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Summary  

In many populations worldwide over 50% of women have a body mass index above 25. Therefore, an 

increasing number of women enter pregnancy overweight or obese. This increases the risk for 

pregnancy complications such as Gestational Diabetes Mellitus (GDM). Placental function is often 

affected in obese and GDM pregnancies, which affects fetal growth and development. Recent years 

have implicated placental extracellular vesicles (EV) in fetal-maternal communication, with their 

microRNA (miRNA) content affecting maternal metabolism and potentially the fetus. Overall, it is well-

established that obese and glucose-intolerant pregnancies have short- and long-term health 

consequences for mother and child. Women with GDM are therefore treated to control maternal 

glycaemia and thereby prevent effects on the fetus caused by excessive glucose exposure. In many 

countries metformin (an oral glucose-lowering agent) is now the first line pharmacological treatment 

for GDM as it can control maternal glycaemia and reduce gestational weight gain. However, metformin 

can cross the placenta and thereby directly affect the fetus.   

A few studies in humans and in animal models have reported increased adiposity in offspring exposed 

to metformin during pregnancy. However, information regarding the immediate actions of metformin 

on the placenta and fetus is limited. This thesis therefore aimed to assess the impact of metformin 

treatment of an obese and glucose-intolerant pregnancy in a mouse model on (i) the mother 

(described in chapter 3), (ii) fetal growth and placental structure (described in chapter 4) and (iii) on 

the placental lipidome and transcriptome (described in chapter 5).  A last aim of this thesis was (iv) the 

establishment of isolation of placental EVs and characterisation of their miRNA content in an obese 

and glucose-intolerant pregnancy (described in chapter 6).  

In this thesis it is shown (chapter 3) that feeding mice a diet high in sugar and fat prior to and 

throughout pregnancy increased maternal fat mass and impaired glucose tolerance. Additionally, a 

preeclampsia-like phenotype with impaired uterine artery compliance and increased serum sFlt levels 

was induced. All these parameters were improved by treatment of the dams with metformin at 

clinically relevant doses prior to mating and throughout pregnancy. These findings are consistent with 

metformin being beneficial for maternal metabolic health, as observed in human studies, including 

recent data highlighting the potential of metformin to prevent preeclampsia.  

Chapter 4 highlights that placentas from obese dams had calcium depositions and a reduced 

labyrinthine zone. Calcium deposits have been observed previously in pregnancies complicated by 

GDM and obesity, showing that our model resembles the human situation. The obesity-induced 

placental pathologies together with the reduced uterine artery supply likely led to the fetal growth 

restriction observed.  Metformin treatment did not rescue any of these obesity-induced changes in the 

fetus and the placenta. Metformin crossed the placenta and entered the fetal circulation at levels 
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equivalent to maternal concentrations and was also taken up into fetal tissues. Metformin can 

therefore exert direct effects on the placenta and/or the fetus that may explain why fetal growth 

restriction and placental impairments are not rescued by metformin despite the improvement in 

uterine artery compliance. Reduced body weight in babies exposed to metformin in utero has 

previously been shown in human studies. Metformin did not affect placental AMPK and mTOR 

signalling as previously reported, but increased apoptosis markers in the male placenta.  

As the placenta accumulated substantial levels of metformin and is the key interface between mother 

and fetus we investigated in chapter 5 effects of metformin on the lipidome and transcriptome by 

comparing obese untreated and obese metformin-treated placentas. Metformin reduced triglycerides 

with low carbon numbers and free carnitine. A reduction of carnitine has previously been linked to 

preterm birth. Additionally, phosphatidylserines (PS) and sphingosine (18:0) were increased in the 

male placenta and lyso-phosphatidylcholine was reduced in the female placenta upon metformin 

treatment. A few human studies reported previously increased rates of preterm births in pregnancies 

exposed to metformin, thereby the reduced carnitine levels together with increased PS levels that 

could be linked to apoptosis in the male placenta warrant further investigation. Placental 

transcriptome analysis identified no major changes in mRNA expression upon metformin exposure but 

highlighted overall sex differences within the placenta that were consistent with increased in utero 

vulnerability of male fetuses to maternal obesity.  

Lastly, chapter 6 of this thesis shows the feasibility of extracting placental EVs released from placental 

explants. In a pilot study EVs and their miRNA cargo from male control placentas were compared to 

those from male obese placentas. miRNAs previously identified as playing a role in IGF2 signalling, 

mitochondrial dysfunction and preeclampsia were altered in obese placental EVs. Therefore, further 

follow-up could identify the role of placental EVs in matching maternal supply and fetal demand via 

modulating IGF2 signalling and could add evidence for their use as biomarkers to identify impaired 

placental function and preeclampsia.  

Overall, this thesis shows beneficial effects of metformin on maternal metabolic health and adds 

evidence to the current discussion of metformin as a preeclampsia treatment. However, it also 

highlights that metformin can have direct effects on the fetus and the placenta, with some evidence 

that at least some of these effects are sexually dimorphic. The use of metformin in pregnancy is 

complex and might be good for some women where beneficial effects of metformin in pregnancy 

might outweigh potential short-and long-term effects on the offspring. However, this might not be the 

case in other women. Therefore identifying treatment strategies/metformin formulations that retain 

maternal benefits whilst reducing fetal exposure should be the important goal of future studies.  
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1 Introduction  

1.1 Obesity as a critical health burden  

1.1.1 Prevalence worldwide 

Obesity rates increased dramatically in the past 40 years worldwide reaching pandemic proportions 1. 

The steep increase in obesity numbers (Figure 1.1A) and the predicted numbers in 2030 (Figure 1.1B) 

show that this will continue to be a growing problem for countries all over the world. Many 

organisations including the World Health Organisation (WHO), United Nations (UN) and World Obesity 

Federation state that immediate action is needed to reduce the burden of obesity1,2. In 2013 multiple 

organisations officially acknowledged obesity as a disease1. It is also recognized that obesity is a 

relapsing disease with weight loss interventions often not leading to a permanent weight loss3,4.  

 

Figure  1.1: Obesity is increasing rapidly worldwide 

(A) Percentage of obese adults (BMI 30 kg/m2) in 1975 and 2014, data from WHO, Global Health Observatory, 

adapted from Blüher et al. 2, permission for use of figure has been obtained. (B) Projected rates of obesity from 

1970 until 2030, data from Organisation for Economic Co-operation and Development (OECD) analysis of 

national health survey data5 

 

The most common way to assess obesity is by body mass index (weight in kg divided by height in metres 

squared, BMI). The WHO states the following classifications for BMI: BMI <18.5 kg/m2: underweight, 

18.5 – 25 kg/m2: normal weight, 25 – 30 kg/m2: overweight, >30 kg/m2: obese.   

Obesity is associated with a reduction in life expectancy of 5-20 years6. It is one of the key risk factors 



 

2 
 

for non-communicable diseases (NCDs) such as cancer or cardiovascular diseases (CVD). NCDs 

nowadays lead to more than 70% of deaths worldwide7. In 2010 the WHO presented its “global action 

plan for the prevention and control of non-communicable diseases 2013-2020” with a global target to 

reduce premature mortality from NCDs by 25% and halt the rise in obesity numbers by 20258. This is 

crucial as obesity is not only a huge health burden for the individual but also for the health care system 

as obesity increases health care needs and costs drastically9. Additionally obesity is an increasing 

problem in developing countries where health care systems are not well-equipped to deal with the 

arising comorbidities10.  

1.1.2 Comorbidities 

Above a BMI of 25 kg/m2 every 5 kg/m2 increase leads to an increase in mortality related to vascular 

diseases by 40% and related to diabetes by 120%9. These observations are based on the BMI but it is 

increasingly stressed that the BMI does not take the metabolic health of the individual into account, 

leading to the so-called obesity paradox. The paradox states that a higher BMI does not necessarily 

correlate with a higher mortality due to CVD as obese individuals can be metabolically healthy. It is 

well-known that subcutaneous compared to visceral adipose tissue is more benign, therefore 

assessment of parameters such as insulin resistance, body fat percentage and fat distribution is 

relevant for a thorough characterisation of metabolic health11.   

Comorbidities are the consequence of altered metabolic factors and induction of a chronic low-grade 

inflammation in obese individuals1. These changes include increased secretion of pro-inflammatory 

cytokines by adipose tissue and ectopic fat disposition e.g. in the liver. Additionally, obesity is 

associated with hormonal changes (e.g. higher leptin, adiponectin and insulin levels) and increased 

levels of circulating cholesterol and free fatty acids. These changes result in obesity being a major risk 

factor for type 2 diabetes (T2D). The altered metabolic factors also result in a high risk for gallstones, 

hypertension, stroke and CVD. Additionally, cancer is more frequently observed in obese people, 

especially in post-menopausal women. Estrogen production by adipose tissue is thought to mediate 

increased risk of breast and endometrial cancer. Sleep apnoea and osteoarthritis due to the increased 

fat mass further impact on the life of obese individuals.   

Obesity is not only a risk factor for NCDs, studies show that obese people are also more susceptible to 

infectious diseases and report poorer outcomes12. The exact causal relationships and the contribution 

of obesity-associated comorbidities are yet to be elucidated. The COVID19 pandemic in 2020/2021 

made clear that obese patients infected with SARS-CoV-2 are more likely to be admitted to intensive 

care units and that severe obesity (BMI > 35 kg/m2) is associated with a dangerous course of the 

disease13. It is also known that abdominal obesity reduced the efficiency of lung ventilation, making 

the successful care for obese patients with respiratory diseases even more difficult.  

This highlights that the worldwide pandemic of obesity is conclusively a risk for all kinds of diseases 
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and a problem for the health care system and wellbeing of the individual. Psychosocial factors worsen 

the wellbeing even further as obese people encounter stigmatization and social problems. Many 

experience stigma in health care settings, leading to low adherence to treatment and avoidance of 

health care by the obese patient14–16. Obese individuals are more likely to suffer from depression or 

anxiety disorders and obese children are more frequently exposed to bullying in school9.    

1.1.3 Obesity in children 

Increasing obesity in children is of special concern as obese children are at risk to develop chronic 

diseases such as T2D early in life, they are more often absent from school and have a lower educational 

level9. Studies show that 90% of children with obesity at age three will still be overweight or obese in 

adolescence17. Therefore, it is concerning that from 1975 to 2016 the prevalence of obesity in boys 

increased from 0.7% to 5.6% and in girls from 0.9% to 7.8% worldwide. Figure 1.2A shows that large 

numbers of children aged 2 – 4 years are overweight worldwide. Classifications of obesity in children 

are age- and sex-specific as the relationship between BMI and fatness during child development highly 

depends on age and sex. The WHO provides medians from a reference population. Children under 5 

are classified as overweight if the BMI is more than 2 standard deviations (SDs) above the median and 

as obese if more than 3 SDs above the median. In 5 – 19 year olds overweight is already present with 

a BMI of 1 SD above the median and obese with more than 2 SD above the median18. In this age group 

a steep increase in obesity numbers can be observed across the world (Figure 1.2B). As these children 

will be the parents for the future generations the problem of obesity is exacerbated leading to more 

and more babies and children in the future being exposed to obesity in utero and early life. As 

addressed in this thesis, exposure to such an in utero environment may establish the roots for 

developing obesity postnatally (see section 1.3, p.7). To prevent these vicious circles, the causes of 

obesity need to be well understood (section 1.2, p.4).   

It needs to be noted that in children undernutrition is still a problem in many developing countries. In 

many developing countries obesity and undernutrition coexist especially in children, making this so-

called “double burden of malnutrition” a difficult problem to tackle. This further exacerbates 

comorbidities and the drain on limited health care resources19.  
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Figure  1.2: Obesity in children is a huge problem worldwide 

(A) Percentage of overweight children (BMI > 2 standard deviations from WHO reference population mean) at 2 

to 4 years20, figure used with permission (CC-BY licence). (B) Trajectory of children obesity (BMI > 2 standard 

deviations from WHO reference population median) from 1975 until 201621, figure used with permission (CC-BY 

licence).  

 

1.2 Causes of obesity  

1.2.1 Environment 

The steep rise of obesity numbers in the past 40 years is accompanied by an increase in urbanization 

across the world. Multiple environmental factors, such as sedentary lifestyle and unhealthy energy-

rich food, are therefore thought to contribute to the obesity pandemic. The changes are often 

summarized by the term “westernized lifestyle”. In the 1960s and 70s the food supply in many western 

countries started to consist of more and more refined carbohydrates and fats2. The Food and 

Agriculture Organization of the UN reported a worldwide increase in the average daily kilocalorie (kcal) 

intake per person by 487 kcal between 1969 and 201522. In developing countries, a particularly steep 

increase in the daily calorie intake has been observed. This is mirrored by a very rapid rise in obesity 



 

5 
 

prevalence in these countries in recent decades.  This increase in daily calorie intake is a result of the 

high-caloric and tasty food with addiction-like effects23. This food is easily available and often ultra-

processed. It is thereby cheap and ready to eat or very convenient to prepare24. These food types are 

frequently advertised25. Children in particular are very susceptible to advertisement and food 

marketing, often focussing on unhealthy food, snacks and sugary beverages26.    

The past 40 years were not only marked by an increase of unhealthy diet consumption and calorie 

intake but in addition less energy expenditure. The urbanised lifestyle is characterised by a sedentary 

lifestyle both at work and in leisure times. This is often referred to as the energy-flipping point with 

more energy taken in via food than expended2. This is a key contributor to obesity.   

The local environment such as the density of centres or outdoor opportunities for physical activities, 

the type of grocery stores close-by, and the characteristics and norms of the neighbourhood are known 

to influence obesity rates as well. A social experiment moving families from a neighbourhood with high 

obesity and high poverty rates to a wealthier neighbourhood with a lower obesity rate showed a 

reduction of extreme obesity prevalence27.  This supported the hypothesis that high poverty and the 

neighbourhood both influence obesity occurrence. Additionally,  wide income gaps within countries 

(e.g. High equality in Scandinavian countries and Japan with low obesity rates vs. high inequality in the 

United Kingdom (UK) or Portugal with high obesity rate) are also thought to contribute to obesity 

prevalence2,28.  

1.2.2 Genetic factors 

Although the current environment in many populations such as the UK favours the development of 

obesity, not everyone becomes obese in the same obesogenic environment. This is thought to be 

related, at least in part, to genetic variation shaping the susceptibility to becoming obese. Sometimes 

the analogy of the pathogenesis of a viral agent is used. The agent in the case of the obesity pandemic 

is the westernized environment (tasty unhealthy food and little activity) affecting the host who has 

different susceptibility of getting affected due to genetic variation1. The thrifty genotype hypothesis 

states that genes that favour food collection and fat disposition were beneficial evolutionary in times 

of famines but in the modern world with high constant abundance of food these become 

disadvantageous, leading to obesity. Contradictory opinions exist regarding this hypothesis 29, but 

regardless of its evolutionary origins it is not questioned that obesity has genetic causes.    

The hypothalamus in the brain is the key regulator of food intake and energy homeostasis 30. In the 

past decades multiple hypothalamic pathways have been identified and genetic variation or loss of 

function mutations in these pathways have been linked to obesity susceptibility. Three types of genetic 

causes of obesity need to be distinguished: monogenic, syndromic (obesity associated with other 

genetically-caused syndromes like Prader-Willi-syndrome) and polygenic causes31. In 1997 two 

children with severe obesity were shown to have congenital leptin-deficiency32. Leptin is an adipocyte-
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derived circulating hormone that regulates appetite, energy-intake and expenditure via hypothalamic 

pathways. Individuals with loss of function mutations leading to reduced activity or disrupted signalling 

via the leptin receptor suffer from severe obesity. This was the first monogenic cause of obesity 

identified. Similarly mutations in genes for the melanocortin 4 receptor (MC4R) or prohormone 

convertase 1 lead to obesity by affecting signalling via melanocyte-stimulating hormones (MSH) in pro-

opiomelanocortin (POMC)-expressing neurons in the hypothalamus, regulating energy homestasis30. 

Equally impaired development of the neural circuits mentioned above can lead to obesity. This can be 

seen in the association between obesity and mutations in the transcription factor Sim1, which is 

involved in the development of the hypothalamus. All these genetic alterations have a very clear effect 

and clear causal relationship, but they are very rare and explain less than 1% (in the case of leptin 

deficiency) or 2-5% (e.g. MC4R mutations) of obesity cases30.     

Variants in the genome that occur more frequently (more than 5% of the population) are called 

common variants. Obesity is thought to be a polygenic disease, being caused by variants in multiple 

genes which all have a small effect size. This is supported by the fact that genome-wide association 

studies (GWAS) have identified over 80 different loci where common variants are present that are 

associated with BMI and body fat distribution30. The first ones were variants in the intron of the fat 

mass and obesity associated gene (FTO) and a downstream region of the MC4R gene. The FTO variant 

has the largest effects size out of all genetic contributors to obesity susceptibility so far but only 

explains 0.34% of the inter-individual BMI variation33. Overall, even though obesity can be linked to a 

huge variety of genetic variants these explain only 5% of the BMI variability we observe in 

populations30.  There therefore remains a lack of understanding/explanation of what has been 

described as “missing heritability”34. 

1.2.3 In utero environment  

Obesity is a complex disease, with interaction between multiple causes and risk factors that are both 

genetic and environmental in nature. Although our genotype is static, environmental factors can 

contribute across the life course. The Avon Longitudinal Study of Parents And Children (ALSPAC) was 

established in the UK 30 years ago and followed more than 8000 children from pregnancy to 7 years 

of age35. It highlighted parental obesity (probably a marker for the genetic susceptibility and the local 

environment of the child) and high television viewing (low activity levels) as early risk factors for 

obesity at 7 years of age. In addition, high birth weight and catch-up growth were identified as 

additional risk factors for childhood obesity. The results demonstrated that the trajectory of growth in 

the first years of life predicts the obesity risk for the child later in life36.  This suggested that the early 

life environment highly influences later obesity risk.  

Analysis of the mum-child dyads from the Conditions Affecting Neurocognitive Development and 

Learning in Early Childhood study (CANDLE) highlighted that children’s growth trajectories are 
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influenced by maternal parameters such as the pre-pregnancy weight and maternal weight gain in 

pregnancy. This suggested that not only early life but the in utero environment is important for a 

metabolically healthy child36. It is well-known that children born to obese mums regardless of genetic 

factors are more likely to develop obesity, CVD and T2D themselves later in life37. Paternal obesity is 

also thought to influence sperm quality and confer a risk of obesity to the offspring in addition to 

paternal genetics38. Thereby the increasing prevalence of obesity at all ages, specifically in the 

reproductive age is worrying as many babies are thereby exposed to a detrimental obese environment 

in utero. They are therefore more likely to become obese and expose their children to the same in 

utero environment, creating a vicious intergenerational cycle of obesity.  Equally malnourished 

women19 deliver babies with low birthweights that frequently show catch-up growth, a major early risk 

factor for later obesity39. Older women are more likely to have children that develop obesity which 

exacerbates the obesity pandemic further as modern women conceive at older ages2,40.  Offspring from 

women exposed to environmental chemicals, infections, stress during pregnancy are also more likely 

to develop obesity and T2D later in life41. This shows that a suboptimal in utero environment has direct 

effects on the fetus, thereby “programming” its long-term health in adulthood with effects already 

being observed in childhood. This phenomenon of developmental programming is the key component 

of the field of Developmental Origins of Health and Disease (DOHaD).   

1.3 Developmental Origins of Health and Disease (DOHaD) 

1.3.1 History 

More than 50 years ago multiple studies showed that adverse influences in the first years of a child’s 

life impact their future risk of coronary heart disease in adult life as discussed in42. In 1964 Rose et al. 

in the UK demonstrated a link between infant mortality and death from coronary heart disease, 

showing that siblings from patients that had coronary heart disease had a doubled rate of infant 

mortality43. The notion that the early life environment plays a crucial role in determining long-term 

health was further supported by studies from Forsdahl et al. in 197744. They highlighted that 

Norwegian counties with high infant mortality rates also had high rates of arteriosclerotic heart 

disease. They thereby suggested a correlation of poor living standards in childhood with heart disease 

in adult life. This was supported by a study of London civil servants and in a Finish study in 1984 and 

198545,46.  

Subsequently, studies from the epidemiologist David Barker and his colleague Clive Osmond became 

the basis of the DOHaD field as it is known nowadays47. In 1986 they published a study looking at the 

correlation of mortality rates in 1968 – 1978 with the infant mortality rates from 1921 – 1925 in 112 

authorities from England and Wales. Ischaemic heart disease death rates were highly correlated with 

previous neo- and postnatal mortality48.    

They further confirmed their results by following up 5654 men born between 1911 and 1930 in 
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Hertfordshire with good records regarding their weight at birth and at one year of age49. The results 

showed that men with the lowest weight at birth and at one year of age had the highest death rate 

from ischemic heart disease as adults. This suggested that an in utero and childhood environment that 

leads to poor fetal and infant growth has detrimental effects on the long-term cardiovascular health 

of an individual.  

Subsequently, in 1991, Hales and Barker observed, using the same Hertfordshire cohort, that poor fetal 

and infant growth also resulted in reduced glucose tolerance in these adults50. These findings led to 

the postulation of the thrifty phenotype hypothesis by Barker and Hales in 199251. It proposed that the 

correlation between a malnourished fetus in utero and the development of T2D in adult life resulted 

from the response of a growing fetus to undernutrition. It proposed that the fetus would adapt to the 

low-glucose environment, in which a mild insulin resistance is beneficial allowing the limited glucose 

available to be supplied to the brain for proper development. It also proposed that the fetus would 

“programme” its metabolism to be thrifty and be very effective at storing fat and taking in increased 

nutrients whenever they were available. This aids the survival of the fetus short-term in continued 

conditions of poor postnatal nutrition but has important health consequences later in life if the fetus 

is born into conditions of adequate or overnutrition.  

This shows that in development plasticity exists that ensures adaptation to the maternal conditions 

the fetus experiences in utero to be prepared for the same environment it expects to be born in. But 

if these adaptive responses do not match the actual experienced environment of the child a mismatch 

occurs which can lead to detrimental effects. A baby born to a malnourished mum expects low glucose 

in postnatal life, adapting to be less insulin responsive to supply sufficient glucose amounts to crucial 

organs rather than insulin-responsive organs. If this child is now exposed to an excessive nutritional 

environment postnatally, as found frequently in western countries in the last decades, insulin 

resistance, T2D, obesity or metabolic syndrome are likely to occur. This hypothesis led in 2004 into the 

postulation of the concept of developmental plasticity and adaptive response by Sultan et al. 52.   

All these epidemiological studies and hypotheses (programming, thrifty phenotype hypothesis, 

developmental plasticity and adaptive response) form the basis of the DOHaD-field. 

1.3.2 Evidence for DOHaD  

After the initial observations from Barker in England and Wales further studies confirmed his 

observations in South India and in Finland53,54. The Finish cohort followed 3302 men born in Helskini 

from 1924 – 1933  and showed in 1993 that babies that were thin and light at birth but had an average 

or above average body mass at seven years of age had a high death rate from coronary heart disease54. 

This led to the notion that this accelerated growth after birth, termed catch-up growth, is detrimental 

for long-term health. This highlights the complexity of DOHaD and the many contributors shaping a 
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healthy life in utero and in early life.     

In addition, Barker et al. showed in 1993 that the timing of undernutrition is an important determinant 

of the effects55. This was confirmed in studies of the Dutch hunger winter due to the occupation by the 

Germans in World War 2 from 1943 to 194456. Babies that were exposed to famine in utero (daily food 

intake of the mum during a 13-week period below 1000 calories) in late or mid gestation were lighter 

and smaller than average and had reduced glucose tolerance later in life. If exposure occurred in early 

gestation the babies were heavier and had an increased coronary heart disease risk later in life, 

demonstrating the different critical time windows during gestation for different organ systems.  

The field of DOHaD started with a huge number of observations from epidemiological association 

studies and natural catastrophies (such as famines) related to undernutrition in pregnancy resulting in 

poor fetal and child growth. But the relationship between in utero nutrition and growth and cardio-

metabolic diseases is nowadays assumed to be U-shaped57. Over- and undernutrition both influence 

long-term offspring health. This is crucial as overnutrition has become highly prevalent in the past 

years as highlighted in section 1.1.  

1.3.3 Programming factors 

In recent years the field of DOHaD has evolved beyond the effects of the maternal nutritional status. 

Exposure to stress, environmental toxins, infections and high-altitude during pregnancy are now also 

found to influence long-term health of the offspring. Interestingly as the next section demonstrates all 

these factors affect similar pathways in the developing fetus and child, often leading to cardiovascular 

and/or metabolic diseases in adult life. It is increasingly shown that all these adverse exposures in utero 

are affecting boys and girls in a different manner, with the male fetus usually being more vulnerable 

to adverse outcomes58. Boys are known to grow faster in utero and thereby lack placental reserve 

functions to adapt to changing environmental cues59.  

Although this thesis focuses on the maternal programming factors, in recent years it has become 

increasingly evident that the father also contributes to the long-term health of his child. It is known 

that over- and undernutrition of the dad can lead to epigenetic alterations in the sperm and altered 

seminal fluid affecting uterine responses influencing implantation and the early embryo 

environment60,61. These effects further translate into adverse long-term cardiometabolic health 

consequences in the offspring. Full spermatogenesis in humans only takes three months, making it a 

feasible window to improve paternal health before conceiving, such as diet and exercise interventions 

to tackle the high prevalence of obesity in men of reproductive age. These have been shown to be 

successful in animal models62. 
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1.4 Environmental cues that lead to fetal programming 

1.4.1 Undernutrition 

The Dutch hunger winter and other association studies from famines mainly during/in the aftermath 

of World War II or famines in China, Cambodia or Austria support Barker’s findings. The Chinese famine 

from 1959 to 1961 was the longest and largest famine and offspring exposed to the famine in utero 

had a 2-fold increased risk for hyperglycaemia and showed additionally higher risks for T2D, 

hypertension, Non-Alcoholic Fatty Liver Disease (NAFLD), obesity, cognitive impairment and metabolic 

syndrome63. The analysis of 325000 Austrian patients under diabetic treatment during 2006/2007 

showed clear peaks of an excess diabetes risk in people born in years of three different famines in 

Austria64. Studies in identical twins have helped to demonstrate that the associations of a low birth 

weight due to an adverse fetal environment or undernutrition with long-term cardiometabolic effects 

are independent of the genotype65.  

It is important to recognize the adverse outcomes of undernutrition for future generations due to 

current famines in countries like Somalia or Yemen and the presence of undernutrition in developing 

countries66. As outlined in the previous chapters a mismatch between pre- and postnatal environment 

is particularly detrimental for the cardiometabolic health of the offspring. Thereby the rapid rise of a 

westernized lifestyle in developing countries and the type of emergency food sent to countries with 

acute famines could exacerbate the detrimental effects of in utero undernutrition to the long-term 

health of the offspring63,66.     

In developed countries undernourished pregnancies occur e.g. in teenage mothers. They have an 

increased risk to deliver babies of low birthweight and neonatal mortality is high. The APGAR score, a 

score to assess a new-born’s health by looking at Appearance, Pulse, Grimace, Activity and Respiration 

of the baby, is often found to be reduced67. A study in the US suggests that this is not attributed to 

confounding factors such as their socioeconomic or social level, but it is likely to be caused by the 

unfinished growth of the teenage mum who is therefore competing for nutrients with the fetus. 

Additionally, her uterine and cervical blood supply is likely to be still immature. Therefore, teenage 

pregnancies resemble features of an undernourished pregnancy.   

Animal studies further support the observations from human studies. Models of maternal/fetal 

undernutrition exist mainly in rats, but studies in mice and sheep also helped the mechanistic 

understanding. Undernutrition can be either mimicked by caloric restriction [50% (mild) or 30% 

(severe) of the daily ad libitum intake] or via restriction of the protein content of the diet to only 5-8% 

protein content (low protein diet)68. A normal chow diet is usually comprised of approximately 15-20 

% protein. Both, calorie and protein restriction during pregnancy, lead to growth-restricted fetuses 

who are more likely to develop hypertension, impaired glucose tolerance and hyperphagia in 

adulthood69. Reproductive health of the offspring is affected as shown by reduced primordial follicle 
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numbers and follicular health in female offspring from mums fed a low-protein diet during 

pregnancy70.  

Multiple mechanisms are proposed. Epigenetic alterations in the hypothalamus could explain the 

hyperphagia seen in the offspring71 and epigenetic alterations affecting Igf2 signalling in the heart were 

linked to detrimental myocardial remodelling72,73. It was shown that Increased exposure to 

glucocorticoids may mediate some of the effects of maternal undernutrition to increased hypertension 

and hyperglycaemia risk later in life74. The 11-hydroxysteroids dehydrogenase type II (11-HSD2) 

enzyme in the placenta normally inactivates glucocorticoids to protect the fetus from exposure to high 

concentrations. Multiple studies suggested a reduced expression of this enzyme in undernutrition 

models and an increased activation of the maternal hypothalamus pituitary axis increasing maternal 

glucocorticoid levels further increasing exposure of the fetus to glucocorticoids.  

1.4.2 Maternal stress and environmental toxin and hypoxia exposure 

High levels of glucocorticoids might also link the detrimental effects of maternal stress exposure to 

adverse neonatal outcomes. There are multiple studies in women exposed to natural disasters (storms, 

floods) or distressing life events during pregnancy with the goal to assess the impact on the offspring. 

Women whose close relatives or partners died during pregnancy experience an increased risk of 

preterm birth and low birth weight75,76. The Ice Storm project which followed up children born to 

women who conceived shortly after or were pregnant during an ice storm in 1998 in Quebec, Canada 

showed that their children had an increased obesity risk at 5 years of age77. Additionally urinary 

metabolomic profiles in the offspring in adolescence showed changes in metabolism and protein 

biosynthesis pathways consistent with an increased risk for metabolic diseases later in life78.  Effects 

of maternal stress on neurodevelopment of the offspring have also been demonstrated79. Stress during 

a flood in Queensland and the ice storm in Canada both led to impaired motor development. And 

maternal stress in general has been associated with mental health problems (such as depression) and 

schizophrenia in the offspring79. Studies of natural disasters pose the difficulty of many confounding 

factors such as sleep disruption, changed eating as well as general behaviour. Therefore, animal 

models were helpful in confirming the associations seen in human studies. Pregnant rats that were 

frequently restrained gave birth to low birthweight offspring which were also hyperglycaemic and had 

decreased leptin levels80. Another rat study reported similar long-term effects on metabolic health but 

offspring had an increased birthweight81.  

It is well known that smoking and alcohol consumption in pregnancy are detrimental, both leading to 

reduced fetal growth. Smoking can lead to a reduction of around 250 g in birthweight and quitting 

smoking at the beginning of pregnancy substantially reduces this harmful effect82. Alcohol exposure is 

well-characterized with high and frequent alcohol exposure in pregnancy leading to fetal alcohol 
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syndrome (FAS). This syndrome is characterized by pre- and postnatal growth retardation, 

developmental delay and intellectual impairment in the offspring83. FAS cases in the US range from 0.7 

to 10 cases per 1000 live births84. Equally exposure to environmental toxins such as endocrine 

disrupting chemicals and heavy metals leads to malformations in the fetus and reduced fetal growth85.  

Troubling cases like prescribing pregnant women thalidomide in the late 1950s to treat morning 

sickness showed the severe impact of teratogens on fetal development. High fetal mortality was 

reported and the most characteristic sign of exposed offspring are severely shortened limbs due to 

impaired limb development86. Exposure to pesticides in pregnancy has also been shown to potentially 

lead to a higher risk of neural tube defects in the fetus and water contaminants (such as nitrates, 

arsenic and selenium) are linked to a higher risk for spontaneous abortion87.   

With the emerging field of DOHaD long-term risk of exposure to environmental toxins are increasingly 

being studied. The Generation R study, a cohort in the Netherlands, showed increased risk of obesity 

in children exposed to smoking in utero88. This was confirmed in other human studies and a rat 

experiment that suggested that the ingredient nicotine might be the main driver of the effects89. Air 

pollutants and smoking additionally lead to low oxygen in the mum e.g. via high carbon monoxide 

concentrations in the maternal blood which affect oxygen delivery to the fetus90,91. The reduced 

oxygen supply impairs fetal growth and development and can also result in an adaption phenomenon 

called brain sparing. Here the fetus redistributes oxygen to the brain to allow its proper development 

at the expense of other organs92. Thereby hypoxia is also associated with long-term cardiometabolic 

disease risks.   

Evidence suggests that low dose in utero exposure to common chemicals in our environment including 

around 900 endocrine disrupting chemicals present in plastic, air pollution, pesticides or water 

repellents can impact on long-term health93. Exposure to Bisphenol A (BPA), a plastic softener, is 

present in the urine of 93% of US citizens. Animal and human studies have shown that in utero 

exposure leads to increased weight in the offspring94. BPA additionally leads to glucose intolerance in 

the pregnant mum herself that is retained after delivery. BPA is likely inducing an exacerbated insulin-

resistant state in pregnancy, leading to a higher risk of gestational diabetes in the pregnancy which has 

known consequences for both mother and fetus (see section 1.5, p.14). 

Pregnancies at high altitudes above 2500 m are also associated with adverse fetal and, long-term 

outcomes. These pregnancies are characterised by low birth weight and higher risks for complications 

such as preeclampsia due to the exposure to a hypoxic environment. It is thought that the maternal 

cardiovascular system is not able to adapt to pregnancy as sufficiently as under normoxic conditions95. 

The fetus is thereby exposed to inadequately low oxygen levels, leading to hypoxia often in the 

placenta and the fetus (as described above for smoking and pollution). Hypoxia is a clinically relevant 
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and frequent stress to which fetuses are exposed. Hypoxia is observed not only in the mentioned 

circumstances but also in maternal undernutrition, iron deficiency, obesity, GDM and pregnancy 

complications such as preeclampsia, placental insufficiency or malperfusion96.   

1.4.3 Infections 

Infections with viruses, bacteria or parasites during pregnancy can severely affect fetal health often 

leading to reduced growth, developmental impairments, intrauterine death, preterm birth and/or 

long-term diseases. The fetus is infected by the mum via so-called vertical transmission. This can be 

during childbirth or during pregnancy via an ascending infection from the cervix with the pathogens 

then crossing the fetal membranes97. The infection can also occur in the decidua or fetal Hofbauer cells 

that act as placental reservoirs and replication sites for viruses in the placenta98.  

TORCH (Toxoplasma gondii, Other, Rubella virus, human Cytomegalovirus (HCMV), and Herpes simplex 

virus) syndrome summarizes infections of the child during pregnancy or childbirth, all resulting in very 

similar fetal outcomes. The congenital rubella syndrome induced by intrauterine rubella infection is 

well-described and hence is a pathogen that young women are often immunized against. Its 

teratogenic effects were first observed in 1941 and it is known to arrest organ development and affect 

cellular growth97. Studies show that intrauterine infection with rubella increases the risk for developing 

type 1 diabetes in the offspring. As known for other viruses (like enteroviruses, coxsackie B, HCMV and 

mumps) some of the rubella proteins are similar to pancreatic islet -cell proteins, thought to cause 

an autoimmune attack against these -cells97. HCMV infections are highly associated with fetal growth 

restriction, preeclampsia, still- and preterm birth. It is thought that the high level of placental pro-

inflammatory cytokines in addition to cytopathic effects of the virus lead to apoptosis in the placenta, 

an arrest of placental vascularisation and cytokines diffusing into the fetal brain impair ing 

neurodevelopment. Children with an intrauterine HCMV infection thereby suffer from brain damage97. 

The recent outbreak of SARS-CoV2 and its potential for vertical transmission to the fetus from an 

infected mum is debated. A study designed in 2012 to look at pregnancy outcomes during a pandemic 

was quickly reactivated and showed that pregnant women with the same risk factors seen in the 

general population (mainly obesity and its co-morbitides) were more likely to be infected99. Strong 

evidence of vertical transmission to the fetus has not yet been found. A study looking at the pathology 

of SARS-CoV2-infected placentae showed no inflammatory pathology in the placentae, but signs of 

mal-perfusion100. More recent studies highlight the increased risk for preterm birth associated with 

SARS-CoV2 infections in pregnancy101.  

Bacterial infections can also be harmful for the fetus. Very severe effects are seen upon infections with 

L. monocytogenes. This bacterium is present on raw meat, raw unwashed vegetables and 

unpasteurized cheese and often leads to spontaneous abortion, intrauterine death and preterm 
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birth97. Studies show that antibiotic treatment is often not sufficient to prevent preterm birth induced 

by bacterial infections102,103. This led to the notion that the induced inflammation rather than the 

infection itself has the harmful impact on fetal development. Pregnancy is a state of a fine immune 

balance between defence against pathogens and tolerance of the developing fetus. If this balance is 

altered, e.g. if the immune system is more active due to inflammatory triggers, this can be detrimental. 

These triggers don’t need to be infections with viruses, bacteria or parasites but can be danger-

associated molecular patterns (DAMPs), a so-called sterile inflammation104. These DAMPs are released 

upon cellular stress and death and can be debris, cell free fetal DNA or mitochondrial DNA. These 

DAMPs can be induced by a myriad of stressors such as hypoxia, vascular dysfunction, obesity or stress 

in the mother. Thereby inflammation in the placenta and fetal membranes is induced leading to 

adverse outcomes both in fetal development and later life.   

1.4.4 Overnutrition 

As detailed above multiple factors are important for healthy fetal development and long-term health. 

Many of these environmental factors lead to similar effects, such as inflammation, hypoxia, maternal 

endocrine changes or failure of sufficient pregnancy adaptation. Equally long-term effects repeatedly 

affect brain and cognitive development, metabolic and cardiac health.  As outlined earlier, one 

environmental factor being highly present in many environments worldwide is overnutrition. The next 

sections will therefore look at overnutrition in pregnancy, its associated complication gestational 

diabetes mellitus (GDM), and a detailed analysis of the effects on the mother, fetus, placenta and child.  

 

1.5 The physiology and pathophysiology of pregnancy in human and mice 

1.5.1 Maternal adaptations to pregnancy 

Maternal physiology changes drastically during mammalian pregnancy to support fetal growth and 

demand sufficiently. The fetus and the placenta need an appropriate supply of nutrients and oxygen, 

thereby it is key during pregnancy to increase blood supply to the fetus and enhance nutrient delivery 

(especially glucose) to the fetus. To accommodate nutrient supply, insulin sensitivity is increased in the 

first trimester to enhance maternal glucose stores105. The increase in insulin sensitivity also increases 

lipogenesis which together with hyperphagia in pregnancy increases the fat stores during the first two 

trimesters. Additionally a degree of leptin resistance is physiological in pregnancy, with the placenta 

producing leptin during pregnancy105.  A reduction in insulin sensitivity at the end of the second 

trimester, as a consequence of secretion of placental hormones such as placental lactogen, allows 

supply of the glucose stores to the fetus. During a healthy pregnancy glucose homeostasis is 

maintained via -cell hyperplasia and hypertrophy. The reduced insulin sensitivity causes a breakdown 

of the fat stores leading to increased lipid supply to the growing fetus106. As outlined in the 

introduction, if -cell hyperplasia and hypertrophy fail to compensate sufficiently for the insulin 
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resistance, GDM results105. In women with GDM, lipid changes are equally no longer physiological 

leading to dyslipidemia107. In a healthy pregnancy the excess energy is stored in adipose tissue rather 

than muscle or liver tissue to protect the body from metabolic syndrome. However in GDM, adipocytes 

have been found to be less differentiated and insulin resistant leading to a non-safe disposal of excess 

energy stores and potentially gluco- and lipotoxicity in peripheral organs105. This phenotype of glucose 

and fat stores reaching maximum capacity in adipocytes early in pregnancy leading to lipid deposition 

not in adipocytes later in pregnancy has been observed in mouse and rat pregnancies as well as in 

humans108,109.  

Pregnancy additionally requires sufficient oxygen supply to the fetus via complex adaptation of the 

maternal haemodynamic system.  The first change in the maternal cardiovascular system is an increase 

in heart rate, which in human pregnancy occurs at 5 weeks of gestation110. Some studies show similar 

changes in mouse pregnancy, where heart rate was increased to a peak around embryonic day E7 - E9 

and then declining to pre-pregnancy levels until birth111.    

In humans spiral arteries are remodelled early in the first trimester, a process that happens in mid-

gestation in the mouse112. Uterine spiral arteries are small arteries branching off from the uterine 

artery in the innermost layer of the uterine wall, the endometrium. Spiral artery remodelling in 

pregnancy involves opening of the spiral arteries into the intervillous space of the placenta. 

Additionally, endothelial cells are replaced by placental trophoblast cells, so that the remodelled spiral 

arteries are independent of maternal vasoconstriction, leaving them wide open for sufficient blood 

supply. The blood supply to the spiral arteries itself is guaranteed by an increase in the uterine artery 

vessel diameter, reducing vascular resistance113. Thereby Doppler measurements of the uterine artery 

are a good estimate for a healthy pregnancy. With advancing gestation, the common waveform shows 

an increase of the end diastolic velocity, describing blood velocity at the end of the cardiac cycle. This 

increase reflects the reduction of vascular resistance in the uterine vessel. The calculation of the 

pulsatility index (PI = (peak systolic velocity (PSV) - end diastolic velocity (EDV)) / (mean velocity)) and 

the resistance index (RI = (PSV - EDV) / PSV) thereby allows evaluation of the drop in resistance in the 

uterine artery. PI and RI are known to decrease across gestation. The reduced vascular resistance is 

important to avoid hypertension as pregnancy also increases cardiac output (CO=stroke volume x heart 

rate) by up to 50% of the baseline CO with a peak at 32 weeks of gestation in humans114. Additionally 

the plasma volume is also increased by 50% at 34 weeks of gestation in humans115. Therefore, the drop 

in vascular resistance can avoid the development of hypertension, blood pressure drops at 6 weeks of 

gestation, stays low during the second trimester and returns to baseline at the end of a healthy 

pregnancy. In mice (C57Bl/6J) CO increases by around 28 % by embryonic day E9.5 and by E17.5 an 

increase of 48% in CO can be observed116. Comparable to the human situation arterial pressure 

decreases towards the middle of the mouse pregnancy and plasma volume is increased by 27% by 
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E17.5 as well.  Even slight impairments in the adaption of cardiac output or uterine artery compliance 

can lead to altered fetal growth, resulting in IUGR117. As outlined in the general introduction this can 

have detrimental effects on long-term offspring health.   

A serious condition that can develop if adaptation to pregnancy does not occur appropriately is 

preeclampsia, characterised by hypertension and proteinuria either early (before 34 weeks of 

gestation) or late (after 34 weeks) in human pregnancy. Some women also present with an increased 

concentration of sFlt (soluble fms-like tyrosine kinase 1). This soluble receptor can bind the vascular 

endothelial growth factor (VEGF) family members VEGF-A and placental growth factor (PLGF) which 

are both key regulators of angiogenesis and the development of the placental vascular network. By 

being bound to sFlt they are thought to lead to an angiogenic imbalance, endothelial dysfunction in 

the mother which can manifest the systemic changes (hypertension) in the mother118. Despite its 

discovery over 200 years ago and a high incidence of up to 10 % of pregnancies worldwide the exact 

pathogenesis of preeclampsia is very poorly understood118. Factors such as maternal smoking, 

maternal obesity, diabetes, advanced maternal age and genetic factors are known to be associated 

with increased risk of the condition. One main cause of preeclampsia is thought to be an insufficient 

remodelling of the spiral arteries (as described above). Thereby the condition is characterised by 

increased vascular resistance, with a high uterine artery PI and RI and hypertension. A complex 

interplay of the resulting placental hypoxia and damage of the placenta leading to abnormal secretion 

of placental hormones is thought to be involved. Additionally recent data highlights that poor 

cardiovascular health prior to pregnancy contributes to the development as well117. This additional risk 

factor may contribute to increased preeclampsia risk in obese women during pregnancy.  

Preeclampsia does not occur spontaneously in mice, unlike humans and some great apes where 

preeclampsia occurs naturally. This is hypothesized to be due to the human placenta being the most 

invasive placenta type compared to other species with very high prenatal brain and body growth 

rates119. In mouse models preeclampsia is typically induced by surgical ligation of the uterine artery or 

through genetic models including inbreeding mice with high blood pressure118. However overall 

haemodynamic changes are similar between mouse and human pregnancies110.  

1.5.2 Fetal health and growth in pregnancy 

Appropriate fetal growth, metabolism and physiology are key components of a healthy pregnancy. For 

accurate fetal growth assessment ultrasound is the main tool in routine obstetric practice. To achieve 

a good estimate of fetal health and size, dating of the pregnancy is crucial. As recommended by the 

WHO many countries perform a first ultrasound scan in the first trimester allowing the calculation of 

gestational age using data from the scan together with the date of the last menstrual period 120. If this 

ultrasound is performed before 13 weeks of gestation it is very accurate in predicting the gestational 

age by measuring the crown rump length (CRL) of the fetus121. According to WHO recommendations, 
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only one ultrasound scan before 24 gestational weeks is required to assess gestational age and detect 

abnormalities. However, in many countries two ultrasounds are performed, one in the first trimester 

to assess the age and another one at 18-22 weeks to assess fetal growth and size as outlined for 

example in the NICE guidelines in the UK. In some countries a third ultrasound scan in the third 

trimester is offered. On an ultrasound scan abdominal and head circumference (AC and HC) together 

with the CRL can be assessed. This allows the calculation of the estimated fetal weight (EFW). The 

international fetal and newborn growth consortium for the 21st century (Intergrowth21) recently 

assessed the ultrasound measures in healthy, well-nourished women in eight countries to establish 

international standards122,123. These standardized growth centiles allow to assess whether a baby is 

appropriate for gestational age (AGA), small for gestational age (SGA, below 10th percentile) or large 

for gestational age (LGA, above the 90th percentile), this is assessed with the birth weight, whereas 

IUGR is identified by reduced growth of the fetus while in the womb.  A recent study assessed the use 

of these standards at birth in a population of women with T1D, who are at a high risk to deliver LGA 

babies. This showed that using these standards could successfully identify the LGA babies at birth, 

which are sometimes missed using other standards due to preterm delivery of the baby. The authors 

also showed an association of LGA in babies with adverse postnatal complications124.  

The intergrowth centiles do not consider any individual factors such as maternal weight or ethnicity. 

However it has been suggested that it could be beneficial to customize the centile standards by 

inputting maternal height, weight, ethnicity and parity and thereby determining the estimated 

individual growth potential of a fetus125. These customized measures are now used to build the 

Gestation Related Optimum Weight (GROW) centiles developed by Gardosi et al. to monitor fetal 

growth126. These are thought to predict more accurately which fetuses are at risk of abnormal growth 

and potentially stillbirth125,126. However with the current data a causal relationship between reduction 

of stillbirth and the use of these customized growth assessments can’t be drawn with some researchers 

questioning the objectiveness of the findings from Gardosi et al due to a conflict of interest127,128. 

Regardless of the method all these standards also include centiles for measures of the symphysis -

fundal height. As ultrasounds are done during pregnancy only once or at most twice in many countries 

and as ultrasound is an expensive resource in low-income countries, measurement of the size of the 

belly (symphysis-fundal height) of a pregnant woman is also used to gain important information about 

fetal growth129. However, it can’t detect SGA or LGA fetuses as effectively as ultrasound measures. 

Thereby pregnancies at high risk e.g. due to hypertension, smoking, maternal age or history of 

pregnancy with IUGR are usually offered multiple serial ultrasound scans during pregnancy if possible. 

This intensive monitoring of fetal growth has been shown to detect fetuses at risk130. For example, it 

was found that women at risk of delivering an SGA fetus due to vascular impairments associated with 

GDM could be detected with additional ultrasounds in late pregnancy131. This was especially true for 
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asymmetric growth that often occurs in the third trimester only. In these circumstances measures such 

as the blood flow to the placenta and in the middle cerebral artery (MCA) of the fetus become 

important measures. The middle cerebral artery, part of the circle of Willis in the brain, is a measure 

for the blood flow in the fetal brain. The cerebroplacental ratio (CPR), the ratio of the PI of the MCA 

and umbilical artery PI, can show how well the placenta is working. If the placenta is insufficient and 

the placental resistance therefore high, the diastolic flow in the umbilical artery will be low, resulting 

in a high umbilical artery PI. This could result in the fetus becoming hypoxic, trying to protect its brain 

via cerebrovascular dilation, a phenomenon called brain sparing. The PI of the MCA therefore becomes 

low, resulting in a low CPR value. In the clinic a low CPR value is therefore indicative of a high IUGR risk 

of the fetus as a low CPR is associated with low fetal growth velocity at the end of pregnancy132,133. A 

summary of the normal growth velocities in a human pregnancy can be found in Figure 4.1A.  

In mouse pregnancy fetal weight is well documented throughout gestation as body weight can be 

directly measured via fetal weighings on each day of gestation. As highlighted in Figure 4.1B and the 

general introduction, the period of fetal growth is very short in a mouse pregnancy with the mouse 

fetus growing exponentially at the end of pregnancy. Despite frequent use of the mouse as a model 

organism in pregnancy research no weight standards exist. Dilworth et al. attempted to provide 

standards for fetal body weight in their studies and suggested the creation of a repository with fetal 

weights from a range of different mouse strains134. This could help in assessing healthy fetal growth by 

comparing to the standard weights of wildtypes from a particular strain. However a frequently used 

measure to assess murine placental and fetal development is the use of the ratio between fetal birth 

weight and placental weight as a measure of placental efficiency135. 
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Figure  1.3: Growth velocities in human and murine pregnancy 

(A) Graphs are adapted to show the change in placental weight (red), estimated fetal weight (EFW, black), head 

(HC, green) and abdominal circumference (AC, blue) in a human pregnancy136,137. (B) The weight change of the 

placenta and the fetal weight in a murine placenta is shown138. 

 

 

1.6 Gestational diabetes mellitus (GDM) 

1.6.1 Prevalence and pathophysiology of GDM 

Hyperglycaemia affects approximately 16% of pregnancies worldwide139. This includes both types of 

hyperglycaemia during pregnancy: pre-existing diabetes (type 1 and type 2) and GDM (which develops 

during pregnancy).  GDM is defined as glucose intolerance that only presents itself during pregnancy 

and usually vanishes after delivery. It is an increasing problem worldwide and across the globe the 

prevalence ranges from 1 – 30% with the highest prevalence in the Middle East, North Africa and 

South-East Asia (Figure 1.3A). The high variability in the diagnostic criteria used makes it challenging 

to compare prevalence between countries (Figure 1.3B). Section 1.6.4 discusses in more detail the 

missing consensus regarding diagnostic criteria for GDM. 
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Figure  1.4: GDM prevalence varies worldwide 

(A) GDM prevalence is shown as median percentage and interquartile range in brackets in 2005 – 2018 140, 

permission for use of figure has been obtained. (B) Use of different diagnostic criteria and therefore prevalence 

is shown 140, permission for use of figure has been obtained. 

 

First described by the German doctor Bennewitz in 1824141, it was debated until the 1960s whether 

the diabetic state in pregnancy is pathological or physiological142. Even in a healthy pregnancy a state 

of insulin resistance is induced. In early pregnancy insulin sensitivity ensures that sufficient glucose 

stores are built up in maternal adipose tissue to support fetal growth in later pregnancy105. At the end 

of the second trimester (around week 20)143 insulin resistance is induced by local and placental 

hormones (estrogen, progesterone, leptin, cortisol, placental lactogen, growth hormone) 144. The 

resulting high blood glucose levels along with free fatty acids (FFAs) (due to fat store breakdown 

resulting from resistance to the anti-lipolytic action of insulin) allow high glucose and FFAs to be 

transported to the fetus that is now growing rapidly. During this time hyperplasia and hypertrophy of 

pancreatic -cells compensate to produce more insulin and ensure normal glucose homeostasis (Figure 

1.4A)105. Within one to two days after delivery the placental hormones that have a short half-life have 

cleared from the maternal circulation, allowing the mother to return to her pre-gestational insulin 

sensitivity state143. This whole circle of compensatory  -cell adaptation during pregnancy-induced 

insulin resistance fails during GDM pregnancies, resulting in hyperglycaemia (Figure 1.4B). 
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Hyperglycaemia usually resolves after delivery but can persist, especially if glucose homeostasis was 

already mildly impaired prior to pregnancy105. Multiple risk factors for GDM (such as obesity, unhealthy 

diet, maternal age) interfere with insulin signalling/insulin sensitivity (Figure 1.4C) or -cell function 

prior to pregnancy so that the pregnancy-induced changes can lead to a manifestation of insulin-

resistance, -cell-dysfunction and impaired glucose homeostasis105.  

 

 

 

Figure  1.5: The pathogenesis of GDM 

(A) Physiological changes occur across pregnancy. (B) The difference in the ability of preventing hyperglycaemia 

in a normal vs. a GDM-complicated pregnancy is shown with stars indicating insulin and circles showing 

glucose105, figure used with permission (CC-BY licence). (C) Insulin signalling is impaired by the presence of pro-

inflammatory cytokines and adiponectin, both affected by obesity105, figure used with permission (CC-BY 

licence). 
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1.6.2 Effects of GDM on mother and child – human observations 

It is well known that diabetes in pregnancy leads to maternal and fetal short-term complications and 

detrimental long-term outcomes. A lot of observational data comes from women with pre-gestational 

(T1 or T2) diabetes, which is known to have more severe adverse effects (e.g. congenital malformations 

or stillbirth) on pregnancy outcome and fetal health than GDM, perhaps because the glucose 

intolerance is present from the point of conception.   

Women with GDM and pre-existing diabetes are more prone to complications such as hypertension or 

preeclampsia during pregnancy105. Often babies are delivered earlier, especially if GDM is not well 

controlled, to avoid longer exposure of the fetus to hyperglycaemia145. Delivery is more commonly 

performed via caesarean section (C-section) to reduce harm for mother and the baby due to the often 

macrosomic fetus146. After a GDM pregnancy women are more likely to develop T2D and CVD 

themselves later in life. Thereby a GDM diagnosis has consequences for the maternal long-term health 

and may represent a good indicator that early interventions to prevent T2D development would be 

particularly beneficial.   

Fetuses born to mothers with GDM or pre-gestational diabetes are more likely to be macrosomic or, 

in cases with vascular complication, growth-restricted. Furthermore, neonatal respiratory distress 

syndrome, neonatal polycythemia and hyperinsulinemia in the fetus are also often reported. High 

levels of maternal glucose, which freely crosses the placenta, induce hyperinsulinemia in the fetus and 

consequently often hypoglycaemia in the neonate. Increased oxidative stress and impaired placental 

development are associated with diabetic pregnancies and contribute to an increased risk for long-

term health effects in the offspring147. Increased stimulation of fetal pancreatic -cells to produce more 

insulin makes the offspring prone to develop diabetes later in life. Offspring from diabetic women are 

more likely to develop cardiovascular and renal diseases as well as obesity and T2D.  

1.6.3 Animal models of GDM 

Animal models have helped to elucidate the underlying mechanisms of adverse health outcomes for 

mother and child in GDM pregnancies. Commonly used in diabetes research, -cells can be destroyed 

by injection of alloxan or streptozotocin (less unspecific effects compared to alloxan)148. Depending on 

the dose a mild or severe diabetic phenotype can be induced. Often these models mimic pre-

gestational diabetes as the injections are usually done before the pregnancy to avoid adverse effects 

on the fetus by the chemical itself. Large animals such as pigs, sheep and non-human primates (NHP) 

were used in a limited number of studies with induction of diabetes by alloxan injections showing 

similar maternal and fetal phenotypes to human diabetes149.  

More often rodent, especially mouse models are used. Apart from chemical models, genetic and 

dietary models of T2D are used to investigate pre-gestational and gestational diabetes. Genetic models 

include the non-obese diabetic mouse (NOD), an inbred strain that develops diabetes spontaneously 
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and can be used as a T1D model 150. A liver-specific insulin receptor knock-out model (LIRKO) presents 

hyperinsulinemia before pregnancy but displays glucose intolerance and hyperglycaemia during 

pregnancy151. The adiponectin knock-out (Adipoq-/-) develops glucose intolerance during pregnancy 

returning to the pre-gestational glucose status postpartum. Most used is a heterozygous leptin 

receptor mutation model (Leprdb/+), which also only presents with hyperglycaemia during pregnancy. 

Additionally dietary interventions like high-fat diet (HFD) feeding are used as models of obesity often 

showing signs of impaired insulin sensitivity and glucose tolerance. Section 1.9 will give an overview of 

the effects of diabetes in these models on the mother, the placenta, the fetus and the offspring.  

1.6.4 Diagnostics of GDM 

To avoid the detrimental effects of GDM on mother and child described above effective screening is 

needed to intervene as early and as efficiently as possible in human pregnancy. The best way to screen 

for diabetes is heavily debated152. Figure 1.5A describes the history of diagnosis of GDM. In 1964, the 

first screening criteria were proposed by O’Sullivan and Mahan in Boston142. A 100 g glucose load 3 

hour oral glucose tolerance test (OGTT) was performed during the first obstetric visit of the women to 

predict the risk of the women developing T2D later in life. This risk was based on OGTTs that were 

performed periodically for eight years after the pregnancy. Therefore threshold values for GDM 

diagnosis were established based on the future risk of developing T2D142. In 1973 O’Sullivan et al. 

introduced a two-step test, including a 1 hour and a 3 hour OGTT to ascertain their results153.  

In the 1990s multiple institutions (see table in Figure 1.5B) recommended performing one screening 

test with a 75 g glucose load and glucose measurements at fasting and 2 hours into the OGTT. The 

WHO changed the thresholds to make a cut-off that can be used to detect diabetes with and without 

pregnancy. All these different recommendations and the fact that so far all thresholds of glucose levels 

are based on the future risk of the mother developing T2D showed that further studies were needed.  

The Hyperglycaemia and Adverse Pregnancy Outcomes study (HAPO) was the first systematic analysis 

of the association between maternal hyperglycaemia and adverse pregnancy outcomes154. Started in 

2002 the study was the basis of the conference of the International Association of Diabetes in 

Pregnancy Study Groups (IADPSG) in 2009142. They used the study results to base the glucose 

thresholds on the glucose levels associated with an increased risk of large for gestational age (LGA) 

babies, increased neonatal body fat and increased cord blood c-peptide levels. The HAPO study 

demonstrated a continuous relationship between maternal glycaemia and adverse outcomes, thus 
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establishing a direct biological relationship between the two. Thereby the thresholds set for GDM 

diagnosis are by nature an arbitrary threshold154. 

 

 

 

Figure  1.6: The development of diagnostic criteria for GDM 

(A) Timeline of changes in GDM diagnostic criteria from 1964 to 2010 (based on several 

publications142,152,155,156). (B) Thresholds and diagnostic test types from different institutions, P=plasma, B=whole 

blood, X=not applicable 142, figure used with permission (CC-BY licence).  

 

 

There is no current consensus and a lot of different guidelines, test types and thresholds for glucose 

levels exist within and especially between countries 152. These different testing approaches and 

thresholds explain the huge variation in the prevalence of GDM across the world (see Figure Figure  

1.4A). Multiple studies also stress that mild hyperglycaemia needs to be treated to reduce the risk of 

fetal overgrowth, C-section and hypertensive disorders during pregnancy156.  It has been suggested 

that older and obese patients in particular may benefit from an earlier screening and detection of GDM 

157.  
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The ideal way to screen for diabetes in pregnancy needs to consider the best outcome for mother and 

child, feasibility, cost-effectiveness as well as intervention time and method. In addition, whether 

every woman should be tested for GDM or only those at higher risk remains unclear. Common risk 

factors include age over 35 years, overweight or obesity, polycystic ovary syndrome (PCOS), prior GDM, 

family history, high-risk ethnicity and previous still birth. In some countries (e.g. Germany) a non-

fasting glucose challenge test (GCT) is performed in all women and only if that GCT shows an abnormal 

result or the woman is in a high risk group an OGTT performed158. Other guidelines (The National 

Institute for Health and Care Excellence (NICE) in the UK) recommend to only test high risk women as 

early as possible via an OGTT159. Recent studies suggest that the use of biomarkers in early pregnancy 

to predict later onset of GDM could be valuable160.  

1.6.5 Risk factors for GDM 

Women who are over 40 years old have a two-fold increased risk of developing GDM compared to 

women under 30140. A meta-analysis showed that women who are pregnant with a boy have a 4% 

increased relative risk of developing GDM 161,162. Smoking, exposure to environmental pollutants and 

depression during pregnancy are associated with an increased GDM risk140. Multiple studies have 

confirmed an effect of ethnicity with Asians having a very high risk of GDM compared to the Caucasian 

population. The Middle East and Africa are additional countries with a high GDM risk163 which might 

be related to differences in adiposity, lifestyle140 and genetic susceptibilty164. Genetic analyses show 

that small nucleotide polymorphisms (small changes in the DNA nucleotide sequence), in genes related 

to the regulation of insulin secretion are associated with GDM. Failure of -cells to maintain glucose 

homeostasis via hypertrophy and increased insulin secretion is a key step in the pathogenesis 165. 

Women with PCOS are also more likely to develop GDM. PCOS is characterised by high androgen levels, 

fertility difficulties and high susceptibility to develop obesity, insulin resistance and metabolic 

problems.  The most significant risk factor associated with GDM is a BMI ≥ 25, an unhealthy lifestyle 

with little activity and a high intake of saturated fats, refined sugars and processed meat105,166. 

Nowadays 86 % of cases of hyperglycaemia in pregnancy are GDM cases, likely reflecting the worldwide 

obesity epidemic155,167. Obese/overweight women probably already have impaired insulin sensitivity 

or secretion or even undiagnosed diabetes before pregnancy. In low-income countries obesity is 

becoming an increasing problem, leading to high prevalence of GDM (see high risk in ethnic groups in 

Asia and Africa)147. This is particularly concerning as in many of these populations screening and 

treatment can’t be provided sufficiently168, 169.  
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1.7 Maternal obesity 

1.7.1 Prevalence of maternal obesity  

As detailed in section 1.1, obesity is a global health burden affecting all age groups in the population, 

including women of childbearing ages (Figure 1.6A). Therefore around 50% of women worldwide enter 

pregnancy with an unhealthy high body weight (i.e. overweight or obese)170. This has been highlighted 

in an Annual Report of the Chief Medical Officer for England with over half of pregnant women in the 

UK being either overweight or obese, Figure 1.6B shows the high numbers of babies who are exposed 

to an obese or severely obese (BMI > 40) environment in utero in the UK. In addition to 

recommendations for a healthy pre-pregnancy weight, gestational weight gain (GWG) is also important 

and therefore recommendations by the National Academy of Medicine (former Institute of Medicine) 

have been made. They recommend healthy weight gain depending on the BMI class of the woman. 

Underweight (12.5 – 18 kg) and normal weight (11.5 – 16 kg) women are thereby advised to gain more 

weight than overweight (7 – 11.5 kg) and obese women (5 – 9 kg)171. Excessive weight gain in early 

pregnancy in particular has been associated with detrimental long-term effects on the mother (weight 

retention, high blood pressure)172 and child (adiposity, high blood pressure)173. Multiple studies stress 

however that pre-pregnancy BMI is a strong predictor of adverse pregnancy outcomes174–176. It is 

therefore very important to establish and improve pre-conceptional counselling and intervention to 

reduce detrimental effects on mother and child induced by maternal obesity.  
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Figure  1.7: Maternal obesity is a critical and rapidly increasing health problem worldwide 

(A) Percentage of women over 18 years that have a BMI above 25 20, figure used with permission (CC-BY 

licence). (B) UK governmental guidance on pregnancy health highlights the importance of addressing the 

problem of increasing maternal obesity 177, figure used with permission (Open Government Licence). 

 

1.7.2 Effects of maternal obesity on mother and child – human observations  

As outlined in section 1.6.1 maternal obesity is the main risk factor for development of GDM. Obesity 

also increases the number of women entering pregnancy with pre-existing T2D178. Obesity often leads 

to chronic hypertension and reduced insulin sensitivity, being obese before pregnancy and having 

these conditions thereby increases the risk of developing preeclampsia as well as GDM105,179.  Mainly 

due to these two common complications of maternal obesity, obese women are more likely to 

experience stillbirth178. Early pregnancy loss is also commonly observed in obese women. Accurate 

assessment of fetal growth and fetal abnormalities via ultrasound is significantly impeded by maternal 

obesity delaying the identification of abnormal development that increases risk of stillbirth180.  As with 

GDM, C-section, induction of labour and increased complications during and after delivery are more 



 

28 
 

frequently seen in obese women181. Obese women are also more likely to show poor health outcomes 

after delivery with increased risk of depression during and after pregnancy and long-term development 

of T2D and CVD178. Babies born to obese women also show increased complications including 

macrosomia (due to overnutrition/high glucose) in the womb and also growth restriction (especially at 

a high BMI when vascular complication like preeclampsia occur more frequently)182
. Therefore, obese 

women deliver more babies at both ends of the birth weight spectrum. Long-term risks for the offspring 

are very similar to the effects of GDM including T2D, obesity, CVD, higher susceptibility to allergies and 

delay in neurocognitive development37. 

1.7.3 Animal studies of maternal obesity 

Animal models are very helpful in proving causality of relationships between maternal obesity and 

offspring health and in dissecting out the underlying mechanisms. A limited number of studies exist 

using larger animal models like sheep or NHP.  Overfeeding of sheep before and during gestation has 

been shown to cause increased risk of adiposity and impaired glucose tolerance in the offspring183. 

Studies in NHPs show similar effects. Japanese macaques fed a HFD (32% fat) for four years showed 

reduced placental blood flow and uterine artery dysfunction and increased stillbirth184. Even though 

larger animals resemble the human situation more closely regarding the litter size, gestation length 

and placenta type (see section 1.8.2, p.33), rodent models are more commonly used. They have a 

shorter gestation time (20 days) as well as a shorter life span (allowing studies across the lifecourse) 

and modifications and interventions can be done more easily.   

The range of phenotypes and dietary models used in rodents is very broad. Models differ regarding 

the fat content of the diet (40 or 60% fat in the diet), the timing of the start of the diet feeding (at 

weaning, 4 weeks of age or 8 – 12 weeks of age), the duration of feeding (4-10 weeks, 10 – 16 weeks, 

lifelong) and the bodyweight differences observed between the control and obese/HFD-fed group (less 

than 5 g difference or more than 5 g difference). Additionally, some models don’t only use a diet high 

in fat but supplement it with sugar water or condensed milk to mimic a so-called westernized diet (high 

in simple sugars and high in fat).  A summary of the outcomes for mother, placenta, fetus and postnatal 

offspring in all these models is presented in section 1.9.  

Our lab uses a model of a 45% HFD supplemented with condensed milk (55 % sugar) fed to the future 

dam from weaning. After 6 weeks the animals are mated for a first pregnancy that is used to ensure 

good breeding and good postnatal care by the mum. Mating for the experimental pregnancy is initiated 

when the animals reach a bodyweight of over 35 g, thereby being on average 10 g heavier than the 

chow control group. The obese dams have a higher fat mass and are hyperinsulinemic, but only 

become glucose-intolerant during pregnancy, mirroring a model of GDM.   

This shows that as for the human situation animal models of maternal obesity often coexist with 

diabetic phenotypes, some resembling GDM-phenotypes (such as our model), others report pre-
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pregnancy glucose tolerance impairments 185,186 and other studies only poorly characterise maternal 

metabolic health.  

1.7.4 Maternal obesity and GDM 

Human observations and animal models highlight the close relationship between maternal obesity and 

GDM. Therefore, multiple studies have attempted to dissect out the relationship between 

hyperglycaemia and obesity on adverse outcomes. Some studies have shown that maternal lipids 

rather than glucose are a stronger predictor of fetal size187,188.  Interestingly placental changes induced 

by GDM mainly occur in lipid pathway genes (67%) rather than glucose pathways (9%) 105. The HAPO 

study highlighted a strong relationship between maternal BMI (independent of glycaemia) and fetal 

adiposity and hyperinsulinemia182. A Finnish study reported the same association regarding outcomes 

including increased cord blood c peptide and macrosomia189. The authors stressed that some obese 

women might become hyperglycaemic after the usual screening period and therefore might need 

more follow-up later in gestation. As obesity alone is a huge driver of adverse pregnancy outcomes it 

has been suggested to monitor obese pregnancies more closely, much like GDM-complicated 

pregnancies189. Because GDM and maternal obesity are so closely related, both are part of the same 

intergenerational vicious cycle (Figure 1.7) and present the same adverse pregnancy outcomes, 

therefore they will be considered together in the following sections of the introduction.  

 

Figure  1.8: Intergenerational cycle associated with maternal obesity and GDM 

GDM and obesity in pregnancy do not only lead to complications during pregnancy and in the fetus, but the 

offspring is also more prone to develop obesity, -cell dysfunction or even diabetes. As parents of the next 

generation they are very likely to carry these health risks further into the following generations, closing a vicious 

cycle of diabetes and obesity. 
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1.8 The placenta 

1.8.1 Placental functions  

Despite just being a transient organ for only nine months in humans, the placenta is capable of many 

different functions and is highly adaptable aiming to ensure healthy fetal development (Figure 1.8). 

Even though the placenta only contributes to 10-20 % of the uterine mass it uses 40-60% of oxygen 

and glucose delivered to the uterus190. This highlights that the placenta not only connects the fetus to 

the uterine wall but accomplishes important and energy-consuming tasks. It facilitates nutrient and 

waste exchange, has endocrine and protective functions and serves as an environmental sensor by 

adapting to the environment and integrating maternal supply and fetal demand.  

 

Figure  1.9: The placenta is the key interface between mum and fetus with essential functions 

 
 (A) Fetal blood coming from the umbilical cord and maternal blood coming from the uterine artery are in close 

proximity in the placenta (B) facilitating exchange of nutrients, oxygen and waste products.  
(Source: https://pediaa.com/what-is-the-difference-between-chorion-and-placenta/ (figure used with 

permission (CC-BY licence) and https://ib.bioninja.com.au/higher-level/topic-11-animal-physiology/114-sexual-
reproduction/placenta.html) 

 

For transport the main layers that separate maternal and fetal blood that need to be crossed in rodents 

and humans are the syncytiotrophoblast layer(s) of the placenta and the endothelial cells of the fetal 

capillaries. Small hydrophobic molecules, such as carbon dioxide, oxygen and alcohol, can cross the 

placenta easily by diffusion. Maternal and fetal blood flow and the concentration gradient determine 

the diffusion rate, oxygen is delivered to the fetus and carbon dioxide removed from the fetal 

circulation into the maternal circulation. The uptake of oxygen into the fetal circulation is supported 

by fetal haemoglobin and its high oxygen affinity. In the murine placenta the flow of maternal blood is 

counter-current to the fetal blood flow, further enhancing transport efficiency191,192 (see Figure 1.9A). 

Transport of hydrophilic molecules needs to be facilitated. Glucose is the main energy source for both, 

the placenta and the fetus. Its transport is enabled via glucose transporters (GLUT). A high density of 

the transporters is seen on the placental side facing the maternal circulation (often referred to as the 

apical side or the microvillous membrane). This reflects that the placenta itself utilises a lot of glucose 

Visualisation of exchange between 

mother and child via the placenta, 

redacted for copyright reasons 

 

https://ib.bioninja.com.au/higher-level/topic-11-animal-physiology/114-sexual-reproduction/placenta.html
https://ib.bioninja.com.au/higher-level/topic-11-animal-physiology/114-sexual-reproduction/placenta.html
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and the expression of GLUTs on the side facing the fetal circulation (basal side, basal membrane) is 

rate-limiting for glucose transfer to the fetus. GLUT1 is the main transporter, but GLUT3 is also found 

on the apical side and the fetal capillary endothelium, whereas GLUT4 is only present in the cytosol of 

the syncytiotrophoblast and thought to be regulated and inserted into the membranes upon insulin 

stimulation193.   

For transport of amino acids the placenta expresses 15 different transporters. Well-characterised are 

the system-A and system-L transporters. System A transporters transport small, neutral amino acids 

like alanine, serine and glycine via sodium-dependent accumulative transporters. These transporters 

are called small neutral amino acid transporters (SNATs).  The system L transporters (called LATs) on 

the other hand use a sodium-independent exchange mechanism and transport large neutral amino 

acids across in exchange for non-essential amino acids.   

Lipid supply to the fetus is possible via transfer of lipoproteins or FFAs. Triglycerides can be packed into 

lipoproteins and receptors for the different types of lipoproteins (very low density, low density and 

high density lipoproteins (VLDL, LDL, HDL)) are present on the apical and basal placental membrane. 

The expression of VLDL and LDL receptors increases across gestation194. Triglycerides can also be 

cleaved into FFAs by lipases present on the apical side of the placenta. FFAs can then be transported 

via the fatty acid transport proteins (FATP1-6) on the apical side and the fatty acid translocase (FAT, 

also called CD36) facilitates transfer across the apical and basal side. A schematic overview of 

facilitated transport across the placenta can be found in Figure 1.9B. Another well-known substrate 

for transfer across the placenta are IgG antibodies conferring first immunity to the neonate before the 

development of its own immunity. IgGs cross the placenta via transcytosis195. It is suggested that other 

proteins and even micronutrients and vitamins such as transferrin-bound iron, Vitamin D and folate 

are taken up by the placenta via endocytosis, with the membrane protein megalin as an important 

mediator of the process, but data is still scarce196–198.  

The endocrine functions of the placenta are well-known. In humans very early on in the first trimester 

the syncytiotrophoblast secretes human chorionic gonadotropin, which maintains progesterone 

secretion from the corpus luteum. Progesterone is also secreted from the second trimester onwards 

by the placenta. Progesterone maintains the pregnancy and leads to an increase in maternal appetite 

and leptin resistance, leading to depositions of maternal reserve. The secretion of placental growth 

hormone stimulates insulin-like growth factor 1 (IGF1) secretion from the maternal liver which 

stimulates placental cell proliferation and blood flow to the placenta. Hormones associated with 

hypoxia, such as erythropoietin and angiotensin II are also secreted from the placenta. In the second 

half of gestation the placenta produces serotonin from tryptophan. Serotonin is important for 

neurodevelopment and could explain why children born prematurely suffer from autism and anxiety 

as they are missing the serotonin supply in this critical time period190.  
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The placenta was long depicted as the perfect barrier, which is why drugs were freely prescribed to 

pregnant women until the 1960s199. The placenta is indeed a protective barrier, not only physically but 

also due to the high abundance of macrophages in the placental stroma, efflux transporters and 

clearance enzymes. Efflux transporters are present on the apical side of the placenta, thereby being 

important for efflux of drugs back into the maternal circulation. ATP binding cassette transporter 

family (ABC transporters), the multidrug resistance protein family (MRPs), organic anion (OAT) and 

cation transporters (OCTs) along with norepinephrine and serotonin transporters (NET and SERT) can 

be found in the human placenta200. Placental enzymes such as cytochrome P-450, alcohol 

dehydrogenase or 11-HSD protect the fetus from alcohol or excessive glucocorticoid exposure that 

would harm development. However, the barrier is not perfect: alcohol dehydrogenase can’t cope with 

too much alcohol exposure as seen with fetal alcohol syndrome. Also, a change in haemodynamics in 

the placenta (e.g. due to uterine blood flow changes) leads to shear stress and damages the protective 

physical barrier of the placenta194. The efflux transporters can be used by drugs to enter the placenta 

and the fetus. Some compounds such as carnitines even inhibit or modulate their transporter 

function200.   

The placenta aims to adapt to its environment by sensing environmental changes and challenges as 

will be discussed in section 1.8.4. Additionally, the placenta is the interface between mother and child. 

Its secretion of hormones and cytokines helps the mother adapt to pregnancy and modulates the 

immune system of the mum to enable tolerance to the implanting embryo and fetus. Extracellular 

vesicles (EVs), membrane-bound vesicles from the syncytiotrophoblast, are secreted by the placenta 

and are thought to modulate maternal immune functions201. In recent years they have also been shown 

as candidates of bidirectional maternal-fetal communication across the placenta via their cargos such 

as microRNAs (miRNAs), proteins or lipids202. Additional communication between mother and fetus 

occurs via imprinted genes such as Igf2 that help in aligning maternal supply and fetal demand 203. 

Communication between the fetus and the placenta is also evident with a recent study showing that 

fetal Igf2 is able to regulate placental development and vascularisation to match placental supply to 

fetal growth204. Maternal and fetal signals can thereby regulate placental structure, function and 

transport capacity to balance resource allocation205. 
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Figure  1.10: The placenta enables oxygen and nutrient delivery to the fetus 

(A) In the murine placenta maternal and fetal blood flow are in counter-current to make nutrient and oxygen 

more efficient206, figure used with permission. (B) Glucose, amino acids and fatty acids are transferred across 

the placenta to the fetal capillaries by facilitated transport as described in the text207, figure used with 

permission (CC-BY licence). 

 

1.8.2 Species differences  

A lot of different placental types exist across mammalian species. The main structural differences 

between species are the degree of invasion into the maternal uterus and the composition of the layers 

separating maternal and fetal blood. The placenta from rodents and humans is a chorioallantoic 

placenta, which describes the fact that chorion and allantois fuse to build the placenta. The chorion is 

a fetal membrane surrounding the embryo and contacting the uterus. The allantois is a sac-like 

protrusion of the embryo, which builds vascular structures of the placenta. Three common placental 

types are the epitheliochorial placenta in ruminants, the endotheliochorial type in carnivores and the 

haemochorial placenta in humans and rodents. The names specify the type of barrier between mother 

and fetus. The degree of invasion in ruminants is very low and maternal and fetal blood are still 

separated by epithelium. This is not the case for the human or rodent placenta where maternal and 

fetal blood are only separated by layers of differentiated trophoblasts. These layers are made of 

cytotrophoblast and syncytiotrophoblast, the latter being a multinucleated cell layer created by fusion. 

In humans, maternal blood and fetal blood are separated by one layer of cytotrophoblasts and one 

layer of syncytiotrophoblasts. In mice there is a layer of trophoblast giant cells and two layers of  

syncytiotrophoblasts (see Figure 1.10) but with advancing gestation the syncytiotrophoblast layers 

present gap junctions and the fact that GLUT1 transporters are only expressed on the apical side of 

one layer and the basal side on the other layer shows that the two layers can be functionally regarded 

as one. Thereby human and murine maternal-fetal exchange zones in the placenta are very similar to 

each other194.   
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Figure  1.11: Placental structure differs between species 

Structural differences between the murine and human placenta in detail, permission for use of figure has been 

obtained.208  

 

1.8.3 Development of the placenta 

Mouse development starts with the successful mating that is visible to the researcher by the 

appearance of a vaginal plug. The day of the vaginal plug is usually defined as embryonic day 0.5 (E0.5) 

from which onwards the days of the murine pregnancy can be counted. Depending on the mouse strain 

gestation length is 19 - 21 days.  In the first days, the murine blastocyst differentiates into the inner 

cell mass (ICM) becoming the embryo and the trophoectoderm (TE). Signalling via the hippo pathway, 

that can differentiate between external vs. internal cells leads to pluripotency in the ICM by protein 

expression of the transcription factors Oct4 and Nanog209,210. After implantation at E4.5 the TE 

develops into the ectoplacental cone (EPC) and the extraembryonic ectoderm (ExE) that later develops 

into the placenta (Figure 1.11A). The ExE develops into the chorion and the labyrinthine structure by 

fusing to the allantois. At E8.5 fetal capillaries branch out from the allantois induced by the 

chorioallantoic fusion leading to the establishment of the labyrinthine layer by E10 (Figure 1.11B). Until 

then the fetus relies on histiotrophic nutrition via endometrial secretions and the yolk sac placenta, 

before haematotrophic nutrition is established. The EPC gives rise to trophoblast giant cells (TGCs) with 

sinusoidal and spiral artery TGCs playing a key role in spiral artery remodelling. Spiral arteries are the 

branches of the uterine arteries that are in the innermost layer of the uterus, the endometrium. Spiral 

artery TGCs replace maternal endothelial cells on spiral arteries and sinusoidal TGCs can create 

vascular tubes de novo. These processes ensure supply from maternal spiral arteries to the labyrinthine 

layer of the placenta where fetal capillaries can encounter the maternal blood. Fetal capillaries are 
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thereby now not separated by maternal endothelial cells anymore but only by trophoblast layers (two 

syncytiotrophoblast layers and the TGCs that remodelled the vessels). The placenta reaches its 

maximum weight at E16.5 with the peak of fetal growth just before the end of gestation at E18.5194. 

An overview of the developmental steps of the murine placenta can be found in Figure 1.11C.  

 

 

Figure  1.12: Placental development in the mouse 

 

(A) Development from E3.5 (implantation of the blastocyst) until E12.5208, permission for use of figure has been 

obtained. (B) The layers separate in the mouse placenta with establishment of the vasculature upon allantoic 

fusion at E8.5 with fetal vessels branching out208,  permission for use of figure has been obtained. (C) Timeline of 

events in the development of the murine placenta is shown. 

Human pregnancy is usually around 40 weeks long and can be divided in three trimesters : the first 

trimester from conception to week 14, the second trimester from week 14 to week 28 and the third 

trimester continuing from week 28 until birth. In the first trimester the human blastocyst implants at 

day 8 after conception (Figure 1.12A). Until the 8-cell stage the cells are metabolically autonomous 

cells without gap junctions, in these initial days the sensitivity to stressors is therefore high194. Shortly 

after implantation a first wave of syncytialization occurs, from this syncytiotrophoblast layer 

cytotrophoblast cells invade the uterine tissue. In contrast to the mouse these cells do not only invade 

into the endometrium but the inner parts of the muscular uterine layer as well, the myometrium. The 

invading trophoblasts are termed extravillous trophoblasts (EVTs) and remodel maternal spiral arteries 

via endothelial mimicry (Figure 1.12B). Similarly to spiral artery TGCs in the mouse, the EVTs displace 

maternal endothelial cells on the spiral arteries. Interestingly these EVTs plug the remodelled maternal 

vessels therefore no maternal blood flow in the placenta is observed in the first trimester. This is the 
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reason why the human embryo relies on histiotrophic nutrition from endometrial secretions in the first 

trimester. It is thought that for a successful placental development low oxygen levels in the first 

trimester play a crucial role. Thereby glycolysis and polyol pathways are the dominating forms of 

energy production in the first trimester placenta. At the end of the first trimester the plugs on the 

spiral arteries are removed leading to the switch to haemotrophic nutrition. The placental vasculature 

is now established with spiral arteries opening above the villi of the placenta with fine branches of the 

villi being surrounded by maternal blood (Figure 1.12C). The villous branches are highly vascularised 

with fetal capillaries, which are separated from maternal blood by the syncytiotrophoblast layer and 

EVTs that are scattered around. Figure 1.12D makes clear that both species, mice and humans, first 

rely on histiotrophic nutrition until the definitive placenta is formed in the second half of the first 

trimester. It needs to be noted that in humans the blood circulation in the placenta is not established 

until the end of the first trimester even though the definitive placenta is established before.  

 

 

Figure  1.13: Placental development in the human 

(A) Development from fertilization until implantation of the blastocyst at day 8-9 (Source: 

https://embryology.med.unsw.edu.au/embryology/index.php/Implantation, permission for use of figure has 

been obtained (© 2001Terese Winslow LLC)) (B) Cytotrophoblasts invade the uterus and remodel the uterine 

spiral arteries190, permission for use of figure has been obtained. (C) Development of the placenta and its 

https://embryology.med.unsw.edu.au/embryology/index.php/Implantation
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vascularisation across gestation is visualised211, figure used with permission. (D) Timing of mouse and human 

embryo and placental development are compared211, figure used with permission. 

1.8.4 Environmental influences on the placenta 

As one can imagine many of the steps described above can be influenced by the environment. Starting 

before implantation it has been shown that women with a high BMI show accelerated development of 

the blastocyst with lower number of TE cells, potentially impacting development of the placenta212. 

Equally it has been shown in mice that a low protein diet during preimplantation increased the number 

of TE cells and their mobility, which is interpreted as a compensatory mechanism to allow a more 

extensive invasion213. Potentially also the phase of histiotrophic nutrition can be subject to 

developmental programming. Burton et al.194 hypothesize that the reason that women born small for 

gestational age (SGA) are more likely to have SGA babies could be attributed to their lower uterine size 

and thereby potentially lower uterine gland density and reduced endometrial secretions214.    

More firm evidence exists for the influence on the placenta itself. Observations from Barker and 

Osmond regarding infant and fetal health and death from coronary heart disease and stroke in 

Hertfordshire and Sheffield showed the relationship between placental efficiency and death rate from 

coronary heart disease in adult life215. Placental efficiency can be calculated by the ratio of placental 

to fetal weight. It is a crude measure but commonly used to estimate how efficiently the placenta 

supplies the fetus and supports its growth135. The association between placental inefficiency and death 

from coronary heart disease was U-shaped, showing that both extremes of the placental efficiency 

spectrum are detrimental for long-term cardiovascular health216. But how the placenta is involved in 

fetal programming can’t be answered by looking solely at the weight. In 1992 it was shown that food 

restriction in guinea pigs led to changes not only in placental and fetal weight but also in placental 

structure, shown by a reduced labyrinthine area217. They showed subsequently that the exchange 

surface area was reduced and placental barrier thickness for exchange increased, yielding direct 

explanations for the reduced growth of the fetuses in the undernutrition model218 .It is now known 

that the placenta not only influences fetal development via effects on nutrient and oxygen transport 

but also by altering the secretory and protective functions of the placenta and even via direct 

mechanical forces194. The effect of the mechanical impact is a result of the placental vasculature being 

the main impedance to the fetal circulatory system. Thereby increases in placental vascular resistance 

increase the afterload against which the fetal heart needs to pump. These could result in hypertrophy 

in utero impacting long-term cardiovascular health219,220. As mentioned above altered vascular 

properties due to impaired remodelling of maternal vessels can change the haemodynamics within the 

placenta, damaging the protective layer of the placenta194. This makes the placenta and the fetus 

conversely more prone to be exposed to infections or environmental toxins or drugs.  
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As described above the placenta can function as an environmental sensor, thereby environmental 

stressors can impact on placental transport and secretory function. The placenta can sense hypoxia 

and adaptively increases its diffusion capacity. The oxygen sensors are prolyl-4-hydroxylase enzymes 

that can hydroxylate hypoxia-inducible factors (HIFs) when oxygen is present and thereby mark them 

for ubiquitination. In the hypoxic environment in early pregnancy HIFs are important for regulating 

trophoblast proliferation, invasion and migration, thereby allowing successful placental development. 

If exposure to hypoxia occurs later as described for high-altitude pregnancies it can impact multiple 

mechanisms. mRNA stability can be affected by oxygen abundance as can the activity of demethylases 

that need oxygen, thereby oxygen levels can affect epigenetic processes. Equally protein disulfide 

isomerases need oxygen and are necessary for protein folding. Low oxygen levels can thereby also 

induce the unfolded protein response that in turn leads to blocking of RNA translation. It is also known 

that HIF-2 can initiate translation of a subset of hypoxia-responsive mRNAs221. This could also change 

the placental secretome194.   

The secretome of the placenta can change in response to hypoxia or high glucose altering secretion of 

EVs and their miRNA cargo as potential programming factors. Additionally, stressors like obesity lead 

to an inflammatory state in the placenta leading to the secretion of pro-inflammatory cytokines.  

Obesity in ewes was shown to reduce CYP11A1 enzyme from the cytochrome p450 family in the 

placenta, leading to altered progesterone biosynthesis and thereby reduced secretion of progesterone 

and placental lactogen by the placenta222.       

In addition to secretory functions metabolism of the placenta can be affected by the same stressors 

(hypoxia, obesity). Mitochondria respond to hypoxia by high production of reactive oxygen species 

that can damage the cell. Maternal obesity is also associated with a lower mitochondrial DNA content 

and reduced complex I activity223,224. Key mediators regulating placental metabolism are mTOR and 

AMP kinase (AMPK) pathways. mTOR complex 1 is regulated by amino acid and glucose abundance 

thereby presenting a sensor of the maternal nutritional status. mTOR is a potent influencer of fetal and 

placental development by regulating protein synthesis, placental growth and the potential to regulate 

amino acid transport. The mTOR pathway has been shown to be one of the most sexually dimorphic 

ones regarding its gene expression in the placenta which could contribute to differential growth rates 

in male and female fetuses225. AMPK, activated by a high ratio of AMP to ATP, indicative of low cellular 

energy reserve, can inhibit mTOR signalling. AMPK activity can equally be influenced by environmental 

factors and influences the use of lipids versus glucose metabolism. Hypoxia, which can also activate 

AMPK, can lead to a metabolic switch using more glucose, thereby less glucose can be transferred to 

the fetus reducing growth. The maternal environment can thereby influence all functions of the 

placenta, which will be discussed below for maternal obesity and GDM.  
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1.9 Effects of maternal obesity and GDM (animal studies)  

Effects on the mother, placenta, fetus and offspring in maternal obesity models (Figure 1.13) and GDM 

models (Figure 1.14) are summarized below.  

1.9.1 Effects on the mum 

Models of maternal obesity characterise the metabolic health of the mum to a varying degree. Some 

report no differences in fasting glucose or insulin226 with others showing impaired glucose tolerance 

before227 or during228 pregnancy. In our mouse model the dams are hyperinsulinemic and glucose-

intolerant at the end of pregnancy (E18.5) but unpublished data from the lab shows that glucose 

intolerance is not present after weaning despite being hyperinsulinemic229,230. The dams in our model 

also present hyperphagia, reduced insulin signalling in white adipose tissue and increased liver fat 

content with the hyperinsulinemia thought to lead to increased lipogenesis231. Wu et al. investigated 

maternal obesity with a genetic model, the Blobby strain which leads to induction of hyperphagia 

resulting in obesity on a chow diet. The dams show increased insulin and cholesterol but not glucose 

levels before pregnancy232. A model of HFD-induced obesity that only led to a 2 g body weight 

difference in the female mice before mating showed the induction of an inflammatory state in the 

mums showing increased cytokine levels233. As discussed above in human obese pregnancies maternal 

obesity is tightly linked to hypertension and preeclampsia. Douglas et al. provide an interesting link 

showing that maternal obesity led to impaired uterine natural killer cell functions234. These cells are 

crucial for initiating uterine vascular modification, thereby resulting in suboptimal vascularisation upon 

HFD234.  

Similar metabolic and physiologic changes in the dams are observed in GDM models. Mice 

heterozygous for a spontaneous loss-of-function mutation in the leptin receptor gene present 

increased body weight and insulin resistance235, along with oxidative stress in the liver236 and impaired 

uterine artery function indicated by an increased resistance index237. The LIRKO model shows 

hyperinsulinemia and glucose-intolerance despite no differences in the body weight of the dam151. As 

expected destroying the -cells via streptozotocin or alloxan injection leads to high blood glucose levels 

in the dams before238,239 or during pregnancy240. The inbred NOD mouse strain that developed diabetes 

spontaneously in the study from Aasa et al. showed impaired adaptation regarding cardiac output from 

the mums, thereby affecting utero-placental circulation150. 

1.9.2 Effects on placenta 

One parameter analysed in many studies is the placental weight, which is reduced, unchanged or 

increased in weight dependent on the model. The placenta to fetal weight ratio as mentioned in 

section 1.8.4 is often used to assess placental efficiency. Reduced efficiency has been observed due to 

HFD feeding241,242. In both, GDM and obesity models, many changes in placental phenotype can be 

observed including reduction in labyrinthine area233, reduced vascular density243 increased vascular 
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lesions150, increased lipid droplets 243 and reduced mTOR signalling241. Additionally apoptosis226 and 

inflammation244 have been reported. The increased apoptosis is thought to impact on the invasion of 

the placental cells. In our mouse model maternal obesity was shown to reduce expression of genes 

involved in invasion and vascular adaptations of the uterine vessels245. Previous studies in our mouse 

model have shown increased lipid deposits in the placentae from obese dams and increased HIF-1 

protein abundance - indicative of placental hypoxia229. Similarly to other studies the labyrinthine area 

was reduced at E12.5 which persisted until E18.5245. 

1.9.3 Effects on fetal development 

In some of the GDM and maternal obesity models postnatal catch-up growth is observed151,246–248 

following fetal growth restriction during pregnancy150,151,242,249,250. However, in some models birth 

weight is increased (see Figure 1.13 and 1.14) and therefore can mimic the macrosomic phenotype of 

obese and GDM human pregnancies but in most birth weight is either unchanged or reduced. Machado 

et al. suggested that the shorter fetal period in comparison to the embryonic period in rodents 

compared to humans could explain the increased rates of intrauterine growth restriction (IUGR) upon 

HFD or GDM exposure in rodent models compared to humans238. The fetal period is the period of major 

growth, thereby human fetuses might be able to compensate and adapt leading eventually to 

overgrowth. It can be expected that models that lead to vascular impairments (such as blunted cardiac 

output increase or reduced uterine artery flow) can induce reduced fetal growth. This is likely also the 

cause for growth restriction in human obese or diabetic pregnancies. Unfortunately, not all mouse 

models are that well characterized regarding the maternal glycaemic state and vascular phenotype.  

Therefore, no clear explanation for the differences in the fetal size across different models can be 

found. In our mouse model fetal weight is reduced at E12.5 and E18.5 in pregnancy245.  

Fetuses from obese dams are mainly characterised via their weight but it is also shown that they have 

increased body fat percentage228 and increased lipogenic gene expression and hyperinsulinemia250. In 

GDM models malformations are often observed that can be the result of increased tumor necrosis 

factor  (TNF) and inducible nitric oxide synthase (iNOS) levels150,239. iNOS is known to induce neural 

tube defects251. Congenital heart defects are also commonly observed252. As fetal changes can directly 

explain and influence phenotypes seen in the offspring later in life the study of the fetal changes is an 

important field to investigate further and in more detail in these animal models.  

1.9.4 Effects on offspring 

Models of maternal obesity and impaired glucose tolerance mirror observations from human 

pregnancies with long-term effects on the health of the offspring such as an increased risks for CVD, 

renal diseases, obesity and T2D. Even on a control diet the offspring from obese dams have increased 

body and liver fat 253. White adipocyte differentiation is increased at the expense of brown adipose 
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tissue function254. Reduced -cell function and increased levels of glucose, leptin and insulin are some 

of the metabolic disturbance observed in the offspring of obese dams151,255. Additionally offspring from 

obese dams has been shown to have an altered circadian rhythm set in the hypothalamus that can 

explain altered feeding behaviour leading to obesity in these animals256.  

Sex differences in response to programming have become increasingly recognised in recent years. In 

our mouse model male glucose homeostasis seems to be more affected by maternal obesity257. 

Females were shown to be primed to cope better with a postnatal obesogenic environment258. In a 

study from Dahlhoff et al. metabolic disturbance in 5 and 9 months old offspring in response  to HFD 

was only seen in male offspring259.  Our mouse model has investigated four main timepoints (8 weeks, 

12 weeks, 6 and 12 months) showing metabolic disturbances and cardiovascular dysfunction. The 

offspring from obese mice showed cardiac hypertrophy, dysfunction and hypertension at 8 weeks of 

age260–262. A sympathetic dominance in the heart263 and increased systolic blood pressure was still 

evident at 12 weeks257 and females showed reduced ovarian reserve264.  Even at 6 months of age 

effects are still seen in the form of increased leptin, cholesterol and systolic blood pressure (SBP) and 

low insulin and hyperglycaemia257. At 12 months of age offspring from obese dams show significantly 

increased body weight and liver steatosis265. Many studies also show that offspring from obese mums 

are particularly vulnerable to metabolic stressors in their own adult life, such as HFD266–269.  

Similar effects are also seen in the offspring from GDM models: increased body fat and fasting insulin 

in females at 6 months270, impaired glucose tolerance271 and reduced -cell numbers and increased 

adipocyte size151. Spermatozoa methylation and thereby potentially next generations were affected by 

GDM272. In one study CD1 mice were injected with streptozotocin and some of these mice were 

additionally fed an HFD, interestingly methylation changes in spermatozoa differed in offspring from 

obese vs. diabetic mums272. Effect on the kidneys were seen by Hokke et al., showing lower glomeruli 

numbers at postnatal day 21 (P21) but adaptive changes restoring glomerular volume was evident by 

6 months273. The similarity of outcomes seen in GDM and obese mouse models confirms observations 

in the human situation (see section 1.7.4). Many maternal obesity mouse models might model GDM 

or glucose impairment in pregnancy or even glucose impairment prior to gestation, but such data is 

often not reported.  
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Figure  1.14: Observations in mouse maternal obesity models 

Main outcomes of murine models observed in dams, placentas, fetuses and offspring are summarized. 

References can be found in the supplement (supplement 1, page 214). Studies either showed unchanged fetal 

body weight (green boxes), reduced body weight in response to maternal obesity (light blue boxes) or increased 

body weight (dark blue). Studies in yellow boxes showed reversal of body weight changes by the end of 

pregnancy or don’t report the fetal body weight. 

 

Figure  1.15: Observations in mouse GDM models 

Main outcomes of murine models observed in dams, placentas, fetuses and offspring are summarized.  

References can be found in the supplement (supplement 2, page 216). Colours of boxes indicate the GDM 

animal model used as indicated in the Figure.  

 

1.10 Interventions for maternal obesity and GDM 

1.10.1 Diet and lifestyle 

Upon diagnosis with GDM the first line treatment is usually a lifestyle and diet intervention aiming to 

lower blood glucose levels. If glucose homeostasis can’t be achieved pharmacological treatment as 
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outlined below is necessary. Lifestyle and diet intervention usually encompass physical activity advice 

and counselling either by a doctor or a dietician encouraging healthy nutrition as outlined by the 

American College of Obstetricians and Gynaecologists (ACOG)274. The recommendations for physical 

activity are the same as in the non-pregnant setting. The aim should be 30 minutes of moderate 

intensity of aerobic exercise (e.g. walking, swimming, low impact aerobics) at least 5 days a week. The 

minimum should be 150 minutes per week. Barakat et al. highlight that the exact type, length and 

intensity need to be investigated in more detail in further trials, research on higher intensity exercise 

in particular is needed275. A Cochrane review summarized the results from 45 randomized controlled 

trials (RCTs) looking at these lifestyle interventions in GDM pregnancies276. The interventions include 

dietary changes, physical activity, education and self-monitoring of blood glucose. It was shown that 

LGA and neonatal adiposity were reduced in the intervention group, along with a reduction in postnatal 

depression and postnatal weight gain in the mum. They highlight the need for more trials assessing 

long-term outcomes which are poorly reported in the RCTs so far. Diet and physical activity have also 

been studied isolated from each other. Yamamoto et al. showed in a systematic review assessing diet 

interventions in 18 studies that postprandial glucose and birth weight could be reduced with the 

interventions277. Women in the assessed RCTs were advised to eat a low glycaemic index diet, low 

carbohydrate diet, a diet modified in fat and fibre content, an energy-restricted diet or the DASH diet 

(Dietary Approach to Stop Hypertension). The systematic review highlighted that the quality of the 

evidence for their findings was low and comparisons between the different diets could not be made 

due to a limited number of studies and participants in the existing studies. A review assessing diet 

alone reported no effects in the outcomes studied278, whereas a review assessing exercise alone 

reported reduced fasting and postprandial glucose in the GDM women279. Tight control regarding the 

adherence to the recommendation is difficult in dietary interventions which a recently launched study 

called DiGest tries to circumvent by providing foodboxes for a low and a high energy intake group with 

follow-up of mothers and offspring at 3 months, 1, 2 and 3 years post-birth280,281.  

Interestingly lifestyle interventions were also investigated as a tool to prevent diabetes progression 

after a pregnancy with GDM up to 17 years later. The DPP (Diabetes Prevention Program) study 

showed that lifestyle intervention (aim of 7% weight loss and >150 minutes moderate exercise per 

week) could prevent the development of diabetes in women with and without GDM history282. 

Obesity is a major risk factor for GDM and preventing excessive weight gain in pregnancy and 

promoting a healthy lifestyle can therefore be important in improving outcomes of obese pregnancies. 

The DALI study (Vitamin D and lifestyle intervention) assessed the impact of healthy eating and/or 

physical activity in women with a BMI >29 kg/m2 283. Gestational weight gain was reduced in the 

exercise and diet intervention group and neonatal adiposity and leptin levels were reduced in the 
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combined intervention and the exercise alone group. However, GDM was not prevented. Similarly 

UPBEAT (UK pregnancies better eating and activity trial) advising an exercise regimen (supplied with a 

DVD) and dietary changes to pregnant women with a BMI >30 kg/m2 showed reduced gestational 

weight gain and reduced adiposity in the offspring at 6 months and beneficial effects on the maternal 

VLDL and fatty acid profiles but no prevention of GDM284,285. The TOP (Treatment of Obese Pregnant 

women) study, an RCT from Copenhagen using activity and diet or an activity only intervention in 

women with a BMI > 30 kg/m2, showed improvements in inflammatory markers in the women of the 

two intervention arms286. The ETIP (Exercise training and weight gain in obese pregnant women) trial 

assessed just exercise alone in 91 pregnancies with a BMI >28 kg/m2 and showed no difference in GDM 

incidence, gestational weight gain, but a reduction in systolic blood pressure287. In the ETIP study it was 

clear that GDM diagnostic criteria influence the results heavily. Adopting the old WHO 2009 definitions 

rather than the IADPSG definitions changed the difference in GDM incidence between the exercise and 

the control group. Simmons therefore highlights that it is important in studies assessing GDM 

interventions to adapt one single GDM diagnostic definition with the IADPSG criteria being the best 

that is currently available and that studies need to account for different subgroups in GDM women288. 

Most women develop GDM early, but others only develop it later in pregnancy and therefore might 

benefit from a different treatment. Simmons suggests that women with elevated fasting glucose might 

benefit from metformin treatment whereas women with high postprandial glucose should receive 

dietary interventions288. The article also highlights the challenging nature of lifestyle studies in humans 

as women participating in these lifestyle trials are usually willing to adapt to a healthier lifestyle, 

possibly confounding results in the control groups. Thereby mouse studies are important in studying 

diet and exercise effects.  

Multiple nutritional supplementation studies exist in mice which won’t be assessed here. The simplest 

diet intervention mirroring the wish of women before or during pregnancy to eat healthily or reduce 

weight is switching the HFD to a chow diet before or immediately after conception. Fu et al. changed 

mice from a 60% HFD to a chow diet 1 week prior to mating with no weight loss achievement in the 

mums289. Female offspring of these mice who were fed a HFD after weaning were more prone to 

develop obesity if the mother’s diet was changed before pregnancy. The authors speculate that the 

rapid diet change induces a dietary restriction phenotype during pregnancy, like undernutrition. Other 

studies have shown improved offspring phenotypes. For example change to chow diet during 

pregnancy and lactation reduced maternal leptin and insulin levels and lowered body weight and fat 

weight of the offspring at P21290.  

In mice different types of exercise have been trialled. Voluntary running wheels in the cage are often 

used but Pearson et al. showed that wheel running under supervision and on a motorized platform to 

control for the speed and length of the exercise might be a better tool as free wheel running in the 



 

45 
 

cage is also used as a model of obsessive-compulsive-type behaviour possibly confounding results291.  

Studies have investigated exercise in non-obese (chow-fed) pregnant mice showing improved 

mitochondrial function in the fetal heart292 and improved fetal brown adipose tissue function, 

protecting offspring from metabolic dysfunction induced by HFD feeding293. Exercise before pregnancy 

improved mitochondrial metabolism in embryos in vitro and led to epigenetic reprogramming 

improving embryonic development294. In a genetic preeclampsia model exercise (voluntary running) 

four weeks prior to mating normalised proteinuria and blood pressure reducing placental necrosis and 

restoring placental and fetal development295. A study in mice investigating a forced swimming exercise 

before and during pregnancy showed a negative effect on the development of the neurogenic niche in 

the offspring296. Forced swimming is studied as an aerobic exercise that challenges metabolism and 

the immune system, thereby posing the question already mentioned in human trials, how much 

exercise and what intensity regarding high intensity levels can be recommended in pregnancy.  

Exercise has also been studied in the context of HFD assessing the prevention of detrimental effects of 

maternal obesity. Voluntary wheel running throughout pregnancy reduced insulin in the offspring of 

exercised obese dams compared to dams only fed HFD (for 9-10 weeks)297. Additionally, Interleukin 6 

signalling in white adipose tissue and hypothalamus was reduced potentially explaining the improved 

glucose metabolism in the offspring. Glucose homeostasis improvement in the offspring was also 

observed in male and female offspring studied by Goodyear et al. in a model using treadmill exercise 

in mice one week before and during pregnancy298. Placental inflammation and lipid accumulation in 

the placenta was reduced, placental vascularisation restored and AMPK activated. In their model HFD 

feeding induced fetal overgrowth and inhibition of AMPK. Effects of exercise on the mum where shown 

by Pearson et al. with a reduced body weight299. This is not consistently shown in murine exercise 

intervention studies. In our mouse model we used a treadmill exercise intervention, starting one week 

before mating and ending at E16.5 five times a week with a standardized training protocol. Our lab has 

shown no effect of the exercise on the maternal weight, but exercise partially restored maternal insulin 

and white adipose tissue insulin signalling230. Equally glucose tolerance in the dams at E17.5 was 

improved and placental lipid content and placental hypoxia were restored229. In 8-week male offspring 

fasting serum insulin and adipose tissue insulin receptor substrate 1 (IRS-1) levels were restored. 

Offspring cardiac dysfunction (hypertrophy, reduced ejection fraction) induced by maternal obesity 

was prevented by maternal exercise, but hypertension could not be improved261. Little of these 

offspring long-term outcomes are studied in the human situation, highlighting further need for these 

long-term studies300.  

1.10.2 Insulin 

For 25-30% of women with GDM diet intervention is not successful and pharmacotherapy is 

required301.  In the treatment of GDM, insulin has been used for more than four decades. Despite the 
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increasing use of oral antidiabetic medications (see below) insulin is still recommended by the 

American Diabetes Association (ADA) and multiple other organisations as the first-line therapy for 

gestational diabetes274.  

The most apparent negative outcome of GDM is macrosomia. An early paper from 1985 demonstrated 

the beneficial effects of insulin treatment, the authors reviewed six studies that compared a diet 

intervention and an intervention comprised of diet and insulin treatment302. Fetal macrosomia was 

significantly reduced in the insulin groups in 5 studies. In the same year (1985) Lindmark et al. analysed 

the use of insulin in almost a prophylactic manner as a supplement to diet interventions in 119 women 

and showed reduced macrosomia rates and no adverse effects303. They highlighted a previous study in 

Pima Indians, a population of Native Americans that show a high incidence of T2D. This study showed 

that babies from women who only develop diabetes years after the pregnancy, delivered babies with 

a slightly higher body weight. Lindmark et al. thereby concluded that it could be beneficial to treat 

subtle glucose impairments in pregnancy. This is still a matter of debate, with Landon et al. stating in 

2009 that treatment of mild hyperglycaemia is beneficial156. In 2008 the US preventive services task 

force (USPSTF) did not see the benefit of screening asymptomatic women to potentially identify early 

slight glucose impairments, with new guidelines from 2014 still stating that there is not enough 

evidence for screening before 24 weeks to be beneficial304. However, they do recommend screening 

for asymptomatic women after 24 weeks.   

A lot of different regimens for insulin dosing exist. Depending on the length and timing (post- or pre-

prandial) of hyperglycaemic episodes fast-, intermediate- and long-acting insulin versions are 

administered just before a meal or at certain times in the day274. Nowadays many studies compare 

insulin with the more recently emerged oral alternatives, which will be discussed below.  

Only a few animal studies tested the direct effect of insulin treatment in pregnancy. One model used 

streptozotocin in pregnancy at E6 and E12 to induce GDM305. With a mini-osmotic pump a group of 

these mice was then treated with insulin from day 14.5/15 onwards. Insulin therapy led to a decline in 

maternal blood glucose and it normalized the weight trajectory, serum glucose and lipid metabolism 

in the offspring at 20 weeks305. However, when the offspring were challenged with HFD itself, insulin 

therapy did not improve metabolic health compared to the offspring from GDM pregnancy without 

intervention, especially in male offspring. A paper from 1983 investigated the effects of insulin on 

embryonic development in vitro. Whole embryos were cultured in serum from diabetic rats that 

received insulin, in serum from diabetic rats where insulin was just added to the culture medium and 

in serum from control rats where insulin was added. Growth retardation and malformations were 

shown to be reduced when the embryos were cultured in medium from rats that were dosed with 

insulin306.  
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Insulin has been considered a safe treatment in pregnancy since it does not cross the placenta. With 

insulin, postprandial hyperglycaemic periods can be well managed as insulin can be injected. However, 

short hyperglycaemic periods can impact fetal development307. The use of insulin is more costly, needs 

patient education, requires injection and cold storage and decreased patient compliance can be a 

problem301. These problems can be circumvented by the following orally applied agents.  

1.10.3 Glyburide  

Glyburide (glibenclamide) is a second-generation sulfonylurea used in T2D treatment as it stimulates 

insulin secretion from -cells. It binds to sulfonylurea receptor 1 on -cells, which leads to closure of a 

potassium channel, thereby leading to a cell membrane depolarisation inducing insulin secretion.  It is 

highly protein-bound and metabolized by cytochrome 450 enzymes in the liver, where it is broken 

down into its active metabolites301. Even though it is not officially licensed for use in pregnancies due 

to limited long-term data, it is used as an alternative to insulin mainly in the US.  Here a large rise in its 

use from 2001 (use in 7.4% of women with GDM) until 2011 (64.5%) was reported308. This is despite 

little data on long-term effects, even animal studies are very scarce. Animal studies mainly investigated 

the pharmacokinetics. Retro-orbital injection of glyburide into mice showed higher clearance of 

glyburide in pregnancy due to the increased activity of a hepatic cytochrome309. It is well-known that 

in pregnancy pharmacokinetics change due to increases in hepatic blood flow and glomerular filtration 

and a change in the expression of drug-metabolizing enzymes. The same group reported that clearance 

of glyburide and the expression of breast cancer resistance protein (BCRP) and p-glycoprotein (p-gp) 

in the placenta changes with gestational age310. These efflux transporters, BCRP and P-gp, were shown 

to decrease in the placenta with progression of pregnancy. They are thought to protect the fetus from 

glyburide exposure, it is thereby likely that the fetus is exposed differently depending on its gestational 

age.  

The earliest human study from 2000 showed no difference in maternal and perinatal outcomes 

between insulin and glyburide treatment. Glyburide was thereby deemed a good alternative to insulin 

and only 4% failed the treatment with glyburide and needed insulin311. It was long thought that only 

little glyburide transfer occurs across the placenta, but in 2009 Hebert et al. showed that up to 70% of 

the maternal serum concentration can be measured in fetal cord blood312. A small study by Bertini et 

al. showed that glyburide treatment led to increased rates of neonatal hypoglycaemia and macrosomia 

compared to insulin treatment313. A higher neonatal hypoglycaemia rate was also seen in an RCT by 

Sénat et al. 314. It is hypothesized that as glyburide can cross the placenta it can induce fetal insulin 

secretion explaining the high hypoglycaemia rate315.   

Maternal fasting glucose can be controlled very well with glyburide313,315,316. One retrospective study 

reported higher preeclampsia rates in women treated with glyburide316. A meta-analysis of 42 RCTS 
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comparing metformin, insulin and glyburide showed that glyburide was not more effective compared 

to insulin. The authors highlighted that the data quality is very poor, a lot of RCTs are poorly designed 

or very small and urged that more and larger multi-centre trials are needed. It is thereby difficult to 

assess the optimal treatment for GDM taking maternal, fetal and long-term outcomes into account. 

This comes also apparent when assessing metformin as an increasingly used oral GDM treatment 

across the whole world.  

1.10.4 Metformin 

Metformin (1,1-dimethylbiguanide hydrochloride) is a biguanide, first shown by Jean Sterne in 1957 to 

be a potent drug to treat diabetes317. It is now the most common glucose-lowering agent for T2D 

patients. Initial use of metformin in pregnancy was unintended, resulting from continuation of 

metformin use in early pregnancy in women with pre-existing diabetes, with clinical observations not 

showing any safety concerns 318,319.  The first active use of metformin during pregnancy was reported 

in a study from 1979 in South Africa which assessed the use of metformin during pregnancy in women 

with pregestational and gestational diabetes and deemed it safe for use in pregnancy319. In the late 

1990s Nestler and Jakubowitz proposed the use of metformin for PCOS320,321. Women with PCOS suffer 

from reduced fertility and increased rates of spontaneous abortions in the first trimester which are 

significantly improved with metformin treatment before conception and during pregnancy322,323. A 

growing number of studies have therefore assessed the use of metformin in pregnancy on maternal 

health. Initial studies in mouse PCOS models confirmed the data from Nestler et al. showing improved 

estrous cycles324,325 and reduced rates of embryonic resorption following metformin treatment326.  In 

2004 Glueck et al. published results from a prospective cohort study in PCOS women highlighting 

metformin’s benefits on improving insulin sensitivity and reducing body weight and GDM incidence327. 

Additionally follow-up of the children showed no difference in growth and development in the first 18 

months of life328. Given the benefits for the mother and the good safety profile considerations of the 

use of metformin in GDM pregnancies were increasing.  However caution was urged in an ADA letter 

in 2006 highlighting that too little is known about metformin use in pregnancy which is crucial 

especially as metformin can cross the placenta329.  

In the following years multiple studies systematically assessed the use of metformin in pregnancy. 

From 2005-2009 Vanky et al. ran a study with 257 PCOS women treated with metformin from 

gestational week 5-12 onwards. Despite beneficial effects shown in the mother such as lower GWG330 

and lowered insulin levels331, children from metformin-exposed mothers had an increased BMI at 6 

months, 4 and 7 years of age332,333. Additionally they showed that under- and overweight women 

treated with metformin delivered babies of lower birth weight334. This highlighted the potential for 

adverse effects of metformin on the offspring short- and long-term.    
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However, metformin use in pregnancy outside of the PCOS setting has increased worldwide. In 2008 

the NICE guidelines in the UK recommended metformin as first-line treatment for GDM335. Multiple 

RCTs looking at metformin use in GDM pregnancies compared the use of insulin with the use of 

metformin and showed beneficial effects. These studies showed reduced GWG336, lower risk for 

preeclampsia337 and similar glycaemic control338 in metformin- compared to insulin-treated GDM 

women. A study in women with GDM comparing insulin and metformin showed that metformin is 

generally preferred by the women themselves: in the MiG (Metformin in GDM) trial from Rowan et al. 

patient acceptance of metformin was higher than for insulin likely due to metformin being taken orally 

rather than injected339. Many studies however report a high failure rate of up to 50% of women who 

do not achieve glycaemic control with metformin, leading to many women requiring additional 

insulin340. A recent meta-analysis from our lab summarized human studies comparing metformin and 

insulin treatment of GDM and reported overall reduced birthweight in babies born to GDM mothers 

treated with metformin rather than insulin341. However later in life offspring from metformin-treated 

mothers had increased weight at 1.5 – 2 years of age and increased BMI at 5-7 years of age. The use 

of metformin in pregnancy is thereby controversially discussed318.     

Due to promising weight reductions with metformin treatment in GDM pregnancies metformin is 

increasingly trialled for the use in obese pregnancies. The Metformin in Obese non-diabetic 

Pregnancies (MOP) study treated women with a BMI of over 35 with metformin from week 12-18 until 

delivery and showed that GWG and preeclampsia rate were reduced342. The EMPOWaR study (Efficacy 

of Metformin in Pregnant Obese Women, a Randomised Controlled Trial) treated women in a similar 

time window with a BMI of over 30 and showed no significant changes in GWG and a trend for a 

reduced GDM rate343. Both studies showed no difference in the birth weight of the babies. Human 

studies in both PCOS and GDM treatment showed the potential impact of metformin on fetal growth 

and increased offspring adiposity in later life. However data on effects of metformin on the fetus and 

the placenta is scarce341.  

This is an important lack of knowledge as in contrast to insulin, metformin can cross the placenta and 

reaches the fetal circulation at high levels340. One of the few human studies to address metformin 

action on the placenta compared exercise and lifestyle intervention with metformin treatment in GDM 

women and focussed specifically on placental structure344. Metformin treatment reduced chorangiosis 

and syncytial knots in the placenta that were induced by GDM. Chorangiosis is hypervascularisation in 

the villi of the human placenta and is thought to be a response to a hypoxic environment that could 

e.g. be a result of impaired uterine artery blood flow and preeclampsia345. Syncytial knots are also often 

associated with preeclamptic placentas and are a sign of premature placental ageing. The improved 

placental structure following metformin treatment could thereby be attributed to the potential of 

metformin to prevent and improve preeclampsia-like phenotypes. There is more data from rodent and 
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in vitro studies regarding the impact of metformin treatment on placental tissue and cells (Table 1.1). 

Several new studies have emerged since the design of this study in summer 2018. However, despite 

the unclear effects of metformin on the placenta raised in multiple reviews no additional human 

studies looking at the placenta have emerged in the last three years. Most of the rodent studies 

assessing metformin treatment in mice fed a high fat and/or high sugar diet showed improved 

placental vascularisation and reduced placental inflammation shown by measurements of cytokines in 

the placenta346,347. In these studies metformin was only administered during pregnancy, however 

another study gave metformin together with a high fat diet 6-8 weeks prior to mating and throughout 

pregnancy and showed improved mitochondrial biogenesis indicated by increased promoter 

methylation and expression of PGC1 and  increased protein levels of the mitochondrial transcription 

factor TFAM348. One recent study however showed detrimental rather than beneficial effects of 

metformin on the placenta as it exacerbated placental insufficiency induced by a high fat-sucrose diet 

together with streptozotocin treatment in rats349. Metformin was administered together with 

glyburide and this did not improve placental vascularisation but improved other structural changes in 

the placenta such as necrosis in spongiotrophoblast cells. Overall, a high variety of different metformin 

treatment regimes and models exist. A few models assessed metformin use in those unrelated to 

obesity and/or GDM as they looked at genetic models known for their high risk of preterm birth 350, 

impaired trophoblast invasion351 or spontaneous miscarriage352. As Table 5.1 shows many in vitro 

studies either in cell lines or primary cultures of murine or human placental tissue recapitulate the 

findings from the in vivo rodent studies showing reduced inflammation, improved mobility and 

angiogenesis347,353,354. Studies using primary cultures of human trophoblasts from first trimester 

placentas showed that metformin reduced apoptosis353. On the other hand metformin reduced cell 

viability in a study of an immortalized human trophoblast cell line (HTR-8/SVneo)355. It needs to be 

noted that most of the in vitro studies only see effects at high concentration of metformin such as 1 

mM. This is several orders of magnitude higher than those concentrations reported in pregnant 

women administered metformin (2000 – 7000 nM)356. The requirement for high levels of metformin 

may be explained by the low levels of metformin transporters in cell lines compared to primary cells350. 

The use of high metformin concentrations is a limitation of metformin studies in vitro357. It is 

hypothesized that a complete inhibition of oxidative phosphorylation seen in vitro due to metformin, 

only occurs at supraphysiological concentrations and more likely just a suppression of oxidative 

phosphorylation is present in vivo at clinically relevant concentrations358.   

Overall Table 5.1 demonstrates the lack of systematic placental analyses in human studies and the 

focus on a few key pathways when assessing metformin in in vivo and in vitro models. The mechanisms 

of metformin action in pregnancy thereby need careful further assessment, especially given the 

increased use of metformin in pregnancy across the world.  
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Study Model Metformin dosage Observed effect 

Alzamendi et al. 
(2012)346 

Rats fed a fructose rich diet 
(during pregnancy only) 

 

50 mg/kg/day in 
drinking water (in 

gestation) 

- Improved placental vessel 
area 

Desai et al. 
(2013)347 
 

High fat/high sugar diet in rats 
(5 weeks prior to mating and 
in pregnancy) 
 
Human placental 
choriocarcinoma JAR cells 

300 mg/kg/day (in 
gestation) 
 
 
0.01- 2.5 mmol/L for 
24 h 

-reduced placental TNF 
levels 
 
 

-reduced TNF-induced Il6 
secretion  

-no effect on cell viability 
Wang et al. 
(2014)352 

human extra- villous 
cytotrophoblast cell lines 
(HTR-8/ SVneo and HPT-8) 

n.a. 
- Reduction of mitochondrial 
dysfunction in gC1qR 
overexpressing cells 

Deng et al. (2016)350 
p53d/d mice → model of 
preterm birth  
 
culture of mouse uterine 
stromal cells (day 4) 
 
Human uterine fibroblast 
(HuF) cell line 

(1 mg/kg BW per 
dose) on E8, 10, 12 
 

 
1, 10 mM for 24 h 
 

 
0.1-2.5 mM for 24 h 

-improved decidual 
thickness, increase pAMPK 
signalling 

 
- increased pAMPK (10mM), 
reduced pS6 levels (1 mM) 

 
- increased pAMPK (1 mM), 
reduced pS6 levels (2.5 mM) 

Arshad et al.  

(2016)344  62 GDM women 500 mg - 1500 mg 
- reduced chorangiosis and 
syncytial knots 

Pettker et al. 
(2016)359 

first trimester trophoblast cell 
line (Sw.71), glucose treated 

0.5mM for 72 h 

- reduced secretion of 
cytokines 

- no rescuing effect on 
migration and angiogenic 
factor 

Correia-Branco et 
al. (2018)355 

HTR-8/SVneo cells 
(immortalized human 
trophoblast cells) 

 

0.01–1 mM for 24 h, 
most effects seen at 
1mM 

- Reduction in cell viability, 
growth and migration 
- mTOR, JNK and PI3K 
involved in these negative 
effects  

Vega et al. (2019)353 Human trophoblasts from 
first trimester placentas, 
insulin treated 

10 µM for 24 – 72 h 
 
 

- reduced apoptosis 

Hastie et al. 
(2019)360 
 

primary cytotrophoblast from 
preeclamptic vs. 
normotensive women 

500, 750 µM and 
1mM for 48 h 

-increased pAMPK, reduced 
mitochondrial respiration (1 
mM) 
- reduced sFlt secretion (750 
µM) 

Jiang et al. (2020)348  
Placental explants from 23 
diabetic women (GDM + T2D) 
 

High fat diet in mice (6-8 
weeks) 

1 mg/ml (=7.7 mM) 
for 18 h 
 
2 mg/ml or 4 mg/ml 
(6-8 weeks before 
mating and in 
pregnancy) 

- Increased AMPK and PGC 
signalling 
 
- improved placental 
efficiency, increased PGC1 
and TFAM 
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Sun et al. (2020)354 HUVECs isolated from 
umbilical cords from diabetic 

women 
 

100 µM for 72 h 

- Improved cell migration and 
angiogenesis (via 

downregulation of Nrf2 and 
p65) 

Yan et al. 351 (2021) HTR-8 and B6Tert-1 cells 
(immortalized human 
trophoblast cells), ADAM7 
knockdown 

200 ng/ml (=1.5 µM) 
for 24 h 

- Reversal of negative effects 
(reduced cell proliferation)  

Zhang et al. 
(2021)361 High fat diet in mice (1 week 

prior mating)  
600 mg/kg/day 
(E11.5 – E18.5) 

- increased AMPK, pAkt, Ki67, 
pACC and GLUT3 localisation 
rescued back to plasma 
membrane 

Hosni et al. 
(2021)349 
  

Rats fed fat-sucrose diet and 
treated with streptozotocin 
STZ 

Glyburide and 
metformin together 
(0.6 and 100 
mg/kg/day, 1 week 
before and during 
gestation) 

- exacerbated placental 
insufficiency 
- impaired placental 
vascularisation not improved 
- protection from structural 
abnormalities 

 

Table 1.1: Summary of studies assessing the effects of metformin on the placenta 

Model type (         : mouse/rat study,    : human study,         : cell line experiment,       : primary culture/explants), 

dose of metformin and the observed effects on the placenta are shown. The thick line divides the studies into 

studies published before the design of this PhD study and studies after the design of this study. Images created 

with BioRender.com.  

 

1.11 Aims and hypotheses  

The overall aim of this thesis is therefore to understand the effects of metformin treatment during an 

obese pregnancy on maternal, fetal and placental health using our mouse model of diet-induced 

maternal obesity. This will be achieved via four main objectives, presented in four results chapters (see 

Figure 1.15). 

Aim 1 (chapter 3): To determine how maternal obesity affects maternal metabolic health and uterine 

artery function and to assess whether metformin treatment prevents any impact of maternal obesity 

on these parameters.   

This will be achieved using our mouse model of maternal diet-induced obesity together with addition 

of metformin to the diet and assessing maternal metabolic health via body weight, body composition 

and food intake measurements, intraperitoneal glucose tolerance tests, assessment of liver steatosis 

and blood pressure measurements. Uterine artery function will be assessed via ultrasound. 

Aim 2 (chapter 4): To investigate the effect of maternal obesity and metformin exposure in utero on 

the fetus and the placenta.   

This will be achieved by carrying out fetal biometrical measurements, placental structural analyses, 

fetal ultrasound (assessing placental and fetal vessels) and metformin measurements in the fetus.  
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Aim 3 (chapter 5): To explore molecular mechanisms that could mediate potential direct effects of 

metformin treatment during an obese, glucose-intolerant pregnancy on the placenta.  

This will be achieved using omics approaches with bulk RNASeq and lipidomics analysis of the placenta. 

Aim 4 (chapter 6): To develop a method for isolation and characterisation of placental extracellular 

vesicles (EVs) and to determine their potential to be involved in fetal programming by maternal 

obesity.  

This will be achieved by isolation and characterisation of EVs from placental explant supernatants and 

assessing the miRNA content of the isolated EVs by small RNASeq.  

 

Figure  1.16: Overview of the four objectives addressed in this thesis 
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2 General methods 

In this chapter general methods that are used in more than one of the subsequent results chapters are 

described. Every results chapter has its own methods section describing the methods specific to the 

analyses in the chapter. Unless specified further all work is my work.  

2.1 Mouse model 

All animal work was reviewed and approved by the University of Cambridge Animal Welfare Ethical 

Review Body (AWERB) and was performed according to the UK Animals Scientific Procedures Act 1986. 

Thanks to Claire Custance for maintaining all animals on a day-to day basis. The work in this thesis is 

based on a model of maternal diet-induced obesity, which is well-established in our laboratory260. 

Breeding was performed in house with stock mice used for generating the experimental dams being 

purchased from Charles River Laboratories. Female C57Bl6/J mice were randomly subjected to their 

experimental diet at weaning (3 weeks of age). Mice were fed ad libitum either a control chow diet 

(801002, Special Dietary Services) or an obesogenic diet (824053, Special Dietary Services) 

supplemented with condensed milk (12029969, Nestlé) and a mineral mix (AIN93G, MP Biomedicals). 

Further details of the diets are shown in Table 2.1.  At 6 weeks of age mice were mated for a first 

pregnancy. At weaning the litters of this first pregnancy were culled. This initial pregnancy is used to 

prove that the dams are good breeders, a feature that was and is needed for other studies in the lab 

that are working on the offspring. For consistency the same protocol is also followed for embryonic 

studies. After this first pregnancy animals were given at least one week of rest and weighed weekly to 

determine when the females are mated for the second experimental pregnancy. Mice fed a control 

diet were mated with a body weight of ≤25 g and females on an obesogenic diet were either dosed 

with metformin (see 2.2) or mated when a body weight of ≥35 g was reached. The mating for the 

second pregnancy was therefore approximately at 20 weeks of age in all animals. The day of the plug 

is counted as embryonic day 0.5 (E0.5). Food intake and weights were monitored throughout 

pregnancy and dams and their fetuses killed at embryonic day E13.5 or E18.5.  At these timepoints 

maternal and fetal tissues were collected as specified further in the following respective results 

chapters. In this thesis no metformin-treated control-diet fed animals were included as the purpose of 

the study is the assessment of metformin intervention in a pregnancy complicated by obesity and 

glucose intolerance. This is the most clinically relevant situation as metformin is not used in lean 

women. Therefore, the experimental design used is in line with the ARRIVE guidelines and complied 

with the 3Rs to reduce animal use.  



 

55 
 

 

Table 2.1: Diet composition details 

2.2 Metformin dosing 

Half of the females fed an obesogenic diet were dosed with Metformin one week before mating for 

the second pregnancy and continued during the pregnancy (Figure 2.1). Metformin (0215169-CF, MP 

Biomedicals) was administered in the condensed milk aiming for a dose of 300 mg/kg/day, based on 

allometric scaling this equates to 1.7 g of metformin in a 70 kg man362. Weighing of the condensed milk 

twice a week to estimate milk intake of each individual animal and body weight measurements allowed 

adjustment of metformin content in the milk to ensure the required dose was achieved. The metformin 

dose was dissolved in 1 ml of water which was mixed into a milk pot filled with 75 g of condensed milk. 

Due to the addition of the water caloric content is decreased from 3.26 kcal/g to 3.22 kcal/g, previous 

analyses in the lab have shown however that the addition of water itself does not change the 

palatability of the condensed milk.  

 

Figure  2.1: Schematic of our mouse model of diet-induced maternal obesity and metformin intervention 

 

2.3 Metformin liquid chromatography mass spectrometry (LC-MS) 

Metformin was measured in various tissue and liquid samples (amniotic fluid, serum, plasma) via LC-

MS. This was performed by Dr. Benjamin Jenkins from the Core Metabolomics and Lipidomics 
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Laboratory (CMaLL) at the University of Cambridge. The protocol has been described previously363,364. 

In brief, samples were homogenised in 400 µl of a chloroform:methanol (2:1) solution and 

homogenised using a Biorep-24-1004 homogeniser (4.5m/s for 60 sec). Then 100 µl of 1 µM 

metformin-d6 were added together with 600 µl chloroform:methanol (2:1) solution and 300 µl of 

water. After vortexing and centrifugation (21000 g, 5 minutes) the aqueous phase was dried down with 

an Eppendorf Concentrator Plus (60°C, 180 minutes). Reconstituted samples (in 100 µl of 

chromatography starting conditions) were analysed using an HPLC system (Scherzo SM-C18 column, 

40°C). Mobile phase A consisted of 30 mM ammonium acetate in 0.02% acetic acid in water and mobile 

phase B was 20% acetonitrile in 0.8% acetic acid in water. The following gradient was used at a flow 

rate of 0.5 ml/min: 0 minutes 10% phase B, 20 seconds 10% phase B, 80 seconds 99% phase B, 5 

minutes 99% phase B, 5 minutes 10 sec 10% phase B, 8 minutes 10% phase B. Subsequently samples 

were then analysed with the Exactive Orbitrap mass spectrometer with a heated electrospray 

ionisation source (positive mode, full-scan range of m/z 100 – 200, resolution: 2 Hz). Thermo Xcalibur 

Quan Browser was used to process the data.   

2.4 SDS-PAGE 

SDS-PAGE was performed for placental tissue (section 4.2.6) and EVs (section 6.2.5). 7.5% gels were 

used for proteins with a high molecular weight (e.g. mTOR with molecular weight of 289 kDa) whereas 

high percentage gels (e.g. 12%) were used for detection of proteins with a low molecular weight (e.g. 

Bax with a molecular weight of 20 kDa). Table 4.2 summarizes the composition of the gel mixtures for 

the different percentages used for the gels. The stacking gel was prepared by using 13 % Protogel 

(National Diagnostics, EC-890), 25% Protogel Stacking B (National Diagnostics, EC-893) in water with 

addition of 0.5% of 10% APS and 0.1% TEMED. After loading of the samples into the gel and addition 

of a protein ladder (5 µl, Thermo Scientific, 26617) the gel was run with 1x running buffer (National 

Diagnostics, B9-0032) at 180V until the samples entered the resolving gel. Then the voltage was 

lowered to 30V to run the gel overnight. If the gel was run during the day the voltage was kept at 180V 

and the gel ran for 4 hours.   

 

Table 2.2: Composition for the resolving gels 
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The first gel of a study was stained for Coomassie to check equal loading of the samples. For that 

purpose, the gel was washed in water (3 x 10 minutes) and then stained in Coomassie solution 

overnight. The gel was then de-stained in de-staining solution (10% acetic acid and 50% ethanol in 

water) until the background was removed and the gel was then imaged on the Bio-Rad ChemiDoc 

Imager.  

2.5 Western blotting 

After the SDS-PAGE proteins were transferred onto a PDVF membrane as described in the respective 

sections of the thesis (section 4.2.6 and 6.2.5). Blots were then blocked in 5% BSA in 1xTween-10 in 

TBS (1 hour), washed (3 x 10 minutes) in T-TBS and incubated with the primary antibody overnight at 

4°C. After washing the membrane with T-TBS (3 x 10 minutes) the blot was incubated with the 

secondary antibody and after additional washes with T-TBS (3 x 10 minutes) detected with HRP 

substrate (WBLUF0100) on the ChemiDoc MP Imaging System. The gel was stained with Coomassie 

(1610436, Biorad) after the transfer overnight and imaged after de-staining in de-staining solution 

(10% acetic acid, 50% ethanol, 40% water) for 10 minutes, washing in distilled water (3 x 10 minutes) 

and drying of the membrane. This was used to check the loading of the gel365. 

2.6 Agarose gel 

For the sexing of fetal tissue (section 4.2.3) and the assessment of RNA (section 4.2.4) agarose gels 

were used. A 2 % agarose solution was prepared in TAE buffer (0.04 M Tris base, 0.02 M acetic acid 

and 1 mM EDTA), dissolved via heating and poured into a gel mould with the addition of SYBR safe 

and let to solidify. Samples were loaded into the gel along with a ladder (NEB DNA ladder) and the gel 

run at 80 V for 40 minutes. 

2.7 RNA extraction 

RNA was extracted from the fetal tissues (section 4.2.4), placentas (section 5.2.3) and EV samples 

(section 6.2.7) with the QIAGEN miRNeasy Micro kit (QIAGEN, 217084) according to the 

manufacturer’s protocol. In brief for the QIAGEN kit 5 volumes of Qiazol were added to the 

concentrated EV sample, one volume of chloroform added and the mixture vortexed and incubated 

(room temperature, 3 minutes) before centrifugation (12000 g, 15 minutes, 4°C). The aqueous phase 

was mixed with 1.5 volumes of 100% ethanol and subjected to the extraction column for 

centrifugation (8000 g, 15 seconds). The columns were then washed with RWT buffer, RLT buffer, 

80% ethanol and air-dried before elution of the RNA with 14 µl of RNase-free water. 

2.8 Hematoxylin and eosin (H&E) staining 

After fixation and embedding of tissues sections were cute. For the H&E stain sections were 

deparaffinised with xylene (2 x 5 minutes), rehydrated in ethanol (2 x 5 minutes) and washed under 
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running water (5 minutes). Slides were then stained with hematoxylin for 10 minutes, washed under 

running water (4 minutes) and counterstained with eosin (10 seconds). By dipping into water slides 

are briefly washed before being dehydrated with ethanol (2 x 30 seconds), penetrated with Xylene 

(first 2 minutes, then at least 5 minutes) and mounted. 

2.9 Statistics 

Data is shown as mean ± standard error of the mean (SEM), unless stated otherwise, and n numbers 

are indicated below each Figure. N numbers always refer to the dam which is used as the statistical 

unit in the field of developmental programming. For all data statistical outliers identified via Rout 

testing were removed. Maternal data analysis with comparisons between two or three groups is 

performed via t-tests or One-Way ANOVAs after testing for equal variance with the Brown-Forsythe 

test and normal distribution with the Shapiro-Wilk test. Some data (as indicated) showed unequal 

variances and was therefore analysed with a Welch ANOVA. Significant differences in the main factor 

were followed up via Tukey’s multiple comparison test. For analyses over time within the same animal 

(such as body weight or blood pressure data) a mixed effects model followed by Tukey’s multiple 

comparison test in case of significant effects was used. These analyses together with Pearson 

correlation analyses were performed in GraphPad Prism 9.0.0 Software.  

Heatmaps and organisation of data as well as the RNASeq and lipidomics analysis (see chapter 5) were 

performed in R Studio (Version 1.4.1106) with R (Version 4.0.5). Most of the fetal data was analysed 

using a linear model including all fetuses in a litter to account for the dam as a random effect, with sex 

and experimental group as fixed effects. This is described further in chapter 4.  

For some fetal data, such as the fetal ultrasound, too little data existed to fit a good model so that a 

Two-Way ANOVA with group and fetal sex as independent variables was used and Tukey’s comparison 

test performed as the post hoc test. Blinding for the physiological analyses was not possible due to the 

clear differences in body weight in the dams. However, all histological analyses were performed 

blinded.  
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3 Physiological characterisation of our mouse model of maternal diet-

induced obesity and metformin treatment 

3.1 Introduction 

3.1.1 Our mouse model 

The adaptations that usually occur in a healthy pregnancy as described in section s1.5.1 are more likely 

to fail in an obese compared to a lean pregnancy366. In general, as highlighted in the general 

introduction, obesity during pregnancy has detrimental effects not only leading to pregnancy 

complications such as GDM, preeclampsia or stillbirth but impacting fetal development and growth as 

well as offspring health long-term. Our diet-induced maternal obesity mouse model allows assessment 

of these effects. Previous data shows an obese phenotype and metabolic disturbance such as 

hyperinsulinemia, hyperleptinemia and glucose intolerance in the obese dams of our model229,257 

(Figure 3.1). The dams do not only have placental dysfunction and fetuses of lower birthweight but the 

offspring develop a wide range of cardiometabolic disturbances such as impaired glucose tolerance, 

cardiac hypertrophy and hypertension258,260,261. We thereby need to understand how an obese 

environment affects the pregnancy in detail and why a healthy pregnancy can’t be achieved in our 

obese dams.  

 

 

Figure  3.1: Observations from our Ozanne lab mouse model 

Main outcomes observed in dams, placentas, fetuses and offspring are summarized. 

References can be found in the supplement (supplement 3, page 217). 
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3.1.2 Metformin  

Due to the detrimental effects of GDM and obese pregnancies, successful interventions are urgently 

needed. Metformin is a cheap and easy intervention in pregnancy. It is currently the most-prescribed 

glucose-lowering agent with a consensus statement of the American Diabetes Association and the 

European Association for the Study of Diabetes stating metformin as the first line treatment together 

with lifestyle modifications for T2D patients367. Since 2009 the prescription rate of metformin in the 

US has risen considerably not only for treatment of patients with T2D but also for treatment of 

endocrine and cardiovascular diseases and cancer368.  

In the past decade the use of metformin in pregnancy has been studied more and more with the 

potential to be a treatment during pregnancy for GDM, obesity and even PE. In comparison with insulin 

treatment, metformin was shown to be equally efficient in reducing glucose but had lower rates of 

hypoglycaemic episodes339. Despite its frequently reported side effects like bloating and diarrhoea it is 

also reported that women preferred the use of metformin over insulin. Metformin can be taken orally 

and does not need to be stored refrigerated. Many countries such as the UK have now introduced 

metformin as the first line treatment for GDM once lifestyle interventions have failed. Metformin is 

also increasingly introduced for use in GDM pregnancies worldwide (Figure 3.2). However, knowledge 

on the effects of metformin exists mainly from data outside of pregnancy and the exact molecular 

mechanisms of its actions are still unknown369.  

 

 

Figure  3.2: World map of metformin use in GDM treatment 

Based on the most recent guidelines (see detailed Table in Supplement 4, p.218) the map shows where 

metformin treatment during pregnancy is (in orange) or isn’t used (grey), for countries coloured in light grey no 

guidelines have been found or looked up. Stand: 08.12.2021, map created with mapchart.net. 
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From studies in T2D patients it is known that metformin reduces body fat and reduces or at least does 

not increase body weight unlike other oral hypoglycaemic agents or insulin370. The major uptake of 

metformin (70%) is via the duodenum and jejunum, with the rest being excreted via the faeces 371. In 

the intestine metformin is thought to lead to changes in the microbiome and increases the secretion 

of glucagon-like peptide 1 (Glp1) leading to reductions in glucose levels upon metformin treatment 372–

374. The liver is thought to be one important organ of metformin action, here AMPK is activated either 

via inhibition of mitochondrial complex I at high concentrations or via a cytoplasmic serine-threonine 

kinase LKB1 or a lysosomal pathway371,375. High AMP/ATP ratios and AMPK activation lead to increased 

glucose uptake and inhibition of gluconeogenesis and lipid synthesis. In skeletal muscle, insulin 

sensitivity and glucose uptake are increased following metformin treatment376. A recent paper 

highlighted that metformin increases growth differentiation factor 15 (GDF-15) which could explain 

increased energy expenditure and decreased food intake377. GDF-15, a member of the TGF family, 

has been previously researched as a general stress-inducible cytokine, e.g. often elevated in cancer 

patients and in response to tissue injury, but recent years also highlight the link to metabolic 

diseases378.  Metformin clearance is facilitated via the kidney, where renal cells take up metformin via 

multidrug and toxic compound extrusion (MATE 1 and 2) transporters. Metformin uptake and effects 

are summarized in Figure 3.3. 

During pregnancy pharmacokinetics of drugs can change drastically. The adaptions to pregnancy in the 

cardiovascular system (e.g. increased plasma volume) can lower concentrations of an equivalent drug 

dose in the plasma compared to non-pregnant individuals. Lower intestinal motility and gastric acid 

secretion have also been shown in pregnancy, which could alter drug absorption379. However very little 

of this has been investigated experimentally with two thirds of women receiving drugs during 

pregnancy with dosing regimes based on non-pregnant data. For metformin it has been shown that 

renal clearance of metformin is increased in pregnancy340,380.  
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Figure  3.3: Actions of metformin in a non-pregnant individual 

Uptake of metformin and its action on the skeletal muscle, liver and the intestine are shown. Known expression 

of metformin transporters in the brain, lung, liver, intestine, fat and kidney is shown on the body scheme and on 

the right-hand metformin’s actions for the skeletal muscle, the liver and the duodenum and jejunum are further 

specified. Figures created with BioRender.com.  

 

3.1.3 Aims 

The aims of this chapter are: 

• To characterise basic maternal health and physical characteristics in our mouse model of 

maternal diet-induced obesity (bodyweight, fat mass, glucose tolerance).  

• To assess successful adaptation to pregnancy in our model of maternal obesity (maternal 

haemodynamics).  

• To investigate the effect of metformin in obese pregnancy on the maternal outcomes stated 

in the previous two aims.   
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3.2 Methods 

3.2.1 Dam phenotyping 

The mouse model outlined in the general methods was used.  

In the first main cohort food (Figure 3.4A), milk and dam were weighed twice weekly. Time Domain 

Nuclear Magnetic Resonance measurements (TD-NMR, Bruker minispec) were performed on the day 

of the plug (E0.5), E4.5 and E18.5 to assess body composition. In the middle of the study time this 

equipment broke and could not be used. Therefore, unfortunately body composition data is not 

available for all animals. In this cohort dams were killed after the ultrasound measurements at E18.5 

(see section 3.2.5), cardiac puncture was performed under 2% isoflurane anaesthesia and death 

confirmed by cervical dislocation.  

In the second cohort the aim was to assess food intake in obese untreated and obese metformin-

treated dams daily. Food, milk and the dam were thereby weighed every day between 7 and 9 am. As 

shown in Figure 3.4B in comparison to the first main cohort this second cohort did not include a control 

group as we aimed to specifically investigate the effect of metformin on food and milk intake and 

weight gain. In contrast to the first main cohort single-housing was performed 1 week prior to dosing 

of the dams so that accurate daily food and milk weighing could be performed in individual animals 

before dosing, in the dosing week prior to mating and during pregnancy. Mice that did not mate 

successfully were also included to assess body weight and food intake in both groups in a non-pregnant 

state. In this cohort half of the mice were killed on day E13.5 and the other half on day E18.5 with CO2 

exposure and death confirmed via cervical dislocation.  

For the analysis of the food pellet and milk pot weighings in both cohorts any datapoints with over 4 g 

food intake (equals 19.2 kcal) and datapoints with over 6 g milk intake (equals 18 kcal) were excluded 

as this intake would be clearly higher than the expected daily kcal intake of a C57BL/6 mouse and 

therefore the result of a technical error381. These errors are likely caused by the mouse playing with 

the food and pulling it through the hopper and powdering it.    

For both cohorts, data is shown per weeks of pregnancy with week 1 (E0.5 – E5.5), week 2 (E6.5 – E12-

5) and week 3 (E13.5 – E18.5).  
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Figure  3.4: Designs of the two cohorts 

(A) A main cohort investigated control, obese untreated and metformin-treated dams during pregnancy. (B) In a 

second cohort only obese untreated and metformin-treated dams were analysed to specifically address effects 

on food intake, also investigating them prior to pregnancy. 

 

3.2.2 Liver histology  

The left lateral liver lobe was cut of the liver and immersion-fixed in 10% formalin for up to 1 year until 

further processed and embedded in paraffin, which was performed by Tom Ashmore. 5 µm mid-

sections were stained with hematoxylin and eosin (H&E) as described in section 2.8 of the general 

methods. Images were acquired with the Zeiss Axioscan microscopy slide scanner  and analysis of the 

liver fat vacuoles was performed with HALO software (Indica labs). Vessels were manually delineated 

on the pictures taken so that the software could be taught via artificial intelligence to exclude vessels 

so that fat content in the livers could be quantified. For the analysis of the fat content the vacuole 

setting in HALO was used that has been designed to quantify and calculate the area of white space in 

a tissue section. 

3.2.3 Glucose tolerance measurement 

On day E17.5 of pregnancy dams were fasted in the morning for 4 hours. Glucose (1 mg/kg) was intra-

peritoneally injected and glucose measured in tail blood at 0, 15, 30, 60 and 120 minutes (AlphaTRAK, 

Abbot Logistics, Netherlands). Capillary tubes were used for blood collection at 0 and 15 minutes for 

future measurement of insulin concentrations later via an enzyme-linked immunoassay (ELISA, Crystal 

Chem Mouse Insulin ELISA (Ultra-Sensitive) kit). Due to the high variation of intraperitoneal GTT 

(ipGTT) data and thereby the need for higher n numbers for this measurement compared to others, 

data from a previous cohort assessing metformin treatment in obese dams was included to provide 

sufficient statistical power. Both cohorts were established and maintained in the same way. To account 

for the use of two cohort in this data, analysis of the glucose excursion curves is presented as the 

difference to the starting glucose ( glucose). Animals for which glucose rose less than 50% between 

fasting and the measurement at 15 and/or 30 minutes after glucose injection were excluded from the 

analysis. In these cases, the GTT was considered a failed GTT due to a failed injection with a slightly 

higher failure rate in the control group (23%) but similar rates in the obese (9%) and the metformin-

treated group (5%). In total 14% needed to be excluded which fits which the literature that states that 

the error rate of ipGTTs is 10-20%382.   
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3.2.4  Blood pressure measurements 

Systolic blood pressure and heart rate were measured via non-invasive tail cuff plethysmography (BP-

200 system, Visitech) which measures via transmission of light through the tail. Animals are restrained 

in the machine in a little container and their tails placed and secured in a cuff that allows the 

measurement of blood pressure by inflating and deflating. Before mating dams were trained on two 

consecutive days, then the pre-pregnancy blood pressure measurement was performed. Blood 

pressure was additionally measured on day E4.5 and E16.5 to provide longitudinal data. On each day 

blood pressure measurements were performed in the morning (7.30 – 9 am) and evening (5 – 6.30 pm) 

to cover the light and dark phases.  

3.2.5 Uterine artery Doppler 

Thanks to Dr. Colin Murdoch, Dr. Norman Shreeve and Dr. Dieter Fuchs for the help in setting up and 

establishing pregnancy ultrasound in the lab. On day E18.5 uterine artery Doppler was performed 

(FUJIFILM VisualSonics, Canada, Vevo3100). Anaesthesia was induced with 2% isoflurane which was 

reduced to 1.5% after 10 minutes for the duration of the assessment. Animals were positioned on a 

heated platform to maintain a constant body temperature of 36°C throughout. Body temperature was 

measured via a rectal probe and measurements from one animal were excluded as the temperature 

fell below 36°C multiple times. Via electrodes on the platform the ECG was also recorded to monitor 

the animal under anaesthesia. The bladder was used as a landmark, at this height the abdominal splits 

into the iliac artery from which the uterine artery branches off (Figure 3.5A) 383. The probe was moved 

further downwards so that the uterine artery could be observed as a clear streak. Here the Doppler 

measurement is taken showing the typical uterine artery waveform in Figure 3.5B. From the systolic, 

minimum diastolic velocity and the velocity time integral (VTI, measure for the mean velocity) the 

pulsatility and resistance index were calculated.  

 

Figure  3.5: Uterine artery Doppler measurements 

(A) Ultrasound allows the detection of the bladder as a landmark to see the branching of the iliac and the 

uterine artery, where the Doppler measurement is taken in the uterine artery, (B) showing the typical waveform 

of the uterine artery. 
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3.2.6 Serum analysis 

Blood samples of the dams were left at room temperature for at least 30 minutes before 

centrifugation (1500 g for 5 minutes, twice) to obtain clean serum. Serum was aliquoted and stored 

at -80°C until used for the assays below. 

3.2.7 sFlt measurements 

sFlt (VEGF-R1), a typical marker for preeclampsia, was measured in maternal serum by ELISA according 

to the manufacturer’s instructions (R&D Systems, Cat #MVR100). The kit already provides an antibody 

coated plate, so samples (dilution 1:35, in single) are added to the wells in the provided assay diluent 

for incubation (2 hours, room temperature). After washing with provided wash buffer the sFlt antibody 

conjugated to horseradish peroxidase is added and incubated for 2 hours (room temperature). The 

plate is then washed and incubated with substrate solution for 30 minutes (room temperature, away 

from light). The stop solution is then added and the plate read with a plate reader at a wavelength of 

450 nm (wavelength correction at 540 nm). A standard curve was used to interpret results from the 

samples.   

3.2.8 GDF-15 measurements 

GDF-15, previously identified to increase with metformin treatment, was measured in the dam serum 

by the Core Biochemical Assay Laboratory, Cambridge University Hospitals with the Mouse GDF-15 

DuoSet ELISA (DY6385)377. In brief, GDF-15 antibodies are coated onto MesoScale Discovery (MSD) 

microplates, after washing the plates are then blocked with MSD blocker A. 40 µl of assay diluent and 

standards/QCs/sample (undiluted, in duplicates) were incubated on the plate for 2 hours (room 

temperature). Goat anti-human GDF-15 detection antibody (biotinylated) diluted in MSD diluent 100 

incubated on the plate for 1 hour on a plate shaker (room temperature). The plate was washed and 

Sulpho-TAG labelled Streptavidin (MSD) in MSD diluent 100 incubated on the plate for 30 minutes. The 

plate was washed again, MSD read buffer added and the plate read with the MSD s600 plate reader.  
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3.3 Results 

3.3.1 Dam bodyweight across pregnancy 

Obese untreated and obese metformin-treated dams had a significantly increased bodyweight 

throughout pregnancy compared to control dams (Figure 3.1A). However, all dams showed an increase 

in body weight from the day of the plug (E0.5) until day E18.5. As visible in Figure 3.6A the slope in 

body weight gain is steeper in the control dams compared to the animals on an obesogenic diet. Total 

GWG expressed as the % of starting bodyweight was significantly higher in the control group (Figure 

3.6B). Metformin treatment had no effect on body weight or GWG but reduced maternal fat mass 

significantly at the end of pregnancy compared to obese untreated dams (21.2 ± 2.3 g in obese 

untreated vs. 17.58 ± 3.0 g in obese metformin-treated, p=0.02, Figure 3.6C).   

 

Figure  3.6: Bodyweight was increased in the obese untreated and obese metformin-treated dams 

(A) Body weight was measured throughout pregnancy (n = 14 for control, n = 14 for obese, n = 13 for metformin 

dams; mean ± SEM and mixed model analysis shown) and (B) gestational weight gain as a % of the body weight 

calculated (n = 14 for control, n = 14 for obese, n = 13 for metformin dams). (C) TD-NMR measurements allowed 

measurement of fat mass in the dams (n = 5 for control, n = 9 for obese, n = 7 for metformin dams). One-Way-

ANOVA followed by Tukey’s multiple comparison test and mean ± SEM are shown. 

 

To adress the effect of metformin treatment on maternal body weight more precisely a second cohort 

was established where daily measurements comparing obese untreated and obese metformin-treated 

animals in the pregnant and non-pregnant state were performed. Both, the obese untreated and obese 

metformin-treated pregnant animals, gained similar weight during pregnancy, comparable to the data 

from the first cohort (Figure 3.7A). Daily tracking of bodyweight however showed that from the second 

half of the dosing week onwards obese metformin-treated dams showed a slight reduction in 

bodyweight. This remained through pregnancy with the obese metformin-treated dams tracking below 

the bodyweight of the obese untreated dams. The effect of metformin treatment on body weight 

reduction becomes clear when looking at the divergence of the graphs for the non-pregnant obese 

untreated and obese metformin-treated animals (Figure 3.7A).   
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Analysis of bodyweight change by week showed a significant bodyweight reduction pre-pregnancy 

upon dosing in the obese metformin-treated animals compared to the obese untreated animals (-0.5 

± 0.3 g in obese untreated vs. -2.8 ± 0.6 g in obese metformin-treated dams, p=0.001, Figure 3.7B). In 

pregnancy obese metformin-treated dams still gained less weight in the first week of pregnancy (3.2 ± 

0.3 g in obese untreated vs. 1.0 ± 0.4 g in obese metformin-treated dams, p=0.006, Figure 3.7C). This 

effect was not observed in the last two weeks of pregnancy where both groups gain a similar amount 

of body weight in each week. Non-pregnant obese metformin-treated females also gained less weight 

compared to the obese untreated animals as expected (Figure 3.7C).  

 

Figure  3.7: Body weight in the second cohort was tracked daily 

(A) Body weight was measured throughout pregnancy in obese untreated and obese metformin-treated 

pregnant and non-pregnant animals. Body weight change per week is shown (B) prior to mating (pre-dosing: 

n=7 for obese dams, n=11 for metformin dams, dosing: n=7 for obese dams, n=13 for metformin dams) and (C) 

after mating (week 1: n=7 and 4 for obese pregnant and non-pregnant animals, n=9 and 4 for metformin 

pregnant and non-pregnant animals, week 2: n=7 and 4 for obese pregnant animals, n=9 and 4 for metformin 

pregnant and non-pregnant animals, week 3: n=4 and 2 for obese pregnant and non-pregnant animals and n=5 

and 2 for metformin pregnant and non-pregnant animals.). Mixed effects model ANOVA followed by Tukey’s 

multiple comparison test and mean ± SEM are shown (*: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.001).  

 

3.3.2 Food intake 

Food intake was first analysed in the main cohort, here average total food intake in kcal/day during 

pregnancy was doubled in the obese untreated and obese metformin-treated dams compared to dams 



 

69 
 

on a control diet (Figure 3.8A). In the last week of pregnancy this difference disappears with all three 

groups taking in around 20 kcal/day on average. Pellet food intake was not significantly different across 

the three groups with the obese metformin-treated dams taking in significantly more kcal of food 

pellets per day than the obese untreated dams in week 2 of pregnancy (Figure 3.8B). The milk intake 

however showed slightly lower milk kcal intake per day in the obese metformin-treated dams 

compared to the obese untreated dams (Figure 3.8C), but this difference was not significant.  

 

Figure  3.8: Daily total food intake was increased in the obese untreated and metformin-treated dams in 

early pregnancy 

(A) Total daily food intake was averaged over the three weeks of pregnancy in the control, obese untreated and 

obese metformin-treated group. The different ingredients of the diet are shown separately as well: (B) averaged 

daily food intake and (C) averaged daily milk intake. All graphs show for week 1: n=14 for control and obese and 

n=12 for metformin dams, week 2: n=13 for control, n=14 for obese and n=14 for metformin dams, week 3: 

n=10 for control and obese and n=12 for metformin dams. Mixed effects model ANOVA followed by Tukey’s 

multiple comparison test and mean ± SEM are shown (*: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.001).  

 

To investigate this phenotype more closely and accurately via daily rather than weekly weighings the 

second cohort was used. Prior to pregnancy animals dosed with metformin showed an increase in daily 

food intake upon dosing (Figure 3.9B). However, the milk intake per kcal is reduced upon metformin 

treatment (Figure 3.9 C) with the whole average daily kcal intake being reduced (total daily food intake 
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of 16.6 ± 0.7 kcal in obese untreated vs. 14.2 ± 0.9 kcal in obese metformin-treated, p=0.04, Figure 

3.9A).  

 

Figure  3.9: Prior to pregnancy averaged total daily food intake is reduced in obese animals upon metformin 

treatment 

(A) Total daily food intake was averaged in the week before metformin dosing and in the week of metformin 

dosing. The different ingredients of the diet are shown separately as well: (B) averaged daily food intake and (C) 

averaged daily milk intake. All graphs show pre dosing: n=7 for obese and metformin dams, dosing: n=11 for 

obese and n=13 for metformin dams.  Mixed effects model ANOVA followed by Tukey’s multiple comparison test 

and mean ± SEM are shown (*: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.001). 

 

During pregnancy average total daily kcal intake was similar across groups. Only in week 1 of pregnancy 

the total average daily kcal intake was lower in the pregnant obese metformin-treated compared to 

the obese untreated dams (Figure 3.10A). In week 3 of pregnancy average total kcal intake is even 

slightly higher in the obese metformin-treated animals, in the non-pregnant animals metformin seems 

to still reduce total kcal intake even after 4 weeks of treatment.   

In contrast pellet food intake was increased in the pregnant obese metformin-treated dams in week 1 

and 2 of pregnancy in comparison with the obese untreated dams (Figure 3.10B). The food intake 

increased in both groups with advancing gestation, showing a clear difference to the non-pregnant 

animals who have a lower food intake throughout. Daily milk intake decreased overall across gestation 

(Figure 3.10C). In the non-pregnant animals, no change in milk intake was seen across the weeks. As 

shown in the week of dosing, intake of milk was significantly reduced in both the pregnant and non-

pregnant obese metformin-treated dams compared to their obese untreated counterparts in the first 

week of pregnancy/the second week of dosing.   
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Figure  3.10: During pregnancy food intake is averaged across the three weeks of pregnancy 

(A) Total daily food intake was averaged per week in the pregnant and non-pregnant obese untreated and 

obese metformin-treated animals. The different ingredients of the diet are shown separately as well: (B) 

averaged daily food intake and (C) averaged daily milk intake. All graphs show for week 1: n=7 and 4 for obese 

pregnant and non-pregnant animals, n=9 and 4 for metformin pregnant and non-pregnant animals, week 2: 

n=7 and 4 for obese pregnant animals, n=9 and 4 for metformin pregnant and non-pregnant animals, week 3: 

n=4 and 2 for obese pregnant and non-pregnant animals and n=5 and 2 for metformin pregnant and non-

pregnant animals. Mixed effects model ANOVA followed by Tukey’s multiple comparison test and mean ± SEM 

are shown (*: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.001). Ob=Obese, Met=Metformin 

 

3.3.3  Metformin dosing 

Based on the milk intake calculated in the food intake data, metformin intake was assessed. As 

expected from the milk intake data metformin intake in mg/kg/day reduces with pregnancy 

progression from pre-pregnancy to week 3 of pregnancy (Figure 3.11A). Total average metformin dose 

was 255 ± 13.3 mg/kg/day and thereby above the lowest dose threshold that we set at 200 mg/kg/day 

to achieve sufficient metformin exposure (Figure 3.11B). 
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Figure  3.11: All dams received sufficient amounts of Metformin based on their milk intake 

(A) Metformin dose received by the animal was averaged over the first week of dosing before pregnancy and 

three weeks of pregnancy. (B) Averaged dose across the whole dosing time shows that all dams received a dose 

within a range of 200 – 300 mg/kg/day. 

 

Equally the second cohort shows the same trajectory (data not shown here).  

Metformin was additionally measured in the serum via LC-MS. In the initial main cohort, the 

concentrations showed a range from 0.10 to 5.96 nmol/ml in the 13 dams with an average of 1.67 ± 

0.57 nmol/ml. 

3.3.4 GDF-15 measurements 

GDF-15 levels were significantly increased in the metformin-treated obese dams compared to both, 

the obese untreated and the control group (Figure 3.12A). Due to unexpectedly high levels of GDF-15 

compared to data from the literature it was hypothesized that anaesthesia could be an underlying 

cause of the increased GDF-15 levels. Evidence for this could be the strong correlation between 

approximate time under anaesthesia and GDF-15 levels (Figure 3.12B).  
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Figure  3.12: GDF-15 levels are increased in metformin-treated obese dams but correlate with anaesthesia 

length 

(A) GDF-15 levels are measured in dam serum, One-Way-ANOVA followed by Tukey’s multiple comparison test 

and mean ± SEM are shown. (B) GDF-15 serum levels were correlated against approximate length of the animal 

under anaesthesia, linear regression and Pearson correlation coefficient r are shown. N=12 for control, n=13 for 

obese and n=8 for metformin dams was shown.  

 

3.3.5 Liver steatosis 

As the liver is a key metabolic organ, maternal livers were weighed and showed significant differences 

with the livers being significantly heavier in the obese dams. The obese metformin-treated dams 

however had a significantly reduced liver weight compared to the obese untreated dams (Figure 

3.13A). This led us to hypothesize that liver fat is reduced in obese dams with metformin-treatment 

compared to obese untreated dams despite the same obesogenic diet and livers were therefore 

further analysed. H&E staining was performed (Figure 3.13B) which showed increased fat content in 

livers from obese untreated dams compared to dams on a control diet (8.5 ± 0.5% in obese untreated 

vs. 1.3 ± 0.2% in controls p < 0.0001, Figure 3.13C). As expected from the liver weight data fat content 

was significantly reduced in obese metformin-treated dams compared to obese untreated dams (6.5 

± 0.7% in obese metformin treated group, p=0.01, Figure 3.13C).  
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Figure  3.13: Liver steatosis is increased in obese untreated dams but improved with metformin-treatment 

(A) Livers were weighed at the time of dissection on E18.5, n=14 for control and obese dams and n=13 for 

metformin dams and One-Way-ANOVA followed by Tukey’s multiple comparison test with mean ± SEM are 

shown. (B) H&E staining of the liver section (representative images) allowed (C) calculation of percentage of fat 

in the liver, n=14 for control and n=13 for obese and metformin dams and Welch-ANOVA followed by Dunnett’s 

multiple comparison test and mean ± SEM are shown. 

 

3.3.6 Glucose tolerance 

Glucose tolerance was impaired in the obese untreated dams with the area under the curve (AUC) 

being significantly increased in the obese untreated dams compared to control dams (Figure 3.14A and 

B). Metformin-treatment in obese dams improved glucose tolerance. The AUC tended to be reduced 

with metformin-treatment compared to obese dams without treatment (p=0.01 for obese untreated 

vs. controls and p=0.07 for obese metformin treated vs. obese untreated, Figure 3.14B).  

Insulin levels in the dams were measured after a 4 hour fast prior to the ipGTT and 15 minutes after 

glucose injection. Both, at time 0 and time 15, insulin levels were significantly increased in the obese 

untreated dams compared to control dams (Figure 3.14C and D). At both timepoints metformin-

treatment in obese dams reduced insulin levels but this was only statistically significant at the 15 

minute timepoint.  
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Figure  3.14: Impaired glucose tolerance induced by maternal obesity is improved with metformin treatment 

(A) Glucose excursion curves are shown as difference of glucose levels to the starting glucose and (B) AUC is 

calculated. N=20 for control and obese and n=19 for metformin dams are shown for A and B. (C) Fasting insulin 

and (D) insulin at 15 minutes after glucose injection were measured. N=13 for control, n=14 for obese and n=12 

for metformin dams, Welch-ANOVA followed by Dunnett’s multiple comparison test and mean ± SEM are 

shown. 

 

3.3.7 Blood pressure 

Heart rate was significantly increased in the obese untreated dams compared to the control dams prior 

to mating, at E4.5 and E17.5 when measured in the morning (Figure 3.15A). Measurements in the 

evening only revealed this significant difference prior to mating and at E17.5 (Figure 3.15B). Obese 

metformin-treated dams showed a trend for a lower heart rate than the obese untreated at time of 

mating when measured in the morning (p=0.07). The heart rate of obese metformin-treated dams was 

significantly higher than in the control dams at E4.5 when measured in the morning and at E17.5 when 

measured in the evening. Measurements for the systolic blood pressure were generally not 
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significantly different between the groups (Figure 3.15C and D). The only significant difference 

observed was in the obese metformin-treated animals measured in the morning prior to mating when 

SBP was significantly reduced compared to controls. Overall, linear modelling assessing the effect of 

treatment, day of gestation and time of the day showed that heart rate (coefficient: -38.8, p<0.001) 

and SBP (coefficient: -4.3, p=0.03) were lower when measured in the evening.  

 

Figure  3.15: Heart rate is increased in obese untreated dams with reductions via metformin-treatment 

(A) Heart rate measurements before mating, at E4.5 and E16.5 were performed in the morning (n=13-14 for 

control, n=11-12 for obese and n=11-12 for metformin dams) and (B) evening (n=12-14 for control, n=12-13 for 

obese and n=11-12 for metformin dams). (C) Equally systolic blood pressure was recorded at the same 

timepoints in the morning (n=11-12 for control, n=10-12 for obese and n=11-13 for metformin dams)  and (D) 

the evening (n=9-12 for control, n=9-13 for obese and n=11-12 for metformin dams). Mixed effects model 

ANOVA followed by Tukey’s multiple comparison test and mean ± SEM are shown. 

 

3.3.8 Uterine artery Doppler 

Uterine artery pulsatility and resistance index were calculated. They were both significantly negatively 

correlated with the maternal heart rate recorded during the ultrasound (Figure 3.16A and B). This was 

previously reported in a study in sheep which suggested the need for correction of uterine artery 

Doppler by the maternal heart rate384,385. Thereby uterine artery PI and RI were corrected for maternal 

heart rate according to the following formula presented by Ochi et al. 384,385: PI = (interceptcorrelation – 
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slopecorrelation * heart rate) * PImeasured.   

The corrected PI and RI were both significantly increased in the obese untreated dams compared to 

control dams (Pulsatility index: p=0.001 obese untreated vs. controls, Figure 3.16C and D). Metformin-

treatment of obese dams reduced the PI and RI significantly (p=0.04 and p=0.03 compared to obese 

untreated animals). 

 

Figure  3.16: Uterine artery compliance is impaired in obese untreated but rescued in obese metformin-

treated dams 

(A) Uterine artery PI and (B) RI were correlated to the maternal heart rate recorded during the ultrasound.  Via 

the intercept and the slope of the regression line uterine artery (C) PI and (D) RI were corrected and are 

presented here for all three groups. N=12 for all groups, One-Way-ANOVA followed by Tukey’s multiple 

comparison test and mean ± SEM are shown. For correlation analyses linear regression and Pearson correlation 

coefficient r are shown. 

 

The uterine artery PI correlated with insulin at both timepoints, fasting and 15 minutes after glucose 

injection (r=0.51, p=0.001 and r=0.43, p=0.02, Figure 3.17A and B). A similar correlation was seen 

between the RI and insulin levels (data not shown).    
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Levels of sFlt were measured as a marker of preeclampsia in maternal blood at E18.5 and were shown 

to be significantly increased in the obese untreated dams compared to control dams (control vs. obese 

untreated p=0.04, Figure 3.17C). Metformin treatment of obese dams reduced serum sFlt with levels 

being no longer different compared to control dams (Control vs. Metformin-treated obese p=0.7).  

  

Figure  3.17: Uterine artery compliance correlates with insulin levels 

(A) Correlation of the uterine artery PI with insulin at fasting and (B) with insulin at 15 minutes after glucose 

injection are shown. Linear regression and Pearson correlation coefficient r are shown. (C) Serum sFlt levels 

were measured at E18.5, n=13 for control, n=14 for obese and n=13 for metformin dams and One-Way-ANOVA 

followed by Tukey’s multiple comparison test and mean ± SEM are shown. 
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3.4 Discussion 

The global initial aim of this chapter was to characterise the maternal phenotype of our diet-induced 

maternal obesity model in detail, looking at body composition outcomes, metabolic health and 

adaptation to pregnancy. This showed that our model mirrors the human situation of obese and 

glucose-intolerant pregnancies, making it a suitable model to assess the effect of a metformin 

intervention in an obese pregnancy as a second aim.  

3.4.1 Body composition and food intake 

We have previously shown in our model that feeding mice a diet high in fat and sugar diet prior to and 

throughout pregnancy leads to hyperphagia, increased body weight and fat mass257,261,262. The data in 

this chapter confirms the robustness of our model, leading to increased bodyweight and fat mass at 

the end of pregnancy in obese dams compared to dams fed the control diet. Due to the feeding of the 

diet on average 4-5 months prior to mating and a first pregnancy obese dams, although age matched 

to controls, start the experimental pregnancy with an average bodyweight of 36.8 g and 47% body fat 

compared to 24.5 g and 21% body fat in the controls.  

Compared to other mouse models of maternal obesity this obesity phenotype is clinically obese when 

compared to human obesity where body fat percentage above 40% is classed as obese386. Many other 

models show a subtle bodyweight difference at the beginning of pregnancy of 2 – 8 g between the 

obese and control animals which is closer to a model for an overweight phenotype185,226,387–389. All these 

models are equally clinically relevant with the numbers of overweight, obese and severely obese 

women entering pregnancy increasing worldwide as highlighted in section 1.7.1 of the general 

introduction. It also needs to be noted that our model uses a high fat diet combined with high sugar 

content via the condensed milk, mimicking the so-called western diet rather than simply a high fat diet.  

Studies using metformin in human GDM pregnancies have shown a reduction in GWG390. Therefore 

metformin has been trialled in obese human pregnancies in recent years, where it showed reduced 

GWG (4.6 kg in metformin-treated vs. 6.3 kg in untreated obese women)342. A recent study in T2D 

pregnant women also showed reduction of weight gain with metformin treatment391. We observed 

that fat mass at the end of pregnancy was reduced in the obese metformin-treated compared to the 

obese untreated dams. The daily weighings of the dams in the second additional cohort highlighted 

the weight reducing effect of metformin in pregnant and not-pregnant dams.   

 

Our obese dams had on average double the intake of kcal per day compared to dams fed a control 

diet. Towards the end of pregnancy however average total food intake reduces gradually in the obese 

but not the control dams. Institute of Medicine (IOM) recommendations for human pregnancy 

highlight that kcal intake should increase from the first to the third trimester. Energy requirements are 
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not based on weight maintenance as for the non-pregnant population but on appropriate GWG. Due 

to the increased maternal body mass in pregnancy and fetal metabolic demand energy requirements 

increase by 390 kcal/day in the second and third trimester of human pregnancy392. A recent study 

highlighted that these guidelines are not suitable for obese women, in which lower kcal intake than 

their energy expenditure needs to be achieved in order to avoid excessive GWG393.  

Metformin treatment reduced total kcal intake in the first week of treatment prior to pregnancy and 

during the first week of pregnancy. A reduced food intake was postulated by Coll et al. as a possible 

mechanism of metformin’s action via GDF-15 to reduced body weight377. We demonstrated increased 

GDF-15 levels in the metformin-treated obese dams. Interestingly GDF-15 levels were very high overall 

amongst all groups and higher than expected from metformin-treated non-pregnant animals with 

current publications reporting a range of 200-300 pg/ml377,394. Even though pregnancy increases GDF-

15 serum levels independent of metformin treatment we did see levels even above 2000 pg/ml. 

Interestingly a correlation with length of anaesthesia and thereby length of exposure to isoflurane 

could be observed. Other researchers of the Institute of Metabolic Science have recently also come 

across this phenomenon in their non-pregnant mouse models (personal communication), this could 

be of clinical interest given the notion that GDF-15 is a nutritional stress marker.   

In our study the food intake reduction was primarily related to reduced milk intake. As the reduction 

of milk intake upon metformin dosing is evident in both pregnant and non-pregnant animals it is not 

possible to exclude the possibility that the addition of metformin to the milk reduces its palatability 

rather than the metformin directly reducing hunger/increasing satiety. Based on the current data we 

also can’t exclude that metformin might lead to a change in food preference, leading the animals to 

avoiding the sugar-dense condensed milk and preferring the high fat diet. Total kcal intake was 

significantly reduced with metformin prior to pregnancy and in early but not in late pregnancy, in late 

pregnancy metformin treatment even seemed to slightly increase total kcal intake. This might be 

different in non-pregnant animals, where metformin treatment consistently shows a trend for a 

reduced total kcal intake. Therefore, metformin might regulate food intake differently in the pregnant 

compared to the non-pregnant state. Little data exist regarding food intake in pregnancy in rodents, 

early reports from 2001 highlighted that food intake in the rat slightly decreases in early pregnancy 

but then increases with advancing gestation, this could explain different effects of metformin in early 

and late gestation in our study395. In humans food intake is thought to increase by 10-15% in 

pregnancy395. Food intake in metformin-treated pregnancies in humans has not been assessed but 

could be an interesting additional parameter to investigate aiming to understand metformin’s effects 

in pregnancy further.  
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3.4.2 Metformin treatment 

Metformin intake was estimated and adapted based on the milk intake to achieve a metformin dose 

of 200 – 300 mg/kg/day for each animal. This dose was chosen based on previous papers and mirrors 

the dose given in humans as it equates to 1700 mg of metformin in a 70kg man based on the allometric 

body surface method396,397. A recent meta-analysis from our lab highlighted that metformin doses for 

women with GDM show a wide range from 500 to 3000 mg per day341. The chosen dose in our mouse 

models therefore lies in the middle of this range. The reduction of metformin intake in mg/kg/day with 

advancing gestation due to reduced milk intake towards the end of pregnancy can be translated into 

the human situation where women are not given an increased dose of metformin adjusted for their 

increased weight at the end of pregnancy leading to a reduced metformin intake in mg/kg/day towards 

the end of gestation as well.   

We confirmed metformin concentration in the maternal circulation to be within the clinically observed 

range. Our data shows a range of 0.10 to 5.9 nmol/ml.  Pharmacokinetic analysis of metformin (500 

mg) in GDM vs T2D patients showed a peak of metformin concentration at around 2 hours after drug 

administration at 7.7 nmol/ml in the pregnant GDM women. Around 12 hours after administration 

serum concentrations were on average at 2 nmol/ml. Thereby our measurements lie within the ranges 

observed in GDM women. A wide range of metformin serum concentrations is found in clinical studies 

due to the time of measurement after drug administration398. Similarly in our study the high range of 

metformin concentrations in the different dams is likely to be due to different times the dams last took 

in metformin via the milk. Overall, the metformin dosing in our model mirrors the human situation of 

metformin treatment in obese and/or glucose-intolerant pregnancies.  

3.4.3 Metabolic health 

Previous data from our model has highlighted that the obese dams show glucose intolerance and are 

hyperinsulinemic229. This glucose intolerance is only present during pregnancy and not present at the 

time of weaning399, making our model a good model of an obese GDM pregnancy. Impaired glucose 

tolerance was shown in the obese dams in this chapter. Additionally, increased hepatic lipid content 

was observed in the obese dams. Previous data highlighted increased lipogenic proteins especially in 

the liver in the obese dams from our model230. The study showed a correlation between plasma insulin 

and the liver fat content suggesting that hyperinsulinemia and glucose intolerance stimulate fat 

accumulation in the liver, which has been shown previously in non-pregnant animals fed a sucrose-rich 

diet400. Altogether this data highlights major metabolic dysfunction in our obese dams.  

Metformin treatment improved metabolism in the obese dams. The GTT AUC and insulin levels were 

not fully rescued but improved with metformin treatment of the obese dams. Other mouse studies 

using metformin in T2D or HFD models have shown an improvement in glucose tolerance and 

reduction in insulin and glucose levels during pregnancy362,401,402. In human GDM pregnancies 
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metformin treatment can be equally efficient in glycaemic control as glyburide and insulin though 

metformin is unable to control glycaemia in some women390. Additionally, GDM incidence in obese and 

PCOS pregnancies treated with metformin has been shown not to be reduced330,403.   

A careful look at the insulin levels in the dams shows that metformin didn’t lower insulin levels in all 

dams. Repeatedly human studies have reported a high failure rate of 30 – 50% with metformin 

interventions in pregnancy requiring supplementation of insulin to lower blood glucose 340,390. Thus 

some authors urge for a more individualistic approach and that metformin might be only useful in a 

subset of women288.   

3.4.4 Haemodynamics 

Heart rate was consistently increased in the obese untreated and metformin-treated dams before and 

during pregnancy. Higher rates of tachycardia during pregnancy have been observed in women with a 

higher BMI. Obesity-associated hyperinsulinemia can stimulate the sympathetic nervous system, 

leading to a higher heart rate404. The authors of a meta-analysis looking at the correlation between 

heart rate and BMI hypothesized that this imbalance of the sympathetic nervous system can lead to a 

less adaptive haemodynamic system in obese mums404. Thereby these women are less able to cope 

with the adaptations needed in a healthy pregnancy, such as further heart rate and cardiac output 

increase.  

In the current study obese dams receiving metformin treatment present a slightly lower heart rate 

than the obese untreated dams at all measurement timepoints, however this effect is not significant. 

No major differences were detected in blood pressure either due to treatment group or due to 

pregnancy. A detailed analysis of blood pressure during mouse pregnancy via telemetry implants 

identified a pattern of 5 phases showing mean arterial pressure (MAP=1/3 systolic blood pressure + 

2/3 diastolic blood pressure) decreases from gestation day E5.5 onwards to a nadir at E9.5110,111. At 

that timepoint the final murine placenta is built and the MAP increases to baseline level again111.  Based 

on this it would be expected to not see an effect of time on the blood pressure in our analysis as the 

timepoints were when the MAP change is expected to be only very minor. Assessment of maternal 

blood pressure at the nadir point around E9.5 and comparing the difference across groups would be 

of interest. However, one also needs to take into account the high variability of restrained non-invasive 

blood pressure measurement. The data from the detailed blood pressure analysis mentioned above 

detected small changes (in mice only 5 mmHg from baseline to nadir), but this was performed via 

telemetry. Here mice are not stressed due to the handling in the restrainer cuff but have an implanted 

blood pressure measuring probe which measures blood pressure continuously. We minimised handling 

stress and variability via training the animals two times before the actual measurement, handling them 

frequently during the whole study time and taking many measurements at a time. However small 

differences are still unlikely to be detectable by this method. In our study SBP and heart rate were 
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lower in the evening, which is the onset of the active phase of the mouse. Circadian analyses show that 

heart rate and SBP are increased in the dark and active phase and thereby many highlight a slight 

increase in these parameters in the evening preparing for the onset of the active phase405,406. However 

other studies also highlight a slight increase in heart rate and SBP just before the onset of the light 

phase in the morning and the increase in heart rate and SBP only shortly after the onset of the dark 

phase407. Thereby our data presented in this chapter might have mainly picked these two timepoints 

in the circadian pattern of heart rate and SBP in the mouse. It can also be hypothesized that the mouse 

is less stressed in the evening measurements as the mouse already had a measurement performed in 

the morning of the same day.   

The current study showed that maternal obesity leads to an impaired uterine artery compliance. In 

both mice and humans the uterine artery PI and RI are reduced with advancing gestation. This 

resistance drop is significantly smaller in overweight women as shown by a recent prospective cohort 

study from our lab408. Human studies highlight in general that overweight women have a high risk for 

an abnormal uterine artery PI409,410. Equally women with GDM present impaired endothelium-

dependent vasorelaxation and endothelial dysfunction411–413. Other mouse models of diabetes during 

pregnancy (a streptozotocin-induced and Leprdb/+ GDM), showed impaired vasorelaxation and 

increased uterine PI in the dams 237,414. Impaired uterine artery compliance is likely a key contributor 

to pregnancy complications such as fetal growth restriction and stillbirth415. 

It is encouraging that metformin reduced the uterine artery PI back to control levels in the current 

study. Many human studies investigated the effect of metformin on uterine vascular function in 

women with PCOS. As PCOS is characterised by high spontaneous abortion rate, sufficient uterine 

artery adaptations are investigated as a potential reason for the increase of successful pregnancies 

with metformin treatment. Metformin-treated PCOS women presented a larger decrease in the 

uterine artery PI between 12 and 19 weeks gestation and in general a reduced uterine artery PI at 20 

weeks of gestation416,417. However, the PregMet PCOS studies did not find a difference in uterine PI 

upon metformin treatment, but they did observe a significant positive correlation between serum 

glucose and uterine artery PI418. In our model uterine artery PI correlated with insulin levels in the 

dams. One of the first PCOS studies by Jakubowicz et al. showed that insulin reduction induced by 

metformin treatment leads to an enhanced uterine vascularisation419. Insulin not only leads to 

sympathetic nervous system activation as outlined above but increases nitric oxide (NO) production 

leading to vasorelaxation and thereby vasodilation420. In insulin-resistant subjects this insulin-

mediated vasodilation is impaired. Nitric oxide is synthesized by NO synthase (NOS), which is present 

in the endothelium of uterine arteries (endothelial NOS, eNOS). An increase of eNOS across gestation 

is observed in mice and humans421,422. ENOS knock-out studies in pregnant mice have shown that the 
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knock-out leads to reduced uterine artery blood flow423. It is therefore likely that the hyperinsulinemia 

in our obese dams and the reduction of insulin with metformin is a key contributor to the observed 

effects on uterine artery compliance.   

There is also promising evidence that metformin prevents preeclampsia based on studies in GDM or 

obese pregnancies and reduced sFlt secretion from human placental explants342,424,425. As outlined in 

the introduction poor cardiovascular health and increased uterine artery resistance (e.g. due to 

impaired spiral artery remodelling) can lead to preeclampsia. It is thereby important that metformin 

improved haemodynamics and lowered sFlt serum levels in the dams in our obesity model.  

3.4.5 Conclusion 

The data presented in this chapter demonstrates that our model mirrors the physiological and 

metabolic status of human pregnancies complicated by obesity and/or GDM. Feeding a diet high in 

sugar and fat not only lead to increased bodyweight, but impaired glucose tolerance in pregnancy and 

induced hyperinsulinemia, liver steatosis, increased heart rate and impaired uterine artery compliance. 

Thereby our model is a good tool to investigate interventions such as metformin commonly used in 

human GDM-complicated pregnancies. Metformin treatment of the obese dams improved basic 

metabolic health such as reducing fat mass, improving glucose tolerance and insulin levels and also led 

to beneficial haemodynamic changes. Heart rate was lowered with metformin and uterine artery 

compliance significantly improved. This shows that metformin is not only benefical in GDM treatment 

but can improve other pregnancy outcomes such as reduce the rate of preeclampsia. Additionally, the 

reduction in GWG likely leads to a healthier weight after the pregnancy which can be beneficial for 

subsequent pregnancies as it might thereby also reduce weight gain between pregnancies. 

Interpregnancy weight gain has been associated with adverse fetal outcomes such as a low APGAR 

score and increased obesity in the offspring426,427. However, as pregnancy involves two individuals, 

mother and child, the effect of metformin on the fetus and the placenta will be assessed carefully in 

the next chapter. 

Key findings 

• Dams on an obesogenic diet are glucose-intolerant, have increased insulin levels and an 

increased fat mass and present liver steatosis. Metformin treatment can improve all these 

parameters in the obese dams.  

• Metformin was administered in the diet and reached clinically relevant concentrations in the 

maternal circulation.  

• Increased heart rate was observed in the obese dams prior to and during pregnancy which was 

non-significantly reduced with metformin treatment at all timepoints.  
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• Uterine artery function is impaired in the obese dams along with increased levels of serum 

sFlt, mimicking a preeclampsia-like phenotype. Metformin improved uterine artery function 

and reduced sFlt levels.  
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4 The impact of metformin exposure in utero on the fetus and its placenta 

during obese pregnancy  

4.1 Introduction 

4.1.1 The placenta  

In both human and mouse pregnancies the placenta is vital for a successful pregnancy. As outlined in 

section 1.8.4 many environmental cues have been found to influence placental structure and function. 

However, despite its vital role many processes underlying placental development, how it 

communicates with fetus and mother and how it responds to the in utero environment are still poorly 

understood. The National Institutes of Health described the placenta as the least understood organ 

and thereby launched the Human Placenta Project428,429. This is particularly relevant in the context of 

the topic of this thesis as it is now recognise that the placenta is not only crucial for healthy fetal 

development but for the long-term health of mother and offspring. Therefore, more research in this 

area is more important than ever.    

The general architecture of the whole placenta is different in humans and in the mouse as highlighted 

in section 1.8.2. In the human placenta villi branch out into the so-called intervillous space which is 

filled with maternal blood. The terminal branches of the villi then harbour fetal capillaries where the 

exchange between maternal and fetal circulation can occur. Cytotrophoblast and syncytiotrophoblast, 

exerting the endocrine functions of the placenta, coat the villi.  The murine placenta is ordered in 

different layers with the labyrinthine layer facilitating exchange between the maternal and fetal 

circulation. Here fetal capillaries branch out and build a highly branched network of fetal capillaries 

that are in contact with isolated maternal blood sinuses rather than bathed in maternal blood as in the 

intervillous space in the human placenta. Next to this is the so-called junctional zone with glycogen 

cells and spongiotrophoblasts that exert the endocrine function of the murine placenta. Both species 

have the chorionic layer on the fetal side of the placenta and the attachment side of the placenta on 

the uterine side is called the decidua, where drastic tissue remodelling takes places to enable fetal-

maternal nutrient transfer.  

The human and murine placenta are often compared as the mouse is a key model organism in many 

research fields. Schmidt et al. highlighted in their review some features that are not comparable 

between the murine and the human placenta430. This includes the observation that, in primates 

chromosome 19 harbours a placental specific miRNA cluster (C19MC cluster), which is not present in 

the murine placenta. Equally the secretion of the hormone human chorionic gonadotropin is unique 

to the human placenta. The invasion degree into the uterus is more shallow in the mouse placenta and 

mice do not usually develop the common human complication preeclampsia. It should also be noted 

that in the first half of pregnancy mice have an initial primitive placenta, the inverted yolk sac placenta, 
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which is established around day 8211. This placenta is a choriovitelline placenta built by the fusion of 

the yolk sac and the chorion. This first placenta nurtures the developing embryo by supplying it directly 

with secretions from the uterine glands, so called histio-trophic nutrition. Around day 11 to 12.5 the 

final chorioallantoic placenta replaces the initial primitive placenta.  In the human such an initial 

placenta does not exist, however, as in the mouse, in the first trimester the exchange between 

maternal and fetal blood is not yet established. Up to week 12 no significant maternal blood flow 

through the placenta can be observed. Thereby the main nutrients are also supplied by histio-trophic 

nutrition, which consist of endometrial secretions, also termed uterine milk431. The yolk sac in humans 

is not attached to the chorion, but is also important for nurturing the embryo in the first weeks of 

gestation including providing hematopoiesis432. It is later, around week 8, incorporated into the gut of 

the embryo. As the yolk sac placenta in mice and the yolk sac in the human provide the initial 

hematopoiesis they are crucial for embryonic development and the later establishment of the 

vascularisation of the definitive placenta433. Once the final circulations within the placenta are 

established in the murine and human placenta the circulation and exchange mechanisms are very 

similar between the two species206,208.  

4.1.2 Metformin  

A recent meta-analysis from our lab analysed the outcome of human GDM-pregnancies treated with 

metformin compared to treatment with insulin and showed that babies born to metformin-treated 

mothers are smaller at birth and present postnatal catch-up growth with a higher BMI in childhood 

compared to those from insulin-treated mums341. This is consistent with the follow-up studies in PCOS 

pregnancies (PedMet)333. The same was observed in the recent MiTy (Metformin in women with type 

2 diabetes in pregnancy) study in women with T2D that had metformin or placebo added to their 

insulin treatment regimen391. Women having additional metformin added had better glycaemic 

control, needed less insulin and had lower weight gain but delivered more SGA babies and babies of 

lower birth weight than the placebo group. While many women are now given metformin to treat 

PCOS or GDM long-term effects on mothers and their babies are still unknown. Although more and 

more follow-up data suggest that metformin-exposed babies are smaller and show higher adiposity 

and/or BMI in childhood, underlying mechanisms are poorly understood. There is also a surprising lack 

of data regarding effects on fetal growth. This is particularly relevant as one major difference between 

the long used insulin and metformin is that metformin can cross the placenta readily shown in in vitro 

studies and hence detected in the fetal circulation in human and mouse studies 340,362,398,434,435. It 

reaches concentrations in the fetus that are similar to those in the maternal circulation or even higher. 

As described in chapter 3 metformin inhibits the key growth signalling mediator mTOR. One can 

thereby hypothesize that it could impact fetal growth. Furthermore metformin activates AMPK , which 

is known to regulate histone deacetylases thereby potentially having epigenetic effects436. Metformin 



 

88 
 

can lead to Vitamin B12 deficiency leading to reduced nucleotide availability via the folate trap 437. 

Additionally, metformin has been shown to induce apoptosis in cancer studies 438,439. However little is 

known about these possible direct effects of metformin on the fetus318,440. 

Starting in 1994 metformin’s safety in pregnancy was assessed in mouse models. Teratology analyses 

highlighted no major defects in fetal development306. In the following years mouse models of PCOS 

were used to assess metformin effects. Studies highlighted improved blastocyst health and reduced 

embryonic resorption326. From 2014 onwards more and more studies assessed the use of metformin 

in mouse models of maternal obesity and/or GDM in line with the expansion of its use clinically. Here 

improvements such as increased placental vascularisation and placental mitochondrial biogenesis 

were found along with reduction of embryopathies induced by diabetes348,441,442.  

In relation to fetal growth, different findings have been reported with metformin some increasing441 

and some decreasing443,444 body weight compared to controls at the end of the murine gestation362. In 

an obese mouse model, offspring from obese metformin-exposed dams showed improved metabolic 

health with increased adipose tissue browning362. Interestingly the same group, when giving 

metformin to lean dams during pregnancy showed impaired glucose tolerance and increased body 

weight in the offspring compared to those from lean untreated dams, when offspring were fed a 

HFD396. A summary of the studies assessing metformin use in murine pregnancy can be found in Figure 

4.2, showing the controversy between some outcomes and highlighting that further information is 

needed regarding the exact effects on the fetus and placenta under different metabolic conditions.  

 

 

Figure  4.1: Observations in pregnancy mouse models with metformin treatment 

Main outcomes observed in dams, placentas, fetuses and offspring are summarized. References can be found in 

the supplement (supplement 5, page 220). Colours of boxes indicate the animal model used as indicated in the 

Figure.   
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4.1.3 Aims 

The aims of this chapter were therefore: 

• To assess fetal and placental physiology and growth in our model of maternal obesity and to 

establish how it is affected by maternal metformin administration. This was achieved by fetal 

biometry, fetal ultrasound and analysis of placental structure.  

• To measure uptake of metformin into the placenta, the fetal circulation and tissues. This was 

achieved by metformin measurements via LC-MS and assessment of metformin transporter 

expression in the placenta and fetal tissues.  
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4.2 Methods 

4.2.1 Fetal ultrasound 

After the Doppler analysis of the uterine artery at E18.5 (as described under 3.2.5) fetal ultrasound 

was performed. The probe was moved across the fetuses and for those that were accessible fetal 

measurements were taken. To minimise the anaesthesia time but still get sufficient data 2-3 fetuses 

per dam were scanned. The umbilical artery was scanned in a free loop of the umbilical cord rather 

than at the insertion point into the placenta or the egression point at the fetal naval for consistency445. 

Figure 4.3A shows the paw and placenta of the fetus with the umbilical artery and vein intertwined. 

The typical waveform of the umbilical artery can then be seen (Figure 4.3C). For the MCA measurement 

the fetus and the adjustment of the probe needed to allow a transversal view on the top of the fetal 

head. In that way the MCA can be measured at the level of the circle of Willis (Figure 4.3B) to obtain 

the typical MCA reading (Figure 4.3.D)446.  The fetuses that were scanned were marked on the shaven 

belly of the dam so that upon opening of the dam the fetuses could be identified and sexed.  

 

Figure  4.2:  Performance of fetal ultrasound 

(A) Fetal umbilical cord and (B) the MCA are identified to obtain waveforms for the (C) umbilical and (D) MCA. 

Systolic peak and minimum diastolic velocity can be measured to calculate the pulsatility index. 

 

4.2.2 Fetal dissection 

After killing of the dam (see section 3.2.1) the uterus with the fetuses was taken out and placed on ice. 

Before dissection of the fetus the amniotic sac was kept intact so that amniotic fluid could be aspirated 
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with a syringe. Afterwards the amniotic sac was removed and placenta and fetus dissected apart from 

each other and weighed individually. Fetal sex was determined via visual inspection of a black spot 

between the genital tubercle and the tail in males447. For those fetuses where further histological or 

molecular analysis was performed sex was validated molecularly as described in section 4.2.3. Via a 

caliper CRL, BPD, HL and ATD were measured. The head was removed to obtain fetal blood in capillary 

tubes (Hirschmann-Laborgeräte, Germany), which were later centrifuged to obtain plasma and the 

haematocrit determined using a haematocrit capillary tube reader. From one male and one female 

fetus the whole body and the placenta were fixed (separately) in formalin. From the other fetuses liver, 

brain, kidney and heart were dissected out and frozen. All frozen samples including fetal plasma were 

stored at -80°C. Half of the samples from the second smaller cohort looking at obese untreated and 

metformin treated dams only (see chapter 3) were collected at E13.5 to assess an earlier point in 

gestation.  

4.2.3 Fetal molecular sexing 

A small piece of fetal tissue was used for sexing via a method previously published448. Genomic DNA 

was isolated by incubation of the tissue with a Chelex mixture [5 % Chelex (Instagene Matrix -Biorad 

732-6030), 0.1% Tween-20 and 0.1% Proteinase K] at 50°C for 1 hour. Subsequently the mixture was 

heated to 95°C for 15 minutes, Chelex resin was spun down briefly and the supernatant cooled to 4°C 

or frozen at -20°C for later use. The PCR reaction was performed with GO Taq G2 DNA polymerase 

(Promega) with the following primers for Sly (Y chromosome)/Xlr (X chromosome), that share multiple 

homologous regions: SX_F, 5ʹ-GATGATTTGAGTGGAAATGTGAGGTA-3ʹ; SX_R, 5ʹ-

CTTATGTTTATAGGCATGCACCATGTA-3ʹ. Figure 4.4A and B shows the pipetting scheme of the reaction 

and the PCR reaction conditions, the concentration of genomic DNA (gDNA) was not measured at this 

stage but just 6 µl from the supernatant of the Chelex mixture used for the PCR. On the an agarose gel 

the male samples display a band at 280 bp, the female samples show 2-3 bands (480 bp, 660 bp, 685 

bp) as shown in Figure 4.4C. 
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Figure  4.3: Sexing of the fetuses  

(A) GoTaq DNA polymerase was used for the PCR reaction according to the pipetting scheme (gDNA amount 

was not measured and 6µl of extracted gDNA used for all samples) and (B) the reaction protocol. (C) Samples 

were run on a 2% agarose gel and the different fragments of the Sly (male) or Xlr (female) gene dependent on 

the sex of the samples become apparent. 

 

 

4.2.4 Quantitative PCR 

RNA was extracted from placentas, fetal liver and kidneys (n=3 per group and sex was used for all 

tissues) via the miRNeasy Micro kit (Qiagen) as described in the general methods. Carry-over genomic 

DNA was digested on a column using the Qiagen DNase kit. RNA concentration and the absorption 

ratio A260/280 to check for contamination of the samples were measure on the Nanodrop. All samples 

had A260/280 ratios above 2 and dilutions of 100 ng/ul were made and boiled at 65°C for 5 minutes 

to destroy secondary structures. Samples were run on an agarose gel to assess RNA integrity (Figure 

4.5A). Samples that presented a strong smear (and therefore were degraded) were excluded and RNA 

extraction repeated. If the smear was as shown below (see arrows in Figure 4.5) these samples were 

monitored to check that they were not outliers in the following qPCRs. Integrity was further checked 
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by expression of the housekeeping gene and none of the smeared samples showed expression levels 

outside of the range of the other samples. 10 ng of the RNA dilution were used to perform reverse 

transcription with the Revert Aid First Strand cDNA synthesis kit (Thermo Scientific) according to the 

pipetting schedule and the reaction scheme outlined in Figure 4.5B and C.   

QPCR was performed with Taqman assays for metformin transporters (Mm00457739, Mm00840361, 

Mm00525575, Mm00488294, Mm00456303, Mm02601013, Mm00472657, Mm00457295, 

Mm00441468, Mm00439391, Mm00436661, see Table 4.1). For the reaction (in total 7 µl) 1x Taqman 

master mix (Thermo Scientific, Cat #4304437) were mixed with 21 ng cDNA and 1.4 µl Taqman probe 

(1:4 dilution of the probe in water). QPCR was performed in duplicates on a QuantStudio 7 Flex Real-

Time PCR system (384 wells) according to the cycling conditions shown in Figure 4.5D.  For the analysis 

of all metformin transporter across different tissues raw CT values were used, but for the comparison 

of transporter expression between different gestational ages Sdha was used as a housekeeping gene. 

Sdha has been shown to be a good housekeeping gene in the placenta449 and showed stable expression 

in our analysis. CT values for Sdha were subtracted from the CT values of the genes of interest (CT). 

The mean of the male placenta, fetal kidney and liver respectively at E13.5 was used as a reference 

and subtracted from all DCT values (CT) and fold change expressed as 2-CT analysed.  

 

Figure  4.4: Quantitative PCR protocol 

(A) RNA integrity was checked on an agarose gel, (B) then cDNA was obtained by reverse transcription 

according to the shown pipetting scheme and (C) reaction settings. (D) QPCR was performed according to the 

shown cycling conditions.  
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Table 4.1: Taqman probes and their details 

 

4.2.5 Placental histology 

Placentas were immersion-fixed in formalin, processed and mid sections of 5 µm thickness were cut, 

which was performed by Thomas Ashmore. For immunohistochemistry staining, sections were 

deparaffinised with xylene (2 x 5 minutes) and rehydrated in ethanol (2 x 2 minutes) and water (3 

minutes). Sections were then incubated at 60°C in water for 15 minutes after which antigen retrieval 

(Vector, H-3301, pH=9) was used for 20 minutes at 97°C. After blocking for 1 hour (animal-free blocking 

solution, Vector, SP-5030) the slides were incubated with the endothelial cell marker CD31 (Cluster of 

Differentiation 31) and the trophoblast cell marker Tpbpa (trophoblast-specific proteins ) antibodies 

(AF3628, R+D, 1:40 dilution and ab104401, abcam, 1:1000, in antibody diluent (Vector, SP-5035)) 

overnight at 4°C. Slides were washed with 0.5% Tween in TBS (T-TBS) five times. Secondary antibody 

was applied subsequently at room temperature for 1 hour each with three washes in T-TBS (first: 

NL557 (R+D) at 1:200, then Alexa 488 at 1:1000). After three washes in T-TBS and two washes in PBS 

the slides were incubated with DAPI (1:2500) for 10 minutes in the dark. Autofluorescence was then 

quenched with the Vector TrueVIEW autofluorescence kit (1:1:1 mix of the supplied reagents A, B and 

C, Vector, SP-4800) for 4 minutes in the dark. Slides were washed five times with PBS and mounted 

with Vectashield hard set anti-fade mounting medium (Vector, H-1400) and stored at 4°C. After 

imaging of the slides with the Zeiss Axioscan microscopy slide scanner, the HALO software (Indica labs) 

was used to delineate the placental layers (chorion, labyrinth, junctional zone and decidua) manually 

and calculate the percentages of the respective layers.  

For the staining with the macrophage marker F4/80 sections were deparaffinised in xylene and 

rehydrated in ethanol and water as described above but then rinsed with wash buffer (Dako, S3006) 

 Gene symbol Accession 

number 

Assay ID Amplicon 

length 

Slc22a4 NM_019687.3 Mm00457739 73 bp 

Slc47a1 NM_026183.5 Mm00840361 80 bp 

Slc29a4 NM_146257.2 Mm00525575 82 bp 

Slc22a3 NM_011395.2 Mm00488294 70 bp 

Slc22a1 NM_009202.5 Mm00456303 69 bp 

Slc47a2 NM_001033542.2 Mm02601013 64 bp 

Slc19a3 NM_030556.2 Mm00472657 72 bp 

Slc22a2 NM_013667.2 Mm00457295 85 bp 

Slc22a5 NM_011396.3 Mm00441468 74 bp 

Slc6a4 NM_010484.2 Mm00439391 72 bp 

Slc6a2 NM_009209.3 Mm00436661 90 bp 

Sdha  
(endogenous control) 

NM_023281.1 Mm01352366 82 bp 
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before incubation in antigen retrieval (Vector H-3300, pH=6) for 20 minutes at 97°C. The retrieval 

solution with the slides was then cooled at -20°C for 15 minutes. After rinsing in wash buffer (Dako, 

S3006) the slides were incubated with Bloxall peroxidase blocking solution for 10 minutes at room 

temperature (Vector, SP-6000). Slides were then washed in wash buffer (2 x 3 minutes) and 

subsequently blocked (animal-free blocking solution, Vector, SP-5030) for 30 minutes. The slides were 

then incubated with primary F4/80-antibody (MCA497, Bio-Rad, 1:20 dilution) at 4°C overnight. After 

washing the slides with wash buffer (2 x 3 minutes) the secondary antibody (A110-322A, Bethyl, 1:250 

dilution) was added for a 1 hour incubation at room temperature. Slides were washed with wash buffer 

(2 x 3 minutes) and then incubated with the ImmPRESS horseradish peroxidase (HRP) labelled polymer 

for 30 minutes (Vector, MP-7451). After another set of washes with the wash buffer (3 x 5 minutes) 

ImmPACT DAB (Vector, SK-4105) was added for 5 minutes at room temperature. Slides were washed 

with wash buffer (2 x 3 minutes) and then counterstained with Hematoxylin QS for 10 seconds. Slides 

were then rinsed with water and wash buffer and dehydrated in ethanol (2 x 2 minutes) and immersed 

in xylene (2 x 2 minutes) to be mounted with synthetic mountant and slides scanned with the Zeiss 

Axioscan microscopy slide scanner. 

Alizarin Red staining was performed to assess placental calcification. Sections were processed as 

described above. Slides were then dewaxed and placed in 100% ethanol (2 times for 5 minutes) and 

then 95% ethanol (for 5 minutes). Slides were left to air dry. Once dry, sections were incubated in 

Alizarin red solution for 5 minutes (1% aqueous solution pH=6.4, ammonium hydroxide). Slides were 

then rinsed with distilled water and counterstained with Fast Green (0.05% Fast Green solution in 0.2% 

acetic acid) for 15 seconds. After washing thoroughly with water the slides were dehydrated to be 

mounted in synthetic resin.  Images were taken with the Zeiss Axioscan microscopy slide scanner and 

analysis was performed with the HALO software (Indica labs) that was taught to classify areas of the 

strong red Alizarin stain against the pale background as the stain of interest. Thereby the area of 

calcification as a percentage of the whole placenta can be calculated. Thanks to James Warner from 

the histology core of the Institute of Metabolic Science and Dr. Betania Mahler-Araujo (Histopathology 

Addenbrookes) for the help with the finding of calcium in the placenta.   

The apoptosis stain was performed with a terminal deoxynucleotidyl transferase mediated dUTP nick 

end labelling (TUNEL) kit (Takara, MK500). The kit was used according to the manufacturer’s 

instructions, the protocol for detection via light microscopy rather than fluorescence microscopy was 

used. In brief, slides were dehydrated and deparaffinised as in the instructions and 20 µg/ml Proteinase 

K added to the slide for 15 minutes at room temperature. Endogenous peroxidase was inactivated via 

3% H2O2 addition for 5 minutes. After this the slides were washed in PBS and incubated with a reaction 

mix of 5 µl terminal deoxynucleotidy transferase (TdT) enzyme and 45 µl labelling buffer in a 37°C 
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humidified chamber for 90 minutes. The reaction was terminated by washing the slides with PBS (3 x 

5 minutes). 70 µl of HRP conjugate were added subsequently for incubation at 37°C for 30 minutes. 

After washes in PBS (3 x 5 minutes) the slides were incubated with DAB for 15 minutes at room 

temperature. The reaction was terminated via rinsing under water and counterstain performed with 

Hematoxylin for 10 seconds, after which the slides were washed in water again. Then slides were 

dehydrated, penetrated, and mounted with synthetic mountant and slides scanned with the Zeiss 

Axioscan microscopy slide scanner. 

4.2.6  Western blotting 

Due to the limited size of the gel only eight samples could be run on a gel per group and sex, 

additionally male and female samples needed to be run on separate gels and therefore required 

separate analysis. Placentas were used picked from those litters where the average of the body weight 

of the male and female fetuses in the litter was in the average range for the respective group to not 

randomly bias or dilute effects of the molecular analysis by picking those litters where bodyweights 

were all on the lower or upper end of the weight range. Placental tissue was homogenized in lysis 

buffer [50 mM HEPES (pH 8), 150 mM sodium chloride, 1 mM sodium orthovanadate, 30 mM sodium 

fluoride, 10 mM sodium pyrophosphate, 10 mM EDTA, 1% Triton X-100, protease inhibitor cocktail III 

(Calbiochem Novabiochem biosciences, Nottingham, UK)]. After protein concentration determination 

via a BCA assay, 20 µg of protein, prepared in 1x Laemmli buffer [5x: 20% glycerol, 2% SDS, 62.5 mM 

Tris-HCl (pH 6.8), 100 mM DTT, some Bromophenol blue] and heated for 5 minutes at 95°C, were 

loaded onto the SDS-PAGE. Separate gels were used for male and female samples. For the SDS-PAGE 

the SE 600 Ruby Standard Dual Cooled Vertical Unit was used and gels prepared as specified in section 

2.4 of the general methods. For blotting of the gel, the TE70XP Semi-Dry Transfer Unit was used. PDVF 

membrane was activated in 100% methanol (1 minute), then washed in water (1 minute) and 

transferred into transfer buffer [20% methanol and 1 x transfer buffer (National Diagnostics, B9-0056) 

in water]. For high molecular weight proteins like mTOR only 5% of methanol was used in the transfer 

buffer as methanol slows the transfer process. Three filter papers soaked in transfer buffer were laid 

onto the transfer unit, then the activated PDVF membrane was added and the gel carefully placed on 

top. After addition of three additional pre-soaked filter papers bubbles trapped in the stack were 

removed by rolling over the stack. Depending on the size of the protein of interest and the number 

and size of blots in the transfer unit the settings of the transfer were chosen. Usually for two gels (male 

and female) from the SE 600 Ruby Standard Dual Cooled Vertical Unit SDS-PAGE the transfer was 

performed at 400 mA for 1.30 – 1.45 hours.   

The blots were prepared as described in section 2.5 of the general methods and probed for the 

following primary antibodies: anti-apoptotic protein Bcl-2 (B-cell lymphoma 2, Cell Signalling 3498), 

the pro-apoptotic protein Bax (Bcl-2 associated X protein, Cell Signalling, 2772), the inactivated form 
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of the protein kinase AMPK (adenosin monophosphate activated protein kinase) involved in energy 

homeostasis (Cell Signalling, 2532), the activated phosphorylated form of the protein kinase called 

pAMPK (Cell Signalling, 2535), the inactivated form of the protein kinase mTOR (mammalian target of 

rapamycin) involved in cell growth and proliferation (Cell Signalling, 2972) and the activated 

phosphorylated form of the protein kinase called mTOR (Cell Signalling, 2971). All antibodies were 

diluted at 1:1000 in 1% BSA in 1x T-TBS and the blots incubated in primary antibody solution at 4°C 

overnight. After washing blots were incubated with the following secondary HRP-conjugated 

antibodies: Goat Anti-Rabbit IgG HRP (abcam, ab6721) and Rabbit Anti-Mouse IgG HRP (abcam, 

ab6728) and blots imaged on the Bio-Rad ChemiDoc Imager as described in section2.5 of the general 

methods. After detection blots were stained with Coomassie overnight as stated in section 2.5 of the 

general methods, which was used for normalisation in the subsequent analysis performed on 

ImageLab365.  

4.2.7 Statistics - Fetal data analysis 

Fetal data is complex as it includes information from all fetuses from one litter with 3 different 

experimental groups and two sexes. As shown with the example of the fetal body weight a Two-Way-

ANOVA assessing sex and the group can be used (Figure 4.5A). Here the mean of female and male 

fetuses respectively per litter is used for the analysis. However as shown in Figure 4.5B this analysis 

could miss sex effects as the litter (the maternal ID) is not taken into account. Linear model analyses 

can be used to reveal an effect of the litter ID. Thereby a linear model was used to account for the 

litter as a random effect. This identified significant sex effects previously not picked up in the ANOVA 

analysis (Figure 4.5C). Therefore, where possible fetal data was analysed with a linear model (lme4 

package in R). This was not possible for datasets with missing data (which was the case for umbilical 

artery and MCA analysis) so for these a Two-Way-ANOVA was used.  
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Figure  4.5: Analysis of fetal data – ANOVA vs. linear mixed model 

(A) Fetal body weight can be analysed by a Two-Way-ANOVA with the mean bodyweight per sex and group 

calculated and compared with each other, this does not consider the effect of the litter. (B) Or fetal body weight 

can be anaylsed by a linear mixed model that takes into account the litter as a random effect. This could bring 

out unseen sex effects as additional comparison between males and females within one litter (here mean 

bodyweight per sex and group plotted) can highlight a true sex effect, exemplarily a few litters are marked with 

letters A to O to highlight male and female measurements from the same mother. This visualises the lower 

bodyweight in females compared to males across groups that only comes apparent when taking the litter into 

account.  (C) Comparison of the Two-Way-ANOVA and the linear mixed model is shown. Changes between the 

two analysis types regarding sex effects are highlighted in yellow. 
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4.3 Results  

4.3.1 Fetal body weight and biometry 

Body weight was significantly reduced in fetuses from obese untreated and obese metformin-treated 

dams (Figure 4.6 A). Biometrical measurements of fetal size including CRL, BPD, HL and ATD were 

similarly reduced in the obese group with no correction by metformin-treatment (Figure 4.6 B-F). In all 

groups the female fetuses were lighter than the male fetuses and had reduced BPD and CRL.  

 

Figure  4.6: Fetal bodyweight is reduced in fetuses from obese untreated and obese metformin-treated dams 

(A) Upon dissection fetal bodyweight (n = 14/14 dams for male/female control, n = 13/14 dams male/female 

obese and n = 13/13 dams for male/female metformin fetuses) and (B) fetal biometry was measured. (C) 

Measures of crown rump length, (D) biparietal diameter, (E) head length and (F) abdominal transverse diameter 

were taken. In fetal biometry measurements n= 14/14 dams for male/female control, n = 12/13 dams for 

male/female obese and n = 11/11 dams for male/female metformin fetuses was used. Linear mixed model 

analyses and mean ± SEM are shown. 
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Brain and liver weights of fetuses from obese and obese metformin-treated dams were significantly 

reduced compared to controls (Figure 4.8A and B). The ratio of brain to liver weight was increased 

significantly in fetuses from obese dams and showed a borderline significant increase (p=0.058) in 

fetuses from obese metformin-treated dams compared to control dams (Figure 4.8C). Haematocrit 

was reduced in fetuses from obese untreated and metformin-treated dams (Figure 4.8D).   

 

Figure  4.7: Fetuses from obese untreated and obese metformin-treated dams show reduced organ weights 

and hematocrit 

(A) Fetal brains and (B) livers were weighed to calculate the (C) brain-to-liver-ratio. For A, B and C n = 14/14 

dams for male/female control, n = 10/11 dams male/female obese and n = 11/11 dams for male/female 

metformin fetuses was used. (D) Additionally the haematocrit of the fetuses was measured in the blood samples 

(n = 11/11 dams for male/female control, n = 11/12 dams male/female obese and n = 8/9 dams for 

male/female metformin fetuses). Linear mixed model analyses and mean ± SEM are shown. 

 

4.3.2 Fetal ultrasound 

Pulsatility index (and resistance index, not shown) of the umbilical artery and the middle cerebral 

artery were not significantly different across groups or between sexes and neither was the 

cerebroplacental ratio (Figure 4.9A, B and C). Based on data for the uterine artery blood flow (see 

chapter 3) and the umbilical blood flow, the placental pulsatility index (PPI) was calculated (Figure 
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4.9D). The PPI was significantly increased in the obese untreated group compared to the controls. This 

increase was not observed in the obese metformin-treated group.  

 

Figure  4.8: Fetal ultrasound did not show abnormalities in any of the groups 

(A) Umbilical artery (n = 13/11 dams for male/female control, n = 12/8 dams male/female obese and n = 12/11 

dams for male/female metformin fetuses) and (B) MCA pulsatility index (n = 11/11 dams for male/female 

control, n = 10/6 dams male/female obese and n = 11/8 dams for male/female metformin fetuses) were 

calculated and (C) the ratio of the two calculated in form of the cerebroplacental ratio. (n = 11/10 dams for 

male/female control, n = 10/6 dams male/female obese and n = 11/8 dams for male/female metformin fetuses) 

(D) With the umbilical artery and uterine artery pulsatility index the placental pulsatility index is calculated in all 

three groups and One-Way-ANOVA analysis shown (n = 12 for control, n = 11 for obese and n = 11 for 

metformin dams). Two-Way-ANOVA assessing effects of the experimental group and the fetal sex and mean ± 

SEM are shown for the fetal ultrasound data. 

 

The umbilical artery pulsatility index correlated with the body weight in males (p=0.058) and more 

strongly in females (p<0.003) (Figure 4.10A and B). The raw uterine artery pulsatility index predicted 

fetal body weight (averaged per litter) less well in both males and female (Figure 4.10C and D) 

compared to the PPI which takes placental perfusion into account and showed a strong correlation 

especially in females (Figure 4.10E and F). 
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Figure  4.9: Ultrasound data can predict fetal bodyweight 

(A) Fetal body weight is correlated with the umbilical artery pulsatility index (A) in males and (B) females. The 

same correlation analysis is performed for the uterine artery (C) in males and (D) in females and the placental 

pulsatility index (E) in males and (F) in females, with the averaged litter body weight as the uterine artery is the 

same for the whole litter. Linear regression and Pearson correlation coefficient r are shown, green= fetuses from 

control dams, red=fetuses from obese dams, orange=fetuses from obese metformin-treated dams. 

 

4.3.3 Placental weight 

Placentas from obese dams had an increased weight compared to the control dams but this increase 

was not observed in the metformin group (Figure 4.11A). Overall fetal sex had a significant effect on 

the placental weight with female placentas being lighter than their littermate male siblings. However, 

placental efficiency, calculated via the ratio of body weight to placental weight, was reduced in both 
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the obese untreated and obese metformin-treated group and overall increased in female fetuses 

compared to male fetuses (Figure 4.11B).  

 

Figure  4.10: Placental efficiency is reduced in obese untreated and obese metformin-treated dams 

(A) Placental body weight was measured and together with the fetal bodyweight the (B) placental efficiency 

was calculated. N= 14/14 dams for male/female control, n = 13/14 dams male/female obese and n = 13/13 

dams for male/female metformin placentas, linear mixed model analyses and mean ± SEM are shown. 

 

4.3.4 Placental structure 

Placentas were stained for an endothelial cell marker (CD31) and a marker of the junctional zone 

(Tpbpa, Figure 4.12A). This stain allowed quantification of the percentage of the labyrinthine area 

which was reduced in the placentas from obese untreated and obese metformin-treated dams (Figure 

4.12B).  

 

Figure  4.11: Placental structure is affected by maternal obesity which is not rescued by metformin 

(A) Placentas were stained via immunohistochemistry for CD31 and Tpbpa (B) to calculate the percentage of the 

labyrinthine area. N= 11/11 dams for male/female control, n = 12/10 dams male/female obese and n = 13/9 

dams for male/female metformin placentas, linear mixed model analyses and mean ± SEM are shown. 
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Alizarin Red staining demonstrated calcification in placentas from obese untreated and obese 

metformin-treated dams but not in those from controls (Figure 4.13A and 4.12B). Calcification was not 

present in obese placentas at E13.5 but could be seen from E15.5 onwards (Figure 4.13C) Staining of 

serial sections showed that in calcified areas F4/80 staining (macrophages) was visible and that the 

labyrinthine structures was destroyed in areas with calcification (Figure 4.13D). Overlap of areas with 

calcification and apoptotic areas could also be seen (Figure 4.13D).   

 

Figure  4.12: Placentas from obese untreated and obese metformin-treated dams are calcified 

(A) Alizarin Red staining highlighted Calcium deposits, (B) so that the percentage of calcification in the placenta 

could be quantified (n= 14/13 dams for male/female control, n = 14/12 dams male/female obese and n = 13/12 

dams for male/female metformin placentas.) (C) Obese placentas were stained for Alizarin Red at E13.5, E15.5. 

and E18.5. (D) Direct comparison of serial sections allowed staining for apoptosis (TUNEL), macrophages 

(F4/80) and the labyrinth (CD31) in areas of calcification. 

 

4.3.5 Metformin in the fetoplacental unit 

LC-MS quantification of metformin revealed strong correlations between metformin in the maternal 

circulation and the concentration in the fetal plasma (Figure 4.14A) and the placenta (Figure 4.14B) at 
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E18.5 of pregnancy. High quantities of metformin were detected in the fetus, especially the kidney 

(189.3 ± 84.8 nmol/g) and the amniotic fluid (21.89 ± 11.52 nmol/ml) on E18.5 (Figure 4.14C). Already 

at E13.5 metformin could be detected in the placenta (143.8 ± 59.1 nmol/g, n=4), fetal liver (63.0 ± 

49.1 nmol/g, n=2) and amniotic fluid (2.0 ± 0.9 nmol/ml, n=2).  

 

 

Figure  4.13: High concentrations of metformin can be found in the placenta and the fetus at E18.5 

(A) Metformin was quantified by LC-MS in fetal plasma and (B) the placenta and correlated with the 

concentration in the maternal circulation. Linear regression and Pearson correlation coefficient r are shown, 

squares indicate male fetuses (n=7) and circles female fetuses (n=6). (C) Metformin was measured in a range of 

fetal tissues and the amniotic fluid. n=6: 3 male and 3 female fetuses, n=3: 3 male fetuses, n=13: 7 male and 6 

female fetuses.  

 

4.3.6 Metformin transporter expression 

RNA expression of known transporters of metformin was detected at E18.5 in the placenta, fetal kidney 

and liver. Out of the 11 metformin transporters explored RNA for six transporters was present in the 

placenta at E18.5 with a CT value below 30 (Figure 4.15A). These were in order of decreasing 

expression: Slc22a3 (Oct3), Slc6a2 (Net), Slc6a4 (Sert), Slc22a5 (Octn2), Slc22a4 (Octn1) and Slc19a3 

(Thtr2). In contrast in the kidney RNA for the following seven transporters was expressed at E18.5, 

listed from high to low expression (Figure 4.15A): Slc22a2 (Oct2), Slc47a1 (Mate1), Slc22a1 (Oct1), 
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Slc6a4 (Sert), Slc22a5 (Octn2), Slc22a3 (Oct3), Slc29a4 (PMAT). Consistent with the lower levels of 

metformin in the liver (p=0.02 for kidney vs. liver comparison via Mann-Whitney test) RNA for only 

only three transporters was detected in the fetal liver at E18.5 (Figure 4.13A): Slc22a4 (Octn1), Slc47a1 

(Mate1), Slc6a4 (Sert).  

The same six transporters that were expressed at E18.5 in the placenta were also detectable with CT 

values below 30 in the placenta at E13.5. Comparison between the transporters at E13.5 and E18.5 

showed that most transporters (Slc6a4, Slc19a3 and Slc22a4) increased their expression clearly from 

E13.5 to E18.5 (Figure 4.15B). One transporter (Slc6a2) decreased its expression slightly at E18.5 

compared to E13.5.  

 

Figure  4.14: Metformin transporter are expressed in the placenta and the fetus 

(A) Metformin transporter expression was assessed in placentas, fetal livers and fetal kidney at E18.5 shown as 

a heatmap, mean CT values are shown in the heatmap (n=3 per tissue and sex respectively, all from control 

animals). (B) Expression of the transporters in the placenta was compared between E13.5 and E18.5, 

normalisation is performed against the reference gene Sdha and fold change calculated as 2-CT. Two-Way-

ANOVA is performed for each individual gene with the factors time and sex (*: p<0.05, **: p<0.01, ***: p<0.001, 

****: p<0.001). A sole star indicates significance between sexes, the bar across the two timepoints highlights 

significance between E13.5 and E18.5. 
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4.3.7 Metformin action in the placenta 

Given the potential of metformin to enter the placenta in high quantities and to affect apoptotic, mTOR 

and AMPK pathways analysis of key mediators in these pathways was performed via western blotting 

analysis in placental tissue.   

Total mTOR (males/females: 100 ± 4 %/100 ± 6 % in control, 94 ± 6 %/99 ± 4% in obese untreated and 

98 ± 5 %/94 ± 5 % in obese metformin-treated placentas) and phosphorylated mTOR (pmTOR, 

males/females: 100 ± 7 %/100 ± 5 % in control, 95 ± 9%/101 ± 6% in obese untreated and 103 ± 11 

%/93 ± 8 % in obese metformin-treated placentas) were not significantly different in either male or 

female placenta as shown in blots in Figure 4.16A. Similar results were found for total AMPK 

(males/females: 100 ± 12 %/100 ± 20 % in control, 96 ± 15 %/102 ± 19 % in obese untreated and 102 

± 10 %/94 ± 15 % in obese metformin-treated placentas), which was not changed between the groups. 

Phospho AMPK (pAMPK, 100 ± 5 % in control, 101 ± 5 % in obese untreated and 94 ± 6 % in metformin-

treated placentas) levels were not different between groups in the male placenta (Figure 4.16B). In 

females pAMPK was significantly reduced in the obese untreated and the obese metformin-treated 

obese group compared to the control group (100 ± 7 % in control, 80 ± 4 % in obese untreated and 72 

± 4 % in obese metformin-treated placentas, Figure 4.14B). Bcl-2 (100 ± 8 % in control, 124 ± 8 % in 

obese untreated and 135 ± 10 % in obese metformin-treated placentas) and Bax (100 ± 9 % in control, 

115 ± 5 % in obese untreated and 137 ± 9 % in metformin-treated placentas) were both increased in 

the obese metformin-treated placentas in males only (Figure 4.16C and D). In the female placenta Bcl-

2 and Bax levels were not changed (Bcl-2: 100 ± 5 % in control, 111 ± 9 % in obese untreated and 116 

± 16 % in obese metformin-treated placentas, Bax: 100 ± 13 % in control, 105 ± 8 % in obese untreated 

and 127 ± 18 % in obese metformin-treated placentas).  
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Figure  4.15: In male placentas from obese metformin-treated dams protein levels of Bax and Bcl-2 are 

increased  

(A) Western blots of placental protein were probed for Bcl-2, Bax, phosphorylated and total AMPK and 

phosphorylated and total mTOR. As a normalisation a Coomassie of the blot was used (see loading). (B) 

Intensity of bands for pAMPK, (C) Bcl-2 and (D) Bax were quantified, normalised to loading and expressed here 

as a % of the mean of the control, male and female samples were separately analysed on two gels. One-Way-

ANOVA followed by Tukey’s multiple comparison test and mean ± SEM are shown, n=8 per group and sex 

(expect for female metformin placentas n=7). C=Control, O=Obese, M=Metformin. 
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4.4 Discussion 

The aim of this chapter was to characterise fetal and placental physiology in our model of maternal 

diet-induced obesity. As outlined in the first chapter metformin was explored as a promising 

intervention as it improved negative obesity-associated impacts on the pregnant dams. However, as 

metformin has the potential to cross the placenta and act directly on the fetus, it is important to 

establish how metformin treatment in pregnancy affects the placental-fetal unit.  

4.4.1 Fetal growth 

We have shown previously that fetuses in our maternal obesity model at both E12.5 and E18.5 have a 

reduced body weight245. However, by weaning the offspring from the obese mums have caught up in 

weight and were heavier than the offspring from control dams262.  In line with this data fetuses from 

obese untreated dams in this study had a reduced body weight at the end of pregnancy (E18.5). The 

growth restriction was symmetric as all other measurements including head length, crown rump length 

and abdominal diameter were equally reduced. Metformin treatment in obese dams did not prevent 

this growth restriction despite improving maternal metabolic health and uterine artery compliance as 

described in the previous chapter. Liver and brain weights were both reduced in fetuses from obese 

untreated and obese metformin-treated dams. However, whereas the ratio of brain to liver weight 

was increased in the fetuses from obese compared to controls, this significant increase was not 

observed in metformin-treated dams compared to controls. An increased ratio generally indicates 

asymmetric growth restriction, highlighting that the brain is favoured in its supply and growth at the 

expense of other organs such as the liver. However, the fetal ultrasound analysis did not detect 

changes indicative of asymmetric growth (e.g. an increased cerebroplacental ratio) and there was no 

increase in haematocrit (generally expected to occur as a consequence of brain sparing in response to 

hypoxia). In fact, fetuses from obese untreated and metformin-treated dams showed a reduced 

haematocrit. A low haematocrit could be the result of impaired erythropoiesis. Marks et al. showed in 

a mouse model of HFD-induced maternal obesity impaired erythropoiesis in the fetal liver and reduced 

self-renewal of the hematopoietic stem cells (HSPCs) in the liver450. According to their experiments the 

HSPCs egress the liver prematurely and start differentiating to myeloid cells or B-cells rather than 

increasing the pool of HSPCs by self-renewal. This observation warrants furter investigation in our 

model.  

4.4.2 Placental phenotype 

Obese untreated and obese metformin-treated dams showed major placental defects leading to 

reduced placental efficiency in both groups. Previous mouse models of maternal obesity and GDM 

have highlighted decreased labyrinthine zones, lipid accumulation in the placenta and increased 

secretion of pro-inflammatory cytokines and oxidative stress233,244,451,452. In our mouse model we have 

previously shown downregulation of angiogenesis markers, hypoxia and increased lipid content in the 
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placentas from obese dams229,245. These features have also been reported in the human placenta in 

obesity- and/or GDM-complicated pregnancies453. The presence of calcium in the placenta is a well-

known occurrence in human obese pregnancies454,455. With advancing gestation calcification of the 

placenta is a physiological process, however early calcification is a sign of a failing placenta which is 

associated with an increased risk of stillbirth and IUGR456,457. Thereby the presence of calcium in the 

placentas of the obese dams in our study shows that our model resembles the human situation. Both, 

the reduced labyrinthine area and the presence of calcium deposits were not rescued by metformin 

treatment. Despite placental calcification being frequently described in human pregnancy in obstetric 

care its aetiology is not known458. Three types of calcification exist, the metastatic type with 

calcification in healthy tissue due to high levels of calcium and phosphate, the dystrophic type in dead 

tissue and the physiological calcification known from bone formation. In our mouse model calcification 

can be observed from E15.5 onwards but not earlier in pregnancy at E13.5. Our data leads us to 

hypothesize that mechanisms similar to vascular calcification like in atherosclerosis could play a role 

in placental calcification. Our analysis of serial sections showed a high overlap of calcium deposits with 

F4/80 staining. In atherosclerosis it is now well-established that macrophages play a crucial role in the 

progression of vascular calcification and the progression of the disease459.   

4.4.3 Metformin transport and accumulation in the fetal and placenta 

The fetal circulation and the placenta showed high concentrations of metformin. Fetal metformin 

concentrations were as high as those in the maternal circulation, as has been reported previously in 

humans340,398. The human placenta is thought to facilitate metformin transport across the placenta via 

the serotonin transporter (SERT, Slc6a4), organic cation transporters novel 1 and 2 (OCTN1 and 2, 

Slc22a4 and 22a5) and norepinephrine transporter (NET, Slc6a2). These transporters are found on the 

apical side whilst OCT2 and 3 are the main transporter on the basal side facing the fetus (Figure 4.15 

A)460, 340. In the current study, we demonstrated expression of Oct3, Sert, Net, Octn1, Octn2 and 

thiamine transporter 2 (Thtr2) in the mouse placenta (Figure 4.17A). This is in line with genome-wide 

expression profiling in the murine placenta461. Lee et al. proposed in a paper from 2018 that metformin 

transport in the human placenta could be facilitated by transport of metformin across the maternal-

facing membrane via OCTN1 and 2, SERT and NET together with p-gp and BCRP462. The researchers 

showed OCT3 presence only at the fetal-facing placental membrane and the fetal endothelium, so 

transport across these barriers could be facilitated via Oct3. Assuming a similar localisation and given 

the transporter expression shown in this study a similar model can be proposed for the transport of 

metformin across the murine placenta (Figure 4.17). But exact localisation of these transporters in the 

mouse placenta needs further assessment. Many of these transporters were already expressed in early 

gestation (E13.5) and increased in expression levels with advancing gestation.  
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Figure  4.16: Metformin transport across the placenta and into the fetus 

(A) The different routes of metformin transport across the placenta are shown in mouse, rat and human based 

on the current knowledge (including that established in this chapter). This is only a schematic, rodent placentas 

consist of two syncytiotrophoblast layers335,340,460,463 (B) The transporters found in our study in the fetal kidney 

(yellow) and fetal liver (red) are shown.  

 

Although uptake of metformin into and across the placenta and into the fetal circulation has been 

reported previously, little is known about which fetal tissues can take up metformin. Liver and kidney 

were shown to express metformin transporters (Figure 4.17B) and presented high levels of metformin. 

Both, transporter expression and metformin concentrations, were higher in the fetal kidney compared 

to the fetal liver. The amniotic fluid showed high levels of metformin as well, especially in late gestation 

(E18.5). Amniotic fluid consists of fetal urine excretion and nasal and pulmonal fluids from the fetus. 

The high concentration of metformin in the fetal kidney could suggest that high concentrations of 

metformin are secreted into the amniotic fluid by the fetus as the kidney is the main excretion organ 

for metformin in the adult464. However the main pathway for waste elimination in the fetus is via the 

placenta465. The placenta itself could thereby also lead to the metformin accumulation in the amniotic 

fluid. Figure 4.18 highlights the production of the amniotic fluid and shows that the fetus is repeatedly 

taking in amniotic fluid and presumably metformin.  
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Figure  4.17: Amniotic fluid composition and turn-over 

Amniotic fluid is constantly exchanged between fetus and placenta. The fetus urinates and breathes lung fluid 

into the amniotic sac. Uptake of the amniotic fluid into the fetus takes place via active swallowing of the fetus 

and the intramembraneous pathway across the placental membranes. All the exchange rates are based on 

human data at the end of pregnancy, schematic is adapted based on previous publications466,467. 

 

4.4.4 Direct effects of metformin 

Analysis of the effects of metformin treatment on the obese dams showed clear benefits on metabolic 

and cardiovascular health including uterine artery function as detailed in chapter 3 of this thesis. It is 

therefore at first surprising that fetal growth can’t be rescued with metformin treatment as a  reduced 

uterine artery function likely explains the reduced fetal growth in the obese group. Given the high 

quantities of metformin that reach the fetus and the placenta it is therefore likely that metformin has 

direct effects on the fetus and the placenta that explain the sustained growth restriction. As the 

placenta plays a key role in regulation of fetal growth and development, we assessed effects of 

metformin on the placenta. Metformin, at least at high concentrations, is known to activate AMPK and 

inhibit mTOR. We observed no effects on mTOR or pmTOR in either male or female placenta. However, 

in the female placenta pAMPK was reduced in both the obese untreated and obese metformin-treated 

placenta. Reduced levels of activated AMPK have previously been reported in placentas from obese 

women, which then also showed increased mTOR signalling likely explaining overgrowth in the 

fetus468,469. Sex differences regarding this effect have not been investigated. Our data shows that 

pAMPK reduction in an obese maternal environment is specific to the female placenta, however we 

did not observe a change in mTOR signalling and saw reduced rather than increased fetal 
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growth. Additionally metformin did not increase pAMPK levels as previously shown in placental in vivo 

and in vitro studies350,360.  

Another previously established effect of metformin is its potential to induce apoptosis, which has been 

especially shown in cancer studies438,439. In human breast cancer cell lines metformin induced 

mitochondrial dysfunction and upregulated Bax470. Metformin treatment increased levels of the pro-

apoptotic protein Bax and the anti-apoptotic protein Bcl-2 in male placentas. It is unexpected that both 

the pro- and the anti-apoptotic proteins show a change in the same direction. Only a few studies exist 

that report a similar phenotype. A study from 1999 in glioblastoma cells showed that Bcl-2 only 

inhibited apoptosis at low expression levels whereas when overexpressed it activated apoptosis by 

inducing mitochondrial damage471. Another study also showed that Bax and Bcl-2 were increased in 

fetal brains upon cocaine exposure in utero and suggest that the increase in Bcl-2 could be a 

compensatory mechanism trying to avoid apoptosis472. Interestingly the increase in Bax and Bcl-2 was 

only observed in the male placentas which could highlight the increased vulnerability of male fetuses. 

Human studies show differences in the susceptibility of males and females to an adverse in utero 

environment (such as obesity or GDM) with males being more vulnerable with poorer long-term 

cardiometabolic health59. Sex-specific differences are also reported in animal models, in our mouse 

model male offspring from obese mums show earlier onset of cardiac dysfunction and their pancreatic 

islets were more compromised than from their female siblings258. When assessing offspring in the 

metformin model presented in this thesis our lab showed that increased adiposity in the offspring from 

metformin-treated obese mothers at 8 weeks of age specifically occurred in the male offspring473. 

Given this offspring data and the effect on apoptosis in the male placentas sexually dimorphic effects 

of metformin treatment in utero require further investigation.  

4.4.5 Conclusion 

The data presented in this chapter shows that exposure to obesity in utero has detrimental effects for 

the fetus and the placenta. In the obese group fetal weight is significantly reduced and placental 

perfusion and structure impaired as shown by the calcium deposits. The impaired uterine artery 

function and preeclampsia-like phenotype in the obese dams is highly likely to cause the reduced fetal 

growth in the presented model. It is thereby striking that metformin could not rescue fetal growth 

despite improved uterine artery function. We can thereby only speculate on the exact pathway leading 

to fetal growth restriction and placental pathologies in the metformin-treated pregnancies. Metformin 

crosses the placenta from E13.5 onwards and can be detected at high levels in the placenta and fetal 

tissues. We thereby hypothesize that direct effects of metformin could play a role in the sustained fetal 

growth restriction despite maternal improvements. No effects of metformin were observed on AMPK 

or mTOR signalling. However male placentas presented upregulation of apoptotic signalling upon 

metformin treatment. The data presented could potentially indicate that metformin has indeed 
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detrimental effects on the placenta and thereby fetal development which may be different between 

males and females. 

Key findings 

• Fetal growth is symmetrically reduced in fetuses from obese-untreated dams which is likely 

caused by reduced uterine artery compliance in the dams. Fetal growth is not improved by 

metformin treatment despite improvement in uterine artery function in the dams, highlighting 

the potential that fetal growth restriction occurs via different pathways in obese untreated 

and obese metformin-treated fetuses. 

• Placentas from obese untreated and obese metformin-treated dams both present reduced 

placental efficiency compared to placentas from controls. The reduced efficiency is likely 

caused by a reduced labyrinthine area and placental calcification that is not corrected by 

metformin.  

• The placental calcification highlights that our mouse model of maternal obesity mirrors the 

human situation where calcium deposits are often found in pregnancies complicated by 

obesity, GDM and PE.  

• Metformin can cross the placenta in high quantities and is detected from E13.5 onwards in the 

placenta, fetal tissues and the fetal circulation.  

• Metformin likely has direct effects on the placenta, such as increased apoptosis. This was only 

found in the male placentas.  
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5 Exploration of the molecular mechanisms that could mediate potential 

direct effects of metformin exposure on the placenta during an obese, 

glucose-intolerant pregnancy  

5.1 Introduction 

5.1.1 The multiple mechanisms of metformin action 

As highlighted in the previous chapters key pathways of metformin action, until recently, were thought 

to be mainly related to AMPK signalling with the liver being the main organ of action371. However, this 

view has been challenged in recent years and multiple possible pathways on which metformin can act 

have been identified. Glucose-lowering effects via reduction of hepatic glucose production are thought 

to not only be AMPK-mediated as metformin maintains its glucose lowering effect in AMPK knock-out 

mice474. Subsequent studies have shown effects of increased levels of AMP (resulting from metformin’s 

inhibitory action on mitochondrial complex I) could be causative for the acute hypoglycaemic effects 

of metformin475. In a study by Hunter et al. AMP was shown to inhibit fructose-1,6-bisphosphatase-1, 

which is a key enzyme in gluconeogenesis475. AMP also inhibits adenylate cyclase and thereby reduces 

cAMP levels and consequently reduces protein kinase A activity leading to reduced glucagon signalling 

in the liver476.  In recent years it has been proposed that the gut is also an important site of metformin 

action as studies using PET scanning with 18F-fluoro-deoxyglucose showed that metformin increased 

glucose uptake into the intestine477. This was first observed in 2007 in studies that highlighted that due 

to the high glucose uptake into the bowel induced by metformin, its use during bowel tumour 

screening could lead to false-positive results478.  In addition, Stepensky et al. showed in 2002 that the 

glucose-lowering effect of metformin is most pronounced when given intraduodenally or orally in 

diabetic rats479. Studies in recent years have therefore assessed the effect of metformin on the gut. 

Data from 2021 highlights that metformin causes mitochondrial dysfunction in intestinal cells leading 

to increased glucose uptake, increased glycolysis and increased GDF-15 secretion in the intestine480. In 

this study RNASeq analysis detected transcriptional changes in intestinal cultures treated with 1 mM 

of metformin but not at lower concentrations. Overall, the exact actions of physiological metformin 

concentrations in the clinic are not fully understood.  

Interest in metformin action has increased in recent years as its use is now not limited to T2D treatment 

but has expanded to use in cancer treatment and is even suggested as an anti-ageing treatment481. As 

a potential anti-ageing drug, metformin has been shown in human studies to reduce ageing-induced 

inflammation via, paradoxically, improving mitochondrial function482. However Espada at al. showed 

that metformin is only beneficial in young C-elegans improving metabolic health and longevity, 

however in old C-elegans metformin was toxic and increased ageing-associated mitochondrial 

dysfunction making the authors question its benefits as an anti-ageing drug483. Additionally, metformin 
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can reduce cancer growth and inhibit lipogenesis in prostate tumours via activation of AMPK and 

inactivation of  Acetyl-CoA-Carboxylase, the first enzyme needed for fatty acid synthesis484.  

There is very limited data regarding metformin action on the placenta as described in Table 1.1 in the 

general introduction. If metformin actions on the placenta are similar to those previously identified in 

adult tissues, then it can be hypothesised that metformin action on the placenta could lead to altered 

placental and fetal growth and metabolism (Figure 3.1). The meta-analysis from our lab comparing 

metformin and insulin treatment of gestational diabetes highlighted the scarcity of data regarding 

effects of metformin on the fetus and the placenta341. Overall there is a lack of systematic placental 

analyses in human studies and the focus on only a few key pathways when assessing metformin in in 

vivo and in vitro models. However as described metformin could have many yet unknown actions on 

different pathways. Not many studies have used explorative approaches with no studies assessing the 

effects of metformin on the lipidome despite the known effects of metformin on lipid metabolism 

highlighted above. Additionally, only one rat study assessed transcriptomic changes in response to 

treatment with metformin and glyburide349. 

 

 

Figure  5.1: Potential effects of metformin on the placenta and the fetus 
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5.1.2 Aims 

The aims of this chapter were therefore: 

• To assess the effect of metformin on the lipid profile of the obese placenta. This was achieved 

by performing lipidomic analyses comparing the obese untreated and obese metformin-

treated placentas.  

• To determine changes of gene expression induced by metformin treatment. This was achieved 

by bulk RNA sequencing analysis comparing the obese untreated and obese metformin-

treated placentas.  
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5.2 Methods 

In this chapter placentas from the main cohort described in section 2.1 and 4.2.2 were used, but only 

obese untreated and obese metformin-treated placentas were included.  

5.2.1 LC-MS analysis of lipids 

Lipidomics (a specialist methodology) were performed by Dr. Benjamin Jenkins from the Core 

Metabolomics and Lipidomics Laboratory (CMaLL) at the University of Cambridge. Placentas (n=6 per 

group and sex, 24 in total) were homogenised as described in section 2.3 for the LC-MS analysis of 

metformin. Instead of the aqueous phase used for metformin analysis, the lower organic fraction was 

taken for lipidomic analysis. The organic fraction was dried down in a Concentrator Plus system (60°C, 

90 minutes). After reconstitution of the sample in 100 ml of 2:1:1 propan-2-ol:acetonitrile:water the 

sample was subjected to LC-MS analysis. Chromatographic separation was achieved via the Shimadzu 

HPLC System with subsequent mass spectrometry analysis on the Thermo Scientific Orbitrap with a 

heated electrospray ionisation source. The LC-MS was performed as described previously363. 

5.2.2 Analysis of lipidomic data 

R Studio (Version 1.4.1106) with R (Version 4.0.5) was used for analysis of the lipidomic data. Lipid 

species where more than 20% of the samples showed no abundance were excluded from the analysis. 

Sums of lipid species per lipid class were generated to assess the broad lipidomic spectrum. 

Assessment of the effect of sex and diet was performed via a linear mixed model assessing the effect 

of sex and diet and their interaction as variables and incorporating the dam ID as a random effect. With 

the same linear mixed model regulation of individual lipid species in each lipid class was determined 

with the lipidomeR package. All analyses show n=6 per group and sex. 

5.2.3 Library preparation for RNA sequencing  

RNA was extracted from 35-45 mg of placental tissue (n=6 per group and sex, 24 in total) using the 

QIAGEN miRNeasy micro kit as described in the general methods. Extraction was performed according 

to the manufacturer’s instructions with an additional DNA digestion step with a QIAGEN DNAse kit. 

Nanodrop analysis showed a A260/280 ratio above 2 and a yield of 1500 – 2500 ng/µl for all samples. 

Analysis with the Agilent Bioanalyser 2100 system (Agilent RNA 6000 Nano Kit) confirmed RNA integrity 

(RIN) values above 8 for all 24 samples. Total RNA (400 ng) was used for library construction with the 

Illumina’s TruSeq Stranded mRNA Library Prep Kit. Library preparation was performed by Dr. Marcella 

Ma (Genomics/Transcriptomics Core Facility from the Institute of Metabolic Science, University of 

Cambridge) as described previously485. In brief, mRNA was enriched before reverse transcription. After 

synthesis of double stranded cDNA, adenylation and barcode ligation was performed. Enrichment of 

ligated libraries was obtained via limited amplification. Indexed libraries were normalized, pooled and 

sequenced on the NovaSeq 6000 (50bp paired-end) at the Genomics Core Facility, Cancer Research UK 

Cambridge Institute. 
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5.2.4 Analysis of RNA sequencing data 

Using STAR, sequence reads were mapped to the GRCm38 reference genome with ≥90% mapping 

efficiency for all samples and counted. RNA sequencing (RNASeq) analysis was performed using R 

Studio (Version 1.4.1106) with R (Version 4.0.5). Gene annotations were downloaded via BioMart to 

replace the Ensembl IDs with gene names. Differential expression was analysed using DESeq2 after 

excluding genes where more than half of the samples had a count of less than 5. The variance 

stabilizing transformation (VST) function was used to normalize the count data and allow principal 

component analysis (PCA) analysis which was plotted using ggplot. Volcano plots were also visualised 

via ggplot, the log fold change shrinking function within DESeq2 was used to compensate for the fact 

that lowly expressed genes appear to show a greater fold change486. Statistical analyses were 

performed in DESeq2 using each of the following models: sex as a single variable (model: ~sex), group 

as a single variable (model: ~group), an additive model of sex and diet (model: ~sex+diet), or the 

additional interaction between sex and treatment (model: ~sex+treatment +sex*treatment). Models 

were compared to each other with the likelihood ratio test (LRT) function in R which showed that the 

additive model (model: ~sex+diet) was the best fit for the data as no interaction was found between 

sex and treatment. Genes with an adjusted p value of <0.05 were considered differentially expressed, 

no threshold for the fold change was used. Pathway enrichment analysis was performed with the gene 

ontology resource http://geneontology.org/. All analyses show n=6 per group and sex. Thanks a lot to 

Dr. Christopher Smith, Dr. Lucas Pantaleão and Dr. Brian Lam for being so helpful and always so kindly 

and promptly replying to my questions when I performed this RNA sequencing analysis. 
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5.3 Results 

5.3.1 Total placental lipid profiles 

As shown in the PCA plot in Figure 5.2A no clear-cut clustering of the samples can be observed by eye. 

However, addition of ellipses marking where 95% of the samples lie shows that the clearest separation 

can be seen between the female obese-untreated and female obese metformin-treated placentas, 

with less separation between the male groups (Figure 5.2B). Relative changes in response to metformin 

treatment in total lipid classes showed significantly reduced carnitine, lysophosphatidylcholine (lyso-

PC) and phosphatidylserine (PS) levels in the female obese metformin-treated placentas compared to 

the female obese untreated placentas (Figure 5.2C). In the males however total PS along with 

sphingosine were significantly increased. It can be noted that all lipid classes (except for sphingosine 

which were unchanged in female placenta) were reduced with metformin treatment in the female 

placentas. This global reduction was not observed in the male placentas, where several lipid classes 

were significantly increased by metformin exposure, but none were significantly decreased (Figure 

5.2C). A strong interaction between sex and treatment can be seen for PS which is upregulated in the 

male placenta and downregulated in the female placenta in response to metformin treatment.  

 

Figure  5.2: Total lipid classes are changed in a sexually dimorphic manner in response to metformin 
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(A) PCA plots showing PC1 and PC2 scores for the lipidome of obese untreated and obese metformin-treated 

placentas, separated by sex and with (B) PCA ellipses (95% confidence interval) visualizing the clustering of the 

samples. (C) Relative changes in lipid classes (as log2) are shown for male and female placentas in response to 

metformin treatment, mean + SE is shown and p<0.05 marked with *. This Figure 5.2C has been provided by Dr. 

Lucas Pantaleão, Cer: ceramides, CL:cardiplipins, CPE:ceramide phophatidylethanolamines, DG=di-

acylglycerides, GB: GB gangliosides, GD: GD gangliosides, GM: GM gangliosides, Hex.Cer:Hexosyl -ceramides, 

Lacto.cer:Lactosyl-ceramides, LPC: lyso-hopsphatidylcholines, LPE: lyso-phosphatidylethanolamines, LPI: lyso-

phopshatidylinositol, Mono.lyso: Mono-lyso-cardiolipins, PC:phosphatidylcholines, PE: 

phosphatidylethanolamines, PG: phosphatidylglycerol, PI: phosphatidylinositol, PS: phosphatidylserines, S: 

sulfatides, SM: Sphingomyelins, Sph: sphingosines, TG: triglycerides 

 

5.3.2 Detailed view on the lipid profiles 

The previously identified lipids (carnitine, sphingosin, PS and lyso-PC) that showed significant changes 

with metformin treatment were plotted and analysed with a linear mixed model that assessed the 

effect of sex and treatment and their interaction, while taking into account the dam ID as a random 

effect as explained in section 4.2.7. Carnitines were overall decreased in the obese metformin-treated 

placentas (Figure 5.3A) and this was driven by a reduction in free carnitine rather than acylcarnitines 

(Figure 5.3B and C). Consistent with the overview data presented above, there were sexually dimorphic 

effects of metformin treatment on sphingosine and PS (Figure 5.3D and E). It needs to be noted that 

only one sphingosine, sphingosine (18:0), was detected in the placental samples, therefore this lipid 

class only consists of one sphingosine species. The PS levels were increased with metformin treatment 

in the males whereas the opposite effect was observed in the females. Lyso-PCs were overall reduced 

with metformin treatment, however this effect was more pronounced in the females.   
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Figure  5.3: Detailed analysis of lipid classes shown to be changed in Figure 5.2  

Levels in nmol/mg are shown for (A) total carnitines, (B) just carnitine, (C) acylcarnitines, (D) sphingomyelins, (E) 

phosphatidylserines and (F) lysophosphatidylcholines. Mean ± SEM are shown together with p values from 

linear mixed model analysis (group and sex as factors and the dam ID as a random effect). 

 

Despite no differences in total triglycerides (Figure 5.4A), triglycerides with lower total numbers of C 

atoms (35 – 55) were significantly reduced with metformin treatment as shown by the negative 

correlation (blue) in the correlation matrix (Figure 5.4B). These triglycerides thereby likely have 

medium (6-12 carbon atoms) to long (3-21 carbon atoms) fatty acids attached to them. Unsaturated, 

monounsaturated and polyunsaturated triglycerides were reduced with metformin treatment equally. 

Detailed analysis of lyso-PC levels showed that lyso-PC (16:0) and lyso-PC (18:3) are reduced in the 

male placentas (Figure 5.5). Lyso-PC (22:6), having docosahexaenoyl acid (DHA) important for fetal 

brain development incorporated, was reduced with metformin treatment but only marginally and not 

significantly.  
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Figure  5.4: Changes of triglycerides in response to metformin 

(A) Total triglyceride levels are shown as mean ± SEM together with p values from linear mixed model analysis 

(group and sex and their interaction as factors and the dam ID as a random effect). (B) Heatmap for all 

triglyceride species based on a regression model taking group, sex and dam ID as a random effect into account. 

On the x-axis number of fatty-acid double bonds (saturation level of the fatty acids) and on the y-axis the 

number of total fatty acid carbon atoms can be found. 

 

Figure  5.5: Changes of lyso-PCs in response to metformin 

(A) Heatmap for all lyso-PC species based on a regression model taking group, sex and dam ID as a random 

effect into account. On the x-axis number of fatty-acid double bonds (saturation level of the fatty acids) and on 

the y-axis the number of total fatty acid carbon atoms can be found. 
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5.3.3 Transcriptomic analyses of the placentas  

The transcriptomic analysis identified 16110 transcripts that were expressed in the placenta. Out of 

these 16100 transcripts 1911 (11%) can be mapped to long non-coding RNAs (lnRNAs), pseudogenes 

and uncharacterised genes predicted to be protein coding, identified in the RIKEN (ending on “Rik”) 

and Mouse Genome Informatics (MGI, starting with “Gm”) projects487. The rest of the transcripts were 

mapped to the characterised coding genome. Comparison of different models used for differential 

expression analysis showed that an additive model assessing the effects of treatment and sex fitted 

the data best, with no interaction between treatment and sex observed. The PCA plots show that no 

outliers were identified and that no striking clustering can be observed between the four groups 

(Figure 5.6A). Some clustering can be seen between male and female placentas when adding ellipses 

which encompass 95% of the samples (Figure 5.6B).   

 

 

Figure  5.6: Effects of sex and metformin treatment on the placenta   

(A) PCA plots showing PC1 and PC2 scores for the lipidome of obese untreated and obese metformin-treated 

placentas separated by sex, (B) addition of ellipses (95% confidence interval). 
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5.3.4 Transcriptomic differences with metformin treatment 

With an adjusted p value (padj) of <0.05 only seven genes were significantly differentially expressed 

with metformin treatment: two prolactin genes (Prl2c5, Prl4a1), the ribonuclease protein Rpp38, the 

long non-coding RNAs Gm26899 and Gm27786, the gene Syn3 encoding Synapsin protein and the 

predicted gene Gm9 encoding an, as yet, uncharacterized protein (Figure 5.7A). All seven genes had 

reduced expression with metformin treatment. When applying a threshold of padj <0.1, 32 more genes 

showed significant differential expression.  Among the enriched genes with the highest fold change 

were Cntn2 encoding contactin 2 and genes encoding calponin 1 and a sodium channel (Figure 5.7B). 

Genes that are reduced in metformin-treated placentas include, in addition to those mentioned above 

with a p<0.05, the pseudogene 1810014B01Rik and genes encoding for a signal-recognition particle, a 

lectin-like receptor and long non-coding RNAs (lncRNA, Figure 5.7B).  A list of all genes and their fold 

changes and padj values can be found in the supplement (Supplement 6, p.222). Overall, the 

transcriptomic changes in response to metformin are small. 

 

 

Figure  5.7: Metformin does not have major effects on the placental transcriptome 

(A) Volcano plot showing the log2 fold change (shrinking applied) and the -log10 of the adjusted p value 

comparing obese metformin-treated placentas to obese untreated placentas as the baseline. (B) Summary of 

differentially expressed genes with padj <0.1, sorted by fold change and separated into up- and downregulated 

transcripts, the samples with the 12 highest fold changes above 1 and the 12 lowest fold changes below 1 are 

shown. Genes with a padj < 0.05 are highlighted in bold and a short description of the gene or encoded protein 

provided. A complete list can be found in the supplement (Supplement 6, p.222).  
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5.3.5 Sex differences in the placental transcriptome 

Of the transcripts analysed from this dataset 456 genes (2.8%) showed significant (p<0.05) differential 

expression between male and female placentas (Figure 5.8). Not applying a threshold to remove genes 

which are not expressed in more than 50% of samples validates our dataset, as Y-chromsome-located 

genes (Ddx3y, Eif2s3y, Kdm5d and Uty) show a high fold change as they are not expressed in the female 

placenta (Figure 5.9A). Thresholding removes these genes (as they are not expressed in the female 

tissue) (Figure 5.9B). 24 genes located on the X chromosome are among the significantly differentially 

expressed genes, one of them, the lncRNA Xist, has been removed in Figure 5.9C to allow better 

visualisation of the volcano plot (Figure 5.9C). The volcano plot shows reduced expression of several 

prolactins in the male placenta and enrichment of the genes Ogt, Taf (both located on the X 

chromosome) and Eif2s3x in the female placenta. The majority (432/456) of genes that were identified 

as being differentially expressed were not located on the sex chromosomes.  
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Figure  5.8: The placental transcriptome is sexually dimorphic 

Heatmap showing the 456 genes that are significantly different (padj<0.05) between male and female 

placentas. 
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Figure  5.9: Overall sex differences across all groups 

(A) Volcano plot with all genes without thresholding to remove genes not expressed in more than 50% of 

samples, showing X- and Y-linked genes. (B) Analysis was performed with application of the threshold: volcano 

plot showing the log2 fold change (shrinking applied) comparing female placentas with male placentas that are 

used as the baseline with (C) X-linked Xist removed to zoom into the volcano plot.  

 

Of the significantly differentially expressed genes 234 had reduced expression in the female placenta 

whereas 222 genes were enriched in the female compared to the male placenta. A list of all 456 genes 

with their fold change and padj can be found in the supplement (Supplement 7, p.223). Out of the list 

of differentially expressed genes between male and female placenta those with the 15 highest and 

lowest fold changes are presented in Table 5.2. Highest fold change observed between the male and 

female placenta is 2.2 and lowest fold change is 0.39. In the female placenta genes including Igha 

encoding an immunoglobin constant and Cftr encoding a cystic fibrosis transmembrane conductance 

regulator are enriched. In the male placenta genes such as Cxcl1, encoding a chemokine ligand 

attracting neutrophils, Il1 encoding interleukin 1 and multiple prolactin genes (Prl2c3, Prl4a1, 

Prl7a1) are enriched (i.e. downregulated in female placenta).   

Ontology analysis of all differentially expressed genes (padj<0.05) showed that pathways that were 

enriched in the female placenta were related to regulation of Notch and Wnt signalling, leukocyte 

differentiation and angiogenesis (Figure 5.9A). In the male placenta key enriched pathways are the 

negative regulation of natural killer cell cytotoxicity and the positive regulation of JAK-STAT signalling 

(Figure 5.9B).  
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Table 5.2: Differentially expressed genes between male and female placenta 

The 15 genes with the highest fold change and greatest decrease respectively are shown together with the 

adjusted p value (padj<0.05), the gene name, chromosomal location (sex chromosome or autosome) and a 

short description of the gene or encoded protein, the complete table can be found in the supplement 

(Supplement 7, p.223). 
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Figure 5.9: Ontology analysis of the differentially expressed genes between male and female placentas 

Gene ontology biological processes and the fold enrichment is shown together with the false discovery rate for 

pathways enriched in the (A) female and (B) male placenta. Only the first 15 hits with the highest fold 

enrichment are exemplarily shown here, a complete table can be found in the supplement (Supplement 8, 

p.233). Analysis was performed with http://geneontology.org/ 
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5.4 Discussion 

The aim of this chapter was to explore the potential effects of metformin on the placenta which could 

explain why metformin exposed fetuses remained growth restricted despite normalisation of maternal 

metabolism and uterine artery function. Given the scarcity of data on metformin’s effects on the 

placenta and given the multiple different pathways of metformin action described to date in  adult 

tissues, an explorative approach was used. Transcriptomic analyses did not show major differences 

between the obese untreated and obese metformin-treated placenta. But the transcriptomic analysis 

highlighted sex differences in the placenta which is of growing interest in the field of developmental 

programming. Lipidomic analysis also showed sex differences and sexually dimorphic responses to 

metformin treatment. Specifically in the female placenta metformin treatment led to reduced 

carnitine levels together with reduction of lyso-PCs and PS. In the male placenta however PS levels 

were increased upon metformin treatment as was sphingosine (18:0). 

5.4.1 Lipid metabolism of the placentas 

In both the male and female placenta metformin treatment led to reduced levels of triglycerides with 

lower total carbon atom number. The analysis performed here does not provide the exact 

identification of fatty acid species attached to the glycerol in the triglyceride, it is thereby difficult to 

hypothesize on the biological explanation for the specific reduction in triglycerides with lower carbon 

atoms. However, the heatmap also showed that even for those triglycerides with higher carbon atom 

numbers a trend for a reduction with metformin treatment could be seen despite not being significant.   

Reduction of placental triglycerides with metformin treatment is likely due to reduced fat mass and 

liver steatosis in the dams, indicative of improved metabolic health. Maternal lipoproteins are taken 

up by the placenta as a whole or maternal triglycerides are hydrolysed by lipases and fatty acids 

transferred across to the placenta via fatty acid transporters488. In the placenta fatty acids are then 

esterified for storage to triglycerides, with fatty acids being released to the fetus if needed. For a long 

time glucose was thought to be the key nutrient transferred across the placenta but recent years have 

highlighted the importance of fatty acid transfer to the fetus for fetal growth and brain development, 

especially in the third trimester489. It has been shown that placentas from obese and glucose-intolerant 

women have increased levels of trigylcerides490,491. This is hypothesized to be a protective mechanism 

protecting the fetus from lipotoxicity via placental lipid storage492. In placentas from obese women 

proteins involved in lipid metabolism and storage such as fatty acid transporters and perilipin coating 

lipid droplets are increased490. In trophoblast cultures insulin and oleic acid (a long-chain fatty acid) 

can induce changes in placental lipid handling, highlighting the role of maternal metabolic health in 

placental lipid handling490.   

Based on the current findings, the reduction in placental triglyceride content likely reflects a beneficial 

change of metformin action. The reduction in lipid content could explain the observation that only 
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obese untreated placentas but not obese metformin-treated placentas were heavier compared to 

control placentas (chapter 4). Despite this potentially beneficial effect other detrimental obesity-

induced placental structural changes and fetal growth restriction (chapter 4) were not corrected with 

metformin treatment, this could be linked to other effects of metformin on the placenta that are not 

necessarily beneficial. 

A notable effect of metformin was to reduce carnitine levels in the placenta, which might not reflect a 

positive change. Total carnitine levels were specifically reduced in the female placentas. However 

detailed analysis showed that specifically free carnitine, needed for shuttling fatty acids into 

mitochondria for fatty acid oxidation, was reduced with metformin treatment in both sexes. Carnitine 

is transported into the placenta via OCTN2, which is also involved in metformin transport493 (see 

chapter 4). No data exists regarding metformin’s potential to competitively inhibit the OCTN2 

transporter, but a cancer drug (etoposide) a substrate of OCTN2, has been shown to reduce carnitine 

transport via competitive inhibition494. Therefore, the common transporter of metformin and carnitine 

could be an explanation for reduced carnitine levels in the placentas from obese metformin-treated 

dams, which could in turn lead to a reduced supply of carnitine to the fetus. Reduced carnitine levels 

in the fetus have been linked to preterm birth and fetal growth restriction495,496. Carnitine is important 

for the fetus to enable sufficient fatty acid oxidation with energy production via fatty acid oxidation 

being important during fetal development497. Given the reduced carnitine levels in the obese placentas 

treated with metformin this could partially explain the reduced fetal growth (observed in both sexes) 

despite improved uterine artery blood flow and maternal metabolic health with metformin treatment. 

Additionally it could also explain the reduced birthweight found in human studies in babies from GDM 

mothers treated with metformin rather than insulin341. Interestingly two human studies, one 

retrospective study and the Metformin in Gestational diabetes (MiG) trial, showed a higher rate of 

preterm birth with metformin treatment339,498. It is therefore important to follow this up further by 

assessing carnitine levels in placentas and babies from mothers treated with metformin.    

Metformin treatment led to a significant reduction of lyso-PC in the female placenta. Reduced lyso-PC 

levels in serum from healthy individuals after metformin treatment were suggested as a biomarker for 

metformin use499. Lyso-PCs have also been previously shown to be reduced with metformin treatment 

(at 1mM and 0.5mM respectively) in primary hepatocytes500. One of the roles of lyso-PCs in the 

placenta is thought to be the transfer of the fatty acid DHA to the fetus as DHA (C22:6) is mainly found 

in lyso-PCs in the placenta501. DHA is important for fetal brain development. Further analysis of the 

lyso-PCs showed that the specific lyso-PC(22:6) was reduced with metformin treatment, however this 

was not statistically significant.  

Sphingosine (18:0) was increased with metformin treatment in the male placenta. Altered sphingolipid 

metabolism has previously been observed in preeclamptic placentas with increased levels of 
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sphingomyelins and reduced sphingosine intermediates in placental vessels502. These changes are 

thought to lead to reduced levels of sphingosine-1-phosphate, which is known to regulate endothelial 

function502. In line with beneficial effects of metformin on the preeclampsia-like phenotype shown in 

chapter 3, metformin increased sphingosine levels in male placentas. Interestingly in the obese 

untreated placentas a trend for reduced sphingosine levels is present in the male compared to the 

female placentas at baseline. This could be associated with an increased preeclampsia risk for the male 

fetus. In human pregnancies male fetuses are more likely affected by specifically late-onset 

preeclampsia503. The mechanisms behind these effects of metformin on lyso-PC and sphingosine in 

metformin-treated placentas remain to be elucidated but they show that direct effects of metformin 

on the placenta are possible. The sex-specific effects seen here suggest that the observed lipid changes 

in the placenta can be driven via direct effects of metformin rather than solely via effects of metformin 

on maternal lipid metabolism.  

Another sexually dimorphic effect was observed regarding phosphatidylserine levels. In female 

placentas phosphatidylserine levels were reduced with metformin treatment, whereas the opposite 

effect was seen in the male placentas. Phosphatidylserines are well-known for their role in regulation 

of apoptosis where exposure on the cell membrane leads to phagocytosis of the cell504. No data exists 

regarding the function of phosphatidylserine in the placenta or whether a broad increase in 

phosphatidylserine rather than specific localisation change to the cell membrane is linked to apoptosis. 

In chapter 4 we showed increased Bcl-2 and Bax levels in the male placentas exposed to metformin. 

One could thereby hypothesize that metformin treatment could affect apoptosis in the male placenta, 

but this needs further assessment. 

5.4.2 Transcriptomic changes associated with metformin treatment 

Very limited data exists on transcriptomic analyses of placentas exposed to metformin. Hosni et al. 

recently showed that a combined metformin and glyburide treatment in rats that were fed a high  fat 

and sugar diet and were injected with streptozotocin led to only 8 differentially expressed genes 

compared to untreated obese and diabetic rats349. In the current study we identified only 7 genes 

significantly downregulated with metformin treatment (padj<0.05).  Two of these genes were 

prolactins: Prl2c5 from the family of proliferins known to have angiogenic functions and Prl4a1 shown 

to suppress NK cells505. It is difficult to hypothesize based on this data and the little overall 

transcriptomic changes with metformin whether the reduction of the prolactins has functional 

consequences for the metformin-treated placenta and/or the fetus e.g. via alteration of angiogenesis. 

Interestingly metformin has been used in patients with hyperprolactinaemia due to its potential effects 

on pituitary hormone secretion506,507. However, an effect of metformin on prolactin gene expression 

in tissue has not been identified previously. Among the differentially expressed genes with a padj <0.05 

was also one lncRNA. When applying a threshold of padj<0.1 more lncRNAs are significantly 
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downregulated with metformin treatment. A few studies have reported effects of metformin on 

regulation of lncRNAs508. Metformin could thereby potentially impact lncRNAs in the placenta, which 

could have functional consequences. This is only hypothetical but would be interesting to follow up 

further. The absence of major transcriptomic changes with metformin treatment matches our 

structural observations in which metformin treatment did not improve the obesity-induced reduction 

in placental efficiency and the labyrinthine zone or the increase in calcification. Additionally, our 

analyses showed no effects on AMPK or mTOR signalling in the placenta. In the future it will be helpful 

to perform proteomic analyses to complement the explorative approaches described in this chapter, 

this could help to characterize the effects of metformin on the placenta.  

5.4.3 Sexual dimorphism  

456 genes were significantly differentially expressed between male and female placentas. The 

importance of sexual dimorphism has become more and more evident and important in the field of 

developmental programming. Already a decade ago researchers suggested the male fetus was more 

vulnerable to a suboptimal in utero environment59. Male offspring exposed to maternal overnutrition 

are more likely to develop adiposity later in life509, whereas female offspring have increased risks for 

adiposity development in response to maternal undernutrition510. The notion of increased vulnerability 

in the male offspring is therefore not clear-cut and a complex issue. However in fetal development and 

growth the male fetus is known to have an increased growth rate with a placenta supporting growth 

rather than keeping reserve functions to combat suboptimal environments511. A study feeding mice 

high and low calorie diets in pregnancy showed that the majority of gene expression changes was 

observed in the female placenta, highlighting the potential for better adaptation in the female 

placenta512. It needs to be noted that our identified sex differences likely are a sexually dimorphic 

response to the maternal obesogenic environment in our study.  

Male fetuses are more likely to be delivered preterm and show increased perinatal mortality513. An 

increased association of gestational diabetes and late-onset preeclampsia in pregnancies with a male 

fetus has been shown in a recent meta-analysis503. Impaired uterine artery vascular adaptation to 

pregnancy which is increased in mothers carrying a male fetus could be the reason for the increased 

risk of late-onset preeclampsia503. In recent years sexual dimorphism in the placenta has therefore 

been of increasing interest as a potential key mediator of sexual dimorphism in fetal development, the 

occurrence of pregnancy complications and consequences for the offspring.   

A human study comparing male and female placentas showed in line with our transcriptomic analysis 

399 differentially regulated genes514. In their study they showed enrichment of pathways related to 

TGF and Wnt signalling in female placentas. Our study also highlighted Wnt signalling pathways 

enriched in the female placenta. As in our study most sexually dimorphic genes, except for sex 

chromosome linked genes, show a modest effect size of differential expression. This was shown in a 
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study looking at sexual dimorphism in the transcriptome of multiple somatic tissues (liver, adipose 

tissue, muscle, brain) where most differentially expressed genes showed only a fold change of below 

1.2515. A recent human study showed that a large amount of sex differences was due to genes escaping 

X-inactivation in the female placentas, which the researchers linked to increased vulnerability of the 

male fetus when exposed to a suboptimal environment516. Many of these genes code for proteins 

involved in transcriptional and translation regulation and are thereby promising candidates to drive 

sex differences in the placenta. In our analysis X-linked genes were also among the differentially 

expressed ones and made up 5% of all differentially expressed genes (24 X-linked genes out of 456 

differentially expressed genes overall). However, the majority of differentially regulated genes 

between the sexes were linked to autosomes.   

Genes related to JAK-STAT signalling and immune regulation such as negative regulation of NK cell 

cytotoxicity were increased in the male placentas in our study. The male placenta has previously been 

shown to have a heightened acute immune response as shown by increased placental chemokine 

levels (including CXCL1) upon induction of maternal infection with injection of lipopolysaccharide517. 

Our results showed increased levels of Cxcl1 in the male placentas compared to the female placentas, 

indicative of an inflammatory state of the male placenta, here likely caused by maternal obes ity per 

se. Sexual dimorphism in immune function in the placenta was also shown in a study by Cvitic et al. 

which showed increased inflammatory and immune genes in male placentas which they linked to the 

increased risk of male fetuses to be born preterm and show placental inflammation518. A recent study 

from 2020 investigated sexual dimorphism in the maternal-fetal crosstalk in early first trimester 

placentas and showed mainly immune genes being differentially expressed between males and 

females519. They highlight in their study the need to further understand the downstream implications 

of these differences. However, their study showed enrichment of cytokine signalling pathways in the 

female rather than the male placenta. Some of these differences could be explained by the fact that 

the human placentas used for transcriptomic analyses stem from healthy women and assess baseline 

sexual dimorphism, whereas our analysis assesses sexual dimorphism in a suboptimal pregnancy 

complicated by maternal obesity. These studies however might be crucial in identifying the underlying 

mechanism that lead to sex differences regarding adverse pregnancy outcomes.   

It needs to be noted that in the male placenta immune pathways related to negative regulation of NK 

cell mediated cytotoxicity are increased, the negative regulation could reflect an attempt to 

compensate for a heightened inflammatory state in the male placenta. Similarly, it has been 

hypothesized that increased prolactin expression shown in the male placenta could be a mechanism 

to protect the male fetus from a maternal immune attack given the reduced regulation of the immune 

system in a male pregnancy520. As prolactins are known for their important role in mediating 
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immunomodulation in pregnancy allowing acceptance of the conceptus by the mother this is plausible 

and our data indeed shows higher prolactin expression in the male placentas.   

5.4.4 Conclusions 

This chapter highlighted no major transcriptomic changes upon metformin treatment; however it 

highlighted the importance of assessing sex differences in the placenta, especially in response to an 

adverse maternal environment. We also showed that metformin treatment affected lipid composition 

in the placenta in a sexually dimorphic manner. In both sexes, especially triglycerides with lower carbon 

atom number were reduced with metformin. This likely indicates a beneficial effect of metformin in 

reducing the increased lipid content in the placenta induced by the obese glucose-intolerant 

environment. However, the exact implications of these changes and potential metabolic effects in the 

placenta are not known and further follow-up of placental lipid changes with metformin treatment is 

needed. As highlighted in Table 5.1 no lipid metabolism analyses in response to metformin treatment 

have been reported in the placenta to date. Effects of metformin exposure on carnitine levels could 

contribute to the effects of metformin on fetal growth and preterm birth and require further follow 

up. Similarly, the sexually dimorphic response to metformin with regards to phosphatidylserine levels 

warrants further investigation. Increased apoptosis in the male placentas in response to metformin 

could be a mediating factor of long-term risks. A recent study from our lab showed increased adiposity 

at 8 weeks of age in offspring exposed to metformin in utero, this was specifically seen in male 

offspring473.   

We can thereby confirm direct effects of metformin on the placental lipidome which require further 

assessment as they can be linked to apoptosis, increased preterm birth risk and fetal growth.  

Key findings 

• Metformin treatment reduced triglycerides with lower carbon atom number and free carnitine 

in the placenta. In the female placenta lyso-PCs were reduced and in the male placenta 

sphingosine (18:0) increased. Placental phosphatidylserines were increased in male and 

decreased in female placentas with metformin treatment.  

• The potential impact of metformin on apoptosis in male placentas and reduced carnitine levels 

in both sexes on fetal growth and preterm birth needs further investigation.   

• Metformin treatment did not lead to major transcriptomic changes in the obese placenta.  

• Clear sex differences were observed between the male and female placental transcriptome 

showing differences in immune regulation, JAK-STAT signalling and prolactin expression. This 

highlights the importance of taking sex differences into account in the field of developmental 

programming.  
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6 The role of placental extracellular vesicles and their miRNA content in 

programming  

6.1 Introduction 

6.1.1 Extracellular vesicles (EVs) 

Extracellular vesicles are membranous vesicles that are loaded with proteins, lipids, mRNA and small 

RNA species and secreted by a variety of different cell types. First described in the 80s EVs, termed 

exosomes at the time, were thought to just be a waste product of the secreting cell. Experiments at 

the time showed that such vesicles were secreted upon maturation of reticulocytes to remove un -

needed material during the maturation process521. However, over the past two decades the potential 

role of EVs has expanded to include multiple biological functions in many different physiological and 

pathological settings. In 2002 little was known about EVs, but a lot of research focussed on EVs from 

dendritic cells. They were shown to be involved in antigen presentation and could activate T helper 

cells522. This feature was harnessed to develop cancer immunotherapies with a study in 2002 showing 

that EVs from cancerous tissue pulsed onto dendritic cells leads to a beneficial expansion of tumour-

specific T lymphocytes, a concept that has since been explored further523,524. The first evidence that 

EVs can transfer miRNAs and mRNAs between cells and therefore represent a novel route of interorgan 

communication was provided in 2007525. In the past decade EV research has increased exponentially526 

and it has been demonstrated that EVs play a crucial role in cancer metastasis, neurodegenerative 

disease as well as metabolic health524,527,528. In metabolic diseases it is thought that EVs play a role in 

communication between organs that could contribute to links between adiposity and insulin 

resistance529. EVs from adipose tissue macrophages were shown to regulate adipose tissue function 

and insulin sensitivity with macrophage EVs from obese mice leading to impaired glucose tolerance 

and insulin sensitivity in lean recipients530. Due to their high stability in various body fluids, EVs are also 

increasingly investigated as biomarkers of diseases such as cancer, renal dysfunction (via urinary EVs) 

and even male fertility (via EVs from seminal fluid)531–533. With the increasing amount of EV research a 

standardized nomenclature was introduced to avoid confusion between the terms exosomes, micro-

vesicles and extracellular vesicles, that have all been in use since 2000. This was provided in a position 

statement from the International Society for Extracellular Vesicles (ISEV) in 2014534. Since then, the 

term extracellular vesicle includes three subtypes of vesicles: exosomes, micro-vesicles and apoptotic 

bodies. Exosomes (30 – 150 nm diameter) are formed via the endosomal route, which starts with an 

endosome with smaller intraluminal vesicles being formed by inward budding of the endosomal 

membrane. This subsequently forms a multivesicular body (MVB) that can then fuse with the plasma 

membrane to release its vesicle content (Figure 6.1). Recent research has shown that the endosomal 

sorting complex required for transport (ESCRT) is needed for the biogenesis of the multivesicular body 

itself. Before the inward budding of the endosomal membrane, lipids and membrane proteins such as 



 

138 
 

tetraspanins are clustered into microdomains from which cytoplasmic content is sorted towards the 

microdomains either without the involvement of ESCRT or with the help of ESCRT I and II 535. Both 

pathways then use ESCRT III for the inward budding of the intraluminal vesicles itself. Another subtype 

of EVs are micro-vesicles (100 nm – 1µm) that form by budding off from the cell’s plasma membrane 

(Figure 6.1). The micro-vesicle biogenesis is less well understood but includes sorting of lipids, 

membrane proteins and cytoplasmic content on the membrane via ESCRT I, the actual budding is then 

assisted by ESCRTIII and involves the cytoskeleton535. Apoptotic bodies (50 – 5000nm) are also a 

subtype of EVs but are often larger than the extracellular vesicles of biological interest and formed 

from the plasma membrane during apoptosis (Figure 6.1). As to date it is still very difficult to confirm 

the endosomal route for the exosome biogenesis the term EVs rather than exosomes is recommended 

by ISEV534. Throughout this chapter the term EV is therefore used.  

 

Figure  6.1: Different types of extracellular vesicles 

Extracellular vesicles include three different subtypes: (A) exosomes, (B) micro-vesicles and (C) apoptotic bodies. 

 

An important question in EV research is whether and how the sorting of EV cargo as well as the fate 

and target destination (cell or tissue type) of an EV is regulated. These basic mechanisms have been 

extensively investigated in recent years. Sorting of proteins into EVs is thought to be influenced by the 

fact that some proteins favourably associate with tetraspanins or the lipid microdomains that build the 

starting point of the exosome and micro-vesicle formation536,537. Interestingly it has been shown that 
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small RNAs are not just loaded randomly into the EVs. This is a relevant observation in the context of 

the potential biological function of inter-organ or intercell communication via small RNA species of 

EVs. In 2013 Villarroya-Beltri et al. 538 showed that activation of primary T lymphoblasts led to a 

different miRNA and mRNA content in the cell compared to the secreted EVs, pointing towards specific 

sorting of RNAs into EVs. In their study they showed that RNAs with the motif GGAG and CCCU were 

enriched in EVs. These motifs are recognized by the heterogeneous nuclear ribonucleoprotein A2B1 

which sorts these RNAs into EVs. Since then other possible pathways for RNA sorting into EVs have 

been proposed such as sorting via components of the ESCRT complex or binding to other RNA-binding 

proteins539. One of these RNA-binding proteins is Argonaute 2 (Ago2), which is needed for miRNA 

maturation and has been shown to be involved in EV sorting. Sorting of Ago2 into exosomes is 

regulated via KRAS-dependent MEK-ERK signalling. An activating mutation in KRAS that inhibited the 

sorting of Ago2 and Ago2-associated miRNAs into EVs, highlighted mechanisms for regulation of EV 

cargo sorting and secretion via external stimuli540. However some studies don’t report differences 

between the RNA content in the cell and the secreted EVs supporting the notion of random sorting of 

RNA into secreted EVs541. Given the increased data on the biological function of EVs in different 

diseases it is of current interest to disentangle the mechanisms that affect the composition of the EV 

content. Similarly, the fate of EVs within the cell and the body is of interest. Within the cell the MVB 

can be targeted towards degradation within the lysosome or be transported towards the membrane 

for secretion of exosomes. The presence of ESCRT components appears to play a crucial role in 

targeting MVBs to the plasma membrane rather than the lysosome535. Additionally the level of 

cholesterol in the membrane of the MVB influences its fate with cholesterol-enriched MVBs being 

targeted towards secretion542.   

Once secreted, EVs can either be taken up again by the secreting cell working in an autocrine fashion 

or be taken up and/or act on the cell surface of a distant cell type. Recent years have elucidated some 

patterns regarding the targeting of EVs with the first study demonstrating the involvement of EVs in 

organ-specific metastasis of cancer. It was shown that EVs from cancer cell lines are preferentially 

targeted to cells from the tissue type which is known to be the main metastasis location. The 

researchers showed that this was due to certain integrins on the exosomes secreted e.g. from breast 

and pancreatic cell lines543. These integrins interacted specifically with the extracellular cell matrix of 

lung and/or liver tissue dependent on the known organotropism of the cancer cell line. Another study 

has shown the contribution of the tetraspanin composition on EVs in targeting to specific cell types544. 

6.1.2  Isolation and characterisation of EVs 

In the 2000s the most common method for isolation of EVs (at that time still termed exosomes) was 

differential ultracentrifugation shown in a paper from 1996 to isolate EVs from culture medium 

supernatant545. The idea is to first pellet cells (300 g, 10 minutes), then dead cells (2000 g, 10 minutes), 
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then cell debris (10000 g, 30 minutes) and eventually the EVs (10000 g, 1 hour). A few years later 

differential ultracentrifugation remained the main method highlighted in a method paper from 2006 

by Théry et al. Their paper was the first paper that described the different techniques used for the 

isolation and characterisation of EVs546. Despite the development of novel methods for EV isolation 

ultracentrifugation remained by far the most popular isolation method in a survey performed by ISEV 

in 2016547.  This is likely due to the low cost of the method, the ease of use and the ease of scaling the 

method up when using large amounts of starting material. However studies in recent years have 

identified challenges and disadvantages of differential ultracentrifugation: the EVs are exposed to 

harsh forces that might alter their integrity and consequently their biological function and 

contaminants like lipoproteins and even free RNA can co-isolate with the EV pellet547. Additionally 

differential ultracentrifugation might not be the best method when limited sample is available. In 

recent years size-exclusion chromatography (SEC) has gained popularity in the EV field with a survey 

in 2020 showing that most isolations are still performed with differential ultracentrifugation but that 

SEC is used significantly more compared to the survey in 2016526. SEC is thought to be a gentler 

approach compared to centrifugation leaving EVs more intact548. In SEC the sample is added onto a 

porous polymer column and eluted in buffer, small particles are eluted quickly early on whereas big 

particles and protein contaminants are retained in the column and only elute later. SEC is often 

preceded by centrifugation steps that remove cell debris prior to the SEC. Due to a similar size of 

lipoproteins compared to EVs, lipoprotein contamination can be a problem during EV isolation via SEC 

especially in serum samples549. Aside from SEC and ultracentrifugation multiple other methods have 

been  established, including density-gradient centrifugation, commercial kits that isolate EVs via 

precipitation, ultrafiltration and immune-based methods e.g. isolating EVs via beads coated with 

antibodies against EV-enriched membrane proteins550. To date no gold standard method for EV 

isolation exists as the method of choice highly depends on the sample type and volume available, the 

downstream application as well as the funds and equipment available. Many studies however have 

assessed the differences between the isolation methods and Figure 6.2 gives an overview of the 

differences regarding yield and purity of EVs.  
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Figure  6.2: Methods for isolation of EVs and their yield and purity 

The graphic summarizes different methods for isolation of EVs sorted by their yield and purity, a method that is 

shown to have a high purity and high yield has not yet been found. Figure drawn based on Théry et al. 551 

 

Depending on the downstream analysis it might not matter if EVs are fully intact whereas for other 

applications (e.g. functional assays or clinical use) it is crucial. The ultimate goal within the study 

presented in this chapter was to sequence the small RNA cargo of EVs isolated from placental explants. 

Given the increased use and recognition of SEC in the EV field we used SEC for isolation of our EVs. 

Other isolation techniques (differential ultracentrifugation and commercially available kits) were 

trialled, especially differential ultracentrifugation had a similar yield compared to the SEC and good 

quality of EVs. However, after consultations with an expert in the field, Dr. Sarah Stewart (La Trobe 

Institute for Molecular Science, Melbourne, Australia), we decided to use SEC, which is well-regarded 

in the field. A recent paper suggested that SEC is the best method for downstream RNA sequencing 

analysis compared to ultracentrifugation and commercial isolation kits552. In their study SEC EVs had 

the highest concentration of EV-specific miRNAs and the lowest level of unspecific miRNAs compared 

to the other isolation methods. In general, they also showed that EVs from SEC isolation were the 

purest EV population with the only note of caution being contamination with lipoproteins. As we are 

not isolating EVs from serum the disadvantage of SEC that lipoproteins are co-isolated is not a big issue 

for our purpose.  

Given the high heterogeneity of isolation methods in EV research, consensus in the field is that a 

thorough characterisation of the EV population isolated needs to be carried out. This gives other 
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researchers the chance to understand and interpret the results carefully and allows comparison 

between studies. Rigor and standardization is thereby a particularly important aspect in the EV field553. 

Common methods for characterisation of EVs are western blotting, single particle tracking, electron 

microscopy and flow cytometry. Western blotting allows the general characterisation of the EVs with 

the Minimal Information for Studies of Extracellular Vesicles (MISEV) guidelines specifying the key 

markers that should be shown551. Ideally a transmembrane protein (e.g. a tetraspanin) should be 

shown to be present in the EVs to prove its lipid bilayer nature. Additionally, a protein involved in the 

biogenesis of EVs (e.g. component of the ESCRT complex like TSG101 or Alix) needs to be proven to be 

present. Negative markers that confirm no or only minor contamination by e.g. lipoproteins are 

encouraged as well. Additional characterisation can be obtained by including markers for other 

intracellular organelles in the western blotting analysis. This can establish that the vesicles are not 

derived from other secretory pathways such as the Golgi apparatus or the endoplasmic reticulum. 

Analysis of individual vesicles is additionally encouraged by at least two methods such as microscopy 

(electron microscopy being most used to visualise single EVs) and nanoparticle tracking analysis (NTA) 

to confirm biophysical properties. The NTA is a special microscope that can visualise the EVs as they 

scatter the light of a laser beam and measures their concentration. Based on Brownian motion and the 

Stokes-Einstein equation the diameter of the EVs can be calculated. Again, no gold standard exists 

regarding the characterisation of EVs but a combination of different methods is advised.  

6.1.3 EVs in pregnancy 

In 1893 Georg Schmorl observed placental cells and particles in the maternal circulation, mainly in 

women with preeclampsia554. Since then it has been proven that the placenta, more specifically 

trophoblasts, can secrete EVs555. One key role of placental EVs was identified around 15 years ago and 

is thought to contribute towards the establishment of the fetal immune privilege needed for a 

successful pregnancy. Fas-L was identified on placental EVs that were shown to suppress the maternal 

immune system by inducing apoptosis of maternal lymphocytes556. EVs in the uterus, termed 

uterosomes, are thought to be important for the fertilization and implantation of the embryo 557. 

Thereby EVs are suggested to play a role in successful pregnancies.   

It is now well-established that the EV concentration in serum is significantly increased in pregnant 

compared to non-pregnant women (50-fold) and that EVs in the serum of pregnant women increase 

with gestation558.  In humans, the placental origin of EVs in the serum can be confirmed by the placental 

alkaline phosphatase (PLAP) being present in the human placenta and on placental EVs. Analysis of 

these PLAP-positive placental EVs showed lower levels of these EVs in the fetal and maternal 

circulation in situations of fetal growth restriction559. In addition to associations with fetal growth, 

placental EVs have also been linked to pregnancy complications such as preeclampsia and GDM. An 

early study from 1998 showed increased shedding of syncytiotrophoblasts into the maternal 
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circulation in preeclampisa560. These were likely particles we would today term EVs. More recent 

studies have indeed shown increased levels of EVs in the serum from women with preeclampsia557. 

These EVs secreted from the syncytiotrophoblast and isolated from placental perfusate bind VEGF, 

PLGF and TGF-561. As these EVs are increased in preeclampsia they likely contribute to the endothelial 

dysfunction characteristic of the disease. Additionally reduced eNOS expression in EVs from 

preeclamptic women results in further vascular dysfunction562. Further evidence for the involvement 

of placental EVs in the development of preeclampsia comes from studies of mice that were infused 

with placental EVs from preeclamptic women. Both, pregnant and non-pregnant mice developed 

hypertension and proteinuria, hallmarks of preeclampsia in humans, when infused with placental EVs 

from women with preeclampsia563. Additionally, the EVs were shown to induce vasoconstriction, 

presenting a mechanism of action for the preeclamptic placental EVs.  

A similar body of evidence exists for GDM pregnancies. Rice et al. detected increased EV secretion from 

primary trophoblast cultures when incubated with high levels of glucose564. The same group confirmed 

these findings in vivo, showing increased EV numbers in serum from women with GDM compared to 

healthy pregnant women565. Addition of these EVs onto Human Umbilical Vein Endothelial Cells 

(HUVECs) led to increased inflammatory cytokine release. A pro-inflammatory state is commonly 

observed in obese and GDM pregnancies566. Infusion of EVs from healthy pregnant women and women 

with GDM into non-pregnant mice showed that EVs from GDM women led to impaired glucose 

tolerance and impaired muscle insulin signalling567. The connection between GDM and placental EVs 

was recently proposed to allow the use of miRNA profiles of maternal serum EVs in early pregnancy to 

be a biomarker for the future development of GDM in later pregnancy568.   

Most of the data regarding placental EVs stems from human studies, however a study in 2019 

highlighted that EV levels in serum of pregnant mice shows a similar trajectory compared to humans 569. 

EV levels rose with advancing gestation and peaked at embryonic day E14.5. Only a few other studies 

of placental EVs have since emerged in rodents. Explant culture of the human placenta is regularly 

used to study the secretion of molecules, proteins and lately also EVs from the placenta 570. In the 

mouse this method has not been commonly used for isolation of EVs so far with only one recent 

publication from 2021 that showed that isolated EVs from placental explants and showed that the EVs 

can target maternal immune cells directly571. Human and mouse placental EVs are both secreted from 

the syncytiotrophoblast of the placenta572. The use of mouse placental EVs is important in assessing 

potential mechanisms of actions of the EVs.   

All examples described so far have focussed on the effects of EVs entering the maternal circulation, 

but with a Cre-reporter mouse model researchers showed that EVs could facilitate cross-talk between 

mother and fetus as EVs from the mother were found in the fetal circulation and vice versa573. It can 
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therefore be hypothesized that also placental EVs and their cargo could have programming effects on 

fetal development and consequently offspring health. The miRNA cargo of EVs could mediate these 

programming effects given the emerging evidence of the contribution of miRNAs in the DOHaD field41. 

However further research is needed in this area555. Additionally human data highlights the potential of 

EVs from maternal macrophages to affect the placenta, potentially to protect the fetus in the case of 

maternal infections574. This highlights the importance of EVs in pregnancy due to their mediating role 

in the crosstalk between mother, fetus and placenta.  Many questions regarding placental EVs remain 

unanswered. For example, the exact biology of their biogenesis is not yet understood, it likely involves 

the mechanisms described under 6.1.1 but e.g. the uptake of placental EVs likely involves placenta-

specific proteins such as syncytin-1 and -2 that are known to be required for the syncytialisation of the 

human trophoblast575. Additionally, it is relevant to determine the factors and composition markers of 

EVs that target EVs to different organs in the mother and/or the fetus. It is currently unclear how 

sorting of cargo into placental EVs occurs. In humans miRNAs from the chromosome 19 miRNA cluster 

(C19MC) are highly expressed in the placenta and also found in placental EVs, but it is not known 

whether a specific sorting mechanisms exists555,576.  

6.1.4 Aims 

The aims of this chapter were therefore: 

• To develop a pipeline for the isolation of EVs from murine placental explant supernatant. 

• To thoroughly characterise isolated placental EVs to prove successful and pure EV isolation.  

• To profile miRNA content of EVs isolated from placental cultures from male fetuses exposed 

to a maternal control or obesogenic diet in utero via small RNA sequencing.  
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6.2 Methods 

Thanks to Dr. Karen Forbes, Dr. Rachel Quilang and Dr. Sarah Stewart for their help in setting up the 

EV isolation and characterisation in the lab. And thanks to Dr. Tim Williams, Dr. Jenni Karttunen and 

the Cambridge EV interest group (CEVSIG) for interesting and helpful EV discussions.  

6.2.1 Placental explant culture 

Placentas were obtained from the mouse model described under general methods (section 2.1). 6 male 

placentas per group (control and obese untreated) were cultured as explants for 24 hours. Upon 

dissection the placentas were placed in ice-cold PBS buffer and transferred to the lab. Placentas were 

then cut into three pieces of approximately equal size. The pieces were placed individually on netwells 

(costar 3477, 74 µm polyester mesh) in a 12-well plate filled with 3 ml medium per well (Dulbecco’s 

Modified Eagle Medium/Nutrient Mixture F12, 2% FBS (EV-depleted, Thermo-Fisher Scientific, 

A2720801), 100 U/ml Penicillin and 100 µg/ml streptomycin). After incubation of the explants (37°C, 

5% CO2, 24 hours) the explant supernatant was taken and frozen on dry ice and stored at -80°C until 

processed further. The netwells were reused after washing in 2x Virkon solution (24 hours), rinsing in 

distilled water, washing in 1% Decon solution (24 hours), rinsing in distilled water and storage in 100% 

ethanol.  

After the culture placentas were fixed in 10% formalin and embedded in paraffin by Tom Ashmore. 

Sections were cut at 5 µm thickness and stained for H&E as described in section 2.8 of the general 

methods. Scanning of the slides was performed with the Zeiss Axioscan microscopy slide scanner and 

visually inspected for necrotic areas.  

6.2.2 Size exclusion chromatography (SEC) 

For the SEC the supernatant was slowly thawn on ice and centrifuged to remove cell debris (1500 g, 10 

minutes, 4°C). As the SEC columns used required an input of 500 µl, the supernatant was concentrated 

with Amicon Ultra-15 concentrator columns (UFC910024). Prior to use, the concentrator columns were 

rinsed with 15 ml PBS (4000 g, 2 minutes, 4°C), then the centrifuged supernatant was added and 

concentrated (4000 g, 30 minutes, 4 °C). The concentrate was collected after the first concentration 

and the column rinsed with PBS to collect any residuals (4000 g, 30 minutes, 4°C).  The total 

concentrate was centrifuged again to remove large EVs (10000 g, 10 minutes, 4°C) and the sample then 

adjusted to a volume of 500 µL for the SEC. The SEC columns (Izon qEV original, 35 nm) were used 

according to the manufacturer’s protocol. Briefly the columns were equilibrated to room temperature 

and flushed with 10 ml fresh PBS. The 500 µl sample was then loaded onto the loading frit and after a 

void volume of 2.5 ml (fractions 1-5) the fractions 6-15 (each 500 µl) were collected manually by 

flushing the column with PBS. The columns were used up to 6 times, between samples the column was 

washed with 20 ml of PBS. After proof of the pipeline, it was confirmed by silver staining (see 6.2.3) 

that fractions 6-11 consistently contained only EVs and no contamination. To avoid freeze-thaw cycles 
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these fractions were thereby pooled and concentrated from 3 ml to 100 µl via the Amicon Ultra-4 spin 

filter (UFC801024, Merck). The spin filter was rinsed with 2.5 ml PBS (4000 g, 5 minutes, 4°C). Then the 

samples were added and concentrated (4000 g, 10 minutes, 4°C). The filtrate was then briefly mixed 

via pipetting to be further concentrated (4000 g, 10 minutes, 4°C). For the actual final samples only 5 

µl were taken out for analysis on the NTA and the rest was stored at -80°C until the RNA was extracted. 

Samples used for EV characterisation were also stored at -80°C for later Western blot and electron 

microscopy analysis.  

6.2.3 Silver staining 

8 µl of the SEC fraction was mixed on ice with 52 µl of RIPA buffer (ThermoFisher, addition of 1 

PhosStopEasypack Roche tablet and 1 tablet complete Mini EDTA proteinase inhibitor Roche tablet for 

10 ml of RIPA) and vortexed after 0, 10 and 20 minutes of incubation. 15 µl of 5x Laemmli buffer (5x: 

20% glycerol, 2% SDS, 62.5 mM Tris-HCl (pH 6.8), 100 mM DTT, some Bromophenol blue) were added, 

the sample heated for 5 minutes at 95°C, before being loaded onto a 10% gel. The silver staining 

(Pierce, Silver Stain for Mass Spec (24600)) of the gel was performed according to the manufacturer’s 

protocol, the only difference was that the gel was left for up to 10 minutes in the developing solution 

to clearly stain the bands.  

6.2.4 Nanoparticle tracking analysis 

All final samples used for RNA extraction were analysed on the NTA (Nanosight NS 300, NTA 3.2 Dev 

Build 3.2.16 Software). 5 µl of the concentrated EV samples (see 6.2.2) were mixed with 200 µl of PBS 

and then injected into the chamber. The camera level was kept at 15 throughout and particles captured 

for 60 seconds. The zoom was adjusted accordingly to focus on the particles, for processing of the 

video a particle detection threshold of 5 was used for all samples.  

6.2.5 Western blotting 

Protein content of the EV samples was determined with a BCA kit (Micro BCATM Protein Assay kit, 

Thermo Scientific, 23235), which was used according to the manufacturer’s instructions. Protein (2 µg) 

was taken from the EV sample (and the other samples: explant supernatant and non-EV fractions) and 

mixed with 1x Laemmli buffer without prior lysis to avoid further dilution of the small amount of 

sample available. For the placental lysate placental tissue was lysed in RIPA buffer prior  to protein 

content determination and addition of 1x Laemmli buffer. Samples were incubated with Laemmli 

buffer (95°C, 5 minutes) and loaded onto a 10% gel as specified in section 2.4 of the general methods. 

Afterwards proteins were transferred onto a PDVF membrane (Thermo Scientific Pierce G2 Fast 

Blotter) according to manufacturer’s instructions. Western blots were prepared as described in section 

2.5 of the general methods and the following primary antibodies used for overnight incubation: 

ApoA1 (ab227455), TSG1010 (ab125011) and Calnexin (ab133615), all at 1:1000 in 5% BSA in 1xT-

TBS. After washing the membrane with T-TBS the blot was incubated with Goat Anti-Rabbit IgG 
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(ab6721, at 1:2000) and imaged on the ChemiDoc MP Imaging System as explained in section 2.5 of 

the general methods. The gel was stained with Coomassie as described in section 2.5 of the general 

methods to check the loading of the gel365. 

6.2.6 Electron microscopy 

Electron microscopy was performed in collaboration with Dr. Scott Dillon, Stem Cell Institute, 

Cambridge who provided the protocol below. Droplets of EVs in PBS were incubated for 10 minutes at 

room temperature on 200 mesh formvar-carbon coated copper grids (Sigma Aldrich, TEM-FCF200CU) 

which had been glow-discharged using a PELCO easiGlow glow discharging system (Ted Pella). Excess 

EV resuspension was removed using filter paper and grids stained by floating on a droplet of 1% 

aqueous uranyl acetate for 30 seconds. Excess solution was removed using filter paper and grids left 

to air dry. Grids were examined using a HT7800 transmission electron microscope (Hitachi High 

Technologies) with a LaB6 electron source operating at 100kV. Images were acquired using a bottom 

mounted Xarosa CMOS camera (EMSIS) with 5 frame averaging. 

6.2.7 RNA extraction 

RNA was extracted from the whole EV sample with the QIAGEN miRNeasy Micro kit (QIAGEN, 217084) 

and the Magnazol kit (Perkin Elmer, NOVA-3830-01) according to the manufacturer’s protocol. The 

common QIAGEN kit was used as described in the general methods. In addition the Magnazol kit was 

tested due to previously reported improved recovery of small RNA577. For the Magnazol kit the EV 

sample was made up to 200 µl with clean PBS, 400 µl of the Magnazol reagent was added and the 

mixture vortexed. 40 µl of 1-bromo-3-chloropropane was then added, the sample vortexed again and 

then centrifuged (16000 g, 5 minutes, 4°C). This allowed the removal of the aqueous phase to which 

2.5 volumes of 100% ethanol were added and mixed by pipetting up and down. The sample was then 

incubated with 50 µl of magnetic beads (55°C, 10 minutes). The beads were then collected on the side 

of the tube with a magnetic stand on which they were washed with 80% ethanol for a total of two 

washes. Beads were then dried thoroughly before resuspension in 15 µl RNase-free water and 

incubation (55°C, 3 minutes). The beads were attracted to the side of the tube on the magnetic stand 

and the bead-free liquid containing the RNA collected. All RNA was assessed on the 2100 Agilent 

Bioanalyzer with a Eukaryote Total RNA Pico chip.  

6.2.8 miRNA assay 

Reverse transcription was performed with the Taqman MicroRNA Reverse Transcription kit (Thermo 

Scientific, 4366596). The reaction mix was prepared according to the manufacturer’s protocol (Figure 

6.3 A), then 1 ng of RNA and the 5x primer for miR-16 and miR-183 were added as these miRNAs have 

been previously shown in EVs in general and placental EVs539,572. The whole 15 µl reaction mix was then 

incubated (16°C for 30 minutes, 42°C for 30 minutes, 85°C for 5 minutes). For the PCR the 20x small 

RNA assays for miR-16 and miR-183 were mixed with PCR master mix (TaqMan™ Universal Master Mix 



 

148 
 

II, with UNG, Thermo, 4440042) and water (Figure 6.3 B). 18.67 µl of this reaction mix were added into 

a 96-well plate together with 1.33 µl (0.11 ng) of the respective cDNA template and run on StepOnePlus 

Real-Time PCR system with the settings shown in Figure 6.3 C and raw CT values analysed. The samples 

were analysed in duplicates. As a control samples to assess whether the assay works RNA extracted 

from placental tissue was used.  

 

Figure  6.3: miRNA assay protocol 

(A) Taqman MicroRNA Reverse Transcription kit was used for the reverse transcription. (B) The Taqman small 

RNA assay was performed with the shown pipetting scheme and (C) according to the shown reaction conditions. 

 

6.2.9 Library preparation and small RNA sequencing 

Library preparation was performed by Dr. Marcella Ma in the Genomics / Transcriptomics Core Facility 

at the Institute of Metabolic Science (University of Cambridge). 1 ng of total RNA was used from each 

sample to make libraries with the QIAseq miRNA library Prep Kit (QIAGEN) following manufacturer’s 

instructions. Briefly, RNA was ligated at both ends before reverse transcription. After a clean-up step 

indexed PCR was performed with QIAseq miRNA 96 Index IL to allow multiplex sequencing. Libraries 

were validated with a High Sensitivity DNA Bioanalyzer assay (Agilent).  Sequencing was performed on 

the Illumina iSeq100 after equimolar pooling of the samples. Single reads (SE75) were obtained from 

the 12 samples with an average of 0.44 million reads sequences per sample. 

6.2.10 Small RNASeq analysis  

Small RNASeq analysis was performed by Dr. Lucas Pantaleão. SRNABench was used for sequence 

trimming and mapping to the mouse genome (GRCm38). Raw reads mapped to the miRNA mature 

sense strand were analysed using edgeR in RStudio via quasi-likelihood general linear models. MiRNA 

with no abundance in any one sample were excluded throughout.   

Figure 6.4 summarizes the pipeline utilised in this chapter.  



 

149 
 

 

 

Figure  6.4: The established pipeline for EVs isolated from placental explants 
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6.3 Results 

6.3.1 Placental culture 

Assessment of placental tissue after 24h culture showed that there were no major necrotic areas 

highlighting good explant health (Figure 6.5).  

 

Figure  6.5: Placental explants did not show necrotic areas after 24 hours of culture 

H&E stains of example placentas after explant culture from (A) control and (B) obese dams are shown. 

 

6.3.2 Isolation of EVs 

EVs were isolated via SEC according to the manufacturer’s protocol to separate EVs from 

contaminating proteins (Figure 6.6A). After personal communication with Dr. Sarah Stewart (La Trobe 

Institute for Molecular Science, Melbourne, Australia) a slight modification of the manufacturer’s 

protocol was performed. Fraction 6 is according to the manufacturer’s protocol part of the void volume 

meant to not contain EVs. However, no contamination was seen in this fraction but EVs were detected 

via NTA so this fraction was included into the EV sample. Fractions 6 -11 did not show protein 

contamination as assessed by the silver-stained SDS-PAGE and were therefore pooled as the EV sample 

(Figure 6.6B).  

 

Figure  6.6: EV isolation was performed with size exclusion chromatography (SEC) 

(A) EVs and contaminating proteins are separated via SEC in the different collected fractions and (B) the 

contamination of the fraction 6 to 15 tested on an SDS-PAGE via silver staining. 
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6.3.3 Characterisation of isolated EVs 

Isolated EVs were analysed via the NTA to confirm a size of around 100 nm that was expected with this 

isolation technique (Figure 6.7A and B). Electron microscopy confirmed the presence of EVs as shown 

in Figure 6.7C with two EVs of around 100 nm diameter (arrows) and smaller EVs in the background.  

 

Figure  6.7: Nanoparticle tracking analysis (NTA) and electron microscopy confirmed the presence of EVs in 

the sample 

(A) EVs were measured via the NTA to (B) obtain concentration and size of the EVs. (C) Individual EVs were 

additionally visualised via electron microscopy. 

 

All samples were run on the NTA and no difference could be observed between control and obese 

placental EVs regarding EV diameter mean, mode or particle amount (Figure 6.8A-C).  
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Figure  6.8: NTA analysis data did not differ between EVs from male control and obese placentas 

Data from the NTA regarding (B) diameter mode, (C) diameter mean and (D) particle number is compared 

between the two different groups. Analysis was performed with an unpaired student’s t-test.  

 

EV samples were analysed via Western blotting for their presence of well-established EV- and non-EV 

markers. Four distinct samples (Placental explant lysate, explant supernatant without isolation of EVs, 

fraction 6-11 (EV fraction) and fraction 12-15 (protein contaminants), Figure 6.9A) were used. 

Enrichment of TSG101, a protein involved in EV biogenesis (Figure 6.9B), was specifically detected in 

the EV sample (Figure 6.9C). Lipoproteins detected via ApoA1 were only seen in the placental lysate 

but not in the EV sample (Figure 6.9C). Calnexin, a protein present in the endoplasmic reticulum (Figure 

6.6B) was not seen in the EV sample but was present in all other samples (Figure 6.9C). Therefore, the 

western blot analysis together with the NTA and electron microscopy assessment confirmed the 

successful isolation of placental EVs.  
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Figure  6.9:  Western blot analysis confirmed presence of EV marker TSG101 and absence of non-EV markers 

(A) Placental explant lysate, explant supernatant without isolation of EVs, fraction 6-11 (EV fraction) and 

fraction 12-15 (protein contaminants) were used for western blot assessment of (B) the EV marker TSG101 and 

non-EV marker Calnexin. (C) Blots were probed for Calnexin, TSG101, ApoA1 and the gel stained with Coomassie 

after the transfer to assess the loading of the SDS-PAGE. 

 

6.3.4 RNA extraction 

Extraction of RNA from EV samples showed improved yield when isolated with the Magnazol kit 

compared to the QIAGEN kit (Figure 6.10A and B). In a miRNA assay the presence of miR-16 and 

miR183, was assessed. MiR-183 has been shown in murine placental EVs572 and miR-16 is a miRNA 

frequently detected in human EVs539. Lower CT values for both miRNAs were observed in samples 

extracted with the Magnazol kit (Figure 6.10C), highlighting increased abundances of the miRNA in 

these samples. The Magnazol kit was therefore used for all samples in the current study.  
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Figure  6.10: The Magnazol extraction kit was shown to have a high yield and a good isolation of small RNAs 

from the EV samples 

RNA extracted via the (A) QIAGEN miRNeasy micro kit and via (B) the Magnazol kit was analysed on the 

Bioanalyser. (C) miRNA assay measured miR-16 and miR183 presence in RNA samples extracted via the QIAGEN 

and the Magnazol kit with the raw CT value shown in the graph.  

 

6.3.5 Small RNASeq comparing EVs from control and obese untreated male placentas 

As a pilot dataset, miRNA from EVs from 6 control placentas were compared to those from 6 obese 

placentas. 30-50% of reads from the dataset mapped to mature miRNAs with 440 miRNAs detected in 

the dataset, after trimming 175 miRNAs remained. PCA plot analysis showed that one sample (sample 

4) did not cluster with any of the other samples (Figure 6.10 A). As this sample also had a small library 

size it was removed from the analysis. PCA analysis with removal of the outlier showed clustering of 

the obese and the control samples, with 2 obese samples (sample 11 and 12) clustering with the 

control samples (Figure 6.10 B). Overall, a high abundance of miRNAs from the let-7 family together 

with other miRNAs like miR-125a-5p, miR-669c-5p, miR-16-5p and miR-183-5p was seen in the samples 

as shown by the log of the counts per million (Figure 6.10C, Table with all miRNAs in the supplement 

in Supplement 9, p.238). Two miRNAs (miR370-3p and miR200-3p) were upregulated in obese 

placental EVs together with a low padj below 0.1 (Figure 6.10D).  
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Figure 6.10:  A small number of miRNAs is differentially expressed between EVS from obese compared to 

control placentas   

(A) PCA plot showing control (CTL) and obese (OB) samples with (B) removal of sample number 4 that was an 

outlier in the shown analysis. (C) The 10 most highly expressed miRNAs in the dataset are shown here with their 

respective log counts per million (CPM). (D) Volcano plot plotting log10 of the p value against the log2 fold 

change comparing obese and control samples is shown. 

 

No miRNAs had an adjusted p value below 0.05. However, overall 11 miRNAs showed a fold change of 

over 2 or below 0.5 and an unadjusted p value below 0.05. The following miRNAs fall under these 

categories: miR370-3p (see above, padj=0.1), miR200-3p (see above, padj=0.1), miR-429-3p, miR-485-

5p, miR-483-5p, miR-200a-3p, miR-465a/b/c-3p, miR-485-3p and miR-741-3p (Table 6.1). Except for 

miR-483-5p all these miRNAs are upregulated in EVs from obese placentas.  



 

156 
 

 

Table 6.1: List of differential expression of miRNAs in obese placental EVs compared to control placental EVs 

All miRNAs with a p value <0.1 and a fold change below 0.5 or above 2 are shown, miRNAs are sorted by fold 

change. The fold change, p value, adjusted p value and whether the miRNA is inter- or intragenic (+host gene) 

are indicated. A list of all 175 miRNAs and their fold change and p values can be found in the supplement 

(Supplement 9, p.238). 
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6.4 Discussion 

The aim of this chapter was to establish a pipeline for EV isolation from mouse placental explants from 

which high-quality RNA could be extracted for small RNA sequencing analysis. Additionally, we aimed 

to compare miRNAs from male obese placental EVs with those from male control placental EVs. This 

chapter showed that this could be successfully done and highlights the differential regulation of a 

limited number of miRNAs in the EVs from male obese placentas.  

6.4.1 The establishment of a pipeline 

A pipeline for EV isolation was successfully established in line with the standards laid down within the 

MISEV guidelines published in 2018551. In line with a study from Wong et al. we showed that the 

Magnazol kit was best suited for the extraction of small RNAs in our sample577. 

6.4.2 Differential abundance of miRNAs in EVs from obese vs. control placentas 

Highlighting the validity of this study highly abundant miRNAs in our placental EV samples have been 

previously shown in placental samples. MiRNAs of the let-7 family have previously been detected in 

human term placenta578 and the miRNAs miR-669c-5p and miR-183-5p were among the most abundant 

miRNAs in EVs isolated from murine trophoblast stem cells differentiated into syncytial trophoblast572. 

Additionally other miRNAs, e.g. miR370-3p and miR-485-3p, found differently abundant between 

control and obese samples in our study, were shown to be unique to the serum of pregnant compared 

to non-pregnant mice572.   

Interestingly multiple of the miRNAs that are increased in the obese EV samples have been previously 

associated with preeclampsia. This is consistent with our model displaying a pre-eclamptic phenotype. 

In human placentas miR-200b-3p is increased in placentas from women with preeclampsia who 

delivered an SGA baby579. Similarly miR-429-3p was found to be increased in preeclamptic placentas 

and the researchers found that the miRNA could inhibit invasion, migration and angiogenesis in the 

trophoblast cell line HTR-8/SVneo580. Similar effects of the miR200b-3p have been found when 

studying hepatocellular carcinoma, where overexpression of miR200b-3p in EVs from hepatocytes 

reduced angiogenesis, making it a beneficial target for cancer therapy to limit cancer growth 581. 

However, in the data presented in this chapter, these miRNAs in placental EVs could impair placental 

angiogenesis and/or could by reaching the maternal circulation play a role in the pathogenesis and 

development of preeclampsia given their previously found association to preeclampsia. Additionally, 

they could also be a representation of the state of the obese placenta, in which trophoblast invasion, 

development of the placenta and angiogenic potential are impaired.  

The miR483-5p was decreased in the EVs from male obese placentas. This miRNA has been investigated 

in previous studies in the lab looking at the effects of maternal undernutrition. In adipose tissue from 

adults born with a low birth weight and in rat offspring exposed to a low-protein diet in utero miR483-

5p was upregulated and involved in impaired adipocyte differentiation582. In the placenta this miRNA 
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has been shown previously to be reduced in cases of spontaneous preterm delivery583. This miRNA is 

an intronic miRNA located within the Igf2 gene and has been shown to be increased in placentas from 

macrosomic pregnancies and promotes cell proliferation in the trophoblast584. MiR-200a-3p binds to 

the 3’-UTR of the Igf2 gene and reduces its expression in the mouse placenta585. High levels of the 

miRNA in the obese placental EVs in the current study could therefore reduce placental Igf2 expression 

and therefore explain the reduction in miR483-5p. IGF2 is an important growth factor for fetal and 

placental development and placental specific knock-outs of Igf2 have reduced nutrient supply to the 

fetus and altered maternal metabolic and endocrine parameters586. This miRNA could thereby play an 

additional role in the observed fetal growth restriction in the obese group. As placental EVs have been 

detected in the fetal circulation, trafficking of this miRNA into the fetal circulation could also affect 

IGF2 signalling in the fetus. IGF2 is an important regulator of fetal growth and fetal IGF2 levels have 

been shown to be regulated by maternal nutrition587. MiR-200a-3p packaged into EVs could thereby 

be an important mediator between mother and fetus. If blood supply and placental efficiency is 

suboptimal as in our obese dams signalling of reduced growth to the fetus could be beneficial to match 

fetal demand and maternal supply. Follow-up of these findings could help in elucidating mechanisms 

of fetal growth restriction.  

MiR-485-3p and -5p were both increased in obese placental EVs and have been linked to mitochondrial 

function in previous studies. MiR485-5p and MiR485-3p reduced cancer metastasis by inhibition of a 

key regulator of mitochondrial biogenesis (PGC1) and thereby reduced mitochondrial respiration588. 

Other studies have highlighted the role of miR-485-5p in suppressing development of cardiac 

hypertrophy by inhibition of mitochondrial fission589. Mitochondrial dynamics have been shown to be 

altered in GDM placentas with insulin thought to promote increased mitochondrial fusion 590. Fusion 

and fission of mitochondria are needed for balanced dynamics of mitochondria. Fission is used to 

fragment mitochondria so that damaged mitochondria can be eliminated via mitophagy, on the other 

hand fusion creates elongated mitochondria increasing their functional capacity. It is hypothesized that 

increased fusion in GDM placentas is a mechanism to respond to an increased demand of oxidative 

phosphorylation and to compensate for damaged mitochondria due to increased placental stress. 

There is growing interest in the effect of GDM on placental mitochondria with a recent paper showing 

mitochondrial dysfunction in placentas from GDM women591. Likely the miRNAs in the placental EVs 

could be reflective of the (mitochondrial) status of the placenta and could thereby help in explaining 

mechanisms of altered mitochondrial function in obese glucose-intolerant placentas.  

6.4.3 Conclusion 

This chapter highlighted the feasibility of isolating EVs from murine placental explants. We also 

considered the various requirements for optimising the protocol and assessing the best method for 
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isolation of high-quality small RNAs. This protocol can now be used further to not only address the 

effects of maternal obesity but also sexual dimorphism and effects of metformin. Many differentially 

regulated miRNAs did not reach statistical significance (<0.05) when using an adjusted p value to take 

into account the multiple comparisons, likely due to the low sample number. However, several miRNAs 

were differentially regulated with a fold change over 2 or below 0.5 and a significant unadjusted p 

value which warrants further investigation. These miRNAs had previously been linked to preeclampsia, 

placental and fetal growth and placental mitochondrial dysfunction. Further investigation could 

thereby determine their role in mechanism of placental pathologies of obese glucose-intolerant 

pregnancies and the use of placental EVs as biomarkers for placental dysfunction and preeclampsia.  

Key points 

• EVs were successfully isolated from murine placental explants and the process carefully 

optimized. 

• RNA extraction from EVs with a Magnazol extraction kit allowed recovery of miRNAs which 

were subjected to small RNA sequencing.  

• MiRNA content differed between EVs from control vs. obese male placentas with upregulation 

of miR-370-3p, miR-200b-3p, miR-429-3p, miR-485-5p, miR-485-3p, miR-200a-3p, miR-

465a/b/c-3p, miR-741-3p and downregulation of miR-483-5p in the obese placental EVs.  

• The differentially regulated miRNAs have been linked to preeclampsia, impairment of fetal 

growth and placental mitochondrial dysfunction.  
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7 General discussion 

7.1 Metformin treatment in an obese glucose-intolerant pregnancy  

The increased rates of obesity in women of reproductive age that has occurred in recent years has 

drastically increased the rate of obese pregnancies and thereby also pregnancies complicated by GDM. 

For a long time insulin was the first line treatment for GDM, however in recent years metformin has 

been used more and more in many countries worldwide and is now incorporated into many guidelines 

as first line treatment for GDM, such as the NICE guidelines. Therefore, an increasing number of 

pregnancies is and will in the future be subject to metformin treatment. At the time of the study 

conception of this thesis (2018), many human studies assessing metformin in pregnancy already 

existed. Many of these studies, especially the early ones, were related to PCOS pregnancies but 

multiple also assessed use of metformin in GDM592,593. However only a few of these studies assessed 

long-term health of the offspring and none of them systematically addressed effects of metformin on 

the fetus and/or the placenta341. Since then further studies have emerged extending the potential 

spectrum of metformin treatment to obese pregnancies without GDM and type 2 diabetes together 

with studies looking at long-term maternal health effects of metformin treatment391,594. However, 

despite the increasing interest into metformin treatment in pregnancy there is still little data regarding 

metformin’s effects on the placenta and the fetus. Given the ability of metformin to cross the placenta 

this is crucial to investigate and many researchers have urged caution and the need for further research 

as early as 2006 and increasingly in the past decade 329,440,595. The aim of this thesis was thereby to use 

our well-established mouse model to assess the impact of obesity and glucose-intolerance in 

pregnancy on maternal, fetal and placental health to then use the model to assess metformin 

treatment.   

7.1.1 Effect of metformin on maternal health 

Feeding a diet high in sugar and fat impaired maternal metabolic health as shown by increased fat 

mass, impaired glucose tolerance and liver steatosis. These parameters were improved with 

metformin treatment. This is in line with human data that shows improved maternal metabolic health 

in response to metformin. As highlighted in a meta-analysis from our lab from 2021 a consistently 

found benefit of metformin is the reduced gestational weight gain596. However, regarding glucose 

control the data is mixed. Studies in women with PCOS330, with pregestational insulin resistance597 or 

with obesity without GDM342 showed no reduced GDM rate in women treated with metformin when 

compared to placebo treatment. The meta-analysis shows that in diabetic women glycaemic control is 

not different to other treatments such as insulin and glyburide390.  However here it needs to be noted 

that the included studies were on an intention to treat basis so that women for whom metformin was 

not sufficient for glycaemic control were given additional insulin but were still included in the 

metformin study group.  The meta-analysis reported that across the studies metformin could not 
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control glucose levels in 14-46 % of GDM pregnancies metformin is not sufficient390. It is therefore also 

important to dissect out which women are at increased risk of failure with metformin as in these 

patients it could be argued that these individuals should not be treated with metformin (avoiding any 

unnecessary exposure of the fetus to metformin and delaying the achievement of good maternal 

glycaemic control). In a study by McGrath et al. 53.9% of the women with GDM failed metformin 

treatment and needed insulin, failure on metformin treatment was more likely in those women that 

had elevated blood glucose levels at diagnosis and earlier initiation of treatment598. Interestingly 35% 

of the women completely stopped metformin treatment and switched to insulin due to a lack of 

benefit (66%) and gastrointestinal side effects (33%). Notably the dose of insulin was not different in 

the women ceasing metformin and only taking insulin compared to those continuing to take metformin 

with supplemental insulin. However other studies reported lower dose of insulin in women combining 

metformin and insulin and thereby reducing the cost of treatment599. Other studies also highlight that 

metformin failure is more likely in those women showing higher fasting glucose and HbA1c levels at 

diagnosis and additionally increased maternal age is also associated with increased risk of failure with 

metformin treatment600,601. A study by Tertii et al. suggests that specifically increased fructosamine 

levels at randomisation could be used as a predictor for failure of metformin treatment601. Interestingly 

a recent study on the Born in Bradford cohort, a large dataset with a high percentage of South Asian 

women, showed that women with GDM with increased obesity and with lower glucose levels were 

more likely to receive metformin602. Additionally, metformin was used more in women of South Asian 

ethnicity despite them having reduced adiposity but increased glucose – situations when insulin 

treatment would generally be expected. The authors suggest that social and cultural aspects could play 

a role - with South Asian women preferring metformin compared to insulin602. A similar recent study 

looking at treatment of GDM pregnancies showed that hispanic women without insurance and those 

managed by an obstetrician/gynaecologist rather than endocrinologist were treated more often with 

metformin than insulin603. These important studies highlight the complexity of treatment decision. As 

far back as 2001, studies considered what measures could be best used to inform the treatment 

decision, suggesting that assessing fetal growth in addition to glycaemic control reduced unnecessary 

use of insulin but did not increase negative outcomes in the fetus604. In the study they gave insulin only 

to women with impaired glycaemic control whose fetuses showed abdominal circumference 

(measured monthly) above the 70th percentile. This tight assessment of women and the fetus during 

pregnancy to finely adjust the treatment is likely not feasible in the clinic but it highlights the many 

considerations that can be considered for in deciding the most appropriate GDM treatment. In 2018 a 

Brazilian group suggested the use of a score to inform the treatment choice. The score included 

maternal glucose levels, fetal abdominal circumference percentile as well as, maternal BMI and 

gestational age at diagnosis. Interestingly their approach led to an increased use of metformin. A 
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recently published protocol for a new meta-analysis  “Metformin in Pregnancy Study” (MiPS) will 

address the questions raised in this paragraph605. The meta-analysis aims to collate data from RCTs 

using metformin in the setting of obese, diabetic and PCOS pregnancies. However, in contrast to a 

usual meta-analysis the researchers aim to obtain individual patient data from all included RCTs. This 

allows them to link pregnancy outcomes to maternal characteristics and identify the subgroups that 

do and that don’t benefit from metformin use. 

In recent years metformin’s potential to treat preeclampsia has emerged. A meta -analysis from our 

lab showed reduced preeclampsia incidence in obese (vs. placebo) and diabetic (vs. insulin and 

glyburide treated) pregnancies596. This has been implied previously in studies of explants from 

preeclamptic placentas where metformin reduced sFlt secretion360. Studies in a rat model of 

preeclampsia  (induced by injection of lipopolysaccharide (LPS) in pregnant rats) also showed beneficial 

effects of metformin (300 mg/kg, gavage) - reducing the fetal growth restriction, placental injury and 

maternal hypertension and proteinuria606. Similarly a preeclampsia-like phenotype induced by high fat 

diet was shown to be ameliorated with metformin treatment (20mg/kg/day)441. In their study the 

placental labyrinthine zone was increased back to control levels with metformin along with 

improvement in fetal weight, maternal hypertension and maternal proteinuria. Our study adds to this 

evidence and highlights improved uterine artery function together with reduced sFlt secretion. Based 

on our findings, uterine artery function is likely linked to insulin levels in the dam presenting a possible 

mechanism of metformin action on preeclampsia via insulin reduction.   

Metformin use in preeclampsia treatment could be especially relevant in developing countries where 

rates of preeclampsia are approximately seven times higher compared to developed countries (WHO 

data)607.  Due to limited resources to diagnose and thereby treat preeclampsia at an early stage 

preeclampsia is associated with a high mortality rate in developing countries608. The easy storage and 

administration of metformin therefore makes it a particularly helpful drug for treatment of 

preeclampsia in these countries. A recent randomised placebo-controlled study in South Africa 

highlighted the benefits of metformin in prolonging gestation (i.e. delaying the need for early delivery) 

by 11.5 days compared to placebo in early-onset preeclampsia patients and thereby reducing the 

prematurity of the babies delivered609. However, metformin did not reduce maternal sFlt in their study. 

Overall, this study highlights the potential of metformin as a treatment for preeclampsia, which is in 

line with the mouse data presented in this thesis.   



 

163 
 

 

 

7.1.2 Effect of metformin on fetoplacental health 

In line with the impaired uterine artery function fetuses from obese and glucose-intolerant mothers 

showed symmetric fetal growth restriction. Additionally, reduced placental efficiency likely caused by 

a reduced labyrinthine zone and increased calcification was shown. However, despite beneficial effects 

of metformin on the mother, metformin did not improve fetal body weight or prevent placental 

pathologies (Figure 7.1). As we could detect high levels of metformin in the placenta, fetal tissues and 

the fetal circulation we hypothesized that direct effects of metformin affecting growth and 

development in the fetoplacental unit could explain the discrepancy between the improvements in 

maternal parameters and the lack of improvements in the fetus and the placenta. We focussed on the 

placenta as the key interface between mother and child. Systematic data in relation to the effects of 

metformin on the placenta is scarce and mainly looks at in vitro investigations using high metformin 

concentrations which likely do not give physiological results (see Table 1.1, p.52).  

The existing studies show mostly beneficial effects of metformin on the placenta, with a few 

researchers also showing detrimental effects. Given that metformin is readily used in the clinic it is 

reassuring that no major transcriptomic differences were identified in our study, additionally reduction 

of placental triglycerides could be considered a beneficial effect of metformin on the placenta. It will 

be important to establish whether these lipid changes are also observed in human studies. However, 

despite the lack of major transcriptomic changes it can’t be excluded that changes occur at a 

translational level. Further detailed analysis of the RNASeq data and validation of the findings is 

important to make a robust statement about the preliminary findings presented here. Proteomic 

analyses of the placentas from this study will be important in future studies to address the full 

spectrum of metformin’s effects on the placenta. In the clinical situation pharmacological treatment is 

needed when diet and lifestyle interventions fail. Thereby metformin or insulin need to be used with 

no current alternative. It would be thereby beneficial to compare the use of insulin with the use of 

Open Questions 

1. Is metformin treatment an effective means of preventing and/or treating 

preeclampsia? 

Method: Clinical studies  

2. Can we tailor metformin use better to use it only in the treatment of women who will 

respond to it? Who fails glycaemic control with metformin treatment and who benefits 

from preeclampsia prevention? 

Method: Meta-analysis with individual patient data (MiPS) and then trials of 

implementation of guidelines for the treatment decision in the clinics.  
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metformin in our model to assess whether insulin or metformin is superior in not only improving 

maternal but potentially also fetal and placental parameters.  

 

Figure  7.1: Summary of some of the key findings in this thesis (from Hufnagel et al.364, figure used with 

permission (CC-BY licence)) 

 

The effect of reduced free carnitine levels induced by metformin treatment will be important to follow 

up. As highlighted in chapter 5 carnitine levels have been linked to preterm birth. Some studies of 

metformin treatment in pregnant humans have suggested that it is associated with preterm birth. 

Therefore assessment of placental and fetal carnitine levels in human studies represent important 

future studies. The increased apoptosis identified in the male placenta in the current study needs 

further assessment. As highlighted by the sexually dimorphic gene expression in the placenta overall 

sex differences play an important role in developmental programming. Studies from our lab in 

offspring exposed to metformin in utero have shown that male and female offspring are affected 

differently by metformin with male, but not female, offspring showing increased adiposity at 8 weeks 

of age473. Increased adiposity was only observed in the female offspring at 6 months of age610.  Thereby 

both sexual dimorphism and consideration of age are important factors to consider when assessing 

metformin effects. High levels of metformin were detected in the fetal circulation and fetal tissue, 

however the direct effects of this on fetal tissues was not explored in this thesis and is therefore an 
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important area to follow up and may give insight into mechanisms by which in utero metformin 

exposure leads to increased adiposity.  

Currently there are only a limited number of animal studies that have addressed direct molecular 

effects of metformin treatment on fetal tissues. A study in mice fed a chow diet treated with 250 

mg/kg/day metformin showed direct effects of metformin on the fetal liver leading to premature 

maturation and increased gluconeogenesis611. The authors hypothesized that this could lead to an 

increased risk for metabolic abnormalities in later life.   

Given the increased adiposity shown in some human studies and in the offspring data from our lab 

assessment of the effects of metformin exposure on fetal adipogenesis is needed. Data from in vitro 

studies is mixed: treatment of 3T3-L1 preadipocytes with low (closer to physiological levels, 1.25 – 2.5 

mM) metformin concentrations led to increased adipogenesis whereas high concentrations (5-10 mM) 

led to reduced adipogenesis612. In our studies we showed high metformin levels in the fetal kidney, 

therefore molecular analysis of the fetal kidneys is also needed which could start by addressing the 

typical mediators of metformin action such as AMPK, mTOR and markers of mitochondrial biogenesis. 

Oral treatment of pregnant mice fed a high fat diet with 380 mg/kg/day metformin showed that diet 

itself had a higher impact on the fetal renal proteome than metformin, however they showed that 

metformin changed some of the obesity-induced changes, but functional consequences of these 

changes are unknown613. Analysis of fetal tissue collected from the study presented in this PhD will 

help identify direct effects of metformin that could mediate effects on long-term outcome. 

 

Open Questions 

1. Does metformin affect human placental structure, transcriptome or lipidome?  

Methods:  Systematic analyses of the placentas in clinical studies of metformin in 

pregnancy 

 

2. Does insulin as a pharmacological alternative to metformin have beneficial effects on 

the fetus and/or the placenta? 

Methods: Same assessment of fetoplacental health as shown here in our mouse model 

with insulin treatment  

 

3. What are direct effects of metformin on fetal metabolic tissues and fetal adipogenesis? 

Methods: Analysis of known metformin targets (AMPK, mTOR, mitochondrial 

biogenesis) in fetal tissues collected in this study (esp. kidney which had high metformin 

conc.)  

 

4. What are direct effects of metformin on fetal adipogenesis that can explain the effects 

of metformin on increased adiposity later in life? 

Methods: Primary culture of adipocytes isolated from newborn mice exposed to 

metformin treatment 
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7.2 Novel effects of maternal obesity itself 

Data presented in this thesis adds to the characterisation of the well-established mouse model of diet-

induced maternal obesity used in the Ozanne lab. We showed that feeding a diet high in sugar and fat 

not only led to metabolic impairments such as glucose intolerance and liver steatosis, but also to 

vascular alterations. Heart rate of the dams was increased and importantly a preeclampsia-like 

phenotype with decreased uterine artery compliance and increased sFlt serum levels were observed. 

Increased risk for preeclampsia is observed in obese and diabetic human pregnancies highlighting that 

our model resembles the human situation614. Additionally, it provides a potential causal underlying 

mechanism for the observation of reduced fetal growth in the model. Interestingly in human obese 

and diabetic pregnancies both overgrowth and restricted growth of the fetus are observed with little 

understanding of which growth pattern will occur in a specific obese pregnancy148. A growth restriction 

phenotype could be related to mild or severe (such as preeclampsia) impairments in vascular 

adaptation of the mother as shown in this study.   

Another resemblance to the human situation is the presence of calcium deposits in the obese 

placentas. These have been observed repeatedly in human placentas in pregnancies complicated by 

obesity, GDM and preeclampsia458. The underlying causes of this deposition are not known, hence our 

model could aid in dissecting the underlying mechanisms. Exact determination of the gestational age 

at which these deposits start to emerge and further assessment of their composition and development 

could elucidate the cause of placental calcification. As hypothesized in section 4.4.2 a mechanism 

similar to atherosclerosis could be the cause based on the data presented in this thesis. Further work 

should analyse immune cells like macrophages and neutrophils known to be involved in atherosclerotic 

plaque development just before the onset of calcification to see whether these are the starting point 

of calcification615. Another possible mechanism involved in placental calcification could be impaired 

phosphate transport as placental calcification is observed in a mouse with a knock-out of the 

phosphate transporter Slc20a2616. Evaluation of this transporter in the placenta could help to identify 

whether alterations in mineral transport play a role in placental calcification of the obese placenta. 

Slc20a2 (PIT-2) has been shown previously to be reduced in placentas from pregnancies complicated 

early-onset preeclampsia but this has not been followed-up further617. Thereby mineral transport 

together with atherosclerosis-like development could be causal for placental calcification. Interestingly 

staining and analyses performed for a colleague showed that placental calcification could be reduced 

with an exercise intervention in our mouse model. It is therefore of interest to see whether other 

interventions in obese glucose-intolerant pregnancies such as antioxidants or insulin can reduce 

placental calcification.  
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7.3 The role of extracellular vesicles in developmental programming 

In the past decade research on miRNAs has increased significantly with involvement of miRNAs 

identified in multiple diseases such as cancer and heart disease together with the potential of miRNAs 

as biomarkers618,619. A few studies from our lab have also highlighted the role of miRNAs in 

developmental programming with miR-126 targeting insulin signalling and miR-706 regulating adipose 

inflammation in offspring from obese mothers41,620,621.  EVs can carry miRNAs and placental EVs have 

been shown to be involved in pregnancy complications such as GDM and preeclampsia 555. As placental 

EVs can enter both the maternal and fetal circulation, they could represent an important 

communicator between mother and child. We aimed to establish methodology that would allow the 

determination of whether the miRNA content of placental EVs could contribute to the pregnancy 

complications and whether they could have the potential to exert programming effects on the fetus. 

In chapter 6 of this thesis the optimisation and successful isolation of EVs and the sequencing of the 

miRNA cargo was shown. The limitations of our optimisation experiments for the EV work are that only 

a small analysis of the different performance of two RNA extraction kits was performed by only looking 

at two miRNAs. A more systematic analysis of the use of potentially even more RNA extraction kits and 

analysis by small RNASeq to capture all differences could be important for the field in general and 

studies on placental EVs in the lab in the future.  

Comparison between the miRNA content of placental EVs from obese compared to control placentas 

identified a few differentially regulated miRNAs. Many of these have been previously associated with 

preeclampsia or impaired mitochondrial respiration. These identified miRNA signatures could indicate 

the current state of placental health and be beneficial in detection of placental insufficiencies.  

Preeclampsia is a detrimental pregnancy complication which can be detected after 36 weeks by an 

abnormal sFlt/PlGF ratio622. However earlier detection could help to intervene even earlier and detect 

women at risk of preeclampsia development. Preeclampsia, especially early-onset preeclampsia, is 

thought to be a placental disease with impaired placental development,  vascularisation and placental 

Open Questions 

1. What causes placental calcification during obese pregnancy?  

Methods: Analyses of the obese placentas to determine exact onset of calcification and 

involvement of immune cells (atherosclerotic development) and assessment of 

placental Slc20a2 expression 

 

2. Can placental calcification be reduced via pregnancy interventions? 

Methods: Assessment of placental calcification in studies with our mouse models 

assessing other interventions 
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stress623.  EVs and their miRNA content have recently been suggested as additional biomarkers for 

preeclampsia. Li et al. showed a distinct miRNA signature in serum EVs from women with preeclampsia 

compared to healthy women624. Our data shows that it could potentially be beneficial to sort serum 

EVs via PLAP, which marks EVs of placental origin625. It would be helpful to assess the miRNA content 

of placental EVs specifically in serum from preeclamptic women to assess their potential as a 

biomarker, especially at earlier gestational ages. Enrichment of placental EVs from maternal serum and 

assessment of their miRNA content could allow detection of smaller placental impairments and 

therefore identify women who would benefit from increased monitoring and potentially earlier 

treatment.  

We identified increased levels of miRNA 200a-3p in the obese placental EVs, which has been linked to 

IGF2 signalling. Placental EVs could therefore play an important role in communication to ensure 

balancing fetal demands to maternal supply. Further follow-up needs to assess IGF2 levels in the 

placenta and the fetus to confirm this relationship. Based on the sex differences between male and 

female placentas and fetuses described in this thesis it will be important to assess sexual dimorphism 

the miRNA content of placental EVs. Given the increased growth in male fetuses and an increased fetal 

growth response to IGF2 in male fetuses a difference in communication between maternal supply and 

fetal demands is likely587. The power of the findings from this EV study is limited by the low sample 

number, the study should be thereby further expanded to include more samples and also assess the 

effect of metformin treatment and sex on miRNAs derived from placental EVs (Figure 7.2).  

 

Figure  7.2: Summary of the potential effects and applications of miRNA content from obese placental EVs 
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7.4 Concluding remarks 

The prevalence of GDM is increasing worldwide with detrimental effects on the fetus, the offspring, 

the mother and subsequent generations. These include not only pregnancy complications but 

increased risk of cardiometabolic diseases in the offspring later in life. This creates a vicious cycle with 

both male and female offspring themselves being more likely to expose their offspring to suboptimal 

environments due to paternal and maternal programming effects. Mothers with GDM have an 

increased risk for long-term health effects themselves shown by increased risk of developing T2D and 

cardiovascular disease after the GDM-affected pregnancy626. Therefore good GDM treatment is crucial 

to reduce pregnancy complications and limit exposure of the fetus to hyperglycaemic episodes to 

reduce short- and long-term effects. In the past decade the use of metformin has been heavily 

debated375. This thesis has highlighted the growing interest in metformin for its use not only in GDM 

pregnancies but also obese pregnancies, PCOS and for the prevention of preeclampsia. In this thesis 

we confirm previous findings that metformin improves maternal metabolic parameters. Therefore 

combining animal and human data regarding metformin use in pregnancy it becomes evident that 

metformin has a myriad of beneficial effects for the mother, which are of immediate, practical and 

long-term nature (Figure 7.2). The novel findings presented, however, demonstrate that despite these 

beneficial effects on the mother, there was no improvement in fetal and placental parameters. 

Furthermore, metformin enters the fetal circulation with potential to have direct effects on the fetus 

and placenta which could mediate long-term risks in the offspring, such as increased obesity, as seen 

in our mouse model and reported in human studies (including a meta-analysis of randomised control 

trials comparing metformin versus insulin treatment of GDM341).  

Open Questions 

1. How is the miRNA content in placental EVs affected by fetal sex and metformin 

treatment? 

Method: Expanding this pilot dataset with placental EVs from female placentas and obese 

metformin-treated placentas 

 

2. Can PLAP-sorted (placental) EVs be a marker of placental health and aid the early 

detection of placental insufficiency and/or preeclampsia?  

Method: Assessing miRNAs from placental EVs rather than total blood EVs in clinical 

studies.  

 

3. Is IGF2 signalling indeed reduced in the obese placentas and fetuses? 

Method: Measurement of IGF2 in the placentas and fetuses from this study  
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Figure  7.3: Summary of benefits of metformin for the mother and potential effects on the fetus 

 

Assessing metformin treatment of GDM in pregnancy is complex given the balance between effects on 

the mother and the fetus but also given the fact that metformin might be clearly beneficial in some 

pregnancies and not in others. In developing countries metformin use might be hugely important 

despite uncertainties regarding long-term use. Here detrimental pregnancy complications like 

preeclampsia are highly prevalent, insulin treatment expensive599 and glucose monitoring devices are 

rare424. Good monitoring is important in insulin treatment to avoid hypoglycaemic episodes and ensure 

good glycaemic control. This is not needed with metformin treatment which has been associated with 

a more stable glycaemic control600. Metformin use might thereby increase in developing countries. It 

is therefore even more important to be certain that no short- and long-term effects of metformin are 

at play. However, there are definitely situations especially in cases of increased risk of preeclampsia 

where the benefits of metformin to aid survival clearly outweigh the potential negative effects in the 

offspring. Further research and follow up of the model presented in this thesis and meta-analyses like 

the MiPS study will add to the ongoing debate regarding metformin use during pregnancy. Another 

approach that can harness the clear beneficial effects of metformin but reduce fetal exposure to 

metformin is the use of other formulations of metformin with different kinetics of release into the 

circulation. Extended release metformin formulations, which extend the time until metformin is 

absorbed in the gut, were used in the South African clinical study on preeclampsia treatment609, but 

no studies have yet assessed the use of other formulations such as delayed release metformin. This 

formulation of metformin leads to absorption in the late gut627 and importantly reduction of systemic 

exposure which in turn should reduce placental and fetal exposure.  A Phase 2 study from 2018 in T2D 

patients showed improved glycaemic control and reduced gastrointestinal side effects with the 

delayed release formulation628.  
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Our study adds to the knowledge and the debate about metformin use in pregnancy. However, the 

study is limited as it is a mouse model that can’t be fully translated to the human situation. As 

highlighted in the introduction of this thesis, human and mouse pregnancy and placental biology differ 

from each other in quite a few different aspects. In our model the metformin treatment already starts 

one week prior to pregnancy. However, in treatment of women with GDM the metformin treatment 

usually starts at diagnosis around 24-28 weeks and after trialling lifestyle interventions first. Due to the 

short pregnancy in the mouse it is difficult to mirror this. Only T2D patients might be exposed to 

metformin already prior to pregnancy like in our mouse model. In future work it could be helpful to 

also add a group that only receives metformin at the beginning of pregnancy and compare this to mice 

treated with metformin already prior to pregnancy. In our study metformin is administered via feeding, 

thereby we can only estimate the amount of metformin received by the animal. The metformin 

measurements we have performed at E18.5 in the maternal and fetal circulation together with fetal 

tissues and the placenta is helpful in this regard, however it only gives a glimpse into the metformin 

levels achieved at the end of pregnancy. We have also measured metformin at E13.5 in the placenta 

and fetal tissue as shown in this thesis and in the maternal circulation (not shown in this thesis), where 

we could detect metformin levels similar to those detected at E18.5. This shows that the 

concentrations measured at E18.5 could be a good estimate of the overall metformin exposure in the 

animals. However, in future work it could be interesting to sample blood from a few metformin-treated 

dams at multiple times throughout the treatment period (prior to E13.5 in early pregnancy and in the 

first week of dosing before mating) to be able to assess metformin levels throughout the dosing period. 

Overall, the current study does not allow a statement on whether the long period in which the animals 

were fed a high-fat diet led to changes in the oocyte itself that just can’t be reversed by a short 

metformin treatment and explain why fetuses are still growth-restricted and placentas still show 

pathologies despite metformin treatment and improvements in the mother. It would thereby be very 

important in a next study to assess insulin and metformin intervention in our model side-by-side to 

assess whether insulin can rescue some of the obesity-induced effects on the fetus and the placenta 

that metformin could not rescue in the presented study. The comparison between metformin and 

insulin would also make it easier to translate the study directly to the clinic as women with GDM always 

receive a form of treatment (insulin or metformin) once lifestyle interventions have failed. These next 

experiments together with the future work presented in the green boxes in this chapter will be helpful 

Open Questions 

Could the use of different metformin formulations (e.g. delayed release) or different treatment 

regimens be beneficial for the use in pregnancy? 

Method: Clinical studies  
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in adding even more knowledge to the debate about metformin in pregnancy and will help to address 

some of the limitations of the study presented in this thesis.   
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Supplement 6: Full table of differentially expressed genes comparing obese untreated and obese 

metformin-treated placentas (padj <0.1), sorted by fold change (see text in section 5.3.4, p. 125) 

Fold change padj gene_name 

enriched with metformin 

2.49 0.09 Cntn2 

2.08 0.14 Cnn1 

1.94 0.14 Scn3b 

1.67 0.14 Fam171a2 

1.62 0.08 Tppp 

1.61 0.07 Gldc 

1.36 0.14 Adamtsl4 

1.36 0.14 Bgn 

1.33 0.14 Tril 

1.25 0.12 Ank2 

1.20 0.14 Armh4 

1.17 0.14 Cpt1a 

1.17 0.14 St3gal2 

1.16 0.12 Ddr1 

1.13 0.08 Zc3h4 

1.11 0.07 Tmem184b 

1.11 0.14 Ptpn1 

reduced with metformin  

0.83 0.14 Rufy4 

0.79 0.14 Plac8 

0.78 0.14 Gm32885 

0.78 0.14 A530058O07Rik 

0.78 0.14 Pla2g4f 

0.78 0.14 Serpinb9d 

0.73 0.14 Clec12b 

0.68 0.14 Gm26648 

0.65 0.14 Gm15419 

0.63 0.09 Gm14586 



 

223 
 

0.62 0.09 Gm10790 

0.62 0.07 Clec1b 

0.61 0.07 Srp54c 

0.60 0.06 1810014B01Rik 

0.56 0.05 Gm9 

0.54 0.05 Gm27786 

0.53 0.05 Syn3 

0.52 0.05 Gm26899 

0.47 0.01 Prl2c5 

0.47 0.01 Rpp38 

0.42 0.01 Prl4a1 

 

 

Supplement 7: Full table of differentially expressed genes comparing male and female placentas 

(padj<0.05), sorted by fold change (see text in section 5.3.5, p.1265.3.4) 

gene_name 
fold 

change padj chromsome 

enriched in females 

Xist 17.61 1.1E-72 X 

Gm8488 2.23 4.8E-03 autosomal 

Prkg2 2.19 0.03 autosomal 

Igha 2.11 1.0E-03 autosomal 

Cftr 2.08 0.01 autosomal 

Arsj 2.07 0.02 autosomal 

Cck 2.02 0.01 autosomal 

Camk2a 2.01 0.03 autosomal 

Zfp618 1.99 0.01 autosomal 

Clic3 1.98 0.05 autosomal 

2410004P03Rik 1.95 0.03 autosomal 

Abcc8 1.90 0.03 autosomal 

Paqr5 1.88 8.4E-04 autosomal 

Ccdc160 1.87 0.02 X 

Ptprr 1.86 0.02 autosomal 

Aldh1l1 1.83 3.3E-03 autosomal 

P4ha3 1.81 0.02 autosomal 

Gm5122 1.81 0.01 autosomal 

Syt15 1.81 0.02 autosomal 

Col6a2 1.80 0.05 autosomal 

Gm28875 1.79 0.04 autosomal 

Tmem26 1.76 0.02 autosomal 

Islr 1.75 0.04 autosomal 

Gm8493 1.72 7.6E-04 autosomal 

AI467606 1.71 0.03 autosomal 

Zfp456 1.70 0.05 autosomal 

Pcsk5 1.66 0.02 autosomal 
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Hmgb3 1.65 0.01 X 

Tenm3 1.65 0.05 autosomal 

Edn3 1.64 0.05 autosomal 

Gm10638 1.63 0.05 autosomal 

Susd2 1.61 0.03 autosomal 

Maf 1.61 0.05 autosomal 

Fam107a 1.61 0.05 autosomal 

Itga8 1.59 0.01 autosomal 

Hnf1b 1.59 0.02 autosomal 

Col1a1 1.59 0.05 autosomal 

S100g 1.58 0.05 X 

A930024N18Rik 1.57 0.01 autosomal 

Prkcb 1.56 0.03 autosomal 

Cyp4b1 1.55 0.05 autosomal 

P2ry6 1.55 0.02 autosomal 

Hs6st2 1.55 0.01 X 

Tbc1d2b 1.55 0.04 autosomal 

Igfbp4 1.53 0.02 autosomal 

Pin4 1.52 8.3E-05 X 

Ttn 1.52 0.02 autosomal 

Gja5 1.51 1.3E-03 autosomal 

Gm11346 1.50 0.03 autosomal 

Spink2 1.50 0.05 autosomal 

Ndrg2 1.49 0.01 autosomal 

Ccdc88c 1.49 0.03 autosomal 

Erbb2 1.48 0.05 autosomal 

Anxa8 1.48 0.03 autosomal 

Col9a2 1.46 0.03 autosomal 

Cyp11a1 1.46 0.03 autosomal 

Sorl1 1.45 0.04 autosomal 

Met 1.45 0.01 autosomal 

Jade2 1.45 3.1E-03 autosomal 

Jaml 1.43 0.02 autosomal 

Npdc1 1.43 0.05 autosomal 

Taf1 1.43 3.0E-19 X 

Sh3bp5 1.43 0.03 autosomal 

Col7a1 1.43 0.04 autosomal 

Capn5 1.43 0.05 autosomal 

Cchcr1 1.43 0.05 autosomal 

Gm20559 1.42 0.03 autosomal 

Myo7b 1.42 0.01 autosomal 

Tmem176a 1.42 1.3E-03 autosomal 

Cybrd1 1.42 5.0E-03 autosomal 

Pcolce 1.42 0.02 autosomal 

Deptor 1.41 0.03 autosomal 

Bace2 1.41 0.02 autosomal 

Bcorl1 1.41 0.02 X 
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P4htm 1.40 0.02 autosomal 

Ogt 1.40 5.7E-12 X 

Nr1h3 1.40 0.03 autosomal 

Qsox2 1.40 1.7E-03 autosomal 

Notch3 1.39 0.04 autosomal 

Mfap2 1.39 0.05 autosomal 

Itpr3 1.39 0.03 autosomal 

Vwf 1.38 0.03 autosomal 

Npnt 1.38 0.05 autosomal 

Kcnj12 1.38 2.0E-03 autosomal 

Prlr 1.37 1.3E-03 autosomal 

Bgn 1.37 0.01 X 

Trarg1 1.37 0.03 autosomal 

Sp6 1.37 0.05 autosomal 

Akr1b8 1.37 1.3E-03 autosomal 

Cd248 1.36 0.04 autosomal 

Rnasel 1.36 0.03 autosomal 

Adgra2 1.35 0.01 autosomal 

Ap1g2 1.35 0.01 autosomal 

Ccdc8 1.35 0.02 autosomal 

Tbx4 1.35 0.04 autosomal 

Tspan17 1.35 0.03 autosomal 

Tnfsf12 1.34 0.04 autosomal 

Bicc1 1.34 0.02 autosomal 

Map3k6 1.34 3.6E-05 autosomal 

Atp2a3 1.34 0.01 autosomal 

Col5a1 1.33 0.04 autosomal 

Gtf2i 1.33 0.02 autosomal 

Tmem176b 1.33 0.01 autosomal 

Wscd2 1.33 0.02 autosomal 

Bmf 1.33 0.03 autosomal 

Nynrin 1.33 0.05 autosomal 

Drp2 1.32 0.01 X 

Zbtb8a 1.32 2.5E-04 autosomal 

Iqce 1.32 3.3E-03 autosomal 

Samd9l 1.32 0.01 autosomal 

Tbx2 1.32 0.02 autosomal 

Ehd3 1.31 0.05 autosomal 

Eif2s3x 1.31 2.7E-08 X 

Thra 1.31 0.02 autosomal 

Cited4 1.30 0.03 autosomal 

Kdm5c 1.30 2.4E-04 X 

Trim16 1.30 0.02 autosomal 

Zbtb4 1.30 3.7E-03 autosomal 

Ptk7 1.29 4.5E-03 autosomal 

Ifitm2 1.29 0.05 autosomal 

Wipi1 1.29 0.02 autosomal 
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Ephx1 1.29 0.03 autosomal 

Pdk2 1.29 0.05 autosomal 

Axl 1.29 0.02 autosomal 

Robo1 1.29 0.05 autosomal 

Prag1 1.29 2.4E-04 autosomal 

Etv5 1.28 0.05 autosomal 

Sft2d2 1.28 0.03 autosomal 

Igdcc4 1.28 0.04 autosomal 

E2f1 1.27 0.05 autosomal 

Sfxn3 1.27 0.03 autosomal 

Rnf165 1.27 0.03 autosomal 

Agrn 1.27 0.04 autosomal 

Aes 1.27 4.4E-04 autosomal 

Vim 1.27 0.05 autosomal 

Coro2b 1.27 0.04 autosomal 

Dhrs3 1.27 3.3E-03 autosomal 

Ptprg 1.27 0.02 autosomal 

Syk 1.27 0.03 autosomal 

Anxa9 1.26 0.02 autosomal 

Tgfb1i1 1.26 1.3E-03 autosomal 

Glis2 1.26 0.05 autosomal 

Ror1 1.26 0.03 autosomal 

Rhoj 1.26 3.3E-03 autosomal 

Notch4 1.26 0.03 autosomal 

Asrgl1 1.26 0.04 autosomal 

Mical1 1.25 0.01 autosomal 

Tmtc1 1.25 0.03 autosomal 

Tgfbr2 1.25 2.5E-03 autosomal 

Aldh2 1.25 0.04 autosomal 

Fzd4 1.25 0.02 autosomal 

Nfatc1 1.25 0.05 autosomal 

Adcy6 1.24 0.05 autosomal 

Cotl1 1.24 0.05 autosomal 

Ptpmt1 1.24 0.02 autosomal 

Tmem198b 1.24 0.05 autosomal 

Armc5 1.24 0.01 autosomal 

Lix1l 1.24 0.04 autosomal 

Ptprb 1.24 0.04 autosomal 

Reck 1.23 0.03 autosomal 

Chst2 1.23 0.03 autosomal 

Dtx4 1.23 0.05 autosomal 

Tob1 1.23 0.05 autosomal 

2510009E07Rik 1.22 0.05 autosomal 

Myo7a 1.22 1.3E-03 autosomal 

Hpcal1 1.22 0.03 autosomal 

Peg13 1.22 0.03 autosomal 

Sox13 1.21 4.3E-03 autosomal 



 

227 
 

Abr 1.21 0.05 autosomal 

Svil 1.20 0.05 autosomal 

5730409E04Rik 1.20 0.05 autosomal 

Nacc2 1.20 0.05 autosomal 

Cd81 1.20 5.9E-04 autosomal 

Tle4 1.20 0.05 autosomal 

Corin 1.20 0.05 autosomal 

Adck5 1.19 0.01 autosomal 

Nkap 1.19 3.3E-03 X 

Samhd1 1.18 0.05 autosomal 

Glb1 1.18 0.01 autosomal 

Oga 1.18 0.04 autosomal 

Ermp1 1.18 0.04 autosomal 

Phactr2 1.18 0.05 autosomal 

Pnpla2 1.17 0.01 autosomal 

Zbtb7a 1.17 0.02 autosomal 

Ttyh3 1.17 0.02 autosomal 

Slc43a3 1.17 0.02 autosomal 

Fbxw5 1.17 1.1E-03 autosomal 

Fadd 1.17 0.04 autosomal 

Ttc30b 1.17 0.05 autosomal 

Tmc6 1.16 0.05 autosomal 

Fitm2 1.16 0.05 autosomal 

Zfp398 1.16 0.04 autosomal 

Wdtc1 1.16 0.05 autosomal 

Arhgef10 1.16 0.01 autosomal 

Rin2 1.15 0.01 autosomal 

Tnks1bp1 1.15 2.3E-03 autosomal 

Snx12 1.15 0.01 X 

Fam214a 1.15 0.01 autosomal 

Pofut1 1.14 0.04 autosomal 

Tmem63a 1.14 0.01 autosomal 

Rnf169 1.14 0.04 autosomal 

Camta2 1.13 0.05 autosomal 

Habp4 1.13 0.03 autosomal 

Sgpl1 1.13 0.02 autosomal 

Prxl2c 1.13 0.02 autosomal 

Cnnm3 1.12 0.04 autosomal 

Ucp2 1.12 0.05 autosomal 

Kdm6a 1.12 0.01 X 

Rhog 1.11 0.02 autosomal 

Ino80d 1.11 0.05 autosomal 

Ctdsp1 1.11 0.02 autosomal 

Fam117b 1.10 0.03 autosomal 

Pef1 1.10 0.04 autosomal 

Rnf187 1.10 0.03 autosomal 

Map2k3 1.10 4.8E-03 autosomal 
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Pitpna 1.09 0.01 autosomal 

Ssbp3 1.09 0.02 autosomal 

Tmem184b 1.09 0.04 autosomal 

Crtap 1.09 0.05 autosomal 

Maf1 1.08 0.03 autosomal 

Dazap2 1.07 1.3E-03 autosomal 

Mxd4 1.07 0.02 autosomal 

reduced in females 

Ptp4a2 0.94 0.05 autosomal 

Nipa2 0.94 0.04 autosomal 

Eif1 0.94 0.01 autosomal 

Ergic2 0.93 0.03 autosomal 

Golga7 0.93 0.01 autosomal 

Usp8 0.93 0.03 autosomal 

Tpm4 0.93 0.03 autosomal 

Golga5 0.93 0.02 autosomal 

Eef1g 0.93 0.05 autosomal 

Gskip 0.92 0.05 autosomal 

Arcn1 0.92 0.03 autosomal 

Amz2 0.92 0.03 autosomal 

Ist1 0.92 0.03 autosomal 

Copb1 0.92 0.05 autosomal 

Trap1a 0.92 0.04 X 

Actr2 0.92 4.0E-03 autosomal 

Nap1l4 0.92 0.01 autosomal 

Eif4a2 0.92 0.05 autosomal 

Prpf18 0.92 0.01 autosomal 

Zc3h15 0.92 1.3E-03 autosomal 

Gmps 0.92 0.04 autosomal 

Gtf3c3 0.92 0.05 autosomal 

Eif3a 0.92 3.1E-03 autosomal 

Fyttd1 0.92 0.05 autosomal 

Gtf2e2 0.91 0.03 autosomal 

Tapt1 0.91 0.05 autosomal 

Lrrc59 0.91 0.05 autosomal 

Gpat4 0.91 0.04 autosomal 

Utp6 0.91 0.04 autosomal 

Usp32 0.91 0.05 autosomal 

Trnt1 0.91 0.05 autosomal 

Rars 0.91 0.04 autosomal 

Gtpbp4 0.91 0.05 autosomal 

Nsun2 0.91 0.02 autosomal 

Ran 0.91 0.01 autosomal 

Fam49b 0.91 4.8E-03 autosomal 

Ppp1r8 0.91 0.05 autosomal 

Cyb561a3 0.91 0.03 autosomal 

Fermt2 0.91 0.05 autosomal 
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Pdhb 0.91 0.04 autosomal 

Gpr180 0.91 0.05 autosomal 

Eif3l 0.90 0.02 autosomal 

Tomm70a 0.90 0.05 autosomal 

Sars 0.90 0.02 autosomal 

Yme1l1 0.90 4.3E-03 autosomal 

Fam129a 0.90 0.02 autosomal 

Atad1 0.90 0.05 autosomal 

Ddx50 0.90 0.02 autosomal 

Trappc4 0.90 0.02 autosomal 

Zranb2 0.90 0.01 autosomal 

Krt19 0.90 0.04 autosomal 

Prmt2 0.90 0.02 autosomal 

Cdk4 0.90 0.01 autosomal 

Sp3 0.90 0.01 autosomal 

Braf 0.89 0.04 autosomal 

Basp1 0.89 0.01 autosomal 

Cct2 0.89 2.6E-03 autosomal 

Ncbp1 0.89 0.05 autosomal 

Crebzf 0.89 0.03 autosomal 

Entpd1 0.89 0.02 autosomal 

Vezt 0.89 0.04 autosomal 

Usp15 0.89 0.02 autosomal 

Wdr47 0.89 0.04 autosomal 

Fam171a1 0.89 0.03 autosomal 

Cct4 0.89 1.3E-03 autosomal 

Gnai3 0.89 0.02 autosomal 

Tmem209 0.89 0.01 autosomal 

Caprin1 0.89 1.4E-05 autosomal 

Eef1b2 0.89 0.02 autosomal 

Blzf1 0.89 0.01 autosomal 

Erlin1 0.89 0.01 autosomal 

Usp37 0.89 0.02 autosomal 

Tgs1 0.89 0.01 autosomal 

Nup107 0.88 0.01 autosomal 

Gramd4 0.88 0.01 autosomal 

Zdhhc13 0.88 0.01 autosomal 

Prkci 0.88 0.02 autosomal 

Ptp4a3 0.88 0.05 autosomal 

Fxr1 0.88 0.03 autosomal 

Serpinb6b 0.88 0.03 autosomal 

Hspa9 0.88 2.3E-04 autosomal 

March5 0.88 0.02 autosomal 

Pkp2 0.88 0.01 autosomal 

Crlf2 0.88 0.03 autosomal 

Phf10 0.88 0.01 autosomal 

Ttll12 0.88 4.0E-03 autosomal 
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2810013P06Rik 0.88 0.05 autosomal 

Mrpl35 0.88 0.04 autosomal 

Fkbp9 0.88 3.2E-03 autosomal 

Zfyve16 0.87 1.0E-03 autosomal 

Pik3cb 0.87 0.03 autosomal 

Slc35a1 0.87 4.8E-03 autosomal 

Krt8 0.87 0.02 autosomal 

Asb3 0.87 0.04 autosomal 

Ncbp2 0.87 0.05 autosomal 

Eif4e3 0.87 0.05 autosomal 

Adcy7 0.87 0.01 autosomal 

Tex10 0.87 0.04 autosomal 

Tnfaip8 0.87 0.03 autosomal 

Plekha8 0.87 0.02 autosomal 

Psip1 0.87 0.03 autosomal 

Dsc2 0.87 0.01 autosomal 

Krtcap3 0.87 0.05 autosomal 

Pcnx4 0.86 0.03 autosomal 

Gnl3 0.86 2.2E-04 autosomal 

Nt5e 0.86 0.03 autosomal 

Arl5b 0.86 0.04 autosomal 

Abhd6 0.86 0.01 autosomal 

Ctnnbip1 0.86 0.01 autosomal 

Stx2 0.86 0.03 autosomal 

Jdp2 0.86 0.01 autosomal 

Mettl16 0.86 0.05 autosomal 

Wsb1 0.86 9.3E-04 autosomal 

Rap2a 0.86 0.02 autosomal 

Tnfaip8l1 0.86 0.05 autosomal 

1700025G04Rik 0.86 0.01 autosomal 

Cers5 0.86 0.05 autosomal 

Cse1l 0.86 0.01 autosomal 

Cep170 0.86 0.03 autosomal 

Myo1b 0.86 0.02 autosomal 

Tmem39a 0.86 2.6E-03 autosomal 

Hand1 0.86 0.05 autosomal 

Ddit3 0.86 0.04 autosomal 

Uros 0.86 0.02 autosomal 

Stk31 0.86 0.01 autosomal 

Sfmbt2 0.85 2.6E-03 autosomal 

Zfp868 0.85 0.02 autosomal 

Upp1 0.85 0.04 autosomal 

Vstm4 0.85 4.0E-03 autosomal 

Mpzl3 0.85 0.03 autosomal 

Hrct1 0.85 0.04 autosomal 

Sh3kbp1 0.85 0.03 X 

Eva1a 0.85 0.04 autosomal 
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Il2rg 0.85 0.02 X 

Ctsj 0.85 0.02 autosomal 

Jmjd6 0.85 0.05 autosomal 

Serpinb9 0.84 0.02 autosomal 

Mfsd2a 0.84 0.05 autosomal 

Map9 0.84 0.02 autosomal 

Gpat3 0.84 1.1E-03 autosomal 

Naa16 0.84 0.02 autosomal 

Man1a 0.84 0.05 autosomal 

1700066M21Rik 0.84 0.05 autosomal 

Rdh12 0.83 0.02 autosomal 

Pde10a 0.83 4.0E-03 autosomal 

Stk39 0.83 4.7E-04 autosomal 

2610021A01Rik 0.83 0.03 autosomal 

Rpp40 0.83 0.04 autosomal 

Rpp38 0.83 0.02 autosomal 

Coq3 0.83 1.3E-03 autosomal 

Cdc42se2 0.83 3.6E-05 autosomal 

Zmat1 0.83 0.03 X 

Rdh13 0.82 0.01 autosomal 

Syce2 0.82 1.0E-03 autosomal 

Nostrin 0.82 0.01 autosomal 

Tmem41b 0.82 9.4E-04 autosomal 

Trpv2 0.82 3.3E-03 autosomal 

Desi2 0.82 0.04 autosomal 

Cd24a 0.82 0.04 autosomal 

Fbxo27 0.81 7.9E-04 autosomal 

Slco3a1 0.81 3.3E-03 autosomal 

Sct 0.81 2.6E-09 autosomal 

Nmt2 0.81 3.7E-05 autosomal 

Ednrb 0.81 0.01 autosomal 

Mypop 0.80 0.03 autosomal 

Pitrm1 0.80 0.01 autosomal 

Fndc4 0.80 0.05 autosomal 

Tfpi 0.80 0.02 autosomal 

3632454L22Rik 0.80 0.03 autosomal 

Prom1 0.80 0.05 autosomal 

Gm10557 0.79 0.03 autosomal 

Slc19a3 0.79 0.03 autosomal 

Adgrg3 0.79 0.01 autosomal 

Fry 0.78 0.05 autosomal 

Serpinb9c 0.78 4.9E-03 autosomal 

Mllt11 0.78 0.01 autosomal 

Star 0.78 0.01 autosomal 

Serpinb9g 0.78 0.03 autosomal 

Hrk 0.78 0.04 autosomal 

Ghrh 0.78 0.04 autosomal 
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Serpinb9f 0.77 4.1E-03 autosomal 

Rgs16 0.77 0.03 autosomal 

Serpinb9e 0.77 3.7E-04 autosomal 

Gramd2 0.76 0.01 autosomal 

Snhg14 0.76 0.04 autosomal 

Prl2a1 0.76 4.3E-03 autosomal 

Ccr1l1 0.76 0.05 autosomal 

Gm26542 0.75 0.04 autosomal 

Rasal1 0.75 3.9E-04 autosomal 

Nrg4 0.75 0.05 autosomal 

Kiss1r 0.75 0.02 autosomal 

Gm12715 0.75 0.04 autosomal 

Snrpn 0.74 4.1E-04 autosomal 

Plac8 0.74 0.03 autosomal 

Serpinb9d 0.74 1.3E-03 autosomal 

Hunk 0.74 7.5E-06 autosomal 

Hmox1 0.74 0.04 autosomal 

Prl8a1 0.73 0.05 autosomal 

Ccl27a 0.73 0.03 autosomal 

1500009L16Rik 0.73 0.03 autosomal 

Tmem267 0.73 0.03 autosomal 

Scrn1 0.72 1.3E-03 autosomal 

Prl2c5 0.72 2.8E-08 autosomal 

2810032G03Rik 0.71 0.03 autosomal 

Prl7d1 0.70 3.1E-09 autosomal 

Scn9a 0.70 0.02 autosomal 

Spn 0.70 7.5E-04 autosomal 

Gm10433 0.70 0.05 autosomal 

Cyp39a1 0.69 2.4E-03 autosomal 

Syt13 0.69 3.3E-03 autosomal 

Unc5a 0.69 8.9E-04 autosomal 

Prl3c1 0.68 0.01 autosomal 

Gm2792 0.68 0.02 autosomal 

Dctd 0.66 0.02 autosomal 

Brsk1 0.66 0.04 autosomal 

Efcab8 0.65 0.05 autosomal 

Tvp23a 0.64 2.1E-04 autosomal 

Prl2c2 0.63 5.7E-08 autosomal 

Clec12b 0.63 0.02 autosomal 

Il1a 0.63 3.2E-03 autosomal 

Myo16 0.63 0.02 autosomal 

Prl2c3 0.62 7.5E-06 autosomal 

Prl4a1 0.62 1.6E-04 autosomal 

Gm38393 0.62 2.0E-03 autosomal 

Gm20541 0.61 0.03 autosomal 

Zcchc18 0.57 0.02 X 

Pcdhgc4 0.54 0.05 autosomal 
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Prl7a1 0.54 1.2E-05 autosomal 

Gm11427 0.51 0.03 autosomal 

Hoxd13 0.50 3.1E-03 autosomal 

Otoa 0.50 0.01 autosomal 

Cxcl1 0.49 4.3E-03 autosomal 

Tmem114 0.44 0.01 autosomal 

Sohlh2 0.39 5.1E-04 autosomal 

 

 

Supplement 8: All results of the GO-term analysis comparing male and female placentas, fold 

enrichment and FDR shown (see text in section 5.3.5, p. 126) 

enriched in the female placenta 

GO biological process complete fold enrichment FDR 

cardiac septum morphogenesis (GO:0060411) 7.78 3.4E-02 

regulation of Notch signaling pathway 
(GO:0008593) 7.07 4.7E-02 

Notch signaling pathway (GO:0007219) 6.91 1.1E-02 

cardiac septum development (GO:0003279) 6.75 1.1E-02 

cell-cell signaling by wnt (GO:0198738) 4.29 3.3E-02 

Wnt signaling pathway (GO:0016055) 4.29 3.3E-02 

regulation of canonical Wnt signaling pathway 
(GO:0060828) 4.2 3.6E-02 

regulation of leukocyte differentiation 
(GO:1902105) 3.95 1.8E-02 

angiogenesis (GO:0001525) 3.89 2.1E-02 

cell surface receptor signaling pathway involved in 
cell-cell signaling (GO:1905114) 3.87 3.5E-02 

blood vessel development (GO:0001568) 3.86 3.7E-04 

regulation of cellular response to growth factor 
stimulus (GO:0090287) 3.83 3.6E-02 

vasculature development (GO:0001944) 3.83 3.1E-04 

blood vessel morphogenesis (GO:0048514) 3.81 3.7E-03 

regulation of hemopoiesis (GO:1903706) 3.45 3.1E-02 

positive regulation of kinase activity (GO:0033674) 3.36 2.4E-02 

circulatory system development (GO:0072359) 3.14 1.9E-04 

tube morphogenesis (GO:0035239) 3.12 2.0E-03 

anatomical structure formation involved in 
morphogenesis (GO:0048646) 3.05 3.0E-04 

positive regulation of transferase activity 
(GO:0051347) 3.01 3.5E-02 

cell morphogenesis involved in differentiation 
(GO:0000904) 3.01 1.8E-02 

tube development (GO:0035295) 2.94 5.4E-04 

heart development (GO:0007507) 2.91 3.5E-02 

regulation of kinase activity (GO:0043549) 2.81 1.6E-02 

regulation of cell migration (GO:0030334) 2.71 3.8E-03 
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regulation of cell motility (GO:2000145) 2.66 3.5E-03 

regulation of cellular component movement 
(GO:0051270) 2.65 2.0E-03 

regulation of locomotion (GO:0040012) 2.64 2.9E-03 

anatomical structure morphogenesis (GO:0009653) 2.46 7.8E-06 

regulation of cell differentiation (GO:0045595) 2.44 3.8E-04 

negative regulation of transcription by RNA 
polymerase II (GO:0000122) 2.41 3.9E-02 

animal organ morphogenesis (GO:0009887) 2.4 2.5E-02 

positive regulation of catalytic activity 
(GO:0043085) 2.36 2.8E-02 

regulation of multicellular organismal development 
(GO:2000026) 2.32 3.5E-03 

positive regulation of molecular function 
(GO:0044093) 2.29 7.2E-03 

regulation of phosphorylation (GO:0042325) 2.2 3.2E-02 

regulation of phosphate metabolic process 
(GO:0019220) 2.2 1.5E-02 

regulation of phosphorus metabolic process 
(GO:0051174) 2.2 1.5E-02 

regulation of multicellular organismal process 
(GO:0051239) 2.18 3.4E-05 

positive regulation of signal transduction 
(GO:0009967) 2.18 1.1E-02 

positive regulation of cell communication 
(GO:0010647) 2.16 6.4E-03 

regulation of developmental process (GO:0050793) 2.14 1.4E-04 

tissue development (GO:0009888) 2.1 1.3E-02 

positive regulation of signaling (GO:0023056) 2.09 1.1E-02 

cell surface receptor signaling pathway 
(GO:0007166) 2.03 9.7E-03 

positive regulation of nucleic acid-templated 
transcription (GO:1903508) 2.03 3.9E-02 

positive regulation of transcription, DNA-templated 
(GO:0045893) 2.03 3.9E-02 

positive regulation of macromolecule biosynthetic 
process (GO:0010557) 1.99 2.6E-02 

positive regulation of RNA metabolic process 
(GO:0051254) 1.98 3.9E-02 

regulation of localization (GO:0032879) 1.96 7.6E-04 

regulation of catalytic activity (GO:0050790) 1.95 3.9E-02 

regulation of signaling (GO:0023051) 1.93 3.5E-04 

positive regulation of cellular biosynthetic process 
(GO:0031328) 1.93 3.6E-02 
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positive regulation of nucleobase-containing 
compound metabolic process (GO:0045935) 1.92 4.3E-02 

nervous system development (GO:0007399) 1.91 2.1E-02 

regulation of cell communication (GO:0010646) 1.9 4.2E-04 

regulation of signal transduction (GO:0009966) 1.89 2.7E-03 

system development (GO:0048731) 1.89 3.8E-05 

animal organ development (GO:0048513) 1.89 7.8E-04 

cell differentiation (GO:0030154) 1.86 3.8E-04 

regulation of molecular function (GO:0065009) 1.85 1.4E-02 

cellular developmental process (GO:0048869) 1.83 5.1E-04 

multicellular organism development (GO:0007275) 1.78 7.9E-05 

regulation of protein metabolic process 
(GO:0051246) 1.77 3.7E-02 

positive regulation of nitrogen compound 
metabolic process (GO:0051173) 1.73 3.2E-02 

regulation of transcription, DNA-templated 
(GO:0006355) 1.72 1.5E-02 

regulation of nucleic acid-templated transcription 
(GO:1903506) 1.72 1.5E-02 

regulation of RNA biosynthetic process 
(GO:2001141) 1.72 1.5E-02 

regulation of primary metabolic process 
(GO:0080090) 1.71 5.1E-05 

negative regulation of cellular process 
(GO:0048523) 1.7 3.5E-04 

regulation of response to stimulus (GO:0048583) 1.7 3.9E-03 

negative regulation of biological process 
(GO:0048519) 1.7 1.1E-04 

regulation of nitrogen compound metabolic process 
(GO:0051171) 1.68 1.6E-04 

regulation of cellular macromolecule biosynthetic 
process (GO:2000112) 1.67 1.3E-02 

regulation of nucleobase-containing compound 
metabolic process (GO:0019219) 1.67 1.1E-02 

regulation of RNA metabolic process (GO:0051252) 1.67 1.8E-02 

anatomical structure development (GO:0048856) 1.66 3.6E-04 

positive regulation of cellular metabolic process 
(GO:0031325) 1.66 4.2E-02 

regulation of cellular metabolic process 
(GO:0031323) 1.66 1.1E-04 

regulation of biological quality (GO:0065008) 1.66 1.2E-02 

regulation of cellular biosynthetic process 
(GO:0031326) 1.66 1.0E-02 

regulation of macromolecule biosynthetic process 
(GO:0010556) 1.65 1.4E-02 

regulation of biosynthetic process (GO:0009889) 1.65 1.1E-02 
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positive regulation of metabolic process 
(GO:0009893) 1.62 3.0E-02 

developmental process (GO:0032502) 1.62 4.0E-04 

regulation of metabolic process (GO:0019222) 1.62 6.6E-05 

regulation of macromolecule metabolic process 
(GO:0060255) 1.56 1.2E-03 

localization (GO:0051179) 1.56 9.3E-03 

positive regulation of cellular process (GO:0048522) 1.53 4.3E-03 

regulation of gene expression (GO:0010468) 1.53 3.5E-02 

positive regulation of biological process 
(GO:0048518) 1.5 3.8E-03 

regulation of cellular process (GO:0050794) 1.28 6.4E-03 

regulation of biological process (GO:0050789) 1.28 3.6E-03 

biological regulation (GO:0065007) 1.25 8.8E-03 

cellular process (GO:0009987) 1.19 8.6E-03 

sensory perception of chemical stimulus 
(GO:0007606) 0.08 3.6E-02 

enriched in the male placenta 

protection from natural killer cell mediated 
cytotoxicity (GO:0042270) 55.02 3.7E-05 

positive regulation of lactation (GO:1903489) 33.62 8.5E-07 

regulation of lactation (GO:1903487) 32.42 5.5E-07 

negative regulation of natural killer cell mediated 
cytotoxicity (GO:0045953) 29.42 4.5E-05 

negative regulation of natural killer cell mediated 
immunity (GO:0002716) 28.24 4.9E-05 

glomerular epithelial cell differentiation 
(GO:0072311) 23.73 1.8E-02 

glomerular visceral epithelial cell differentiation 
(GO:0072112) 23.73 1.8E-02 

renal filtration cell differentiation (GO:0061318) 23.73 1.7E-02 

negative regulation of leukocyte mediated 
cytotoxicity (GO:0001911) 23.53 1.3E-04 

glomerular epithelium development (GO:0072010) 21.23 2.2E-02 

negative regulation of cell killing (GO:0031342) 20.17 2.1E-04 

positive regulation of receptor signaling pathway 
via STAT (GO:1904894) 16.53 9.7E-06 

positive regulation of receptor signaling pathway 
via JAK-STAT (GO:0046427) 16.5 3.9E-05 

positive regulation of pri-miRNA transcription by 
RNA polymerase II (GO:1902895) 13.16 1.3E-04 

negative regulation of lymphocyte mediated 
immunity (GO:0002707) 13.01 4.2E-04 

regulation of natural killer cell mediated 
cytotoxicity (GO:0042269) 12.84 1.6E-03 
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regulation of natural killer cell mediated immunity 
(GO:0002715) 12.17 2.0E-03 

negative regulation of leukocyte mediated 
immunity (GO:0002704) 12.1 2.0E-04 

negative regulation of endothelial cell proliferation 
(GO:0001937) 11.69 6.7E-04 

negative regulation of innate immune response 
(GO:0045824) 11.21 3.1E-04 

regulation of pri-miRNA transcription by RNA 
polymerase II (GO:1902893) 10.94 3.2E-04 

regulation of receptor signaling pathway via STAT 
(GO:1904892) 10.29 1.8E-04 

regulation of receptor signaling pathway via JAK-
STAT (GO:0046425) 10.09 5.1E-04 

negative regulation of response to biotic stimulus 
(GO:0002832) 7.96 2.0E-03 

female pregnancy (GO:0007565) 7.65 3.9E-04 

regulation of leukocyte mediated cytotoxicity 
(GO:0001910) 7.56 2.8E-03 

negative regulation of immune effector process 
(GO:0002698) 7.04 4.5E-03 

mammary gland development (GO:0030879) 6.68 2.5E-03 

regulation of cell killing (GO:0031341) 6.48 7.7E-03 

multi-multicellular organism process (GO:0044706) 6.3 1.5E-03 

negative regulation of defense response 
(GO:0031348) 5.6 7.8E-04 

regulation of endothelial cell proliferation 
(GO:0001936) 5.5 1.9E-02 

negative regulation of immune response 
(GO:0050777) 5.41 4.8E-03 

response to nutrient levels (GO:0031667) 4.69 4.9E-04 

regulation of body fluid levels (GO:0050878) 4.66 5.1E-04 

regulation of innate immune response 
(GO:0045088) 4.65 2.7E-02 

regulation of lymphocyte mediated immunity 
(GO:0002706) 4.61 2.8E-02 

response to extracellular stimulus (GO:0009991) 4.28 1.2E-03 

regulation of leukocyte mediated immunity 
(GO:0002703) 4.16 1.7E-02 

regulation of response to biotic stimulus 
(GO:0002831) 3.9 1.8E-02 

negative regulation of response to external 
stimulus (GO:0032102) 3.57 1.9E-02 

gland development (GO:0048732) 3.49 1.6E-02 

positive regulation of secretion (GO:0051047) 3.41 2.8E-02 

regulation of defense response (GO:0031347) 2.88 3.6E-02 
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gene expression (GO:0010467) 1.96 1.9E-02 

regulation of developmental process (GO:0050793) 1.85 1.3E-02 

regulation of biological quality (GO:0065008) 1.69 5.0E-03 

negative regulation of cellular process 
(GO:0048523) 1.66 8.0E-04 

negative regulation of biological process 
(GO:0048519) 1.65 3.5E-04 

positive regulation of metabolic process 
(GO:0009893) 1.63 2.7E-02 

regulation of cellular metabolic process 
(GO:0031323) 1.47 2.0E-02 

regulation of primary metabolic process 
(GO:0080090) 1.47 3.5E-02 

regulation of metabolic process (GO:0019222) 1.47 8.6E-03 

 

Supplement 9: Table of all 175 miRNAs, fold enrichment, p value and padj shown, miRNAs are sorted 

by fold enrichment (see text in section 6.3.5, p.154)  

miRNA 
fold 

change logCPM p value 
 

padj 

fold change below 1  

mmu-miR-483-5p 0.38 14.09 0.01  0.29 

mmu-miR-195a-5p 0.44 7.56 0.08  0.40 

mmu-miR-29b-3p 0.50 9.08 0.15  0.52 

mmu-miR-101a-3p 0.51 8.94 0.02  0.29 

mmu-miR-122-5p 0.52 9.53 0.17  0.55 

mmu-miR-451a 0.52 7.74 0.03  0.31 

mmu-miR-1839-5p 0.57 7.55 0.06  0.32 

mmu-miR-29c-3p 0.61 8.73 0.04  0.31 

mmu-miR-877-5p 0.61 7.61 0.13  0.50 

mmu-miR-191-5p 0.62 11.53 0.07  0.34 

mmu-miR-141-3p 0.63 11.50 0.05  0.31 

mmu-miR-140-3p 0.65 8.17 0.16  0.55 

mmu-miR-125a-3p 0.66 7.36 0.14  0.50 

mmu-miR-450b-5p 0.67 8.51 0.12  0.49 

mmu-miR-148a-3p 0.68 14.13 0.04  0.31 

mmu-miR-342-3p 0.69 10.77 0.05  0.31 

mmu-miR-106b-3p 0.69 8.37 0.22  0.61 

mmu-miR-322-5p 0.71 14.25 0.11  0.49 

mmu-miR-147-3p 0.71 7.40 0.24  0.64 

mmu-miR-542-3p 0.71 8.69 0.22  0.61 

mmu-miR-872-5p 0.73 8.96 0.14  0.51 

mmu-miR-107-3p 0.73 7.47 0.37  0.75 

mmu-miR-5126 0.73 9.13 0.30  0.69 

mmu-miR-486a-5p 0.73 12.28 0.05  0.31 

mmu-miR-486b-5p 0.74 12.28 0.05  0.31 
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mmu-miR-296-3p 0.74 10.89 0.15  0.52 

mmu-miR-30e-5p 0.76 8.34 0.33  0.73 

mmu-miR-22-3p 0.76 11.03 0.22  0.61 

mmu-miR-671-5p 0.77 8.14 0.25  0.64 

mmu-miR-326-3p 0.77 8.13 0.31  0.70 

mmu-miR-27b-3p 0.79 10.23 0.11  0.49 

mmu-miR-199a-5p 0.79 8.62 0.31  0.70 

mmu-miR-503-5p 0.80 11.49 0.21  0.61 

mmu-miR-16-5p 0.81 14.78 0.28  0.68 

mmu-miR-23a-3p 0.81 11.78 0.11  0.49 

mmu-miR-29a-3p 0.81 12.13 0.34  0.73 

mmu-miR-101b-3p 0.81 9.32 0.35  0.74 

mmu-miR-425-5p 0.81 10.55 0.19  0.59 

mmu-miR-24-3p 0.81 11.81 0.36  0.75 

mmu-miR-99a-5p 0.82 7.68 0.42  0.75 

mmu-miR-186-5p 0.82 9.01 0.44  0.78 

mmu-miR-224-5p 0.83 9.82 0.26  0.65 

mmu-miR-196b-5p 0.83 13.46 0.24  0.64 

mmu-miR-292a-5p 0.83 13.11 0.50  0.79 

mmu-miR-151-3p 0.83 11.11 0.34  0.74 

mmu-miR-542-5p 0.84 11.93 0.20  0.61 

mmu-miR-503-3p 0.84 12.51 0.37  0.75 

mmu-miR-423-5p 0.85 12.85 0.22  0.61 

mmu-miR-295-3p 0.85 9.18 0.50  0.79 

mmu-miR-126a-3p 0.86 12.03 0.21  0.61 

mmu-miR-484 0.86 8.70 0.51  0.79 

mmu-miR-181b-5p 0.86 8.00 0.61  0.80 

mmu-miR-143-3p 0.86 12.16 0.27  0.65 

mmu-miR-25-3p 0.86 10.67 0.41  0.75 

mmu-miR-205-5p 0.86 9.00 0.53  0.79 

mmu-miR-6538 0.86 8.62 0.60  0.80 

mmu-miR-128-3p 0.87 7.91 0.63  0.80 

mmu-miR-182-5p 0.87 13.09 0.41  0.75 

mmu-miR-20a-5p 0.87 7.49 0.61  0.80 

mmu-miR-185-5p 0.87 7.87 0.62  0.80 

mmu-miR-203-3p 0.88 9.83 0.58  0.80 

mmu-miR-10b-5p 0.88 11.62 0.43  0.77 

mmu-miR-450b-3p 0.88 8.36 0.59  0.80 

mmu-miR-361-3p 0.88 7.74 0.62  0.80 

mmu-miR-148b-3p 0.89 9.31 0.63  0.80 

mmu-miR-92a-3p 0.89 13.42 0.55  0.79 

mmu-miR-320-3p 0.89 12.09 0.42  0.75 

mmu-miR-26a-5p 0.89 13.27 0.45  0.78 

mmu-miR-99b-3p 0.89 8.00 0.74  0.85 

mmu-miR-152-3p 0.89 11.73 0.55  0.79 

mmu-miR-21a-5p 0.90 13.04 0.48  0.79 

mmu-miR-199b-3p 0.90 11.99 0.39  0.75 
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mmu-miR-199a-3p 0.90 12.98 0.38  0.75 

mmu-miR-378a-3p 0.90 9.44 0.59  0.80 

mmu-miR-351-3p 0.90 9.99 0.65  0.81 

mmu-miR-381-3p 0.90 7.42 0.72  0.84 

mmu-miR-187-3p 0.90 8.28 0.65  0.81 

mmu-miR-328-3p 0.91 11.92 0.61  0.80 

mmu-miR-365-2-
5p 0.91 9.46 0.64 

 
0.80 

mmu-miR-183-5p 0.91 14.73 0.48  0.79 

mmu-miR-669c-5p 0.91 15.09 0.42  0.75 

mmu-miR-23b-3p 0.92 9.25 0.71  0.84 

mmu-let-7c-5p 0.92 17.25 0.53  0.79 

mmu-miR-96-5p 0.92 9.97 0.67  0.81 

mmu-miR-99b-5p 0.93 12.17 0.54  0.79 

mmu-miR-126a-5p 0.94 8.46 0.78  0.87 

mmu-let-7d-3p 0.95 9.48 0.81  0.89 

mmu-miR-30d-5p 0.95 13.43 0.74  0.85 

mmu-miR-760-3p 0.95 9.41 0.77  0.87 

mmu-miR-501-3p 0.95 10.15 0.82  0.89 

mmu-miR-2137 0.96 8.49 0.86  0.91 

mmu-miR-196a-5p 0.96 10.11 0.82  0.89 

mmu-miR-294-3p 0.97 8.48 0.89  0.91 

mmu-let-7b-5p 0.98 17.13 0.87  0.91 

mmu-miR-744-5p 0.99 10.37 0.95  0.97 

mmu-miR-361-5p 0.99 9.17 0.97  0.98 

fold change above 1 

mmu-miR-93-5p 1.00 10.05 1.00  1.00 

mmu-miR-100-5p 1.00 7.67 0.99  1.00 

mmu-miR-200c-3p 1.02 13.70 0.88  0.91 

mmu-miR-434-3p 1.03 11.51 0.86  0.91 

mmu-miR-30a-5p 1.03 10.11 0.84  0.89 

mmu-miR-218-5p 1.04 7.80 0.90  0.92 

mmu-miR-3099-3p 1.04 11.26 0.77  0.87 

mmu-miR-184-3p 1.04 8.06 0.83  0.89 

mmu-miR-339-5p 1.05 6.58 0.88  0.91 

mmu-miR-298-5p 1.05 11.84 0.74  0.85 

mmu-miR-324-5p 1.05 8.08 0.82  0.89 

mmu-let-7i-5p 1.07 16.42 0.56  0.79 

mmu-miR-369-5p 1.07 8.25 0.78  0.87 

mmu-miR-125b-5p 1.07 13.60 0.66  0.81 

mmu-let-7d-5p 1.07 12.40 0.60  0.80 

mmu-miR-10a-5p 1.08 10.60 0.63  0.80 

mmu-miR-1198-5p 1.08 8.10 0.72  0.84 

mmu-miR-193a-5p 1.10 9.63 0.67  0.81 

mmu-miR-26b-5p 1.10 12.19 0.52  0.79 

mmu-miR-146a-5p 1.10 9.72 0.65  0.81 

mmu-miR-6240 1.11 7.59 0.79  0.87 
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mmu-miR-345-3p 1.12 8.87 0.63  0.80 

mmu-miR-103-3p 1.12 10.87 0.58  0.80 

mmu-let-7g-5p 1.13 10.60 0.38  0.75 

mmu-miR-574-3p 1.13 7.58 0.69  0.82 

mmu-miR-155-5p 1.15 9.83 0.39  0.75 

mmu-miR-28a-3p 1.16 8.83 0.47  0.79 

mmu-miR-379-5p 1.17 12.06 0.67  0.81 

mmu-miR-351-5p 1.18 14.18 0.27  0.65 

mmu-miR-770-3p 1.18 8.65 0.52  0.79 

mmu-miR-210-3p 1.18 8.73 0.48  0.79 

mmu-miR-673-5p 1.19 8.63 0.52  0.79 

mmu-miR-296-5p 1.19 9.21 0.46  0.79 

mmu-miR-676-3p 1.19 8.61 0.49  0.79 

mmu-miR-139-3p 1.21 7.16 0.50  0.79 

mmu-miR-411-5p 1.21 8.92 0.55  0.79 

mmu-miR-433-3p 1.22 9.10 0.39  0.75 

mmu-miR-423-3p 1.23 8.37 0.41  0.75 

mmu-miR-532-5p 1.23 8.43 0.54  0.79 

mmu-miR-146b-5p 1.24 8.23 0.38  0.75 

mmu-miR-127-5p 1.27 7.15 0.47  0.79 

mmu-let-7a-5p 1.28 14.87 0.03  0.29 

mmu-miR-181a-5p 1.29 9.21 0.30  0.69 

mmu-miR-674-5p 1.29 7.34 0.40  0.75 

mmu-miR-431-5p 1.30 12.50 0.11  0.49 

mmu-miR-382-5p 1.31 13.53 0.05  0.31 

mmu-miR-34a-5p 1.32 9.96 0.25  0.64 

mmu-miR-125a-5p 1.34 16.11 0.05  0.31 

mmu-let-7f-5p 1.35 14.56 0.03  0.30 

mmu-miR-141-5p 1.38 8.57 0.17  0.55 

mmu-miR-1981-5p 1.38 11.43 0.03  0.29 

mmu-miR-221-3p 1.40 9.82 0.13  0.50 

mmu-miR-668-3p 1.42 7.28 0.32  0.72 

mmu-miR-300-3p 1.42 8.18 0.17  0.55 

mmu-let-7e-5p 1.45 12.90 0.01  0.29 

mmu-miR-540-3p 1.45 9.39 0.13  0.50 

mmu-miR-98-5p 1.46 7.79 0.14  0.51 

mmu-miR-7a-5p 1.49 9.68 0.07  0.36 

mmu-miR-434-5p 1.49 9.63 0.05  0.31 

mmu-miR-134-5p 1.50 9.76 0.05  0.31 

mmu-miR-541-5p 1.51 13.37 0.02  0.29 

mmu-miR-483-3p 1.51 11.64 0.06  0.34 

mmu-miR-467d-5p 1.54 7.52 0.23  0.64 

mmu-miR-127-3p 1.64 13.77 0.02  0.29 

mmu-miR-194-5p 1.71 8.06 0.25  0.64 

mmu-miR-27a-3p 1.74 7.59 0.07  0.36 

mmu-miR-409-3p 1.80 10.58 0.02  0.29 

mmu-miR-192-5p 1.88 9.28 0.12  0.49 
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mmu-miR-341-3p 1.93 8.37 0.07  0.34 

mmu-miR-485-3p 2.03 10.44 0.03  0.29 

mmu-miR-485-5p 2.16 9.16 0.01  0.29 

mmu-miR-200a-3p 2.26 8.42 0.02  0.29 

mmu-miR-465b-3p 2.49 8.16 0.03  0.29 

mmu-miR-465c-3p 2.49 8.16 0.03  0.29 

mmu-miR-465a-3p 2.67 6.58 0.02  0.29 

mmu-miR-741-3p 2.86 9.00 0.03  0.29 

mmu-miR-370-3p 2.86 9.50 3.9E-04  0.07 

mmu-miR-429-3p 3.09 9.18 0.01  0.29 

mmu-miR-200b-3p 3.54 8.22 1.1E-03  0.10 
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