no effect on the number of fetuses between the groups in our 

study. On the other side, the exposure to sFlt-1 antagonize the effect of angiogenic factors 

such as vascular endothelial growth factor (Vegf) and placental growth factor (Plgf) 

resulting in endothelial dysfunction [41,42]. With regard to the impact of endothelial 

dysfunction on blood pressure, it has been previously shown that inhibition of endothelial 

protectors (such as eNOS) can lead to hypertension [43], granting a role for sFlt-1 in the 

blood pressure regulation. In our model, we observed increased plasma sFlt-1 levels with 

a positive correlation with blood pressure values. Altogether, our data suggest that this 

double hit preeclampsia model is very similar to the human clinical representation of 

preeclampsia.   
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Studies by Kühnel et al. [28] using a placental-specific overexpression of human 

sFlt-1 in a lentiviral mouse model of preeclampsia showing placental overexpression of 

sFlt-1, as one hit, led to IUGR in the fetus and resulted in lower placental weights, the 

same finding as observed in the double hit model. However, in the study by Kühnel et al. 

[28] a smaller labyrinth as the transporting trophoblast, and the loss of glycogen cells in 

the junctional zone could be observed. In contrast to the findings of this study, the 

expression of the glucose diffusion channel Cx26 is decreased, the expression of one fatty 

acid transporter, CD36, is significantly increased and the amino acid transporters are 

unchanged. This differences might be due to the different insults and different mouse 

strains used in the two mouse models. 

Derived from the clinical observation that preeclamptic patients have 4- to 8-fold 

increased risk to develop cardiovascular disorders in later life [37,38], characterization of 

their metabolic footprint is of major interest. In preeclampsia, a change in metabolome 

has been reported [32,44] with specific effects on the fatty acid metabolome, sharing 

similarities with other cardiovascular and idiopathic inflammatory diseases [45,46]. 

Moreover, preeclamptic patients show increased choline levels in plasma and urine 

[47,48] most probably due to increased oxidative stress. In our model, we also report an 

increase of several types of long-chain fatty acids phosphatidylcholines. This is in 

agreement with the metabolomics analysis of the transgenic model of preeclampsia 

employing catechol-O-methyl transferase knockout mice [27]. However, in their model 

more profound changes were reported in the metabolome including increased levels of 

several phosphatidylcholines, several sphingomyelins, and acylcarnitines. This can be 

explained due to model differences, where the latter one acts via inhibition of enzymes 

involved in the estrogen conversion. Thereby, our intervention with sFlt-1 and LPS only 

affects the glycerophospholipids metabolites and might contribute to the preeclamptic 

outcome. 

Exposure to a harsh intrauterine environment has been implicated in sex-specific 

consequences for the offspring in later life [21,49]. Although the relative contribution of 

sex on the fetal size, body proportions and growth patterns [50] is not well defined, 

evidence has accumulated that males have increased body weight at birth in comparison 

to females in uncomplicated pregnancies [51]. In addition, in humans during the first 20 

weeks of pregnancy, male fetuses have higher head circumference in comparison to 

females, but this difference is almost non-existent as the pregnancy progrades [51]. In 

this context, the timing and exposure to harsh intrauterine stimuli are relevant for sex-
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specific outcomes. In the current study, we have shown that exposure to sFlt-1 and LPS 

during mid-gestational days results in smaller brains in the female fetuses. On the 

contrary, no weight changes were observed in the male brain, which is consistent with 

the observation that in humans, males have decreased growth rate of the head 

circumference in the last weeks of pregnancy [51], making them then less susceptible to 

the harsh intrauterine conditions. Data on sex-specific differences in the fetal growth 

responses due to preeclampsia are still limited, but a study from Stark et al reported that 

female infants have significantly lower birth weight percentiles whereas males maintain 

normal growth [49]. This is, at least in part, in accordance with our results where female 

fetuses were also severely affected by symmetrical growth restriction, while on the other 

hand, males showed brain-sparing and asymmetrical growth restriction.    

Sufficient delivery of macronutrients is an important pre-requisite for optimal 

fetal development. Amino acids, acylcarnitines, and glycerophospholipids act as key 

metabolic factors for the fetus and the placenta [52]. Moreover, a sudden shift in the 

source of energy will lead to adaptations in several metabolic processes such as fatty acid 

oxidation, gluconeogenesis, and ketogenesis [53]. In response to a hypoglycemic insult, 

several amino acids, including proline and threonine, serve as glucogenic mediators [54]. 

Furthermore, an excess of stress hormones [55] and inflammatory cytokines [56] can 

affect the hepatic lipid catabolism and lipid metabolites severely. In our study, we 

reported that male and female fetuses are affected with different degrees of growth 

restriction and have differentially affected metabolic profiles. Whereas the males only 

have lower concentrations of amino acids such as proline and threonine, the females 

show decreased levels of certain acylcarnitines, sphingomyelins, and 

glycerophospholipids. This suggests that the symmetrical growth restricted female 

fetuses in our double hit preeclampsia model have dysbalanced fat and energy 

metabolism. To our knowledge no metabolomics analysis were previously performed on 

preeclamptic offspring, however, studies performed on IUGR offspring show that amino 

acids and carnitine metabolites are the most affected without clear distinction between 

the sexes.  

Finally, it is also possible that alteration of selected transporter genes in the 

placenta may contribute to the observed growth-restriction phenotype. Interestingly, we 

registered limited changes in the gene expression pattern of nutrient transporters in the 

placenta and only decreased levels of amino acid transporter (Snat-1) and fatty acid 

transporters (Fabp3 and Fatp6) were observed in female placentas exposed to double hit 
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preeclampsia. In particular, it is known that these fatty acids transporters are increased 

in obese pregnancies [57], but are quite resilient to hypoxic conditions [58]. Moreover, 

decreased levels of Snat-1 are associated with growth restriction [59,60] and can be 

correlated to the severity of the restriction. Our findings that these transporters are 

down-regulated only in the female double hit preeclamptic placentas suggest that they 

might be involved in the mechanisms leading to the growth restriction and metabolomic 

changes. Compatible with this, up-regulation of placental transporters may contribute to 

fetal overgrowth [61,62]. In contrast, the gene expression was not altered in the male 

placentas and the minor changes in the metabolic footprint of male fetuses exposed to 

double hit preeclampsia might be explained by increased fetal or placental consumption 

of certain metabolites. However, the mechanisms underlying the different metabolomics 

patterns in fetuses exposed to preeclampsia still remains to be fully elucidated.   

In conclusion, in this study, we present a clinically relevant mouse model that 

closely mimics human preeclampsia. Moreover, it results in sex-specific differences in the 

growth restriction pattern and the metabolomics footprint, which in turn can shed a light 

on the sex-specific programming effect of adult-onset disorders due to preeclampsia. 

4 



Fetal programming in pregnancy-associated disorders 

 

 

 93 

 

References 
[1] Mol BWJ, Roberts CT, Thangaratinam S, Magee LA, De Groot CJM, Hofmeyr GJ. Pre-eclampsia. Lancet 

2016; 387:999–1011. 

[2] Rajakumar A, Michael HM, Rajakumar PA, Shibata E, Hubel CA, Ananth Karumanchi S, Thadhani R, 

Wolf M, Harger G, Markovic N. Extra-placental expression of vascular endothelial growth factor 

receptor-1, (Flt-1) and soluble Flt-1 (sFlt-1), by peripheral blood mononuclear cells (PBMCs) in 

normotensive and preeclamptic pregnant women. Placenta 2005; 26:563–573. 

[3] Weiler J, Tong S, Palmer KR. Is fetal growth restriction associated with a more severe maternal 

phenotype in the setting of early onset pre-eclampsia? a retrospective study. PLoS One 2011; 

6:e26937.  

[4] Xiao R, Sorensen TK, Williams WA, Luthy DA. Influence of pre-eclampsia on fetal growth. J Matern 

Neonatal Med 2003; 13:157–162. 

[5] Stojanovska V, Scherjon SA, Plösch T. Preeclampsia As Modulator of Offspring Health. Biol Reprod 

2016; 94:53–53. 

[6] Scioscia M. D-chiro inositol phosphoglycans in preeclampsia: Where are we, where are we going? J 

Reprod Immunol 2017; 124:1–7. 

[7] Salzer L, Tenenbaum-Gavish K, Hod M. Metabolic disorder of pregnancy (understanding 

pathophysiology of diabetes and preeclampsia). Best Pract Res Clin Obstet Gynaecol 2015; 29:328–

338. 

[8] Hertig A, Berkane N, Lefevre G, Toumi K, Marti HP, Capeau J, Uzan S, Rondeau E. Maternal serum sFlt1 

concentration is an early and reliable predictive marker of preeclampsia. Clin Chem 2004; 50:1702–

1703. 

[9] Park CW, Joong SP, Shim SS, Jong KJ, Yoon BH, Romero R. An elevated maternal plasma, but not 

amniotic fluid, soluble fms-like tyrosine kinase-1 (sFlt-1) at the time of mid-trimester genetic 

amniocentesis is a risk factor for preeclampsia. Am J Obstet Gynecol 2005; 193:984–989. 

[10] Borzychowski AM, Sargent IL, Redman CWG. Inflammation and pre-eclampsia. Semin Fetal Neonatal 

Med 2006; 11:309–316.  

[11] Kalinderis M, Papanikolaou A, Kalinderi K, Ioannidou E, Giannoulis C, Karagiannis V, Tarlatzis BC. 

Elevated Serum Levels of Interleukin-6, Interleukin-1β and Human Chorionic Gonadotropin in Pre-

eclampsia. Am J Reprod Immunol 2011; 66:468–475. 

[12] Cotechini T, Komisarenko M, Sperou A, Macdonald-Goodfellow S, Adams MA, Graham CH. 

Inflammation in rat pregnancy inhibits spiral artery remodeling leading to fetal growth restriction and 

features of preeclampsia. J Exp Med 2014; 211:165–179. 

[13] Davis EF, Newton L, Lewandowski AJ, Lazdam M, Kelly BA, Kyriakou T, Leeson P. Pre-eclampsia and 

offspring cardiovascular health: mechanistic insights from experimental studies. Clin Sci 2012; 123:53–

72. 

4 



Fetal programming in pregnancy-associated disorders 

 

 

94 

 

[14] Kajantie E, Eriksson JG, Osmond C, Thornburg K, Barker DJP. Pre-eclampsia is associated with increased 

risk of stroke in the adult offspring the helsinki birth cohort study. Stroke 2009; 40:1176–1180. 

[15] Schäffer L, Müller-Vizentini D, Burkhardt T, Rauh M, Ehlert U, Beinder E. Blunted stress response in 

small for gestational age neonates. Pediatr Res 2009; 65:231–235. 

[16] Jiménez-Chillarón JC, Díaz R, Martínez D, Pentinat T, Ramón-Krauel M, Ribó S, Plösch T. The role of 

nutrition on epigenetic modifications and their implications on health. Biochimie 2012; 94:2242–2263. 

[17] Ching T, Ha J, Song MA, Tiirikainen M, Molnar J, Berry MJ, Towner D, Garmire LX. Genome-scale 

hypomethylation in the cord blood DNAs associated with early onset preeclampsia. Clin Epigenetics 

2015; 7:21. 

[18] Faas M, Schuiling G, Baller J, Visscher C, Bakker W. A new model for human preeclampsia. Am J Obstet 

Gynecol 1994; 171:158–164. 

[19] Maynard SE, Min J, Merchan J, Lim K, Li J, Mondal S, Libermann TA, Morgon JP, Sellke FW, Stillman IE, 

Epstein FH, Sukhatme VP, et al. Excess placental soluble fms-like tyrosine kinase 1 (sFlt1) may 

contribute to endothelial dysfunction, hypertension, and proteinuria in preeclampsia. J Clin Invest 

2003; 111:649–658. 

[20] Venkatesha S, Toporsian M, Lam C, Hanai J, Mammoto T, Kim YM, Bdolah Y, Lim K-H, Yuan H-T, 

Libermann TA, Stillman IE, Roberts D, et al. Soluble endoglin contributes to the pathogenesis of 

preeclampsia. Nat Med 2006; 12:642–649. 

[21] Lu F, Bytautiene E, Tamayo E, Gamble P, Anderson GD, Hankins GD V, Longo M, Saade GR. Gender-

specific effect of overexpression of sFlt-1 in pregnant mice on fetal programming of blood pressure in 

the offspring later in life. Am J Obstet Gynecol 2007; 197:1–5. 

[22] Bytautiene E, Bulayeva N, Bhat G, Li L, Rosenblatt KP, Saade GR. Long-term alterations in maternal 

plasma proteome after sFlt1-induced preeclampsia in mice. Am J Obstet Gynecol 2013; 208:1–10. 

 [23] Bytautiene E, Tamayo E, Kechichian T, Drever N, Gamble P, Hankins GD V, Saade GR. Prepregnancy 

obesity and sFlt1-induced preeclampsia in mice: Developmental programming model of metabolic 

syndrome. Am J Obstet Gynecol 2011; 204:398.e1-e8. 

[24] Patten IS, Rana S, Shahul S, Rowe GC, Jang C, Liu L, Hacker MR, Rhee JS, Mitchell J, Mahmood F, Hess 

P, Farrell C, et al. Cardiac angiogenic imbalance leads to peripartum cardiomyopathy. Nature 2012; 

485:333–338. 

[25] McCarthy FP, Kingdom JC, Kenny LC, Walsh SK. Animal models of preeclampsia; Uses and limitations. 

Placenta 2011; 32:413–419. 

[26] Sunderland N, Hennessy A, Makris A. Animal models of preeclampsia. Am J Reprod Immunol 2011; 

65:533–541. 

[27] Stanley JL, Sulek K, Andersson IJ, Davidge ST, Kenny LC, Sibley CP, Mandal R, Wishart DS, Broadhurst 

DI, Baker PN. Sildenafil Therapy Normalizes the Aberrant Metabolomic Profile in the Comt − / − Mouse 

4 



Fetal programming in pregnancy-associated disorders 

 

 

 95 

 

Model of Preeclampsia / Fetal Growth Restriction. Nat Publ Gr 2015; 5:1–10. 

[28] Kuhnel E, Kleff V, Stojanovska V, Kaiser S, Waldschotz R, Herse F, Plosch T, Winterhager E, Gellhaus A. 

Placental-Specific Overexpression of sFlt-1 Alters Trophoblast Differentiation and Nutrient 

Transporter Expression in an IUGR Mouse Model. J Cell Biochem 2017; 118:1316–1329. 

[29] Xia J, Mandal R, Sinelnikov I V., Broadhurst D, Wishart DS. MetaboAnalyst 2.0-a comprehensive server 

for metabolomic data analysis. Nucleic Acids Res 2012; 40:127–133. 

[30] Jansson J, Willing B, Lucio M, Fekete A, Dicksved J, Halfvarson J, Tysk C, Schmitt-Kopplin P. 

Metabolomics reveals metabolic biomarkers of Crohn’s disease. PLoS One 2009; 4. 

[31] Kenny LC, Broadhurst DI, Dunn W, Brown M, North RA, McCowan L, Roberts C, Cooper GJS, Kell DB, 

Baker PN. Robust early pregnancy prediction of later preeclampsia using metabolomic biomarkers. 

Hypertension 2010; 56:741–749.  

[32] Kelly RS, Giorgio RT, Chawes BL, Palacios NI, Gray KJ, Mirzakhani H, Wu A, Blighe K, Weiss ST, Lasky-Su 

J. Applications of metabolomics in the study and management of preeclampsia: a review of the 

literature. Metabolomics 2017; 13:1–20. 

[33] Persson M, Cnattingius S, Wikström A-K, Johansson S. Maternal overweight and obesity and risk of 

pre-eclampsia in women with type 1 diabetes or type 2 diabetes. Diabetologia 2016; 59:2099–2105. 

[34] Weissgerber TL, Mudd LM. Preeclampsia and Diabetes. Curr Diab Rep 2015; 15:1–16. 

[35] Lockwood CJ, Yen C-F, Basar M, Kayisli UA, Martel M, Buhimschi I, Buhimschi C, Huang SJ, Krikun G, 

Schatz F. Preeclampsia-related inflammatory cytokines regulate interleukin-6 expression in human 

decidual cells. Am J Pathol 2008; 172:1571–1579. 

[36] Pinheiro MB, Martins-Filho OA, Mota APL, Alpoim PN, Godoi LC, Silveira ACO, Teixeira-Carvalho A, 

Gomes KB, Dusse LM. Severe preeclampsia goes along with a cytokine network disturbance towards 

a systemic inflammatory state. Cytokine 2013; 62:165–173. 

[37] Irgens HU, Reisaeter L, Irgens LM, Lie RT, Lie RT. Long term mortality of mothers and fathers after pre-

eclampsia: population based cohort study. BMJ 2001; 323:1213–7. 

[38] Wu P, Haththotuwa R, Kwok CS, Babu A, Kotronias RA, Rushton C, Zaman A, Fryer AA, Kadam U, Chew-

Graham CA, Mamas MA. Preeclampsia and future cardiovascular health. Circ Cardiovasc Qual 

Outcomes 2017; 10:e003497. 

[39] Kohmura Y, Kirikae T, Kirikae F, Nakano M, Sato I. Lipopolysaccharide (LPS)-induced intra-uterine fetal 

death (IUFD) in mice is principally due to maternal cause but not fetal sensitivity to LPS. Microbiol 

Immunol 2000; 44:897–904. 

[40] Silver RM, Edwin SS, Trautman MS, Simmons DL, Branch DW, Dudley DJ, Mitchell MD. Bacterial 

Lipopolysaccharide-mediated Fetal Death in Murine Decidua in Response to Lipopolysaccharide. J Clin 

Invest 1995; 95:725–731. 

4 



Fetal programming in pregnancy-associated disorders 

 

 

96 

 

[41] Barleon B, Totzke F, Herzog C, Blanke S, Kremmer E, Siemeister G, Marme D, Martiny-Baron G. 

Mapping of the sites for ligand binding and receptor dimerization at the extracellular domain of the 

vascular endothelial growth factor receptor FLT-1. J Biol Chem 1997; 272:10382–10388. 

[42] Tsatsaris V, Goffin F, Munaut C, Brichant JF, Pignon MR, Noel A, Schaaps JP, Cabrol D, Frankenne F, 

Foidart JM. Overexpression of the Soluble Vascular Endothelial Growth Factor Receptor in 

Preeclamptic Patients: Pathophysiological Consequences. J Clin Endocrinol Metab 2003; 88:5555–

5563. 

[43] Sander M, Chavoshan B, Victor RG. A Large Blood Pressure Raising Effect of Nitric Oxide Synthase 

Inhibition in Humans. Hypertension 1999; 33:937–942. 

[44] Benton SJ, Ly C, Vukovic S, Bainbridge SA. Andree Gruslin award lecture: Metabolomics as an 

important modality to better understand preeclampsia. Placenta 2017; 60:S32–S40. 

[45] Famularo G, De Simone C, Trinchieri V, Mosca L. Carnitines and its congeners: A metabolic pathway to 

the regulation of immune response and inflammation. Ann N Y Acad Sci 2004; 1033:132–138. 

[46] Ruiz-Núñez B, Dijck-Brouwer DAJ, Muskiet FAJ. The relation of saturated fatty acids with low-grade 

inflammation and cardiovascular disease. J Nutr Biochem 2016; 36:1–20. 

[47] Austdal M, Skrastad RB, Gundersen AS, Austgulen R, Iversen AC, Bathen TF. Metabolomic biomarkers 

in serum and urine in women with preeclampsia. PLoS One 2014; 9:e91923. 

[48] Friesen RW, Novak EM, Hasman D, Innis SM. Relationship of dimethylglycine, choline, and betaine 

with oxoproline in plasma of pregnant women and their newborn infants. J Nutr 2007; 137:2641–6. 

[49] Stark MJ, Clifton VL, Wright IMR. Neonates born to mothers with preeclampsia exhibit sex-specific 

alterations in microvascular function. Pediatr Res 2009; 65:291–295. 

[50] Melamed N, Meizner I, Mashiach R, Wiznitzer A, Glezerman M, Yogev Y. Fetal Sex and Intrauterine 

Growth Patterns. J Ultrasound Med 2013; 32:35–43. 

[51] Broere-Brown ZA, Schalekamp-Timmermans S, Hofman A, Jaddoe WV, Steegers EAP. Fetal sex 

dependency of maternal vascular adaptation to pregnancy: a prospective population-based cohort 

study. BJOG 2016; 123:1087–1095. 

[52] Alexandre-Gouabau MC, Courant F, Le Gall G, Moyon T, Darmaun D, Parnet P, Coupé B, Antignac JP. 

Offspring metabolomic response to maternal protein restriction in a rat model of intrauterine growth 

restriction (IUGR). J Proteome Res 2011; 10:3292–3302. 

[53] Cotter DG, Ercal B, D’Avignon DA, Dietzen DJ, Crawford PA. Impact of peripheral ketolytic deficiency 

on hepatic ketogenesis and gluconeogenesis during the transition to birth. J Biol Chem 2013; 

288:19739–19749. 

[54] Houin SS, Rozance PJ, Brown LD, Hay WW, Wilkening RB, Thorn SR. Coordinated changes in hepatic 

amino acid metabolism and endocrine signals support hepatic glucose production during fetal 

hypoglycemia. Am J Physiol - Endocrinol Metab 2015; 308:E306–E314. 

4 



Fetal programming in pregnancy-associated disorders 

 

 

 97 

 

[55] Rando G, Tan CK, Khaled N, Montagner A, Leuenberger N, Bertrand-Michel J, Paramalingam E, Guillou 

H, Wahli W. Glucocorticoid receptor-PPARα axis in fetal mouse liver prepares neonates for milk lipid 

catabolism. Elife 2016; 5:1–31. 

[56] Hashizume M, Yoshida H, Koike N, Suzuki M, Mihara M. Overproduced interleukin 6 decreases blood 

lipid levels via upregulation of very-low-density lipoprotein receptor. Ann Rheum Dis 2010; 69:741–

746. 

[57] Díaz P, Harris J, Rosario FJ, Powell TL, Jansson T. Increased placental fatty acid transporter 6 and 

binding protein 3 expression and fetal liver lipid accumulation in a mouse model of obesity in 

pregnancy. Am J Physiol - Regul Integr Comp Physiol 2015; 309:R1569–R1577. 

[58] Jadoon A, Cunningham P, McDermott LC. Regulation of fatty acid binding proteins by hypoxia inducible 

factors 1a and 2a in the placenta: Relevance to pre-eclampsia. Prostaglandins Leukot Essent Fat Acids 

2015; 93:25–29. 

[59] Chen YY, Rosario FJ, Shehab MA, Powell TL, Gupta MB, Jansson T. Increased ubiquitination and 

reduced plasma membrane trafficking of placental amino acid transporter SNAT-2 in human IUGR. 

Clin Sci 2015; 129:1131–1141. 

[60] Jansson T,Ylvén K, Wennergren M, Powell TL. Glucose transport and system A activity in 

syncytiotrophoblast microvillous and basal plasma membranes in intrauterine growth restriction. 

Placenta 2002; 23:392–399. 

[61] Jansson T, Cetin I, Powell TL, Desoye G, Radaelli T, Ericsson A, Sibley CP. Placental Transport and 

Metabolism in Fetal Overgrowth - A Workshop Report. Placenta 2006; 27:109–113. 

[62] Segura MT, Demmelmair H, Krauss-Etschmann S, Nathan P, Dehmel S, Padilla MC, Rueda R, Koletzko 

B, Campoy C. Maternal BMI and gestational diabetes alter placental lipid transporters and fatty acid 

composition. Placenta 2017; 57:144–151. 

 

  

4 



Fetal programming in pregnancy-associated disorders 

 

 

98 

 

Supplementary files  

 

     

 

Supplementary Figure S1. Maternal characteristics during double hit experimental preeclampsia 

(A) proteins in 24 hours urine, (B) growth trajectories of pregnant dams, (C) food and (D) water 

consumption per day for pregnant dams, (D) number of pups and (E) and percentage of resorption 

per dam. All data are given as ± SEM *p<0.05. 
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Supplementary Figure S2. Metabolome characteristics of the dam (n=3) (A) PCA plot, red=Ad0+PBS; green=sFlt-

1+LPS, (B) VIP scores from supervised multivariate analysis of the dam metabolome. 

 

       

 

Supplementary Figure S3. Metabolome characteristics of male and female fetuses exposed to double hit 

preeclampsia (A) males principal component analysis PCA plot, (B) females PCA plot. 
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Supplementary table 1. Primer name and primer sequences of different nutrient mouse 

transporters.  

Primer name Primer sequence (5' to 3') 

mTOR forward GACCTGAGCCGGCAGATTCC 
mTOR reverse GTGATCTGCGCAGTGTCGGA 
Snat1 forward AGCACAGGCGACATTCTCATC 
Snat1 reverse ACAGGTGGAACTTTGTCTTCTTG 

Snat2 forward ACAAATGGGTTGTGGTATCTG 
Snat2 reverse CCTAGATTTCTCAGCAGTGACAATG 

Snat4 forward GGTCTCCCGGTCTAACCCTT 
Snat4 reverse AAATTGGCTGTTCATGGCGT 
Asct1 forward GGGCCATGTCATCCACGGAG 
Asct1 reverse ATGAACACTGCGGCCACACA 
4F2hc forward CAGCGACCTGCTGTTGACCA 

4F2hc reverse GCAGCAGCTGGTAGAGTCGG 

Glut1 forward CAACGAGCATCTTCGAGAAGGC 
Glut1 reverse CGTCCAGCTCGCTCTACAACAAAC 

Fat/Cd36 forward CCAGTGTATATGTAGGCTCATCCA 
Fat/Cd36 reverse TGGCCTTACTTGGGATTGG 

Fatp4 forward GGCTTCCCTGGTGTACTATGGAT 

Fatp4 reverse ACGATGTTTCCTGCTGAGTGGTA 
Fatp6 forward GGCTTGAGGATGCCGCTTA 
Fatp6 reverse GTACTCTGGGCTCATGCTATGAAGT 

Lpl forward AATTTGCTTTCGATGTCTGAGAA 
Lpl reverse CAGAGTTTGACCGCCTTCC 

Fabp1 forward GTGACTGAACTCAATGGAGACAC 

Fabp1 reverse GTAGACAATGTCGCCCAATGTCA 
Fabp3 forward CATGAAGTCACTCGGTGTGG 
Fabp3 reverse TGCCATGAGTGAGAGTCAGG 
Fabp4 forward AAGAAGTGGGAGTGGGCTTT 
Fabp4 reverse TCGACTTTCCATCCCACTTC 
Fabp5 forward AGAGCACAGTGAAGACGAC   
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Abstract 

Intrauterine growth restriction (IUGR) is an accepted risk factor for metabolic 

disorders in later life, including obesity and type 2 diabetes. The onset and level of 

metabolic disturbances can vary between subjects and is dependent on the severity and 

the type of IUGR insult. Classical IUGR animal models involve nutritional deprivation of 

the mother or uterine artery ligation. The latter aims to mimic a placental insufficiency, 

which is the most frequent cause of IUGR. In this study, we investigated whether IUGR 

due to placental insufficiency impacts the glucose and lipid homeostasis at an advanced 

age. 

Placental insufficiency was obtained by deletion of the transcription factor AP-

2y (Tfap2c), which serves as one of the major trophoblast differentiation regulators. 

TdelT-IUGR mice were obtained by crossing mice with a floxed Tfap2c allele and 

transgenic mice with Cre recombinase under the control of the Tpbpa promoter. In 

advanced adulthood female and male IUGR mice are respectively 20% and 12% leaner 

compared to controls. At this age, IUGR mice have unaffected glucose clearance and lipid 

parameters in the liver. However, female IUGR mice have increased plasma free fatty 

acids (FFAs) (+87%) in comparison to controls. This was accompanied by increased mRNA 

levels of fatty acid synthase and endoplasmic reticulum stress markers in the white 

adipose tissue. 

Taken together, our results indicate that IUGR due to placental insufficiency 

plays a critical role in the acceleration of lipogenesis in advanced adulthood without 

affecting the overall glucose and lipid metabolism. This effect was sex-specific for the 

aged IUGR females.  

5 



Fetal programming in pregnancy-associated disorders 

 

 

103 

 

Introduction 

Intrauterine growth restriction (IUGR), also known as fetal growth restriction, is 

a complex pregnancy-associated condition, characterized by a decreased growth rate of 

the fetus [1]. Around 3-7% of the newborns worldwide are affected by IUGR [2], and a 

wide range of factors including maternal, fetal, environmental and placental 

contributions can lead to the onset of IUGR. With regard to the offspring consequences, 

IUGR poses an immediate risk for perinatal complications and can lead to adaptive long-

term consequences that include predisposition to the development of obesity, diabetes 

mellitus type 2 and metabolic syndrome in later life [3–6].  

There is accumulating evidence that the intrauterine environment shapes the 

fetal organism in response to the available resources in utero by adjustment of the fetal 

growth and its metabolism [7–10]. These changes can persist for a lifetime, a concept 

known as developmental programming [11]. Analysis of IUGR offspring showed that they 

exhibit glucose intolerance [12,13], decreased insulin secretion [14,15] and increased 

adiposity [16]. Moreover, it was reported that beta cell mass, adipogenesis, and 

lipogenesis are altered in the IUGR fetus [17,18]. In addition, key metabolic factors that 

regulate glucose metabolism in skeletal muscle, liver, and heart can be permanently 

modified in the fetus [19–21]. Although several studies on nutritional and vascular 

deprivation have shown that IUGR constrains the metabolic health of the offspring, no 

data are yet available to what extent IUGR due to placental insufficiency might contribute 

to the metabolic deterioration at a more advanced age of the offspring.  

Male and female offspring exhibit different outcomes following IUGR insult. For 

example, it was reported that males are more susceptible to insulin resistance and obesity 

in later life [21,22], although there are studies that report this effect only in females 

[23,24]. This suggests that both sex and the perinatal growth status are important in the 

establishment of an aberrant metabolic status. Furthermore, also differences in adipose 

tissue gene expression and signaling molecules have been reported to be influenced by 

the sex, at least in the early stages of life [25]. 

Given the complexity of the IUGR pathophysiology and its implication in 

offspring’s health, long-term animal studies are imperative for a complete understanding 

of the metabolic phenotype of these subjects. The most widely used models of IUGR are 

maternal nutritional deprivation or surgical uterine artery occlusion [26]. However, these 

models are accompanied by extensive maternal manipulation that per se can contribute 

to the developmental programming of the offspring’s health. An isolated placental 
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insufficiency without major modification of the maternal physiology will allow a better 

understanding of placental influence on the underlying disease state of the offspring.  

Recently, we developed a genetic mouse model of placental insufficiency via 

growth arrest of the junctional zone of the placenta [27]. This was accomplished by 

conditional ablation of transcription factor Tfap2c (transcription factor AP-2y) in Tpbpa-

positive (trophoblast specific protein a) cell lineage at gestational day 14.5. These Tpbpa 

positive cells give rise to trophoblast cells that comprise the junctional zone in the 

placenta. The indicated condition resulted in placental growth arrest and IUGR with pups 

19% lighter at birth [27]. In the present study, we describe the long-term effects of 

placental insufficiency on the glucose and lipid metabolism in such mice and demonstrate 

sex-specific differences in the severity of presenting symptoms.  

 

Materials and methods 

Animals 

All animal experiments were approved by the institutional animal care 

committee and were conducted in accordance with the International Guiding Principles 

for Biomedical Research Involving Animals as announced by the Society for the Study of 

Reproduction. 129-SV Tpbpa-Cre transgenic mice were crossed with female 129 SV Tfap2c 
fl/fl to generate TdelT-IUGR placentas. The genotype was determined as previously 

described [27]. Animals were housed in plastic cages with bedding following a 12 hour 

light/dark cycle in a controlled environment until 9-12 months of age, with access to chow 

diet and water ad libitum. Blood samples were collected in EDTA coated collection tubes 

and plasma was obtained after centrifugation for 20 minutes at 1000 x g. The liver and 

the adipose tissue were collected and immediately snap frozen and stored at -80 oC until 

further analysis. 

Intraperitoneal glucose tolerance test (ipGTT) 

 Animals were fasted 12 hours prior to ipGTT. A glucose bolus (Sigma Aldrich, 

Zwijndrecht, Netherlands) of 2 g/kg was administered intraperitoneally. Blood glucose 

levels were assessed by tail bleeding using the OneTouch Ultra glucose meter (Lifescan 

Benelux, Beerse, Belgium) at 0, 15, 30, 60 and 120 minutes, after glucose administration.  

5 



Fetal programming in pregnancy-associated disorders 

 

 

105 

 

Biochemical plasma analysis 

 Plasma total cholesterol, triglycerides, insulin, free fatty acids, and 

phospholipids were analyzed with commercially available enzymatic kits according to 

manufacturer’s recommendations (Roche Diagnostics, Basel, Switzerland, Alpco 

Diagnostics, Salem, NH and Wako Pure Chemical Industries, Neuss, Germany).  

Analysis of liver lipid composition 

Liver homogenates were made by homogenization of 100 mg snap-frozen liver 

samples. The Bligh and Dyer procedure was followed as previously described [28]. 

Cholesterol and triglycerides were measured with commercially available kits, and 

phospholipids were measured as previously described [29].  

RNA isolation 

Total RNA was isolated from mouse livers and gonadal adipose tissue using the 

miniprep DNA/RNA kit (Qiagen, Venlo, the Netherlands). RNA was quantified with the 

NanoDrop ND-100 UV-Vis spectrophotometer (NanoDrop Technologies, Wilmington, DE). 

800 ng of total RNA was used for cDNA conversion with reagents from Invitrogen 

(Invitrogen, USA), according to the manufacturer’s recommendations.  

Real-time quantitative PCR 

Real-time quantitative PCR was carried out using an ABI-Prism 7700 (Applied 

Biosystems, Foster City, CA) fast system with the following settings: 50oC for 2 min, 

followed by an initial denaturation step at 95oC for 10 min, 45 cycles at 95oC for 30 sec, 

60oC for 30 sec and 72oC for 30 sec. The experiments were carried out in duplicate for 

each sample. Multi-exon spanning PCR primers (sequences available at rtprimerdb.org) 

and fluorogenic probes were designed with the Primer Express Software (Applied 

Biosystems) and synthesized by Eurogentec (Seraing, Belgium). mRNA expression levels 

were calculated relative to the housekeeping gene beta-actin and further normalized to 

the relative expression of the control group. 

Statistical analysis  

Statistical analyses were carried out using Prism 6.0. Values are expressed as 

means ± SD, unless stated otherwise. The Mann-Whitney U test was used to assess 

statistical differences between the groups. Statistical significance for all comparisons was 

assigned at p <0.05. 
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Results  

Persistent compromised body weight in growth-restricted offspring. 

Previously, we reported that ablation of the transcriptional factor Tfap2c in Tpbpa 

precursor cells leads to growth arrest of the junctional zone in the placenta and results in 

growth restricted embryos [27]. We hypothesized that growth restricted TdelT-IUGR 

fetuses remain growth restricted in adulthood as well. Approximately at one year of age 

which roughly corresponds to the advanced human adulthood, female TdelT-IUGR mice 

were 20% leaner when compared to female wild-type controls, whereas male TdelT-IUGR 

mice were approximately 12% leaner compared to the controls (Figure 1). 

       

 

Figure 1. Body weight characterization of young and aged IUGR offspring. Female (A) and male (B) body weight 

at 9-12 months of age. Box plot with median and min to max whiskers of n=4-5 for females and n=6-7 for males,* 

p<0.05, **p<0.01, ***p<0.001. 

 

Aged growth restricted mice do not have compromised glucose clearance. 

Several studies have shown that growth restriction at birth is associated with increased 

risk of developing insulin resistance, diabetes and metabolic syndrome in later life [2]. To 

determine whether our aged growth restricted mice have impaired glucose metabolism, 

we performed intraperitoneal glucose tolerance test (ipGTT). There were no significant 

differences in the glucose levels post glucose injection for the aged TdelT-IUGR females 

and the wild-type controls (Figure 2A), although the area under the curve (AUC) for the 

aged TdelT-IUGR females showed a trend towards increased glucose clearance (Figure 2B, 

p=0,0727). Similar to our findings with the females, we did not observe significant 
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differences between the aged TdelT-IUGR males in comparison to the wild-type controls 

in the glucose clearance levels (Figure 2C, D).  

  

 

Figure 2. Uncompromised glucose tolerance in aged growth-restricted offspring. (A) Plasma glucose 

concentrations during ipGTT at 0, 15, 30, 60, 120 min in aged growth restricted females (n=4-5) and 

representative (B) plasma glucose area under the curve. (C) Plasma glucose concentrations during ipGTT in aged 

growth restricted males (n=6-7) and representative (D) plasma glucose area under the curve. Data represented 

as mean ± SD. 

 

Aged growth restricted mice show a stable metabolic status with exception to 

the free fatty acids. In order to further evaluate the metabolic status of our aged TdelT-

IUGR mice, we performed a plasma biochemical profiling on eight hours fasted animals. 

There were no significant differences in the concentrations of the insulin, cholesterol, 

triglycerides, and phospholipids levels in the plasma between the aged TdelT-IUGR 

females and female controls and between the aged TdelT-IUGR males and male controls 
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(Table 1). However, the free fatty acids were increased in the aged TdelT-IUGR females in 

comparison to controls by 87% (Table 1) and this was not observed in the aged TdelT-

IUGR males in comparison to male controls. Because of the increment of FFAs in plasma 

from aged growth restricted females, we asked whether the levels of lipids were also 

compromised in the liver from aged growth restricted mice. However, we did not find any 

differences between the liver cholesterol, triglycerides, and phospholipids in the liver 

homogenates from aged TdelT-IUGR female and male mice in comparison to controls 

(Table 1).  

Table1. Plasma and liver biochemical parameters in aged control and growth restricted mice. Data presented as 

mean ± SD, n=4-5 for females and n=6-7 for males; **p<0,01. 

Parameters females males 

control TdelT IUGR P value Control TdelT IUGR P 
value 

Cholesterol mmol/l 5.63±0.45 5.20±0.53 0.4 5.01±0.97 4.83±0.42 0.73 

Triglycerides mmol/l 0.41±0.05 0.44±0.05 0.73 0.7±0.31 0.54±0.12 0.32 

Phospholipids mmol/l 1.98±0.42 1.67±0.29 0.4 2.34±0.3 2.49±0.39 0.47 

Free fatty acids mmol/l 0.35±0.07 0.66±0.09 0.01** 0.46±0.3 0.36±0.19 0.62 

Insulin ng/ml 1.08±0.07 1.09±0.04 1 1.30±0.23 1.14±0.07 0.39 

Hepatic cholesterol 

nmol/mg 

3.32±0.21 3.13±0.25 0.55 4.28±0.54 3.42±0.14 0.44 

Hepatic triglycerides 

nmol/mg 

4.7±0.94 4.72±1.78 0.91 13.73±5.24 4.02±0.99 0.14 

Hepatic phospholipids 

nmol/mg 

28.90±6.67 38.18±4.08 0.55 33.43±2.64 33.14±3.09 0.89 

 

Aged growth restricted females have increased fatty acid synthase expression 

in the white adipose tissue. To determine whether growth restriction and this increment 

in plasma FFAs are due to changes in hepatic mRNA expression, we performed gene 

expression analysis of several transcription factors and genes important for lipid 

metabolism. Hepatic mRNA expression of transcription factors Lxra, Srebf1a, Srebf1c, 

Srebf2, Chrebp; lipogenesis regulators fatty acid synthase Fasn, and sterol CoA desaturase 

1 (Scd1), were not different between the groups (Figure 3A, B). Since white adipose tissue 

(WAT) is another important organ in the fatty acid metabolism, we also performed white 

adipose mRNA expression analysis. Expression of Fasn showed a 3-fold increase in white 

adipose tissue of aged TdelT-IUGR females compared to control females (Figure 4A). In 

agreement with the data from the biochemical analysis of the plasma, we did not observe 

any changes in Fasn expression in the male group (Figure 4B). Furthermore, we did not 
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observe any changes in the hydrolases that regulate lipolysis in the white adipose tissue 

(Figure 4C, D). 

                 

Figure 3. Effect of IUGR on hepatic mRNA expression of genes involved in lipid or glucose metabolism in 

advanced age. Data represented as mean ± SD, n=4-5 for panel (A) and n=6-7 for panel (B). Abbreviations: Fasn, 

fatty acid synthase; Pparg, peroxisome proliferator-activated receptor gamma; Lxra, liver x receptor alpha; 

Chrebp, carbohydrate responsive element binding protein; Srebf1a, Srebf1c, sterol regulatory binding factor 1a 

and 1c; Ir, insulin receptor; Gck, glucokinase; G6pd, glucose-6-phosphate dehydrogenase. 

 

Endoplasmic reticulum stress markers are increased in white adipose tissue 

from aged growth restricted females. Several studies have reported that lipid 

composition is important in maintaining endoplasmic reticulum (ER) function [30,31]. 

Moreover, it was reported that elevated plasma free fatty acids can induce ER stress in 

the adipose tissue [32]. Due to these facts, we hypothesized that increased FFAs might 

induce ER stress in metabolically active tissues. Therefore, we measured the mRNA 

expression of several ER stress markers in the white adipose and the liver tissue. There 

was a significant increase in the activating transcription factor 4 (Atf4) and heat shock 

protein family A member 5 (Hspa5, old name: Grp78) gene expression in the white 

adipose tissue of aged TdelT-IUGR females in comparison to controls (Figure 5A). As 
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expected, no significant differences in white adipose gene expression were observed in 

the aged TdelT-IUGR males (Figure 5B). 

 

 

Figure 4. WAT associated increased Fasn gene expression levels in aged growth restricted females. mRNA 

expression levels of several transcription factors and lipogenic regulators in gonadal white adipose tissue in (A) 

females (n=4-5) and (B) males (n=6-7) and mRNA expression levels of lipolysis regulators in (C) females and (D) 

males. Data represented as mean ± SD, ***p<0.001. Abbreviations: Fasn, fatty acid synthase; Lxra, liver x 

receptor alpha; Chrebp, carbohydrate responsive element binding protein; Srebf1a, Srebf1c, Srebf2 sterol 

regulatory binding factor 1a, 1c and 2; Scd1, stearoyl-CoA desaturase-1; Cpt2, carnitine palmitoyltransferase 2; 

Atgl, adipose triglyceride lipase; MgII, monoacylglycerol lipase. 

              

 

Figure 5. ER stress markers are upregulated in WAT from aged growth restricted females. mRNA expression 

levels of several ER stress markers in gonadal white adipose tissue in (A) females (n=4-5) and (B) males (n=6-7). 

Data represented as mean ± SD, *p<0.05. Abbreviations: Atf4, activating transcription factor 4; Grp78, 78 kDa 

glucose-regulated protein; Xbp1s, Xbp1u, X-box binding protein 1 spliced and unspliced. 
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Discussion 

It has been previously reported that maternal nutrient deprivation and placental 

insufficiency, including compromised placental oxygen delivery, lead to IUGR and 

contribute to the altered metabolic status of the offspring. In our study, we show that 

fetal growth restriction by placental dysfunction results in increased free fatty acids in 

plasma and increased white adipose tissue lipogenesis in later life. Most importantly, 

these changes showed sex-specific inclination and only the aged growth restricted 

females were affected. 

In other models of IUGR, fetuses usually tend to catch up with the growth 

trajectories as soon as the environmental stressor is removed. The underlying mechanism 

of catch-up growth is not fully understood, although increased food intake and leptin 

resistance are suggested as plausible mediators [33]. This accelerated growth usually 

takes place in a short period during early postnatal life [34]. Although it was thought to 

be a beneficial compensatory mechanism in growth-restricted offspring, it is now 

considered that catch-up growth is associated with adverse outcomes in later life such as 

increased insulin resistance, and cardiovascular and metabolic diseases [17,35]. Using our 

TdelT-IUGR mice, we observed that at advanced age growth restricted offspring are 

leaner, without catch-up growth in early age. One possible explanation for this 

observation is that they were exclusively fed chow diet. It remains to be determined 

whether exposure to high-fat diet (or different food composition) can lead to different 

phenotype in these offspring.  

Previously, it has been reported that IUGR can lead to a sex-specific 

developmental programming [22,36]. Hence our data of sexual dimorphism in aged TdelT-

IUGR mice with preferential distortion of white adipose tissue in females further support 

these results. However, many studies have reported that there is a differential sex-

specific susceptibility towards developmental programming, depending on the type of in 

utero insult. While males are more susceptible to certain outcomes after nutritional 

protein depletion during pregnancies [22,37] females are more prone to cardiometabolic 

complications in later life after placental modifications [38,39]. This is in agreement with 

our results as the major in utero insults are based on uteroplacental dysfunction rather 

than maternal nutrient deprivation.  

Increased plasma free fatty acids are involved in the development of 

cardiovascular and metabolic diseases [40], majorly via increased hepatic glucose output 

[41] promoting insulin resistance and type 2 diabetes. In our study, although the aged 
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TdelT-IUGR females showed increased plasma FFAs concentrations, there were no 

changes in glucose and insulin levels after fasting in comparison to controls. Furthermore, 

the intraperitoneal glucose tolerance test did not show major differences between the 

groups, indicating that short-term (within 15-30 minutes) and long-term tolerance (60-

120 minutes) to glucose were not affected, despite the increased plasma FFAs. One 

important characteristic of aged female TdelT-IUGR mice is that they are leaner compared 

to female controls even though all animals had ad libitum access to chow diet. This 

suggests that the increased FFAs observed act purely as high energy source without 

affecting the glucose metabolism. In line with this, mRNA levels of Fasn were increased in 

the adipose tissue that accounts for de novo lipogenesis. Regardless of the implication of 

elevated levels of Fasn in obesity [42], insulin resistance [42] and cancer cell proliferation 

[43], Fasn primarily acts as anabolic energy storage pathway in response to a nutritional 

and/or hormonal state [44]. TdelT-IUGR mice were not exposed to different nutrient 

challenges later in life, nor had any increased glucose or insulin levels in advanced age 

and still, de novo lipogenesis was increased (only for the females). In line with our 

observation, a study from Hudgins et al. showed that liver de novo lipogenesis is nutrient-

dependent while de novo lipogenesis in the adipose tissue is not solely nutrient-

dependent [45]. It is possible that the fetal growth restriction due to placental 

insufficiency leads to sex-specific metabolic adaptation of the fetus that later on leads to 

increased adipose Fasn expression and systemic FFAs accumulation. Moreover, it was 

reported that caloric restriction during pregnancy upregulates the lipogenic regulatory 

factors in the fetal liver [46] and may contribute to the fatty liver pathophysiology in later 

life. 

Increased levels of free fatty acids can induce endoplasmic reticulum stress in 

several types of organs including the liver and adipose tissue [47,48]. Moreover, ER stress 

has been reported to contribute to age-associated adipose tissue inflammation [49]. We 

showed that the placental insufficiency in early life leads to increased FFAs only in aged 

females and is attributed with upregulated ER stress markers only in their white adipose 

tissue. Which mechanisms mediate this ER stress response in adipocytes is not well 

known. However, it was proposed that increased ROS production in obese mice can lead 

to ER stress via oxidation of nascent proteins [50]. Moreover, ER stress itself can lead to 

increase in lipolysis and circulating levels of FFAs [51]. However, we could not observe 

upregulated hydrolases in the liver and the adipose tissue to support this. Taken together, 

this shows that the observed increased levels of FFAs (via increased lipogenesis), 

augments the white adipose tissue ER stress. 
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The present study shows that IUGR due to placental insufficiency leads to sex-

specific adaptations in adult life. Majorly, this occurs via modulation of the adipose tissue 

by upregulation of the lipogenic regulating factor Fasn and increase in the free fatty acid 

production only in the aged IUGR females. This is also accompanied by increased ER stress 

markers in the white adipose tissue. Hence, these results suggest that while the overall 

glucose and lipid metabolic parameters are not (yet) compromised, the underlying 

molecular pathways are affected in the aged female IUGR offspring. 
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Abstract 

Diabetes during pregnancy is correlated with an increased risk of metabolic and 
neurological disorders in the offspring and it has been proposed that diabetic 
environment can lead to epigenetic changes in the liver and the brain. We analyzed 
inducible transgenic rat model of type 2 diabetes (Tet29 DOX) where insulin receptor is 
generally knockdown by doxycycline-induced RNA interference. We report that the 
pregnant Tet29 DOX dams show hyperglycemia, hyperinsulinemia and hyperlipidemia. 
The fetuses from Tet29 DOX dams are hyperglycemic and growth restricted. In addition, 
these fetuses have decreased liver and brain weight with concomitant decreased 
microglial activation in the hippocampus in comparison to the wild-type fetuses. 
Moreover, diabetic environment promoted decreased expression of sterol regulatory 
binding factor 2 (Srebf2) in the fetal liver and brain, which serves as a master regulator of 
cholesterol metabolism. These gene differences, at least in part, were associated with 
hypermethylation of the Srebf2 promoter in the fetal brain and liver. Altogether, these 
data support the hypothesis that altered metabolism during pregnancy can induce 
metabolic and neurological alterations in the fetus via epigenetic changes of an important 
metabolic regulator. Thus, Srebf2 can serve as a potential mediating factor in the 
relationship between diabetic environment and later life fetal outcomes.  
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Introduction 

In humans, there is a physiological increase in insulin resistance as pregnancy 
advances. This is due to an increase in prolactin, cortisol, leptin, and lactogen levels which 
serve as insulin antagonists [1]. Incompetence to cope with the higher demand for insulin 
leads to increased susceptibility to gestational diabetes mellitus and aggravation of 
preexisting maternal diabetes. Maternal preexisting diabetes mellitus, in particular type 
2 diabetes, affects 1.3% of human pregnancies in western countries and is associated with 
a wide range of maternal and fetal complications [2,3]. Preexisting maternal diabetes is 
associated with even poorer perinatal outcome than gestational diabetes [4]. 
Fetal/neonatal complications at birth may involve macrosomia, but also growth 
restriction, respiratory distress syndrome, cardiomyopathy and hyper- or hypoglycemia 
[5]. Consequences in later life include cognitive malfunctions, obesity, and adverse 
cardiometabolic outcomes [2,6–8]. These late sequelae are mediated by “fetal metabolic 
programming”, an adaptive process to in utero stimuli (e.g. hyperglycemia) which results 
in life-long adjustment of metabolism.  

Fetal programming can be mediated by epigenetic alterations (DNA methylation, 
histone modification), which serve as a platform for tissue-specific gene regulation during 
growth and development without direct alteration of the DNA sequence. DNA 
methylation primarily occurs on CpG dinucleotides and can be associated with gene 
repression when positioned on the gene’s promoter region [9]. Changes in DNA 
methylation are able to dysregulate gene expression of transcriptional factors and are 
implicated in the etiology of neurological, metabolic and cardiovascular disorders [10]. 
Hyperglycemia can induce permanent epigenetic changes (persistent chromatin 
remodeling) in vascular endothelial cells [11] and can perturb the DNA methylation of 
genes involved in energy metabolism and stress response in the placenta [12–14]. 
Nevertheless, little is known about the changes in the DNA methylation in fetal organs 
exposed to diabetic pregnancy.  

Impaired insulin signaling during diabetes leads to changes in the cholesterol 
metabolism of liver and brain [15,16]. Moreover, gestational diabetes is associated with 
increased plasma lipid concentrations [17,18]. Insulin affects fatty acid and cholesterol 
synthesis by upregulation of transcriptional factors such as sterol regulatory binding 
factor 1 (Srebf1) and sterol regulatory binding factor 2 (Srebf2) [19,20]. Srebf2 primarily 
regulates genes involved in cholesterol synthesis [21]. It is not known whether the 
regulation of Srebf2 is altered as well in fetuses exposed to a diabetic pregnancy. 

 In the present study, we investigated whether the consequences of a diabetic 
pregnancy leads to epigenetic changes and altered gene expression of a gene important 
for cholesterol metabolism in the fetus and if there a morphological changes in the fetal 
brain. We applied the transgenic Tet29 rat model in which the insulin receptor is 
ubiquitary knocked down via doxycycline-induced RNA interference (small hairpin RNA) 
leading to insulin resistance and type 2 diabetes [22–24]. We induced diabetes prior to 
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pregnancy to delineate the distinct role of hyperglycemic and hyperinsulinemic in utero 
environment to fetal metabolic programming. 

Materials and methods 

Animals 

All animal experiments were performed according to national and international 
guidelines and had been approved by local authorities (Landesamt für Gesundheit und 
Soziales, approval number G0157/13). We worked with heterozygous Tet29 rats in which 
the insulin receptor is ubiquitously knocked down via RNA interference (small hairpin 
RNA) upon oral doxycycline (DOX) 2mg/kg BW application. The Tet29 females were mated 
with wild-type (wt) males once they were hyperglycemic with blood glucose values of 
about 300 mg/dl. The appearance of a vaginal plug was defined as pregnancy day 1. DOX 
application was stopped on pregnancy day 1 to avoid embryo- and fetotoxicity. Oral DOX 
application (again 2 mg/kg body weight) was restarted on pregnancy day 16 to re-boost 
the DOX effect (Figure 1A). 6 WT female rats received a similar treatment with 2 mg/kg 
body weight DOX. Regular blood glucose measurement was performed with Accu-Chek 
Aviva blood glucose meter (Roche, Germany). Pregnant rats were anesthetized with 
isoflurane anesthesia and blood was drawn from the abdominal aorta for further analysis 
on gestational day 21. The pups were immediately sacrificed by decapitation. Fetal blood 
glucose was measured with the Accu-Chek Aviva blood glucose meter (Roche, Germany). 
Fetal organs were either snap frozen in liquid nitrogen or fixed in 4% formalin. Insulin and 
C-peptide were analyzed according to the manufacturer´s instructions (high range rat 
insulin ELISA and rat C-peptide ELISA, both from Mercodia, Uppsala, Sweden). In addition, 
a serum lipid profile with measurement of total cholesterol, high-density lipoprotein 
cholesterol, low-density lipoprotein cholesterol, and triglycerides were measured 
according to the manufacturer’s instructions (Diasys, Germany) in serum of dams at the 
end of pregnancy (gestational day 21). The triglyceride values were corrected for free 
glycerin (values without free glycerin). In our study, only fetuses with wt genotype were 
analyzed. The genotype of fetuses was evaluated by PCR on genomic DNA obtained from 
the tail tip as described earlier [22]. A total number of 24 wt fetuses of the 5 Tet29 DOX 
dams have been analyzed (3 to 7 fetuses per dam). A total number of 35 wt fetuses of the 
6 wt DOX dams have been analyzed (5 to 8 fetuses per dam). A representative number of 
fetuses have been analyzed per mother rat. Analysis of pyrosequencing and quantitative 
real-time PCR of Srebf2 was performed on fetal tissue from a different animal experiment 
with comparable study design. 

Fetal brain volumetric and densitometric analysis 

Fetal rat brains (embryonic day ED 21) were fixed in 4 % formalin and embedded 
in paraffin. To determine brain volumes, 10 μm thick paraffin sections (every 160 μm 
between +1.54 and -4.08 mm from Bregma according to Watson & Paxinos) [25] were 
stained with hematoxilin/eosin. Hemispheres were visualized on an Axioplan (Zeiss, 
Germany) with a CCD-camera (Axiocam ICc1, Zeiss, Germany) with a 2.5x objective and 
converted to 8 bit greyscale images. Hemispheres of each section were analyzed using 
NIH ImageJ software and volumetric analysis was performed by integration of the areas. 
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Cellular density was assessed on images with higher magnification (20x objective) by 
densitometric analysis in specific brain regions (striatum, thalamus, cortex, and 
hippocampus).  

Immunohistochemistry 

Brain sections were incubated with primary antibodies against activated 
microglia (ionized calcium binding adaptor molecule 1 (Iba1); Wako, Japan) and mature 
neurons (NeuN; Millipore, Germany) followed by AlexaFluor488 secondary antibody 
incubation (Invitrogen, Germany). Nuclei were counterstained with 4´,6-Diamidin-2-
phenylindol (dapi) (Invitrogen, Germany). Cortical, hippocampal, and thalamic regions 
were visualized on an Axioplan (Zeiss, Germany) with a CCD-camera (Axiocam ICc1, Zeiss, 
Germany) using 20x objective. Mean intensity profiles from four different images per 
region were assessed with ZEN software (Zeiss, Germany) and microglia or mature 
neurons mean intensities were normalized to DAPI. 

Genomic DNA isolation and pyrosequencing 

Placentas and fetal tissues (liver and brain) from wt DOX and Tet29 DOX dams at 
gestational day 21 were homogenized with TissueLyser LT (Qiagen, Hilden, Germany). The 
same was done with several tissues from adult male Fisher F344 rats (kidney, liver, 
skeletal muscle, and spleen; kindly provided by Dr. Maximilia Hottenrott) used for the 
correlation analysis shown in Supplemental Figure 3 and 4. Genomic DNA was obtained 
using allprep DNA/RNA mini kit (Qiagen, Venlo, the Netherlands), following 
manufacturer’s protocol. DNA purity and concentration was checked on Nanodrop 2000c 
(Thermo Scientific, Pittsburgh, PA, USA). Bisulfite conversion of 500 ng genomic DNA was 
performed with EZ DNA methylation gold kit (Zymo Research, Leiden, the Netherlands) 
according to manufacturer’s protocol. Samples were stored at -20° C until analysis. 
Bisulfite specific primers were designed using the Pyromark Assay design 2.0 software 
(Qiagen). The primers (forward: 5'-GGTTAATGTAGGTTTGGTTTTATTGAT-3', reverse: 5'-
Biotin-CCCCAAATCAAAAAACAAATAATTTCT-3') amplify a 192 base pair region of Srebf2 
rat promoter region. HotStarTaq master mix (Qiagen, Hilden, Germany) was used for 
amplification of 20 ng of bisulfite treated DNA using the following steps: DNA polymerase 
activation (95o C, 15 min), three-step cycle of denaturation (94° C, 30 sec), annealing (58° 
C, 1 min), and extensions (72 °C, 45 sec) repeated for 45 cycles in a row. The final 
extension was carried out at 72° C for 7 min. The polymerase chain reaction product was 
analyzed for the extent of methylation per selected CpG positions by pyrosequencing 
(sequencing primer: 5'-GAATTTTTAGGTAGGTTTTTAAG-3'; sequence to analyse: 
AATATGGGGGYGYGGAGGTTYGGGGYGGGGTTGTAGTGGGYGYGGTTYGGGGYGGGGGAA) 
using Pyromark Q24 (Qiagen). Data were analyzed using the PyroMark Q24 Analysis 
Software 2.0 (Qiagen). The level of DNA methylation is given as a percentage. Putative 
transcription binding sites in the promoter region of rat Srebf2 were depicted using 
Genomatix Matinspector (Genomatix Software GmbH). 
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Quantitative real-time PCR 

RNA was isolated from fetal organs (liver and brain) and placenta from wt DOX 
and Tet29 DOX dams at gestational day 21 and from several organs (kidney, liver, skeletal 
muscle, and spleen) from adult male Fisher F344 rats with allprep DNA/RNA mini kit 
(Qiagen, Venlo, the Netherlands). 800 ng were used for cDNA synthesis with Moloney-
Murine leukemia virus (M-MLV) reverse transcriptase (RT) (Invitrogen, Carlsbad, CA) with 
random primers. Quantitative real-time PCR was performed using FAST PCR master mix, 
Taqman probes, and MicroAmp FAST optical 96 reaction well plates (Applied Biosystems 
Europe, Nieuwekerk aan de IJssel, the Netherlands) on 7900 HT FAST Thermocycler 
(Applied Biosystems Europe). Values were normalized to a housekeeping gene 36B4. The 
primer sequences for Srebf2 were: forward 5’- CTGCAGCCTCAAGTGCAAAG- 3’, reverse 5’- 
CAGTGTGCCATTGGCTGTCT -3’, probe 5’- CCATCCAGCAGCAGGTGCAGACG -3’. The primer 
sequences for 36B4 were: forward 5’- GCTTCATTGTGGGAGCAGACA -3’, reverse 5’- 
CATGGTGTTCTTGCCCATCAG -3’, probe 5’- TCCAAGCAGATGCAGCAGATCCGC -3’. 

Statistical analysis 

Kolmogorov-Smirnov-Test was applied to test for normal distribution of data in 

groups with n  5. Outlier detection was performed in normally distributed data with 

Grubbs test. We removed one outlier (value) from our study for further analysis (Fig. 2A; 

group of Tet29 DOX dams). Comparison of two groups with normally distributed data was 

performed with two-tailed unpaired t-test (with Welch´s correction if necessary). Mann-

Whitney test (one- or two-tailed) was applied for comparison of two groups if data were 

not normally distributed or if one or both groups had n < 5. Correlation analysis (Fig. S3 

and S4) was conducted with all data (no outlier detection performed) using Spearman´s 

rank correlation coefficient. A p-value < 0.05 was considered significant and marked with 

*; p < 0.01 **, p < 0.001 ***, p < 0.0001 ****.  

 

Results 

Knockdown of the insulin receptor induces hyperglycemia, insulin resistance, and 

hyperinsulinemia in rats 

Administration of DOX before and during pregnancy induced hyperglycemia 

(Figure 1A, B), hyperinsulinemia (Figure 1C), and increased C-peptide values in Tet29 

dams (Figure 1D). The average blood glucose values during pregnancy were 310 ± 23.1 

mg/dl in Tet29 DOX dams compared to 107.6 ± 1.7 mg/dl in DOX-treated wt controls 

(p=0.0009; Figure 1B). During gestational day 1 and day 21, minimum blood glucose was 

86 mg/dl and maximum blood glucose 520 mg/dl in Tet29 DOX dams (83 mg/dl and 130 

mg/dl in wt DOX dams, respectively; Figure 1A). The plasma insulin levels of DOX-treated 

Tet29 dams were more than 18-fold higher than in DOX-treated wt controls (52.6 ± 4.3 

ng/ml vs. 2.9 ± 0.1 ng/ml in wt DOX dams; p=0.0003; Figure 1C). C-peptide values were 
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increased to 16 ± 1.7 nmol/l in Tet29 DOX dams compared to 0.6 ± 0.1 nmol/l in wt DOX 

dams (p=0.0008; Figure 1D). Diabetic Tet29 DOX rats gained less body weight during 

pregnancy than normoglycemic wt DOX rats (95 ± 5.1 g vs. 142.2 ± 6.1g in wt DOX dams; 

p=0.0003; Figure 1E).  

   

 

Figure 1: Maternal diabetes during pregnancy (A) Course of blood glucose and DOX exposure in wt and Tet29 

DOX female rats (B) Mean blood glucose concentrations during pregnancy (C) Mean plasma insulin levels and 

(D) Mean plasma c-peptide levels at the end of pregnancy (gestational day 21) (E) Body weight gain during 

pregnancy (day 0 and day 21). Unpaired two-tailed t test, shown mean with SEM, n=5 Tet29 DOX dams, n = 6 wt 

DOX dams. 

 

Maternal preexisting diabetes is associated with hyperlipidemia and decreases litter 

size 

Diabetic Tet29 DOX dams were hyperlipidemic with increased total cholesterol 

(260.1 mg/dl vs. 138.7 mg/dl in wt DOX dams; p=0.0095; Figure 2A). High-density 

lipoprotein was reduced (35.3 ± 2.7 mg/dl vs. 48.7 ± 2.0 mg/dl in wt DOX dams; p=0.0029; 
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Figure 2B) whereas low-density lipoprotein was unchanged (28.9 ± 4.8 mg/dl vs. 27.8 ± 

1.3 mg/dl in wt DOX dams; p=0.83; Figure 2C). Triglycerides were increased in diabetic 

Tet29 DOX dams (1226 ± 81.3 mg/dl vs. 331.8 ± 44.7 mg/dl in wt DOX dams; p<0.0001; 

Figure 2D). Diabetic Tet29 DOX dams had smaller litter sizes (9.4 ± 0.5 fetuses vs. 14 ± 1.1 

fetuses in wt DOX dams; p=0.0054; Figure 2E) whereas the number of resorptions was 

not significantly different (1 vs. 0 in wt DOX dams; p=0.39; Figure 2F). WT and Tet29 

fetuses have been included in the analysis of litter size and resorptions (Figure 2E, F).  

             

 

Figure 2: Lipid profile and fertility of diabetic rats (A) Total cholesterol in serum (B) High-density lipoprotein 

(HDL) cholesterol in serum (C) Low-density lipoprotein (LDL) cholesterol in serum (D) Triglycerides without free 

glycerin in serum (E) Pups per litter and (F) Number of resorptions per dam. Unpaired two-tailed t test, shown 

mean with SEM, n=4-5 Tet29 DOX dams, n = 6 wt DOX dams. 

Maternal preexisting diabetes induces fetal growth restriction 

The wt fetuses of diabetic Tet29 rats were highly hyperglycemic with blood 

glucose levels of 282.5 ± 20.1 mg/dl, compared to 54.6 ± 6.5 mg/dl in wt fetuses of DOX-

treated wt control dams (p=0.0001; Figure 3A). Fetal hyperglycemia was associated with 

lower fetal body weight (2.8 ± 0.1 g vs. 3.6 ± 0.1 g in fetuses of wt DOX dams; p=0.0002; 
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Figure 3B), lower fetal body length (3.37 ± 0.05 cm vs. 3.69 ± 0.03 cm in fetuses of wt DOX 

dams; p=0.0003; Figure 3C), lower fetal liver weight (189.3 ± 12.8 mg vs. 284.9 ± 13.2 mg 

in fetuses of wt DOX dams; p=0.0006; Figure 3D), and lower fetal brain weight (137.7 ± 

3.6 mg vs. 162 ± 1.4 mg in fetuses of wt DOX dams; p<0.0001; Figure 3E). Fetal growth 

restriction was asymmetrical since the ratio of fetal brain weight to liver weight was 

increased in pregnancy with preexisting diabetes (0.76 ± 0.05 vs. 0.58 ± 0.03 in fetuses of 

wt DOX dams; p=0.0126; Figure 3F). 

      

 

Figure 3: Fetal characteristics in diabetic pregnancy (A) Mean fetal blood glucose concentrations (B) Mean fetal 

body weight and (C) Mean fetal body length (D) Mean fetal liver weight (E) Mean fetal brain weight (F) Median 

fetal brain weight to liver weight ratio per mother rat. Unpaired two-tailed t test, shown mean with SEM, n=5 

fetus from Tet29 DOX dams, n = 6 fetus from wt DOX dams. 

Maternal preexisting diabetes alters microglia activation in the hippocampus of the 

offspring 

Analysis of diabetic wt fetuses revealed alterations in hippocampal microglia 

activation (Figure 4A) in comparison to wt fetuses of normoglycemic pregnancy. Ionized 
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calcium binding adaptor molecule 1 (Iba1) is a calcium binding protein considered specific 

for activated microglia/macrophages. In diabetic wt fetuses, immunoreactivity to Iba1 

was reduced by more than 17% in the fetal hippocampus (0.34 in fetuses of Tet29 DOX 

rats vs. 0.41 in fetuses of wt DOX dams; p=0.0357; Figure 4A). These alterations in 

microglia response seemed locally restricted to the fetal hippocampus since other regions 

in the brain such as fetal cortex (0.25 in fetuses of Tet29 DOX rats vs. 0.29 in fetuses of wt 

DOX dams; p=0.25; Figure 4B) and fetal thalamus (0.38 in fetuses of Tet29 DOX rats vs. 

0.43 in wt DOX dams;  

 

Figure 4: Fetal brain in diabetic pregnancy (A) microglia activation in fetal hippocampus and (B) fetal cortex (C) 

mean cell density in the fetal hippocampus and (D) fetal cortex (E) Mean fetal brain volume (F) number of mature 

neurons in the fetal cortex. Unpaired two-tailed t test, shown mean with SEM, n=3 fetus from Tet29 DOX dams, 

n = 5 fetus from wt DOX dams. 

 

p=0.14; supplementary figure S1A) remained unaffected. Altered microglial activation in 

the hippocampus was not associated with altered cell density in the hippocampus (114.8 

in fetuses of Tet29 DOX rats vs. 114.6 in fetuses of wt DOX dams; p>0.99; Figure 4C) or 

cortex (118 in fetuses of Tet29 DOX rats vs. 110.6 in fetuses of wt DOX dams; p>0.99; 

Figure 4D), total brain volume (39.4 mm2 in fetuses of Tet29 DOX rats vs. 43.5 mm2 in 

6 



Fetal programming in pregnancy-associated disorders 

 

 

 129 

 

fetuses of wt DOX dams; p=0.36; Figure 4E), or number of mature cortical neurons ((0.072 

in fetuses of Tet29 DOX rats vs. 0.067 in fetuses of wt DOX dams; p=0.79; Figure 4F). Cell 

densities in other regions of the fetal brain such as thalamus (106.8 in fetuses of Tet29 

DOX rats vs. 108.7 in fetuses of wt DOX dams; p=0.79; supplementary figure S1B) and 

corpus striatum (101 in fetuses of Tet29 DOX rats vs. 87.3 in fetuses of wt DOX dams; 

p=0.39; supplementary figure S1C) were also unchanged.            

Maternal preexisting diabetes alters Srebf2 DNA promoter methylation pattern in the 

offspring 

Promoter DNA methylation of several master metabolic and transcriptional 

factors have been reported to be affected by diabetic conditions [26]. We evaluated 

whether there are epigenetic changes in fetal organs after diabetic pregnancy. We 

focused on the analysis of Srebf2, the master transcriptional regulator of cholesterol 

metabolism (Figure 5, 6 and supplementary figure S2). The promoter region of Srebf2 

 

  

Figure 5: Srebf2 DNA promoter methylation in fetal brain in diabetic pregnancy (A) Sterol regulatory binding 

factor 2 (Srebf2) promoter methylation at CpG positions 1 to 8 in fetal brain and (B) average Srebf2 promoter 

methylation (C) Srebf2 mRNA level relative to 36B4 in fetal brain. Unpaired two-tailed t test, shown mean with 

SEM, n=3 fetus from Tet29 DOX dams, n = 4 fetus from wt DOX dams. 

 

showed increased methylation in four out of the eight studied CpG positions in the fetal 

brains of diabetic pregnancies, located in the region between 86 and 43 base pairs 

upstream transcriptional start site (Figure 5A).There was a significant increase at CpG 

position 2 (5.2 % in fetal brains of tet29 DOX rats vs. 1.7 % in fetal brains of wt DOX rats; 

p=0.029), at CpG position 3 (11.1 % in fetal brains of tet29 DOX rats vs. 8.6 % in fetal brains 

of wt DOX rats, p=0.029), at CpG position 5 (9.3 % in fetal brains of tet29 DOX rats vs. 3.1 
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% in fetal brains of wt DOX rats, p=0.029), and at CpG position 6 (5.8 % in fetal brains of 

tet29 DOX rats vs. 1.7 % in fetal brains of wt DOX rats, p=0.029). Average methylation in 

all tested CpG positions was significantly increased in the fetal brains of diabetic 

pregnancies (6.8 % in fetal brains of tet29 DOX rats vs. 4.0 % in fetal brains of wt DOX rats, 

p=0.029; Figure 5B) and this was accompanied by decreased gene expression of Srebf2 in 

the fetal brain (0.35 in fetal brains of tet29 DOX rats vs. 0.53 in fetal brains of wt DOX rats, 

p=0.029; Figure 5C).  

The increase in Srebf2 promoter methylation was even more pronounced in the 

fetal livers after diabetic pregnancy with hypermethylation in six out of eight studied CpG 

positions (Figure 6A). There was a significant increase at CpG position 1 (6.1 % in fetal 

livers of tet29 DOX rats vs. 4.0 % in fetal livers of wt DOX rats; p=0.029), CpG position 2 

(2.0 % in fetal livers of tet29 DOX rats vs. 1.2 % in fetal livers of wt DOX rats; p=0.029), at 

CpG position 3 (8.6 % in fetal livers of tet29 DOX rats vs. 4.8 % in fetal livers of wt DOX 

rats, p=0.029), at CpG position 5 (4.6 % in fetal livers of tet29 DOX rats vs. 1.9 % in fetal 

livers of wt DOX rats, p=0.029), at CpG position 6 (2.1 % in fetal livers of tet29 DOX rats 

vs. 1.2 % in fetal livers of wt DOX rats, p=0.029), and at CpG position 7 (7.2 % in fetal livers 

of tet29 DOX rats vs. 5.8 % in fetal livers of wt DOX rats, p=0.029). Average methylation 

in all tested CpG positions was significantly increased in the fetal livers of diabetic 

pregnancies (3.9 % in fetal livers of tet29 DOX rats vs. 2.5 % in fetal livers of wt DOX rats, 

p=0.029; Figure 6B). In accordance, Srebf2 expression was downregulated in fetal livers 

of diabetic pregnancies (0.86 in fetal livers of tet29 DOX rats vs. 1.31 in fetal livers of wt 

DOX rats, p=0.05; Figure 6C; and 0.9 in fetal livers of tet29 DOX rats vs. 1.28 in fetal livers 

of wt DOX rats when analyzed several fetuses per dam, p<0.0001; Figure 6D).  

Interestingly, there were no major differences between Srebf2 promoter 

methylation and Srebf2 gene expression in placentas from normoglycemic and diabetic 

pregnancies (supplementary figure S2A-C). Except for CpG position 5 (4.7 % in fetal livers 

of tet29 DOX rats vs. 3.5 % in fetal livers of wt DOX rats; p=0.029), diabetic pregnancy had 

no significant influence on methylation at several CpG positions in placentas (in placentas 

of tet29 DOX rats 9.4 % (CpG 1), 2.4 % (CpG 2), 15.2 % (CpG 3), 0.41 % (CpG 4), 2.4 % (CpG 

6), 12.8 % (CpG 7), and 0.95 % (CpG 8) vs. 8.8 %, 2.4 %, 12.7 %, 1.02 %, 3.1 %, 12.6 %, and 

0.95 % in placentas of wt DOX rats, respectively; supplementary figure S2A). Diabetic 

pregnancy did neither influence average Srebf2 promoter methylation in placentas (6.0 % 

in placentas of tet29 DOX rats vs. 5.5 % in placentas of wt DOX rats, p=0.31; 

supplementary figure S2B) nor gene expression of Srebf2 in placentas (1.22 in placentas 

of tet29 DOX rats vs. 1.35 in placentas of wt DOX rats, p=0.29; supplementary figure S2C).  

6 



Fetal programming in pregnancy-associated disorders 

 

 

 131 

 

           

Figure 6: Srebf2 DNA promoter methylation in fetal liver in diabetic pregnancy and in silico transcription factor 

analysis of rat Srebf2 (A) Sterol regulatory binding factor 2 (Srebf2) promoter methylation at CpG positions 1 to 

8 in fetal liver and (B) average Srebf2 promoter methylation (C) Srebf2 mRNA levels relative to 36B4 in fetal liver 

(D) Srebf2 mRNA levels relative to 36B4 in fetal liver, included n = 9 fetuses out of 3 Tet29 DOX dams, n = 7 

fetuses out of 3 wt DOX dams (E) in silico transcription factor analysis of the rat Srebf2 gene. CpG sites and exact 

positions are marked by grey arrows. The black arrow indicates the transcriptional start site. Below the diagram, 

individual CpG dinucleotides and putative transcription factors binding sites are indicated. Abbreviations: 

transcription factor SP4 (SP4); zinc finger /POZ domain transcriptional factor (ZF5F); zinc transcriptional 

regulatory element (ZTRE); transcription factor SP1 (SP1); CCCTC-binding factor (CTCF); transcription factor E2F 

(E2F); activator protein 2 (AP2F); early growth response factor (EGFR). Unpaired two-tailed t test, shown mean 

with SEM, n=3 fetus from Tet29 DOX dams, n = 4 fetus from wt DOX dams. 

 

Broad analysis of Srebf2 DNA promoter methylation and gene expression and 

transcription factor analysis of the rat Srebf2 gene  

Next, we measured Srebf2 DNA promoter methylation and gene expression in 

several organs of adult male control rats (supplementary figure S3, S4) to further support 

their negative correlation and to provide a broader picture. There was a statistically 

significant inverse correlation between Srebf2 gene expression level and DNA promoter 

methylation in 6 out of 8 inspected CpG sites (CpG position 1, 2, 3, 5, 6, and 7) in both 
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organs with high (liver and kidney) and very low (spleen and muscle) Srebf2 gene 

expression levels (supplementary figure S3). For two positions there was no significant 

correlation between the methylation percentages and the expression levels of Srebf2 

(supplementary figure S4). 

Furthermore, we elucidated transcription factors which putatively bind to our 

investigated CpG positions 1 to 8 in the promoter region of the rat Srebf2 gene. We 

performed an in silico transcription factor analysis (Figure 6E). We found that several 

transcription factors (transcription factor SP4 (SP4), zinc finger /POZ domain 

transcriptional factor (ZF5F), zinc transcriptional regulatory element (ZTRE, transcription 

factor SP1 (SP1), CCCTC-binding factor (CTCF), transcription factor E2F (E2F), activator 

protein 2 (AP2F), and early growth response factor (EGFR)) putatively bind to one of the 

CpG position 1 to 8 in the promoter of the rat Srebf2 gene (Figure 6E).  

 

Discussion 
Our data show that uncontrolled preexisting diabetes during rat pregnancy 

results in (1) maternal hyperlipidemia (2) fetal growth restriction, (3) decreased microglial 

activation in the fetal hippocampus, and (4) increased methylation of the promoter of 

Srebf2 in the fetal brain and the liver leading to decreased gene expression of Srebf2 in 

these organs. Although changes in Srebf2 expression in patients with diabetes have been 

described earlier [27], our study shows for the first time that (1) fetal Srebf2 expression is 

affected by diabetic pregnancy, and (2) this is associated with epigenetic modifications. 

An adverse perinatal intrauterine environment, such as nutrient deprivation or 

hypoxia, is associated with neurological and metabolic programming of the offspring 

[26,28]. Several animal studies have demonstrated that a hyperglycemic and obesogenic 

phenotype of the mother can also lead to neurological and metabolic alterations in the 

offspring [6]. However, the mechanistic evidence on how the hyperglycemic intrauterine 

milieu affects the fetus is scarce. In addition, most animal research has been conducted 

so far in the streptozotocin model resembling hypoinsulinemic type 1 diabetes, which is 

difficult to compare to human situation (pregnant and non-pregnant), where the 

hyperinsulinemic type 2 diabetes is much more common. This is why we present a new 

diabetes model in pregnancy displaying insulin resistance and hyperglycemia resembling 

acquired human type 2 diabetes. We propose our diabetes model as a new tool for 

translational research. The diabetic rats in our study provide additionally hyperlipidemia, 

a sign that often accompanies human diabetic patients [18], further increasing the value 

of our translational diabetes rat model.  
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Many epidemiological studies report the association of maternal preexisting 

diabetes and neurological and metabolic offspring health [29–31], whereby epigenetic 

changes were proposed as a mediating factor [32]. Identification of specific methylation 

changes induced by a diabetic environment that may modulate fetal outcome can 

facilitate the development of novel diagnostic and therapeutic perspectives. We 

identified Srebf2 as a potential candidate for mediating in utero environment-driven 

epigenetic changes in fetuses of diabetic and/or hyperlipidemic pregnancies. Srebf2 is a 

master regulator of genes involved in cholesterol homeostasis. We showed in this study 

that Srebf2 is downregulated in the fetal liver and the brain of diabetic pregnancies and 

this was accompanied by hypermethylation of the promoter of Srebf2. Around 25% of the 

total body cholesterol is present in the brain and 10% of the total cholesterol biosynthesis 

occurs in the liver, making liver and brain the most important organs in cholesterol 

metabolism [33,34]. In addition, we confirmed a negative correlation between Srebf2 

DNA promoter methylation and Srebf2 gene expression in several other organs of rats 

from a different strain and with a different gender.  

Our data are in accordance with many studies showing that cholesterol 

metabolism and Srebf2 are largely affected in models of insulin resistance or diabetes 

mellitus. For instance, Srebf2 is downregulated in the livers of liver-specific insulin-

resistant mice [35]. This downregulation of Srebf2 is observed in the brain of insulin-

resistant db/db mice and non-obesogenic mice, too [16]. In contrast, the Srebf2 

expression is not affected in the brain and livers of obesogenic ob/ob mice [16,36], where 

the levels of hyperglycemia are lower. This suggests that not only the insulin resistance 

but the glucose levels as well are important for the cholesterol synthesis pathway. In 

addition, Srebf2 has been shown to be essential for embryo development since a general 

knockout of Srebf2 in mice results in a fetal loss, while Srebf2 downregulation leads to 

growth decline and changes in metabolic pathways in the offspring [21].  

Although hyperglycemia during human pregnancy typically leads to macrosomia 

[5], we observed growth-restricted fetuses. This is in accordance with the observation 

that uncontrolled hyperglycemia and hyperinsulinemia leads to intrauterine growth 

restriction [5,37]. Many studies report that growth restricted fetuses are prone to 

metabolic alterations in later life e.g. stroke, cardiovascular insults, and diabetes [38]. 

Moreover, offspring of diabetic mothers display impaired neuronal projections and long-

term neuronal impairment [39]. Alternative rodent models of diabetic pregnancies did 

also lead to growth-restricted fetuses [40].  
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Besides their well-established role in innate immunity and neuroinflammation, 

microglial cells play an important role in central nervous system development and 

homeostasis [41,42]. Importantly, we observed that the fetal brain exposed to preexisting 

maternal diabetes displays reduced hippocampal microglial activation. As microglia seem 

to be actively involved in the development of neural circuits, myelination and 

vascularization [43]. We speculate that fetuses from mothers with preexisting diabetes, 

because of a reduced activation of microglial cells, are at risk to develop neurological 

deficits later in life. This needs to be characterized in depth in future studies. In addition, 

we observed down regulation of Srebf2 expression in fetal brains of diabetic pregnancies 

and other authors have shown that Srebf2 expression is significantly decreased in the 

brain upon neuronal injury [44]. Moreover, it has been described that exposure of 

microglia to high glucose concentrations leads to increased secretion of proinflammatory 

cytokines which in turn can mediate the neuronal injury [45]. While it is likely that our 

observed decrease in microglial activation in the fetal hippocampus exposed to diabetes 

during pregnancy is mediated via high glucose concentrations in the brain, there is no 

change observed in brain volume and number of mature cortical neurons although brain 

weight is reduced. This might be due to dynamic neurogenesis and plasticity of the fetal 

brain, where remodeling occurs probably without changes in the brain volume. The lack 

of brain volume reduction might further support the hypothesis that the fetal brain stops 

growing as the last organ in case of adverse circumstances, a fetal compensatory 

response called "brain-sparing effect" also observed in human pregnancies complicated 

with intrauterine growth restriction [46,47].  

The major limitation of our study is that we cannot distinguish the sole influence 

of maternal hyperinsulinemia, hyperglycemia, and hyperlipidemia on fetal phenotype, 

Srebf2 gene expression, and Srebf2 promoter methylation, nor can we state how the 

described changes in the fetus will manifest in offspring’s later life. Our study animals 

received DOX which is known to alter placentation and pregnancy in rats. We did not 

apply DOX during early pregnancy when placentation takes place. In addition, our control 

wt DOX dams received DOX as well. Taken together, we consider it extremely unlikely that 

our observed results are due to DOX, but we cannot exclude it. 

Perspectives 
In summary, we have demonstrated that maternal preexisting insulin resistant 

diabetes during pregnancy results in decreased Srebf2 gene expression in fetal organs 

that are important for cholesterol metabolism. This is accompanied by an increased 

promoter methylation of Srebf2 in the fetal liver and the brain, reduction of fetal liver and 

brain weight, and decreased microglial activation in the fetal brain. These alterations can 
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serve as a link between a diabetic intrauterine environment and a variety of disorders of 

neuronal and metabolic functions. Srebf2 is a possible candidate gene mediating in utero 

environment-driven epigenetic changes in fetuses of diabetic pregnancies. Further 

studies are needed to elucidate its distinct role in fetal programming and to develop 

possible specific therapies.  
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Supplementary figures 
   

 

Supplementary Figure S1: Fetal brain in diabetic pregnancy (A) microglia activation in the thalamus (B) Mean 

cell density in the fetal thalamus and (C) in the fetal corpus striatum. Unpaired two-tailed t test, shown mean 

with SEM, n=3 fetuses from Tet29 DOX dams, n = 5 fetuses from wt DOX dams.    

 

  

 

Supplementary Figure S2: Srebf2 DNA promoter methylation in the placenta in diabetic pregnancy (A) Sterol 

regulatory binding factor 2 (Srebf2) promoter methylation at CpG positions 1 to 8 in the placenta and (B) average 

Srebf2 promoter methylation in placenta (C) Srebf2 mRNA levels relative to 36B4 in placenta. Unpaired two-

tailed t-test, shown mean with SEM, n=3 fetuses from Tet29 DOX dams, n = 4 fetuses from wt DOX dams. 
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Supplementary Figure S3: Inverse correlation of Srebf2 promoter methylation at several CpG positions and 

Srebf2 gene expression in male rats (A-F) Srebf2 promoter methylation at CpG position 1, 2, 3, 5, 6, and 7 shows 

inverse correlation with Srebf2 mRNA levels. Spearman´s rank correlation coefficient; n = 4 kidneys, n = 4 livers, 

n = 4 muscles, and n=2 spleens out of 4 rats.  

                               

 

Supplementary Figure S4: Srebf2 promoter methylation at CpG position 4 and 8 and Srebf2 gene expression 

in male rats in male rats. (A) Srebf2 promoter methylation at CpG position 4 and (B) 8 showed no significant 

correlation with Srebf2 mRNA levels. Spearman´s rank correlation coefficient; n = 4 kidneys, n = 4 livers, n = 4 

muscles, and n=2 spleens.
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General discussion 

The early life or in utero environment has the ability to program the physiological 
functions throughout life and this field of research is widely known as ‘fetal programming‘ 
or ‘the Developmental Origins of Health and Disease’. Hence, unfavorable conditions 
early in life may have long-lasting physiological consequences. It is now more apparent 
that certain diseases begin to develop in early life, and that some individuals are more 
susceptible than others. Moreover, different in utero exposures might be associated with 
a different health outcome. For that cause, we aimed in this thesis to develop models of 
human pregnancy-associated diseases that would be suitable for studying the underlying 
mechanisms of fetal programming. 

To ensure optimal fetal growth and development and to prepare the fetus for 
postnatal life, normal pregnancy is associated with local and systemic maternal 
adaptations. Failure to achieve nutrient availability or placental functionality will lead to 
poor fetal growth and development of pregnancy-associated disorders. Among the most 
common pregnancy-associated disorders that contribute to a less optimal in utero 
development are preeclampsia, intrauterine growth restriction, and gestational diabetes. 
They are characterized by a complex etiology and can increase the risk of developing 
other pregnancy-associated disorders. Moreover, the exposed fetus is associated with an 
increased risk of developing cardiovascular and metabolic diseases in adulthood. 
However, which gestational factors are involved and to what extent this leads to fetal 
programming is still widely unknown. 

In order to evaluate the effects of gestational factors on fetal programming, the 
development of comprehensive preclinical models is of major importance. The research 
described in this thesis focused on novel models for the most frequent pregnancy-
associated disorders and its effects on the fetal health. Ultimately, the results as described 
in this thesis could help both clinical management and severity evaluation of the fetal 
programming.   

 

Fetal growth restriction as a fetal programming indicator 

 Maternal health has an important role in fetal growth and development. Ideal 
conditions during pregnancy are associated with optimal fetal outcome parameters. As 
soon as the fetus does not receive the necessary nutrients and oxygen or is exposed to 
adverse signaling molecules or infection, it will fail to achieve its genetically 
predetermined size [1,2]. The majority of pregnancy-associated disorders, e.g. 
preeclampsia, placental insufficiency or diabetes, are accompanied with fetal growth 
restriction ([3,4] and Chapter 2, 3, 4, 5, 6) which is considered to have an immediate 
impact on fetal health. Nowadays, we are more aware of the long-term impact of these 
disorders on the offspring’s health ([5,6] and Chapter 2, 5).  

Fetal growth restriction is considered as a medical condition on its own, 
however, based on the fetal programming principle, the importance of fetal growth 
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restriction is shifting towards a fetal programming ‘alarm’ for later neonatal outcome. It 
is now well established that growth restricted offspring not only have a higher mortality 
rate and an increased risk of cerebrovascular insults, but also the incidence of myocardial 
infarctions and metabolic syndrome in later life is increased [7]. Fetal growth restriction 
can be accompanied with sparing of the brain on the cost of the liver (Chapter 3, 4) 
leading to asymmetrical growth restriction, or can be characterized by a symmetrical 
growth reduction of both the liver and the brain (Chapter 4). Although the terms of 
asymmetrical and symmetrical growth restriction tend to be dispatched in medical 
terminology, they are still useful predictors of outcomes [8]. However, longitudinal 
studies on growth and health outcomes of growth-restricted fetuses, where the fetuses 
are stratified based on growth symmetry at birth, are scarce. Nevertheless, we report that 
experimental preeclampsia is followed by different patterns of growth restriction in males 
and females which in turn might be important in the explanation of sex-specific 
differences in fetal programming (Chapter 4). Correspondingly, not only the fetal sex, but 
also the level and the type of growth restriction might explain the different susceptibility 
to diseases in later life, which consequently needs to be evaluated.   

 

The role of preeclampsia in fetal and adult health 

 The long-term health consequences of children exposed to preeclampsia were 
clearly shown in several epidemiological and experimental studies (Chapter 2), where the 
emphasis was on the cardiovascular and metabolic health of the offspring. Among the 
most frequent alterations, were reported hypertension, vascular stiffness and increased 
rate of cerebral stroke or myocardial infarction (Chapter 2). It should come as no surprise 
that preeclampsia is associated with increased risk of cardiovascular disorders in the 
offspring, when preeclampsia per se is a multifaceted vascular disorder of pregnancy [9]. 
However, during preeclampsia, the fetus is exposed to poor nutrition and to specific 
signaling molecules that in turn can affect metabolically active tissues such as the fetal 
liver [10]. Therefore, in chapter 3 we assessed the potential role of sFlt-1 in fetal 
programming, which was suggested as one of the most important pathophysiological 
factors in the development of preeclampsia [11,12]. We overexpressed the 
antiangiogenic factor sFlt-1 in pregnant dams and we compared fetal outcomes to that of 
controls. We showed that fetal growth restriction, as one of the most important fetal 
programming predictors, was present in our sFlt-1 overexpressed dams. Not the degree 
of maternal symptoms, but specifically circulating levels of sFlt-1 in the mother and the 
offspring were associated with fetal outcome, suggesting that high plasma sFlt-1 levels 
are associated with severe adverse fetal outcomes. Moreover, the fetuses exposed to 
high sFlt-1 concentrations had decreased liver weight and an altered molecular footprint 
with predominant alteration of the fatty acid metabolism genes and epigenetic changes 
of its master regulator Ppara (Chapter 3). These findings are compatible with previous 
data demonstrating that poor nutritional status in utero can affect DNA methylation 
marks of Ppara in the offspring’s liver [13]. Although the direct effects of sFlt-1 on Ppara 
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and fatty acid metabolism genes were not evaluated in our study, such analysis might be 
valuable to be carried out in future studies. 

 Overall, in addition to a considerable body of evidence for cardiovascular 
impairments due to in utero exposure to preeclampsia, our study shows new aspects of 
the effects of preeclamptic factors on fetal health including aberrant liver molecular 
patterns. 

 

The ideal preclinical preeclamptic model to study fetal programming 

 To define a complex disease is a rather puzzling and challenging task, especially 
when the etiology is unknown. Moreover, it is even more provocative to design an optimal 
preclinical model, which will cover the full pathophysiological course of the disease. 
Preeclampsia is known as the disease of theories, where many pathophysiological 
mechanisms have been suggested, however, without firm knowledge which one is 
preceding the other [14,15]. Interestingly, each of these factors individually can mimic the 
clinical course of preeclampsia in animal models (e.g. hypertension and albuminuria 
during pregnancy) [16–19]. Nevertheless, in terms of fetal programming, we need to take 
into account the whole spectrum of possible pathophysiological mechanisms during 
gestation and their interaction, in order to obtain a better extrapolation of the human 
circumstances. 

It is possible that the best approach in designing a novel model is to replicate the 
most common pathophysiological events. There are strong supporting data from several 
studies that increased inflammatory cytokines (inflammation) and antiangiogenic 
molecules such as sFlt-1 (angiogenic dysbalance) are increased in the majority of the 
preeclampsia cases [20–23]. In mice, acute systemic inflammation can be acquired by a 
single lipopolysaccharide injection [24] and increased sFlt-1 levels are induced by 
adenoviral overexpression of this factor [16]. Combination of these two techniques 
(described in Chapter 4) resulted in hypertension, albuminuria, a 2-fold increase in sFlt-1, 
and a specific metabolic footprint without major abnormalities of the placenta in 
pregnant dams. As a consequence, the fetuses showed growth restriction and a sex-
specific metabolome pattern (Chapter 4) without obvious fetal malformations. Therefore, 
this experimental double hit preeclamptic model might serve as an indicator of sex-
specific and symmetry based growth restriction, which can be illustrative in mere absence 
of human epidemiological data. The findings from our model may be of a clinical 
importance also for the offspring of preeclamptic pregnancies who are at higher risk for 
cardiovascular and metabolic diseases.     
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The role of placental insufficiency and intrauterine growth restriction in adult health  

 One of the best studied pregnancy-associated disorder in terms of fetal 
programming is intrauterine growth restriction. It is associated with a higher risk for 
development of diabetes, obesity and cardiovascular events in later life [25]. As presented 
in chapter 5, we designed a novel approach to study fetal programming by IUGR, by 
conditional deletion of one of the most important transcriptional factors for placenta 
development Tfap2c in the placenta. Due to our genetic manipulation, the junctional zone 
was reduced in size and smaller placentas were obtained. The junctional zone is important 
for nutrient transport (to a lesser extent when compared to the labyrinth zone) and for 
the endocrine function of the placenta [26]. The work described in chapter 5 provides 
novel insights into the long-term effects of placental insufficiency (and subsequent IUGR) 
into the metabolic perturbations without affecting maternal nutrition. The most evident 
difference between IUGR and control mice was a markedly decreased body weight at 
around one year of age. However, at the same point, only minor metabolic phenotypic 
differences were observed between the groups. This might be explained by our limited or 
no exposure to extra environmental stressors (e.g. nutrition, smoking, stress) of our 
animals during their postnatal life. However, certain molecular changes were observed in 
the aged IUGR females in terms of increased plasma free fatty acids, increased mRNA 
levels of fatty acid synthase and ER stress markers in white adipose tissue (Chapter 5). In 
turn, this might be an underlying process that can get exaggerated with aging or when 
second environmental stressors are present.  

It is still intriguing why we observe these effects only in the aged IUGR females, 
as both sexes are equally exposed to the placental insufficiency in utero. One possible 
explanation could be that male and female fetuses have distinct growth patterns and 
because of that can be differently affected by the placental insufficiency [27,28]. Based 
on the findings obtained thus far, long-term effects of isolated placental insufficiency 
without maternal nutrient deprivation does not always lead to metabolic disorders, 
however, can affect certain molecular processes at least in the white adipose tissue.   

 

The role of pre-existing diabetes in fetal programming  

 Prenatal exposure to an excess of nutrients or metabolic disturbances also 
influences the development of cardiovascular, metabolic and neurological functions in 
the offspring [29,30]. Moreover, many factors can potentially interfere with the 
genetically predetermined fetal growth. For example, metabolic alterations associated 
with diabetes can either stimulate fetal growth (via hyperglycemia) or restrict it (via 
maternal vasculopathy and subsequent placental insufficiency) [4,31]. Several studies 
reported that exposure of the fast-growing fetus to hyperglycemia and hyperinsulinemia 
can lead to either an increased or a decreased body weight, a disrupted immune system 
and metabolic alterations e.g. increased plasma triglycerides and cholesterol [6,32,33].  
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Pre-existing diabetes during pregnancy in most of the cases is represented by 
type 2 diabetes [34]. One important difference between gestational and pre-existing type 
2 diabetes is that the pre-existing diabetes is already present during the first trimester of 
pregnancy which is also one of the most sensitive and critical periods of fetal growth and 
development [35]. Exposure to high levels of glucose and insulin during this period can 
lead to congenital abnormalities, but also to metabolic disturbances in the fetus and 
defective placental morphology [36]. Results presented in chapter 6 demonstrated that 
hyperglycemia, hyperinsulinemia and consequent hyperlipidemia of the mother lead to 
fetal growth restriction and cerebral changes, accompanied by epigenetic modifications 
of the transcriptional factor Srebf2. Moreover, Srebf2 has a major implication in 
cholesterol metabolism and it has been reported to be regulated by insulin [37], 
promoting it as a possible marker of fetal programming due to diabetes in pregnancy. 
Taking into consideration that children exposed to diabetes during pregnancy are at 
increased risk of neurological and cardiometabolic disorders, our data supported these 
observations by showing DNA methylation changes of Srebf2 promoter region in organs 
(such as liver and brain) that are dependent on cholesterol metabolism (Chapter 6). 
Improved control of hyperglycemia, hyperinsulinemia, and hyperlipidemia during early 
stages of pregnancy, should reduce the overall diabetic burden on fetal programming.       

 

Pregnancy-associated disorders: do they differently affect the fetus?  

 One major characteristic of all described pregnancy-associated disorders in this 
thesis (Chapter 3, 4, 5) is an affected body weight of the fetus. The pathophysiological 
mechanisms of these disorders are distinctive, yet with a similar gross outcome. While 
preeclampsia in chapter 4 is characterized by inflammation and angiogenic dysbalance in 
the mother, in our IUGR model the placental insufficiency is the causative mechanism 
(Chapter 5). On the other side of the spectrum, during pre-existing diabetes (Chapter 6) 
there can be fetal growth restriction, even with maternal hyperglycemia and 
hyperinsulinemia. These all are characterized as gestational factors that can influence 
fetal growth, and possibly also to a different degree have an influence on fetal 
programming.  

 Another common mechanism where these factors can have their detrimental 
effects is via programming of the placenta. During preeclampsia, we observed smaller 
placentas (Chapter 4), and in our experimental IUGR model, the placenta was insufficient 
in the junctional zone (Chapter 5). During pre-existing diabetes, placental morphology is 
also heavily affected (unpublished data). This different degree of effects on the placental 
might, in turn, be important for the differences and the similarities between fetal 
programming by pregnancy-associated disorders. Based on our findings, long-term 
prospective studies should elucidate which effects are found and to what extent each of 
these gestational factors affects the offspring’s health.    

 

7 



Fetal programming in pregnancy-associated disorders 

 

 

150 

 

Sex-specific differences in fetal programming  

  Sex differences are well-known factors for different outcomes in several 
cardiovascular, metabolic and neurodegenerative disorders. For example, while males are 
much more susceptible to diabetes, Parkinson disease and coronary heart disease [38–
41], females are much more prone to develop obesity, metabolic syndrome or multiple 
sclerosis [42,43]. Although, the mechanisms behind these sex-specific differences in 
disease susceptibility are not well understood, at least in part they have been attributed 
to the fundamental differences in the metabolic homeostasis control, hormone 
production, inflammation capacities and genetics [40,44].  

Sex-specific differences have been also reported in the terms of the fetal growth 
and development [28]. Male fetuses have a significantly higher growth rate in the last 
trimester of pregnancy [45,46] whereas when carrying a female fetus the concentration 
of placental growth factor is increased during the first trimester of pregnancy [47]. Also 
at birth, on average, male neonates are heavier than females. Moreover, fetal sex has a 
significant impact on pregnancy outcome, as e.g. preterm birth, gestational diabetes, and 
late-onset preeclampsia are more prevalent when carrying a male fetus [48,49].  

It is well known that sex can serve as a significant predictor of fetal growth, 
development, and prevalence of diseases; and nowadays we are more aware of specific 
sex-differences in fetal programming [50]. When possible in our studies, we stratified the 
effects of pregnancy-associated disorders per sex (Chapter 3, 4). In these studies, we 
observed more profound alterations in female offspring exposed to preeclampsia 
(Chapter 3) or intrauterine growth restriction (Chapter 4). This is in line with previous 
observations showing that in utero insults that include placental modifications lead to 
fetal programming effects especially in female offspring [51,52].  

While in general it is known that sex-differences affect disease prevalence, to 
what extent the pregnancy-associated disorders impact the progression to offspring 
diseases in function of sex is still unknown. For that cause, more experimental studies, 
stratified by fetal sex, in fetal programming are needed.  

 

Future perspectives: Fetal programming as a drug target 

 Our studies revealed similar, but also distinct patterns of fetal programming in 
several pregnancy-associated disorders. All of the studied pregnancy-associated disorders 
resulted in fetal growth restriction and had distinct metabolic and sex-specific patterns in 
comparison to controls. These differences are triggered by exposure to different factors 
occurring during gestation such as inflammation, antiangiogenic mediators, placental 
insufficiency, hyperglycemia, and hyperinsulinemia. However, we were not able to 
perform experiments where we could abolish these gestational factors or ameliorate the 
fetal growth restriction in order to reverse the effect of fetal programming. In future, 
experiments that involve targeting of these factors may shift the gestational adverse 

7 



Fetal programming in pregnancy-associated disorders 

 

 

151 

 

factors into balance creating optimal conditions for fetal growth and development. For 
example, usage of blockers against two of the most common pathophysiological 
mechanisms during preeclampsia, such as sFlt-1 antagonists in combination with 
nonsteroidal anti-inflammatory drugs (NSAID) [53], might counteract the clinical course 
of preeclampsia and alleviate the fetal programming effect. Sildenafil citrate was 
proposed as a potent vasodilator that might increase the blood flow during placental 
insufficiency and improve the fetal growth [54]. In addition, we showed that in adulthood, 
free fatty acids are increased in aged IUGR female offspring, so to a certain degree, a 
usage of fatty acid synthesis blockers such as the antifungal antibiotic cerulenin [55,56] 
might be effective in reversing this phenotype. To counteract the effects of a diabetic 
intrauterine environment, the most valuable effort would be early diagnosis and proper 
management (diet, exercise, PPAR agonists) of the maternal metabolic disturbances 
[57,58].   

It is of extreme importance that such strategies are highly selective (including sex-
specific) and properly timed, without further disruption of other maternal and fetal 
factors. A complete elucidation of mechanism important in fetal programming will 
contribute to an improved care of the pregnant women and the fetus as patients for the 
benefit of its future well-being. 
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Summary 

The prenatal period is characterized by rapid growth and development of the 

fetus. During this period, organogenesis occurs and maturation of all organs and tissues 

is accompanied by rapid growth of the body. This is also a very critical period of human’s 

life because the environment experienced during pregnancy has the ability to shape the 

physiology of the fetus in order to prepare it for postnatal optimal functioning. 

Nevertheless, exposure to unfavorable conditions early in life may have long-lasting 

consequences on the physical and mental health of the offspring. This observation is 

known as the ‘fetal programming’ paradigm or ‘the Developmental Origins of Health and 

Disease’ hypothesis.  

Throughout pregnancy, the maternal organism goes through local and systemic 

metabolic, immunological and hemodynamic adaptations that ensure optimal growth and 

development of the fetus. Failure to achieve optimal nutrient availability or placental 

functionality will lead to poor growth of the fetus and development of pregnancy-

associated disorders. Among the most common pregnancy-associated disorders that 

contribute to a less optimal in utero development are preeclampsia, intrauterine growth 

restriction, and gestational diabetes. They are characterized by a complex etiology and 

can increase the risk of developing other pregnancy-associated disorders. Moreover, the 

exposed fetus is associated with an increased risk of developing cardiovascular and 

metabolic diseases in adulthood. However, which gestational factors are involved and to 

what extent this leads to fetal programming is still widely unknown.  

Development of comprehensive preclinical models is of major importance for an 

evaluation of the effects of gestational factors on fetal programming. The research 

described in this thesis focused on novel models for the most frequent pregnancy-

associated disorders and its effects on the fetal health. Ultimately, the results as described 

in this thesis could help both clinical management and severity evaluation of the fetal 

programming.   

Preeclampsia is associated with increased risk of cardiovascular and metabolic 

disorders in later life of the offspring. In chapter 2 we discuss the available human and 

animal studies on preeclampsia with respect to the cardiovascular and metabolic 

outcome of the offspring. Human data analyses on the effects of preeclampsia on 

children’s health showed that these children in later age have increased blood pressure 

and vascular stiffness while the metabolic alterations in terms of increased lipid and 

glucose concentrations show transient and inconsistent effects. Based on the available 

animal studies in literature, we could describe the fetal programming effects of three 
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different pathophysiological mechanisms that are present during preeclampsia with 

emphasis on angiogenic imbalance, autoimmunity and inflammation. Exposure to 

angiogenic imbalance during pregnancy can disrupt the blood pressure regulation in the 

offspring in a sex-specific way with predominant alteration of the males. Angiotensin II 

type I receptor antibodies were shown to contribute to the pathogenesis of preeclampsia 

and exposure during pregnancy does not affect the blood pressure of the offspring but 

can have detrimental effects on the organ formation and insulin resistance.  Offspring 

responses to inflammation, which is also present during preeclampsia, are similar to the 

responses triggered by angiogenic imbalance with a registered increase in blood pressure 

without major sex-specific differences and metabolic alterations when high-fat diet is 

introduced. Furthermore, we discuss novel insights into the mechanisms of fetal 

programming due to preeclampsia. The placental permeability which can be disrupted 

due to structural changes and increased apoptosis can serve as an initiator of fetal 

programming via increased release of signaling molecules such as: antiangiogenic factors, 

autoantibodies against angiotensin, inflammatory cytokines, leptin or reactive oxygen 

species. In turn, this will promote unfavorable intrauterine signaling network that can 

program several aspects of the metabolic and cardiovascular system, mainly via organ 

remodeling and epigenetic modulation of gene expression. 

The angiogenic imbalance has been promoted as a successful model of 

translational research, elucidating possible mechanism in the genesis of preeclampsia. 

Therefore, in chapter 3 we determined the effects of the antiangiogenic factor sFlt-1 

(soluble fms like tyrosine kinase 1) on pregnancy and fetal outcomes. We demonstrate 

that antiangiogenic imbalance solely does not explain the pathophysiology of 

preeclampsia entirely. However, we show that enforced expression of antiangiogenic 

factor sFlt-1 results in lower birth weight and length of the fetuses. Moreover, we 

demonstrate that sFlt-1 can have a direct effect on the liver molecular phenotype, 

including upregulation of the fatty acid metabolism genes and the Ppara targets in the 

fetal liver. 

Preeclampsia is a multifactorial disorder and possibly two different 

pathophysiological mechanisms might be intertwined in its genesis. Frequently, 

preeclampsia is associated with inflammation and increased concentrations of 

antiangiogenic factors. In that order, in chapter 4 we demonstrate that induction of these 

two different pathophysiological mechanisms can result in experimental preeclampsia. 

This novel “double hit” model is characterized by the hallmark clinical symptoms of 
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preeclampsia, hypertension and proteinuria. As preeclampsia is also associated with 

metabolic disturbances in the mother, we confirmed that in our model there are 

prominent differences in the phospholipid fractions in the preeclamptic group with higher 

concentrations of long-chain fatty acids phosphatidylcholines. Moreover, the fetuses in 

this double hit preeclampsia model are growth restricted and show sex-specific 

differences. The male fetuses, on one hand, were asymmetrically growth restricted with 

sparing of the brain on the expense of other organs. On the other hand, the female 

fetuses were symmetrically growth restricted without sparing of the brain weight. This 

was accompanied by different plasma metabolic footprint in the fetuses. The males 

exposed to preeclampsia had lower concentrations of certain amino acids (proline and 

threonine), whereas the females showed much more profound differences in the lipid 

fractions, namely lower levels of several acylcarnitines, sphingomyelins, and 

glycerophospholipids, which in turn might explain these different growth restriction 

patterns in our double hit preeclampsia model.  

Intrauterine growth restriction is a common complication of preeclampsia but 

also can be presented as an isolated disorder without manifestation of hypertension and 

proteinuria in the mother. In chapter 5 we tested a novel model of growth restriction that 

has isolated structural changes in the placenta morphology without other maternal 

symptomatology. This was assessed via conditional deletion in the junctional zone of the 

transcriptional factor Tfap2c, which is important for placenta development. Next, we 

tested the hypothesis whether growth restriction is associated with obesity and insulin 

resistance in adulthood. Our growth restricted offspring did not have increased body 

weight in adulthood and the glucose clearance was not affected in these offspring. 

However, there were small sex-specific metabolic disturbances at this age. The females 

had increased plasma free fatty acids and higher mRNA levels of fatty acid synthase gene 

in the adipose tissue that were associated with increased endoplasmic reticulum stress 

markers in the adipose tissue. In turn, this shows that while there are molecular changes 

in adult growth restricted females especially in the white adipose tissue, there no major 

phenotypic disturbances in the overall glucose and lipid metabolism. Whether this 

remains to be unchanged when a second environmental stimulus is introduced such as 

western style diet or other stressors, is yet to be elucidated. 

Diabetes during pregnancy is another common pregnancy-associated disorder 

that is correlated with an increased risk of metabolic and neurological disorders in the 

offspring. In most cases, diabetes during pregnancy is presented with type 2 diabetes that 
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is characterized with insulin resistance of the mother. However, to obtain an ideal animal 

model for type 2 diabetes in pregnancy still remains a challenge. For that cause, in chapter 

6 we explored a novel model of generalized insulin resistance (by conditional global 

deletion of the insulin receptor (IR)) during pregnancy. We demonstrate that this model 

is characterized by high glucose and high insulin concentrations in the mother with 

concomitant hypercholesterolemia and hypertriglyceridemia. In turn, the fetuses are 

growth restricted with lower liver and brain weight with accompanying lower microglial 

activation in the hippocampus in comparison to the wild-type fetuses. Moreover, this was 

associated with decreased expression of sterol regulatory binding factor 2 (Srebf2) in the 

fetal liver and brain, which serves as a master regulator of cholesterol metabolism. These 

gene differences, at least in part, were associated with hypermethylation of the Srebf2 

promoter in the fetal brain and liver. This factor is already known to be affected in diabetic 

patients, but we for the first time show that it can also serve as a phenotypic mark and 

potential mediating factor of fetal programming due to the diabetic intrauterine 

environment.  

In this thesis, we show novel preclinical models for pregnancy-associated 

disorders to study the effects of fetal programming due to a non-optimal intrauterine 

environment. These models are of extreme importance to unravel the underlying 

mechanisms which modulate the later health of the offspring. In that way, we can obtain 

more directions towards the design of proper highly selective and sex-specific diagnostic 

and therapeutic tools to reverse the fetal programming. The models presented in this 

thesis recapitulate the clinical course of pregnancy-associated disorders more accurately 

and aim to bridge the translational research gaps in the fetal programming research. 



Fetal programming in pregnancy-associated disorders 

 

163 

 

Samenvatting in het Nederlands 

Het prenatale leven wordt gekenmerkt door snelle groei en ontwikkeling van de foetus. 

Tijdens deze periode worden organen gevormd en de rijping van alle organen en weefsels 

gaat samen met een snelle groei van het lichaam. Dit is een zeer kritische periode in het 

mensenleven, omdat de omgeving tijdens de zwangerschap de fysiologie van de foetus 

kan vormen om het optimaal te laten functioneren in de rest van het leven. Blootstelling 

aan ongunstige omstandigheden in het vroege leven kan echter een langdurige nadelige 

invloed hebben op de fysieke en mentale gezondheid. Dit fenomeen wordt ‘foetale 

programmering’ of ‘Developmental Origins of Health and Disease’ hypothese genoemd. 

Tijdens de zwangerschap ondergaat het lichaam van de moeder verschillende lokale en 

systemische veranderingen in metabolisme, immunologie en hart en vaten. Deze 

veranderingen zorgen voor optimale groei en ontwikkeling van de foetus. Wanneer de 

beschikbaarheid van voedingsstoffen of het functioneren van de placenta niet optimaal 

is, zal dit leiden tot verminderde groei van de foetus en de ontwikkeling van 

zwangerschapscomplicaties. De meest voorkomende  complicaties waarbij de intra-

uteriene omstandigheden niet optimaal zijn, zijn pre-eclampsie, intra-uteriene 

groeivertraging en zwangerschapsdiabetes. Deze complicaties worden gekenmerkt door 

een complexe etiologie en kunnen het risico op de ontwikkeling van andere complicaties 

vergroten. Daarnaast wordt de foetus hier ook aan blootgesteld, wat leidt tot een 

verhoogd risico op cardiovasculaire en metabole aandoeningen later in het leven. Welke 

factoren tijdens de zwangerschap betrokken zijn bij deze foetale programmering is echter 

nog grotendeels onbekend. 

Het ontwikkelen van preklinische modellen voor zwangerschapscomplicaties is belangrijk 

om de effecten van verschillende factoren tijdens de zwangerschap op foetale 

programmering te onderzoeken. Het onderzoek beschreven in dit proefschrift  focust op 

nieuwe modellen voor de meest voorkomende zwangerschapscomplicaties en het effect 

daarvan op de gezondheid van de foetus. De resultaten in dit proefschrift  zouden nuttig 

kunnen zijn voor het evalueren van ernst van foetale programmering en het bepalen van 

klinisch beleid op dit gebied. 

Pre-eclampsie is geassocieerd met een verhoogd risico op cardiovasculaire en metabole 

problemen later in het leven bij het nageslacht. In hoofdstuk 2 bespreken we de 

beschikbare literatuur op het gebied van cardiovasculaire en metabole uitkomsten voor 

nageslacht dat aan pre-eclampsie is blootgesteld in de baarmoeder. Humane studies in 

kinderen die aan pre-eclampsie zijn blootgesteld, hebben aangetoond dat zij later in hun 

leven een verhoogde bloeddruk en vaatwandstijfheid hebben, maar dat de metabole 
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gevolgen, verhoogde lipide en glucose concentraties, slechts tijdelijk en inconsistent zijn. 

Gebaseerd op de beschikbare proefdierstudies konden we de effecten op foetale 

programmering beschrijven van drie pathofysiologische mechanismen die tijdens pre-

eclampsie aanwezig zijn: angiogene onbalans, auto-immuniteit en inflammatie. 

Blootstelling aan angiogene onbalans tijdens de zwangerschap kan de bloeddrukregulatie 

in het nageslacht verstoren, voornamelijk in het mannelijke geslacht. Angiotensine type 

1 receptor autoantilichamen dragen bij aan de ontwikkeling van pre-eclampsie. 

Blootstelling hieraan heeft geen invloed op de bloeddruk van het nageslacht, maar kan 

wel schadelijke effecten hebben op de ontwikkeling van de organen en op 

insulinegevoeligheid. Het gevolg van inflammatie is vergelijkbaar met dat van angiogene 

onbalans. Blootstelling hieraan leidt tot een verhoogde bloeddruk en, wanneer een hoog 

vet-dieet wordt geconsumeerd, ook tot metabole veranderingen. In dit hoofdstuk worden 

daarnaast nog nieuwe inzichten in de mechanismen die een rol spelen bij foetale 

programmering door pre-eclampsie besproken. Verstoring van de permeabiliteit van de 

placenta, door structurele veranderingen of apoptose, kan een initiator zijn van foetale 

programmering door verhoogde afgifte van belangrijke signalerings-moleculen, zoals 

antiangiogene factoren, angiotensine autoantilichamen, inflammatoire cytokines, leptin 

en reactieve zuurstofverbindingen. Door deze moleculen worden signalering netwerken 

bevorderd die een ongunstig effect op foetale programmering kunnen hebben via 

structurele invloeden of epigenetische beïnvloeding van genexpressie. 

Een pre-eclampsie diermodel gebaseerd op angiogene onbalans wordt gezien als een 

goed model voor translationeel onderzoek, omdat het gebaseerd is op één van de 

mogelijke oorzaken van preeclampsie. In hoofdstuk 3 hebben we daarom het effect van 

de antiangiogene factor sFlt1 (soluble fms like tyrosine kinase 1) op de zwangerschap en 

de foetus bepaald in de rat. We hebben laten zien dat alleen angiogene onbalans niet de 

hele pathofysiologie van pre-eclampsie verklaard, maar dat blootstelling aan sFlt1 wel 

resulteert in lichtere en kortere foetussen. Daarnaast laten we zien dat sFlt1 directe 

moleculaire effecten heeft in de lever van het nageslacht, waaronder verhoogde 

expressie van Ppara targets en van genen betrokken bij vetzuur metabolisme.  

Omdat pre-eclampsie een multifactoriële aandoening is, is het goed mogelijke dat twee 

verschillende pathofysiologische mechanismen betrokken zijn bij het ontstaan van pre-

eclampsie. Pre-eclampsie is vaak geassocieerd met inflammatie en verhoogde 

concentraties van antiangiogene factoren. In hoofdstuk 4 tonen we daarom aan dat de 

inductie van deze twee pathofysiologische mechanismen tegelijkertijd kan leiden tot 
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experimentele pre-eclampsie in muizen. Dit nieuwe ‘double hit’ model wordt 

gekarakteriseerd door de belangrijkste symptomen van pre-eclampsie: hypertensie en 

proteïnurie. Aangezien pre-eclampsie ook geassocieerd is met verstoring van het 

metabolisme in de moeder, tonen we hier aan dat in het ‘double hit’ model veranderingen 

zijn opgetreden in de fosfolipiden, met een hogere concentratie lange keten vetzuren 

fosfatidylcholine in het bloedplasma van pre-eclamptische moeders. Daarnaast zijn de 

foetussen uit de pre-eclampsie groep groeivertraagd, waarin geslachtsspecifieke 

verschillen te zien zijn. De mannelijke foetussen zijn asymmetrisch groeivertraagd, wat 

betekent dat de groei van de hersenen is gespaard ten koste van de andere organen. De 

vrouwelijke foetussen daarentegen zijn symmetrisch groeivertraagd, bij hen is het 

hersengewicht relatief net zo veel verlaagd als het gewicht van de andere organen. Dit 

verschil ging gepaard met een verschil in metabole factoren tussen de geslachten. De aan 

pre-eclampsie blootgestelde mannelijke foetussen hadden lagere concentraties van 

bepaalde aminozuren (proline en threonine) dan de controlegroep, terwijl de vrouwelijke 

foetussen grote verschillen hadden in de lipide fracties, namelijk verlaagde concentraties 

van verschillende acylcarnitines, sfingomyelines en glycerofosfolipiden. Dit kan het 

geslachtsspecifieke verschil in groeivertraging in dit preeclampsie model verklaren. 

Intrauteriene groeivertraging is een veelvoorkomende complicatie bij preeclampsie, maar 

dit kan ook voorkomen als een op zichzelf staande complicatie, zonder dat de moeder 

hypertensie en proteïnurie heeft. In hoofdstuk 5 hebben we een nieuw model van 

groeivertraging getest, waarin de groeivertraging veroorzaakt wordt door structurele 

veranderingen in de placenta die geen andere symptomen in de moeder veroorzaken. Dit 

was bewerkstelligd door een conditionele deletie van de transcriptiefactor Tfabp2c, 

belangrijk voor ontwikkeling van de placenta, in de junctionele zone van de placenta van 

de muis. We hebben getest of, in dit model, groeivertraging leidt tot obesitas en 

insulineresistentie op volwassen leeftijd. Het groeivertraagde nageslacht had op 

volwassen leeftijd geen verhoogd lichaamsgewicht en de klaring van glucose was ook niet 

beïnvloed. Er waren wel een aantal kleine geslachtsspecifieke metabole verstoringen te 

zien op deze leeftijd. De vrouwtjes hadden een verhoogde concentratie vrije vetzuren in 

het bloedplasma, en in het vetweefsel was de mRNA expressie van het Fasn (fatty acid 

synthase) gen verhoogd. Daarnaast was de mRNA expressie van verschillende markers 

voor endoplasmatisch reticulum stress ook verhoogd. Dit toont aan dat, hoewel er 

moleculaire veranderingen zijn in het vetweefsel, er geen grote fenotypische gevolgen 

zijn voor glucose en vet metabolisme van groeivertraging op vrouwtjes op volwassen 
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leeftijd. Of dit nog steeds het geval is als het metabolisme wordt getest met een extra 

stimulus, zoals een westers dieet, is nog niet onderzocht. 

Diabetes tijdens de zwangerschap is een andere veelvoorkomende 

zwangerschapscomplicatie die geassocieerd is met een verhoogd risico op metabole of 

neurologische aandoeningen in het nageslacht. In de meeste gevallen wordt 

zwangerschapsdiabetes gekarakteriseerd door insulineresistentie van de moeder, net als 

bij diabetes type 2. Desondanks blijft het vinden van het ideale diermodel voor deze 

complicatie een uitdaging. Daarom hebben we in hoofdstuk 6 een nieuw model 

gekarakteriseerd voor insulineresistentie tijdens de zwangerschap, wat ontstaat door 

conditionele deletie van de insuline receptor in het hele lichaam. Dit model wordt 

gekenmerkt door hoge glucose- en insuline waardes, hypercholesterolemie en 

hypertriglyceridemie in de moeder. Voor de foetussen leidt deze zwangerschapsdiabetes 

tot groeivertraging, een lager levergewicht en een lager hersengewicht met lagere 

microglia activatie in de hippocampus. Daarnaast is de mRNA expressie van Srebf2 (sterol 

regulatory binding factor 2), een belangrijke regulator van cholesterol metabolisme, 

verlaagd in lever en hersenen van foetussen blootgesteld aan zwangerschapsdiabetes. Dit 

verschil in mRNA expressie was geassocieerd met verhoogde DNA methylatie in de 

promotor regio van het Srebf2-gen in lever en hersenen. Het is al bekend dat Srebf2 

aangedaan is in diabetespatiënten, en hier laten we voor het eerst zien deze factor 

mogelijk een rol speelt in foetale programmering als gevolg van zwangerschapsdiabetes. 

In dit proefschrift laten we nieuwe preklinische modellen van zwangerschapscomplicaties 

zien die waardevol zijn voor het bestuderen van foetale programmering als gevolg van 

een niet-optimale intrauterine omgeving. Deze modellen zijn zeer belangrijk om de 

mechanismen die een rol spelen in het beïnvloeden van levenslange gezondheid te 

ontrafelen. Het achterhalen van deze mechanismen kan helpen om selectieve en 

geslachtsspecifieke diagnostische en therapeutische middelen te ontwerpen om nadelige 

foetale programmering tegen te gaan. De modellen die in dit proefschrift beschreven 

worden benaderen het klinische verloop van de zwangerschapscomplicaties met als doel 

de hiaten in translationeel onderzoek naar foetale programmering te overbruggen.
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