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Zusammenfassung: 5

Zusammenfassung:

Hintergrund

Die Pravalenz von Ubergewicht inlk. Adipositas hat in den letzten Jahren rapide zugenommen.
Veranderungen in der intrauterinen Umgebung aufgrund von miitterlichem Ubergewicht wirken
sich nach der Geburt auf die Gesundheit der Kinder aus. Dies fuhrt insbesondere bereits in der
Kindheit zu Adipositas und einem héheren Risiko fir die Entwicklung von Herz-Kreislauf-
Erkrankungen und Diabetes mellitus im spateren Kinder- und Erwachsenenalter. In dieser
Studie haben wir das Proteom von Neugeborenen mit mitterlicher Adipositas mit dem Proteom
von Neugeborenen mit normalem mutterlichem Gewicht verglichen. Unser Ziel war es, betroffene
Proteine und Veranderungen in den Signalwegen zu identifizieren, um somit zu einem besseren
Verstandnis der Pathophysiologie zu gelangen und zu einer anderen Perspektive beizutragen
welche als Grundlage fur einen neuen Ansatz fur Praventionsprogramme dienen kdnnten.

Material und Methoden

Zwischen Februar 2017 und Juni 2019 haben wir 15 Neugeborene mit mutterlicher Adipositas,
definiert als miutterlichem BMI > 30 m2/kg zu Beginn der Schwangerschaft, und 344
Neugeborene mit mitterlichem BMI < 25 m2/kg eingeschlossen. Die medizinische
Vorgeschichte und die anthropometrischen Daten wurden der Patientenakte und einem
Fragebogen entnommen. Die Vollblutprobe wurde auf einer Trockenblutkarte gesammelt und
die proteomische Analyse wurde mittels Massenspektrometrie am Max-Planck-Institut
durchgefiihrt. Anschlieend wurden die proteomischen sowie auch die deskriptiven
Patientendaten statistisch analysiert.

Ergebnisse

Die Analyse der proteomischen Daten zeigte einen hdheren Proteinspiegel des Ribosomal
Protein S21 und Kallistatin bei der Neugeborenen mit mitterlicher Adipositas im Vergleich zu
den Neugeborenen mit normalem mutterlichem Gewicht. Dahingegen zeigte sich im Proteom
der Neugeborenen mit normalem mautterlichem Gewicht einen hoheren Spiegel des
Prostaglandin-E2- Rezeptor EP.

Diskussion

Die Ergebnisse dieser Studie legen nahe, dass miutterliche Adipositas wahrend der
Schwangerschaft zu Veranderungen bestimmter Proteinspiegel beim Neugeborenen fiihren
kann. Da unsere initiale Ergebnisse nach FDR Korrektur, vermutlich aufgrund der kleinen
Stichprobengrofie, nicht standhielten, sind weitere Studien mit einer grof3eren Stichprobengrolie
erforderlich. Dariber hinaus ware eine Follow up Studie interessant, um zu sehen ob die
Veranderungen beim Neugeborenen moglicherweise sogar bis zum Erwachsenenalter bestehen
bleiben.
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Abstract:

Background

The prevalence of overweight including obesity has been growing rapidly over the past years.
Changes in the intrauterine environment due to maternal overweight incl. obesity impact health
after birth. Leading specifically to child- and adulthood obesity and a higher risk of developing
cardiovascular and metabolic diseases. In this study, we compared the proteome of full-term
newborns with maternal overweight and obesity during pregnancy, with the proteome of newborns
with normal maternal weight using liquid chromatography-mass spectrometry. We aimed to
identify affected proteins and differently regulated signaling pathways caused by the different
intrauterine environment of mothers with overweight and obesity. We aimed to provide a

different perspective and potentially new target for prevention programs.

Material and methods

Between February 2017 and June 2019, we included 15 newborns with maternal obesity,
defined as a maternal BMI > 30 m%/kg at the beginning of pregnancy and 344 newborns with
maternal BMI < 25 m?/kg. Medical history and anthropometric data were taken from the maternal
medical records as well as from a questionnaire. The blood sample was collected on a dried
blood spot card and the proteomic analysis was performed by Mass Spectrometry at the Max
Planck Institute. Afterwards, the proteomic and descriptive patient data were statistically

analyzed.

Results

Analysis of the proteomic data showed a notably higher abundance of ribosomal protein S21
and Kallistatin in newborns with maternal obesity. Contrarily, Prostaglandin E2 receptor EP3
was less abundant in newborns with maternal obesity compared to newborns with normal

maternal weight.

Conclusions

Based on this study we propose that maternal obesity during pregnancy may cause changes in
certain protein levels in the newborn. Since our initial results did not hold up after FDR correction,
presumably due to the small sample size, further research with a larger sample size is
necessary. Additionally, a follow-up study would be interesting to see if the changes in the

newborn persist maybe even up until adulthood.
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1. Introduction

11 Obesity

In the past three decades, the prevalence of obesity has risen tremendously in countries of all
income levels [1, 2]. The World Health Organization (WHQO) estimates that 59% of adults are
living with overweight including obesity, most of them from the WHO European and American
Region. The Mediterranean and eastern European countries have the highest numbers of
overweight and obesity. Germany ranks 24" out of 53 member states in the European Region in

number of adults living with obesity [3].

This increase of obesity is not just noticeable in adulthood. The prevalence of childhood obesity
is also rising alarmingly fast. The WHO reported that in 2016 more than 340 million children and
adolescents were overweight or obese. This number has risen drastically from a global
prevalence of 4% in 1975 to just over 18% in 2016. The numbers are even more alarming when
we just look at the Western Pacific (24.9% children with obesity), Europe (26.2%), and the
Americas (33.6%). The prevalence of overweight including obesity in the European Region is

highest among the age group 5-9 years, with 29.5% [3, 4].

Obesity is linked to an increased risk for many noncommunicable diseases and the fast rise of
both child- and adulthood obesity naturally also led to an increase in comorbidities [5-7]. The
main comorbidities include type 2 diabetes, different types of cancer, chronic kidney disease,

and most importantly cardiovascular diseases [4, 7].

1.2 Cardiovascular disease

According to the World Health Organization, deaths due to cardiovascular disease account for
almost 32% of all deaths globally, making this the most common cause of death globally.
Cardiovascular disease (CVD) is the universal term for all conditions involving the heart and
blood vessels, including coronary artery disease, cerebrovascular disease, peripheral arterial
disease as well as deep vein thrombosis but also rheumatic and congenital heart diseases.
Most deaths related to cardiovascular disease are due to arterial thrombotic events leading to,

coronary artery disease, myocardial infarction, or ischemic stroke [8].

The main pathophysiological process behind arterial thrombotic events is atherosclerosis.
Atherosclerosis is a progressive disease in which atheromatous plaques, consisting of lipids,
calcium, and fibrous elements, accumulate in the large arteries [9]. Atherosclerosis is a long
process, developing over several years, with the first lesions in the tunica intima being visible in
the aortas and coronary arteries of children as young as 7-9 years old [10]. The first change in
the arterial wall is the subendothelial accumulation of oxidized lipoproteins, triggering an
inflammatory response. Monocytes adhere to the surface of the endothelium, after which they
transmigrate into the tunica intima. There, the monocytes differentiate into macrophages,
proliferate, and take up lipoproteins, forming ‘foam cells’ [11]. In time, the foam cells die, further

stimulating the inflammatory process.
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Additionally, smooth muscle cells migrate from the tunica media to the tunica intima, in response
to cytokines and growth factors secreted by macrophages and T-Cells. Fibrous plaques develop
with the secretion of fibrous elements by the smooth muscle cells. Furthermore, atherosclerosis
and its clinical manifestation are also affected by vascular calcification. Arterial calcification can
occur in both the tunica intima and tunica media. The first step appears to be the transformation
of vascular smooth muscle cells to an osteoblast/chondrocytic phenotype. These cells then
stimulate mineralization by secreting matrix proteins and vesicles as well as through apoptosis
[12]. Medial or circumferential calcification can lead to reduced compliance due to arterial
stiffening, resulting in impaired vasodilation during ischemia. Medial calcification of the aorta will

lead to increased pulse wave velocity, high pulse pressure, and systolic hypertension.

Even though the progressive enlargement of the atheroma into the lumen of the artery combined
with increasing intimal vascular calcification can lead to arterial stenosis, most acute ischemic
events occur after ulceration of the atheroma. When the fibrous cap covering the atheroma
ruptures, collagen and tissue factor are exposed, activating platelets and the coagulation

cascade causing accelerated coagulation and the formation of a thrombus.

Multiple risk factors for developing arterial thrombosis and consequently cardiovascular diseases
have been identified. Obesity was found to be one of the main risk factors, along with well-known
obesity-related comorbidities like arterial hypertension, raised glucose levels, and dyslipidemia
[13-17].

1.3 Measuring obesity

Adult obesity is commonly measured through body height- and weight and expressed as BMI in
kg/m2. As height and weight measurements are noninvasive and easily performed, BMI remains
recognized as the most practical approach, even though it does not provide a direct measure of
adiposity as it does not distinguish between fat and other tissue. BMI does however correlate with
total body fat [18], ill health [19] and total abdominal adipose tissue [20]. Waist-to-hip ratio and
waist circumference are less commonly used to measure obesity, although they have shown a
similar association with morbidity and mortality later in life as BMI [21, 22]. In children and
adolescents, BMI is also the most used way of measuring obesity. Due to changes in growth
during this period in life, different BMI thresholds for sex and age must be used. These
thresholds are visualized in sex specific child growth reference curves and the weight status is
defined by deviance from the mean. The WHO classifies overweight as +1 SD above mean and
obesity as +2 SD above mean, as that is respectively equivalent to 25 kg/m? and 30 kg/m? at
age 19 [23].

1.4 Adipose tissue

Adipose tissue consists of several different cells. The majority are adipocytes, but adipose
tissue contains preadipocytes, macrophages, endothelial cells, blood cells and fibroblasts as
well [24, 25]. Adipose tissue is usually classified into white, brown and beige (or ‘brown in

white’) adipose tissue [26]. Brown adipose tissue is composed of thermogenic adipocytes with
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high mitochondrial content, that have a high capacity of liquid oxidation [27]. Beige adipose
tissue describes tissue composed of thermogenic adipocytes located within white adipose
tissue. These ‘brown adipocytes’ appearing in white adipose tissue, derive from a cell line closer
to the white adipocyte cell lineage, i.e. may have undergone transdifferentiation from white
adipocytes to brown [28]. Lastly, the white adipose tissue specializes in fat storage and release.
Additionally, white adipocytes secrete paracrine and endocrine regulators, called adipokines,

regulating appetite, energy substrate homeostasis and cardiovascular function [29].

Adipose tissue mass can be increased by adipocyte hyperplasia and/or adipocyte hypertrophy,
leading to obesity [29, 30]. Adipocyte hypertrophy is linked to obesity associated pathology like
dyslipidemia, inflammation, and impaired glucose homeostasis, possibly leading to insulin
resistance, cardiovascular disease, and other obesity-associated pathology[31, 32]. The
‘adipocyte expendability hypothesis’ states that adipocytes have an individually defined limit of
expansion. When this limit is reached, it leads to ectopic lipid deposition, macrophage
infiltration, systemic inflammation, altered adipokine profiles, hypoxia, and fibrosis [29, 33].
Some individuals with obesity can be metabolically ‘healthy’, i.e. show no dyslipidemia, insulin
resistance, non-alcoholic fatty liver disease or metabolic syndrome [34]. Kléting et al. set out to
determine the role of adipose tissue (dys-)function in the development of either metabolically
healthy or unhealthy obesity. They found that metabolically healthy individuals with obesity
showed smaller adipocyte size, less immune cell infiltration into visceral fat depots and higher
serum adiponectin levels [32]. This might give some insight into the role of adipose tissue
dysfunction in the development of metabolically unhealthy obesity. However, it remains not fully
understood how to predict whether the adipose tissue will act towards a metabolically healthy or

unhealthy obese phenotype.

Most individuals with obesity fall into the category of metabolically unhealthy obesity, although
exact prevalence numbers are difficult to interpret due to the lack of a standardized definition.
Based on comparing different studies, Bluher et al. estimated a prevalence ranging from 80-
90% [35].

Generally speaking, metabolically unhealthy individuals with obesity show elevated blood
glucose levels, higher triglyceride levels, higher HDL-cholesterol levels, lower levels of leptin
and resistin, higher levels of adiponectin and elevated levels of inflammatory cytokines like,
tumor necrosis factor alpha (TNF-a), C-reactive protein (CRP) and multiple interleukins[30, 36,
37].

1.5 Obesity prevention

Most of the risk factors for obesity seem preventable by changes in lifestyle. Health care providers
across the globe have tried to stop the global increase of obesity with extensive prevention

programs targeting adult lifestyle factors [15] but unfortunately appear to be insufficient [38].

The prevalence of metabolic syndrome, defined as the association of insulin resistance, glucose
intolerance, hypertension, and characteristic dyslipidemia [39], is already high among children

and adolescents with obesity, and it increases directly with the degree of obesity [40].
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Biomarkers associated with increased risk of cardiovascular disease, like low levels of
adiponectin, high c-reactive protein, and elevated levels of interleukin-6 (IL-6), are already

present in childhood overweight and obesity [40].

Therefore, it seems that the prevention programs targeting adolescent and adult lifestyle may
not be targeting the right audience. Prevention programs directed at younger children are
already a great way to reduce the risk of comorbidities and complications later in life, but since
the prevalence of obesity is still rising, it seems that a better insight into the development of

childhood obesity is necessary.

1.6  Fetal origin of disease

Several studies show a connection between a hyperglycemic intrauterine environment, or the
intrauterine exposition to nonglucose metabolic abnormalities of obesity, and an increased risk
of obesity and/or diabetes in both early and late childhood as well as adult life [41-46]. This
forces us to also look at the perinatal period as a highly influential time in the etiology of obesity
and the metabolic syndrome in children and adolescents and consequently in the etiology of adult

obesity as well as metabolic and cardiovascular disease [47, 48].

Changes in the intrauterine environment cause a mechanism known as fetal programming, which
can have a long-term impact on health after birth [49]. This makes the ‘fetal origin of disease
hypothesis’ an interesting framework for further understanding the development of obesity,
diabetes, and consequently cardiovascular diseases in child- as well as adulthood, but also for

creating or improving prevention programs targeting these non-communicable diseases.

About thirty years ago, Barker et al. first published their papers proposing the 'Barker Hypothesis'.
This ‘fetal origin of disease hypothesis’ links pregnancy complications or fetal development
deficits with an infant's risk of developing metabolic and cardiovascular diseases in adult life [50-
53]. In the years that followed, a growing number of studies confirmed and expanded this
hypothesis [41, 53]. For example, low birth weight has repeatedly been linked to raised blood
pressure and type 2 diabetes later in life [55-57]. Later studies revealed that both low and high
birthweight increased the risk of type 2 diabetes[57, 58]. It is important to note, that it is not the
birthweight per se that increases the risk of obesity, metabolic syndrome, and cardiometabolic
diseases in later life, but that the different intrauterine conditions caused fetal programming

resulting in high or low birth- weight.

1.7  Maternal obesity

According to data from the Institute of Quality Assurance and Transparency in Healthcare (IQTIG)
the prevalence of overweight and obesity among pregnant women in Germany has continuously
grown over the past decades. In 2021 43% of pregnant women were overweight or obese (BMI >
25 kg/m2). Of those women, 18.55 % had a Body Mass Index > 30 kg/m2, whereas in 2005 the
percentage of pregnant women with a BMI > 30 kg/m2 was only 12%. [59, 60].
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Obesity during pregnancy comes with an elevated risk of morbidity for both mother and child.
Mothers with obesity are more likely to develop cardiovascular and metabolic complications
such as thromboembolisms or gestational diabetes[61, 62]. Newborns of women with obesity are
more likely to be large-for-gestational age, develop congenital abnormalities and even insulin

resistance in utero and consequently hyperinsulinemia postpartum [61, 63-65].

Interestingly, maternal obesity does not only seem to have a direct effect on their newborns, but
the effect seems to extend into child- and adulthood of the offspring. The connection between
maternal obesity and their children’s risk of obesity, diabetes, and cardiovascular diseases later
in life, has been of growing interest. Research shows an association between maternal obesity
and a higher risk of developing childhood obesity in the offspring[66, 67]. For example, Gaillard
et al. found that the adolescents of mothers with a higher prepregnancy BMI showed a bigger

waist circumference and a higher hip-to-waist-ratio [68].

But it seems like the offspring of mothers with obesity are not only at a higher risk of developing
obesity, but also of negative cardiovascular and metabolic outcomes. In the years that followed,
multiple studies found recurrent evidence towards the association that maternal obesity as well
as excessive gestational weight gain, especially in early pregnancy, leads to higher blood
pressure, dyslipidemia and insulin resistance in childhood [68-71]. Reynolds et al. described a
1.3 times higher risk of hospital admissions due to cardiovascular events in adult offspring of
mothers with obesity[72]. Similarly, Eriksson et al. described that adult offspring of mothers with
obesity were significantly more likely to develop cardiovascular disease, coronary heart disease,

type 2 diabetes, and stroke[73].

1.8 Maternal diabetes

Interestingly, not only overweight and obesity itself has been associated with changes and
adverse outcomes in the offspring. Several studies suggest that exposure to a hyperglycemic
uterine environment due to maternal diabetes, either type 1, 2 or gestational, seems to influence

the offspring as well.

Overweight including obesity during pregnancy comes with a higher risk of developing
gestational diabetes. A meta-analysis of 20 studies calculated ORs of 2.14, 3.56 and 8.56 for
developing gestational diabetes mellitus among pregnant women with overweight, obesity and
severe obesity respectively[74]. In 2017 5.9% of pregnant women delivering their babies in
German hospitals were diagnosed with gestational diabetes mellitus. Since 2002, this number

has continuously grown[75].

Overweight and obesity in the non-pregnant population has extensively been linked to the
development of type 2 diabetes. A meta-analysis of 18 prospective cohort studies calculated
overall RRs of 2.99 and 7.19 for developing diabetes as individuals with a BMI over 25 and over
30, respectively [76]. Naturally, chances are higher that a woman with a BMI over 25 has

already developed type 2 diabetes, even before becoming pregnant.
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Clausen et al. compared 597 children of either diet-treated gestational diabetes mellitus (GDM)
or type 1 diabetes during pregnancy at 22 years of age and found an increased risk of type 2
diabetes and impaired glucose tolerance in young adults. They found an eight times higher risk
in children with maternal GDM, while maternal type 1 diabetes increased the risk four times [77].
In Scotland, Lindsay et al. showed a significant effect of maternal type 1 diabetes on waist
circumference, overweight, and obesity at 7 years of age [78]. Furthermore, exposure to a
hyperglycemic intrauterine environment was shown to increase the penetrance of maturity-onset
diabetes of the young (MODY) in HNF-1a gene mutation carriers [79]. Gillman et al. studied the
effect of intensive treatment of mild GDM on the BMI of 4- to 5-year-olds. Interestingly, they did
observe a reduced number of macrosomic neonates but no change in BMI at age 4-5 [80].
Pirkola et al. found that maternal gestational hyperglycemia by itself had only a small effect,
whereas the combination of GDM with maternal pre-pregnancy obesity had a significant effect
on overweight and obesity in their offspring[81]. Furthermore, Boney et al. demonstrated that
not only did the macrosomic offspring of diabetic mothers have a higher risk of developing
metabolic syndrome in childhood; children exposed to maternal obesity had an increased risk of

developing metabolic syndrome as well [82].

This adds weight to the hypothesis suggesting a role for the periconceptional environment in fetal
programming and indicates that nonglucose metabolic abnormalities of obesity like lipids and fatty

acids may also play a part.

By finding critical influences in fetal programming, we will find new opportunities for targeted pre-
or periconceptional and gestational prevention strategies, that hopefully will decrease the risk of
obesity and metabolic syndrome in childhood and adolescence, thereby reducing the risk of

cardiovascular disease in adult life.

1.9 Proteomics and Mass Spectrometry

The molecular process associated with the long-term effects of being exposed to a hyperglycemic

intrauterine environment is believed to be based in the proteome composition of the infant.

The human blood consists of cellular components and a liquid portion. The cellular components
are lymphocytes, thrombocytes, and erythrocytes. The liquid portion is called plasma and consists
of electrolytes, small molecules, lipids, and proteins. The plasma proteins have different levels
of abundance, and as such can be divided into three groups [83]. The first group consists of
functional plasma proteins. These proteins have a high level of abundance. Functional plasma
proteins include human serum albumin, acute phase proteins of the innate immune response
like C-reactive Protein and ferritin, apolipoproteins, and coagulation proteins. The second protein
group is tissue leakage proteins, such as alanine aminotransferase, aspartate aminotransferase,
or cardiac troponins. The last protein group, with the lowest level of abundance, are signaling
proteins like cytokines and small protein hormones (Figure 1). The proteome from whole blood
samples, such as from a dried blood spot, will also contain proteins from erythrocytes (like

hemoglobin), thrombocytes and leukocytes [101].
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In clinical practice, the quantitative analysis of individual plasma proteins is usually done by
immunoassays or enzymatic essays against a single target. These techniques have inherent
limitations, for example, their specificity for protein isoforms and consequently their
incompatibility with hypothesis-free investigations. In contrast, mass spectrometry (MS)-based
proteomics analyzes all proteins in the sample — the proteome — and is, therefore, hypothesis-
free and unbiased. Proteome analysis by mass spectrometry allows the identification of all protein
proteoforms, including relative ratio determination and subsequentially systemic signaling
pathways, without necessary prior linkage of a specific protein to a specific disease making it a

promising tool for discovering biomarkers in plasma [84, 85].
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Figure 1. Blood-based laboratory testing in a clinical setting.

(A) Concentration range of plasma proteins with the gene names of several illustrative blood proteins (red dots).
Concentrations are in serum or plasma and measured with diverse methods as retrieved from the plasma proteome
database in May 2017 (http://www.plasmaproteomedatabase.org/) (Nanjappa et al, 2014). (B) Bioinformatic keyword
annotation of the plasma proteome database. The blue boxplots with the 10-90% whiskers visualize the range of
diverse proteins contributing to distinct functions. Graph and Text from: Geyer et al. (2017) Creative Commons Licence.
Copywright Geyer [82].

Nonetheless, MS-based proteomics is challenging in its own way for several reasons, but mostly
due to the high dynamic range of protein abundance and lack of reproducible, high-throughput
proteomic workflows. The wide dynamic range presents a barrier to the detection of low and
medium abundant proteins in mass spectrometry [86]. To deal with this problem, two strategies
are available: depletion and fractionation. Depletion works through columns containing
immobilized antibodies, removing some of the most abundant plasma proteins. These antibodies
are unfortunately not entirely specific and some proteins may already be bound to carrier
proteins such as human serum albumin [87, 88]. This means that the plasma sample after
depletions cannot be considered a quantitative representation of the original. Additionally, mass
spectrometry has been combined with extensive peptide fractionation methods to increase
resolving power and further discriminate between different protein isoforms. While fractionation
can be performed in various ways, strong cation exchange with a salt gradient or salt plug is the
most frequently used fractionation technique in proteomics [89, 90]. On the downside,
fractionation decreases throughput and thus prolongs the analysis, which is undesirable in

clinical practice.
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As our main analytical tool, we used liquid-chromatography-mass spectrometry. Liquid
chromatography-mass spectrometry (LC-MS) is an analytical chemistry technique that
combines the physical separation capabilities of liquid chromatography with the mass analysis
capabilities of mass spectrometry (MS). We used a previously designed LC-MS workflow for
shotgun plasma proteomics [91]. This workflow consists of three phases. The first phase is
sample preparation, which takes less than 2 hours including protein digestion. Partly because
depletion was omitted and partly because experiments had shown adequate protein digestion
had occurred after as soon as just one hour. During the second phase, liquid mass spectrometry
is performed. It turned out, that the number of identified proteins only increased very little after
20 minutes of analysis, thus setting the standard single-run gradient type at 20 minutes. The
final phase of this workflow is quantitative data analysis, taking about half an hour per sample
[91].

Although this workflow as described above, was originally designed for plasma analysis, it is

also applicable for dried blood spot analytics.

The analysis of dried blood spots (DBS) has become increasingly routine in pharmaceutical and
clinical communities. The first biomedical application of DBS on filter paper dates back to 1963
when Professor Robert Guthrie introduced this alternative sampling method for the detection of
phenylketonuria in the newborn population [92]. Today, the most famous usage of dried blood

spot analytics is probably in the newborn heel prick screening.

There are multiple advantages of dried blood spot analytics compared to blood plasma analytics.
For example, dried blood spot sampling is less invasive, since a finger or heel prick collecting
about 20 pL on the filter paper will suffice [93, 94]. Also, analytes preserved in dried blood spots
can be stable for years if stored adequately [95-97] Lastly, since most pathogenic agents
become deactivated during drying the risk of infection is reduced [97-99]. Dried blood spot
mass spectrometry was initially almost entirely limited to the analysis of small metabolites, but in
the past years, an increasing number of studies have focused on protein analysis by mass
spectrometry in dried blood spots [93, 101]. Preparing the DBS for mass spectrometry can be
done by stenciling out a small area of the DBS and extracting the proteins with an extraction
solvent [101].

1.10 Aim of the study

In this study, we aim to systematically compare proteome compositions in full-term newborns of
mothers with obesity, with the proteome composition of newborns of mothers without obesity
using a predesigned workflow for liquid chromatography-mass spectrometry. With this case-
control study design, we aim to identify differences in proteome composition in newborns of
affected mothers and thus identifying the affected proteins and the possibly differently regulated

signaling pathways.
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2. Materials und Methods

The work was approved by the Ludwig Maximillian University Munich Ethical Committee. Written
informed consent was obtained from at least one custodial parent after birth, before blood
sampling.

21  Study population

From February 2017 through June 2019, we included newborns born at the LMU Frauenklinik
MaistraRe of the Ludwig Maximillian Universitdt Minchen. The inclusion phase consisted of
three separate phases. First, from February 2017 until May 2018, the focus was exclusively on
recruiting preterm newborns. Secondly, from May 2018 until December 2018 we aimed to
recruit all newborns (term as well as preterm) that were born in that period at the LMU
Frauenklinik Maistraf3e. Because of the small number of cases, from December 2018 until June
2019 we aimed to include additional cases. During this last phase, we did not include all
newborns but included only newborns that were either preterm with a gestational age < 30
weeks, or term newborns with neonatal sepsis, perinatal asphyxia and/or maternal diabetes, or

term newborns that were small for gestation with a birthweight < 10. percentile (Table 1).

Recruitment phase Inclusion criteria

February 2017 until May 2018 Gestational age < 37 weeks

May 2018 until December 2018 All births, regardless of gestational age
December 2018 until June 2019 1. Preterm (gestational age < 30 weeks)

2.Neonatal sepsis

3. Perinatal asphyxia

4. Maternal diabetes
5.Small for gestational age

Table 1. Inlcusion criteria

Because the focus of this dissertation was the proteome of newborns with maternal obesity, |

determined specific exclusion criteria catering to this focus.

For the analysis that is the focus of this dissertation, we excluded preterm newborns, newborns
with a clinically diagnosed and/or genetically confirmed syndromal disorder, newborns with a
major congenital deformity or heart disease, as well as newborns with clinical and/or laboratory
signs for neonatal sepsis, and newborns with perinatal asphyxia. There were no other
restrictions such as birth weight, mode of delivery, or gender. Furthermore, we excluded
newborns of mothers who had been diagnosed with infectious, inflammatory, or metabolic

disease (Table 2).

Exclusion criteria Definition
Preterm Birth Gestational Age < 37+0 weeks
Syndromal disorder Clinically diagnosed by an experienced physician and/or confirmed by genetic testing i.e.

karyotype testing, FISH, or whole-exome analysis.
Congenital heart disease | Diagnosed prenatally or by a pediatric cardiologist through echocardiography

Neonatal Sepsis Clinically diagnosed by an experienced physician and/or elevated infectious disease markers
Perinatal Asphyxia pH < 7.0, Base-Excess < -16 mmol/l; 5-Minute-Apgar-Score < 6

Maternal diabetes Specifically maternal diabetes Type |

Other maternal disease Infectious, inflammatory, or metabolic disease.

Maternal weight Mothers with a BMI between 25 and 30 kg/m? were excluded.

Table 2. Exclusion criteria
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Therefore, our case group consisted of full-term, by all appearances healthy, newborns of
otherwise healthy mothers with maternal obesity. Maternal obesity was defined as a BMI > 30
kg/m2. The control group consisted of full-term, healthy, newborns without maternal overweight

including obesity (i.e., maternal BMI < 25 kg/m?2).

2.2 Data collection

2.2.1 Patient data and medical history

Medical data regarding the pregnancy, maternal health status, maternal height and weight, as
well as the delivery and anthropometric data of the newborn, was taken from the maternal and

newborn medical records.

Additionally, the parents were given a questionnaire regarding their medical history, focusing on
cardiovascular, metabolic, endocrinological, inflammatory, hereditary diseases and allergies, as
well as the mother's vaccination status and use of medication and/or vitamins, before and/or
during the pregnancy. Furthermore, the questions covered the medical history of direct family
and siblings of the newborn, focusing on allergies, metabolic, endocrinological, inflammatory,

and hereditary disorders (Attachment 1).

2.2.2 Blood Samples

The blood samples were always collected simultaneously with a clinically necessary drawing of
blood to avoid unnecessary additional stress for the newborn. For most term newborns (98%)
this resulted in sample collection simultaneously with the newborn blood screening between 36
and 72 hours of life. In total, 10% of blood sample collections occurred in the first 36 hours of
life, 86% between 36 and 72 hours of life, and 4% shortly before being discharged from the
hospital. For the analysis concerning this dissertation, | focused on samples collected between
36 and 72 hours of life.

The sample consisted of a couple of drops of capillary (48%), venous (38%), or arterial (2%)
blood on a blood spot card. For 12% of samples the collection method c.q. the type of blood
sample was unknown. Before proceeding with these three different collection methods, the

comparability of the samples was examined and confirmed.

The blood spot card was left to dry at room temperature for a maximum of 24 hours before
being transferred to a -80 °C freezer. The blood spot cards were collected and sent to the Max

Planck Institute for biochemical research for analysis by mass spectrometry.
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2.3 Analysis

To analyze and interpret the protein quantifications and post-translational modification data we
used the Perseus computational platform from MaxQuant [102]. The proteomic data was
analyzed with a T-test and presented in Volcano Plots. We added a false discovery rate (FDR)

threshold of 0.05 to correct for random events that falsely appear significant.

Additionally, we used IBM SPSS Statistics to analyze descriptive statistics. A p-value of <0.05 will

be considered significant.



3 Results 21

3. Results

3.1 Study population

Between February 2017 and June 2019, we included 662 newborns in total. Of those 662
newborns, 359 met the inclusion criteria for this study, i.e. full term, without perinatal asphyxia,
perinatal infection, and/or congenital heart disease, as well as no maternal diabetes mellitus
Type 1. For our main analysis, we identified 15 newborns with maternal obesity, defined as a
maternal BMI > 30 m?%kg at the beginning of pregnancy. As controls, we identified 344

newborns with maternal BMI < 25 m2/kg (Figure 2).

Total participants
N =662

| Exclusion criteria |

| - Gestational age < 37 weeks |
- Perinatal asphyxia

I - Neonatal sepsis I

| - Congenital heart disease |

| - Incorrect time of sampling |

I - Maternal diabetes mellitus type 1 I
- Maternal BMI unknown

|- Maternal BMI 25-30 kg/m? |

| N=303 |

Total participants
included in analysis
N =359

v v

Maternal obesity Maternal BMI
BMI > 30 kg/m? < 25 kg/m?
N=15 N =344

Figure 2. Study Flow-chart

We observed no differences between the groups in most descriptive characteristics like
gestational age, birth weight or maternal age. We did however observe a significant difference
between the groups in occurrence of maternal diabetes, either gestational or diabetes mellitus
type 2, as well as the occurrence of hypertensive gestational diseases, i.e. pre-eclampsia,
hypertension, and/or HELLP. These differences between the groups were as expected since
obesity is a well-known risk factor for gestational diabetes, diabetes mellitus type 2, and

hypertensive gestational diseases (Table 3).
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Maternal BMI > 30 Maternal BMI < 25
(n=15) (n=344) p-Value
Infant Characteristics
Gestational age, mean (SD), d 277(7.8) 278(8.3) 0.741
Birth weight, mean (SD), g 3395 (450) 3385 (474) 0.939
Female (%) 5(33.3 %) 163 (47.4%) 0.429
Small for gestational age, < P.10 (%) 1(6.7%) 38 (11%) 0.716
Large for gestational age, > P. 90 (%) - 17 (4.9%) 0.630
Postnatal hypoglycemia - 28 (8.1%) 0.618
Maternal Characteristics
Maternal age at birth (SD), y 32.5(5.1) 34.1(4.2) 0.136
Maternal BMI, weighed at first prenatal visit (SD) 32.4(2.1) 21.3(1.7) 0.000
Maternal BMI, reported (SD) 30.9(2.5) 21.1(1.8) 0.000
Maternal Diabetes, gestational or Type 2 (%) 3 (20.0%) 16 (4.7%) 0.009
(Pre-)Eclampsia, hypertension and/or HELLP (%) 2 (13.3%) 4 (1.2%) 0.020
Other
Time of sampling (SD), h 43.2(7.5) 45.7 (7.4) 0.196

Table 3. Infant and maternal characteristics. * Significant if p<0.05

When visualizing the concentration range of plasma proteins of our population in a scatter plot,

the expected pattern appeared (Figure 3). The scatter plot shows a small group of high-abundant

functional plasma proteins such as albumin, hemoglobin, gamma globulin, and apolipoprotein A1,

a large middle group of different proteins ranging from nucleotide-binding proteins like rab-2A,

signaling proteins like interleukin-18, and enzymes like NADH-cytochrome b5 reductase 3, and

lastly a smaller group of low-abundant proteins like FMC1 that plays a role in the ATP synthase

in mitochondria, YIPF6 which is important for intestinal epithelial cell development or SERPINB1

which is a leucocyte elastase inhibitor with the primary function to protect the cell from proteases

released in the cytoplasm during stress or infection.

Protein concentration log10(x)
- u

T T T T T T T
0 200 400 600 800 1000 1200
Protein Rank

Figure 3. Concentration range of plasma proteins
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3.2 T-test analysis

The results of the t-test analysis comparing the proteome of the newborns with maternal obesity
with the proteome of newborns with normal maternal weight were visualized in a volcano plot
(Figure 4). Four proteins stood out; Ribosomal protein S21 (RPS21), UNC13D, Kallistatin
(SERPINA4) and Prostaglandin E2 receptor EP (PTGERS3). The first three appeared to be more
abundant in newborns with maternal obesity, the latter appeared to be less abundant in
newborns with maternal obesity. Unfortunately, when introducing an FDR threshold of 0.05, one
notices that we did not detect a big enough difference in abundance and/or a small enough p-

value for any of the proteins.

-logp
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Difference in protein concentration (controls / cases) [1e-1]

Figure 4. T-Test Volcano Plot. Cases = maternal BMI > 30 kg/m2, Controls = maternal BMI < 25 kg/m2.
Highlighted proteins showed an at least 4 fold difference in abundance in the controls with an p-value < 0.01.

After consideration, | excluded newborns with maternal diabetes mellitus type 2 and gestational
diabetes (n=3 in the case group, n=16 in the control group) and performed another t-test
analysis, the results of which were visualized in a volcano plot (Figure 5). RPS21, SERPINA4
and PTGERS3 continued to appear at the outskirts of the plot. Unfortunately, again none of the
proteins showed a big enough difference in abundance or small enough p-value to pass the
FDR threshold.
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-logp

Difference in protein concentration (controls / cases) [1e-1]

Figure 5. T-Test Volcano Plot, after excluding newborns with maternal diabetes. Cases = maternal BMI >
30 kg/m2. Controls = maternal BMI < 25 kg/m2. Highlighted proteins showed an at least 4 fold difference in
abundance with a p-value < 0.01.

Nevertheless, even without having passed the FDR threshold, the three proteins that continued
to emerge as outliers, might be worth looking further into. RPS21, SERPINA4 and PTGER3
showed an at least 4-fold difference in protein levels between the groups, with a p-value of
<0.01 (Table 4). RPS21 and SERPINA4 showed a higher abundance in newborns with maternal
obesity. The other protein, Prostaglandin E2 receptor EP, showed a lower abundance in

newborns with maternal obesity.

Protein Difference in protein levels between groups (log10) p-value (-log p)

SERPINA4 4.48 x (- 0.651) 0.0079 (2.1069)
higher abundance in newborns with maternal obesity

RPS21 5.01 x (-0.704) 0.0001 (4.6277)
higher abundance in newborns with maternal obesity

PTGER3 9.71x( 0.978) 0.0095 (2.0215)
lower abundance in newborns with maternal obesity

Table 4. Comparing the protein levels in the blood of newborns with maternal obesity with the protein levels
in the blood of newborns without maternal obesity, after exclusion of newborns with maternal diabetes.
Shown are the three proteins showing an at least 4-fold difference in abundance with a p-value < 0.01.
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4. Discussion

Unfortunately, the differences in protein concentration that initially seemed to have appeared in
our analysis of the proteomic data, did not pass the FDR threshold. This is presumably due to
the small sample size of our case group. Therefore, it is not possible to confidently determine

whether these differences are random or true.

Upon consideration, we decided to consider the proteins RPS21, SERPINA4 and PTGERS3 to
warrant further investigation, as they continue to appear as outliers, even though the results are

not to be considered significant.

SERPINA4 and RPSS21 showed a higher abundance in newborns with maternal obesity.
Whereas PTGER3 on the other hand showed a higher abundance in newborns with normal

maternal weight.

UNC13D initially appeared as an outlier as well, suggesting a higher abundance in newborns
with maternal obesity. This suggestion attenuated after correcting for maternal diabetes type 2

and gestational diabetes.

Here, we will be looking further into these individual proteins, their subsequent pathways, and

their potential role in obesity, metabolic syndrome, and/or cardiovascular disease.

41 Kallistatin (SERPINA4)

Kallistatin is a serine proteinase inhibitor, which was first identified as a tissue kallikrein binding
protein [103, 104]. Tissue kallikreins are expressed throughout the human body and are
involved in various processes, including inflammation, coagulation, vasodilation, and blood
pressure regulation [105]. The Kallikrein-kinin pathway acts to lower systemic blood pressure
and reduces reactive oxygen species [106], which means it acts as a counterbalance to the
renin-angiotensin-aldosterone system [107] and plays a protective role in organ damage in the
heart and kidney. As a tissue kallikrein binding protein, Kallistatin directly interferes with the

processes listed above.

Additionally, kallistatin has been reported to play a role in blood pressure regulation [108],
vasculature relaxation [109], and neointima hyperplasia [110], independently of the tissue

kallikrein-kinin system.

Furthermore, kallistatin is also involved in the canonical Wnt-pathway [111]. The canonical Wnt-
pathway is activated when Wnt binds to the coreceptor complex of Frizzled and low-density
lipoprotein receptor-related protein 6 (LRP6). Subsequent events lead to the prevention of
phosphorylation of B-catenin. If phosphorylation of B-catenin is prevented, it accumulates and
translocates to the nucleus where it binds to T-cell factor/lymphoid enhancer factor (TCF4/LEF),
which in turn promotes the expression of Wnt target genes like VEGF, a known proangiogenic

agent.

An older study from 1996 found that kallistatin levels were significantly reduced in the eyes of
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patients with diabetic retinopathy, which might suggest a protective effect of kallistatins
antiangiogenic properties on microvasculature [112]. Later, Liu et al. showed antiangiogenic and
antineuroinflammatory effects of kallistatin through inhibition of the Wnt Pathway specifically in
diabetic retinopathy mouse models [111]. Kallistatin inhibits the Wnt Pathway by binding to the
extracellular domain of LRP6, thus inhibiting the phosphorylation of B-catenin and preventing the

translocation to the nucleus [113].

In 2014, McBride et al. hypothesized that kallistatin could also be involved in wound healing
through interactions with the canonical Wnt pathway since Wnt signaling modulates cell
proliferation, angiogenesis, and hair follicle growth [114]. To further investigate this theory, they
generated Kkallistatin-transgenic (KS-TG) mice that overexpressed and secreted human
kallistatin. KS- TG mice showed reduced microvascular density and hair follicle density, as well
as thinning of the panniculus adiposus layer; features also found in human lower limb skin in
patients with diabetes and/or peripheral vascular disease [115]. KS-TG mice also showed an
impaired skin hyperemic response upon local ischemia. Most interestingly wound closure in KS-
TG mice was slower compared to wild-type mice. KS-TG mice had reduced vascular density in
the wound area and the expression of VEGF was significantly lower in KS-TG mice compared to
wild-type mice. In addition to their research in mouse models, McBride et al. also analyzed
kallistatin levels in type 2 diabetic patients with and without vascular complications and
compared them to the levels of healthy controls. Kallistatin levels were significantly higher in
diabetic patients with vascular complications compared to non-diabetic individuals as well as
diabetic patients without vascular complications. In diabetic patients, kallistatin showed
correlations to several parameters related to vascular complications such as HbA1c, large and
small artery elasticity, and albumin-to-creatinine ratio. To summarize, the data of their study show
that high levels of kallistatin seem to affect the structure of the skin, with reduced skin
microvascularisation, hair follicle, and thinning of the panniculus adiposus layer, as well as
cause a delay in the wound healing process. Human type 2 diabetic patients with vascular
complications showed significantly higher levels of kallistatin, though it is not yet known whether

this is due to increased secretion or decreased reuptake by the liver.

Earlier, Jenkins and McBride et al. already found higher kallistatin levels in type 1 diabetic patients
with renal dysfunction, as well as type 1 diabetic patients with hypertension and other
microvascular complications such as proliferative retinopathy [116]. El-Asrar et. al. found
positive correlations between kallistatin and fasting blood glucose, urine albumin-to-creatinine

ratio, triglycerides, total cholesterol, hs-CRP, HbA1c, and carotid intima media thickness [117].

A possible explanation as to why kallistatin seems to be elevated in patients with microvascular
complications, renal dysfunction, hypertension, and vascular dysfunction, even though it is known
to have anti-inflammatory, anti-angiogenic, and antioxidant effects as well as positive effects on
blood pressure regulation, might be that the elevation is compensatory. This theory was
previously proposed by Jenkins and McBride [116]. They suggested, that whilst some of the
effects of kallistatin may be beneficial, they may simultaneously delay wound healing and

interfere with the delicate balance between pro- and anti-angiogenic factors in vessel formation
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and repair, causing a higher risk of microvascular complications.

Unfortunately, to our knowledge, there is little to no data about kallistatin in patients with obesity.
Gateva et al. compared kallistatin levels of patients with obesity with and without prediabetes or
metabolic syndrome but did not include a control group without overweight or obesity in their
study. They did find higher levels of kallistatin in obese patients with prediabetes as well as in
patients with metabolic syndrome, compared to controls with normal glucose tolerance or no

metabolic syndrome [118].

Our t-test analysis showed a 4.5-fold higher abundance of kallistatin in newborns with maternal
obesity, with a p-value of 0.008. Building on the hypothesis of Jenkins and McBride, we could
also hypothesize that the observed elevation of kallistatin levels in these newborns is
compensatory as a reaction to the different intrauterine environment to which they were
exposed. As listed above, kallistatin has a variety of different effects and it is, therefore, possible
that it might be partly responsible for the newborn’s predisposition to metabolic syndrome,
obesity, or cardiovascular disease later in life. Since we didn’t collect any follow-up proteomic
data, it is unclear if this possibly compensatory elevation of kallistatin levels is permanent or
temporary. It would be interesting to see, whether this elevation of kallistatin levels is still

detectable at the age of onset of metabolic syndrome, cardiovascular disease, or obesity.

4.2 Prostaglandin E2 receptor subtype 3 (PTGER3)

The obese, insulin-resistant state comes with several physiological changes such as
dyslipidemia, hyperinsulinemia, hyperglycemia, and systemic inflammation. These changes
induce beta-cell stress and increase beta-cell workload. This forces the beta cell to compensate
in order to survive and keep up with the demand, causing significant ER and mitochondrial
oxidative stress [119, 120]. In a compensating beta cell, this mitochondrial oxidative and ER
stress is im- proved by responses like the unfolded protein response (UPR) and autophagy. This
proposes the hypothesis, that as long as the beta-cell is able to adapt, type 2 diabetes will not
occur. Unfortunately, some compensatory mechanisms are also thought to contribute to the

pathophysiology of type 2 diabetes itself.

The role and function of prostaglandin and its receptors, more specifically the E2 receptor

subtype 3 (EP3), have been of growing interest regarding obesity and diabetes.

Activation of the EP3 receptor by prostaglandin E2 (PGEZ2) results in activation of a G protein,
specifically Gaz [121], which decreases the intracellular cAMP concentration by inhibiting adenyl
cyclase [122, 123]. cAMP plays a part in glucose stimulated insulin secretion (Figure 6). Mouse
models for diabetes type 2 have a decreased ability to upregulate their cAMP production [124].
Pancreatic islets from both mice and humans with type 2 diabetes have a higher expression of
EP3 and produce more PGE2, which leads to a decrease in cAMP levels, which in turn results in

a weaker insulin secretory response to glucose [124].
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Figure 6. cAMP/PKA/PPARYy pathway of the EP3 receptor.

High glucose, pro-inflammatory cytokines like IL-18 and COX-2, and/or free fatty acids have been
shown to upregulate the production of PGE2 and consequently enhance EP3 receptor activation
[125-127]. As described above, the role of PGE2 and the EP3 receptor in glucose stimulated
insulin secretion has been studied [124, 128]. However, the role of PGE2 and EP3 in beta-
cell proliferation and beta-cell mass dynamics is also of interest. For example, EP3 knock out
mice (EP3-/-) show increased beta-cell proliferation when fed a high-fat diet (HFD) [129].
Moreover, global loss of Gaz also results in increased beta-cell proliferation in mice during both
normal as well as HFD feeding regimes [130]. Carboneau et al. showed that blocking EP3
signaling resulted in an increase in beta-cell proliferation in humans, whereas activating EP3
signaling increased cytokine-induced beta-cell death. Interestingly, they also found an increase
in PTGER3 expression during aging mouse pancreatic islets, which may lead to increased
PGEZ2 signaling via EP3 and therefore impaired beta-cell proliferation and increased beta-cell
death [131].

Two other processes in which Prostaglandin E2 and its successive pathway are thought to play
a part, are adipogenesis and lipolysis [132-134]. Xu et al. specifically studied the effect of
activation or genetic deletion of EP3 in mice on adipogenesis and lipolysis via the
cAMP/PKA/PPARy pathway. They showed that deletion of EP3 in mice resulted in increased
lipolysis[135]. Lipolysis is the process of breaking down triglycerides into glycerol and free fatty
acids, facilitated by adipose triglyceride lipase (ATGL), hormone-sensitive lipase (HSL), and
monoglyceride lipase (MGL) (Figure 7) [136].

Increased lipolysis results in excessive free fatty acids (FFAs) in circulation, which may lead to
ectopic lipid deposition, impaired insulin sensitivity, and hyperlipidemia [137]. Xu et al showed
that deletion of EP3 in mice will result in higher levels of PKA and PPARy[134], which reportedly
leads to enhanced expression of ATGL and HSL[137-139] and phosphorylation of HSL [136],

resulting in increased lipolysis.
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Figure 7. Lipolysis.

Additionally, Xu et al. described evidence that supports the involvement of the EP3 receptor in
adipogenesis. Adipogenesis is the differentiation of preadipocytes into adipocytes and the
accumulation of triglycerides in lipid droplets. This process is controlled by PPARy and CCAAT -
enhancer-binding proteins (C/EBPs). The expression of PPARy and C/EBPs are promoted by
cAMP response element-binding proteins (CREB), which are dependent on cAMP [141] (Figure
6). The activation of the EP3 receptor led to suppression of the cAMP axis and consequently
decreased the differentiation of preadipocytes to adipocytes. Furthermore, they found that EP3-

/- mice had more food intake, displayed less motor activity, and developed an obese phenotype
[135]. These findings were consistent with previous research. For example, Ceddia et al. also
found that EP3-/- mice were less active, developed an obese phenotype, displayed increased
lipolysis, had increased ectopic lipid accumulation, and were insulin resistant [129]. Sanchez
Alavez et al. described insulin resistance and increased body weight in EP3-/- mice as well.
Further, their EP3-/- mice displayed increased feeding throughout the day, with additional feeding
during the night [142].

Our t-test analysis showed a 9.7-fold lower abundance of EP3 receptors in newborns with
maternal obesity, with a p-value of <0.01. Theoretically, fewer EP3 receptors could mean less
inhibition of the cAMP/PKA pathway, and therefore more glucose stimulated insulin secretion.
Since EP3 knock out mice display increased beta-cell proliferation, the downregulation of EP3 in
newborns after intrauterine exposure to an adipose state accompanied by mild hyperglycemia,
increased free fatty acids, and/or pro-inflammatory cytokines, may also result in increased beta-
cell proliferation as a compensatory mechanism. On the other hand, these compensatory
mechanisms potentially might also increase the risk of developing an obese phenotype,
increased lipolysis, and ectopic lipid accumulation, since that is what has been described in
EP3-/- mice. In summary, increasing research has shown the EP3 receptor to play a relevant part
in adipogenesis, lipolysis, and insulin metabolism. Our research shows that newborns of mothers
with obesity show a lower abundance of this receptor, although not significantly, proposing the
question of the exact mechanism in which this will affect the newborn now and later in life.

Further research is necessary to shed more light on this interesting phenomenon.
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4.3 Ribosomal protein S21 (RPS21)

Unfortunately, there is not a great amount of research available involving the ribosomal protein
S21 (RPS21) and its function, especially regarding obesity, diabetes and/or metabolic syndrome

in humans.

The ribosomal protein S21 is a translation initiation factor and binds the 40S subunit of the
ribosome [143]. Van Duin et al. showed a vital role for RPS21 in the binding and subsequent
translation of natural mRNA in E. Coli [144]. Wang et al. found that the up-regulation of RPS21
resulted in the activation of the MAPK pathway in human osteosarcoma cells, leading to
enhanced cell proliferation, differentiation, and development and subsequently to a poorer

prognosis [145].

MAPKSs regulate a large amount of complex cellular programs like cell proliferation, differentiation,
angiogenesis, and apoptosis[146-149] (Figure 8). Earlier, it was determined that cAMP will inhibit
the growth of fibroblasts, smooth muscle cells, and adipocytes, by blocking the Raf/MAPK
pathway [150].
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Figure 8. The MAPK signaling pathways in mammalian cells.

Other studies have linked enhanced activation of the JNK pathway to obesity and type 2 diabetes
[151-154]. For example, JNK1 knockout mice show reduced improved insulin activity and are less
prone to develop obesity when on a high-fat diet[151]. Also, JNK1 phosphorylates insulin
receptor substrate, thus interfering with insulin signaling and playing a part in the development
of insulin resistance[152- 155]. Research showed RPS21 as a regulator of the Ras/Raf/MAPK
pathway in Drosophila[155], but whether the JNK/MAPK pathway is also regulated by RPS21

has not been investigated.

Our t-test analysis showed a 4.9-fold higher abundance of RPS21 in newborns with maternal
obesity, with a p-value of <0.0001. Unfortunately, to this day, the exact mechanism between
RPS21, subsequent enhanced cell proliferation, and differentiation in adiposity and/or insulin

resistance remains largely unexplained, but a topic that warrants further investigation.
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44 Protein unc-13 homolog D (UNC13D)

At this point in time, the unc-13 homolog D protein (UNC13D) has not yet been extensively
studied. The possibility of involvement in obesity and/or diabetes is not studied at all. Current
evidence shows that UNC13D is essential for the priming and maturation of granules in several
hematopoietic cells[159, 160], the regulation of endocytic function[161], as well as for the
regulation of exocytosis of granules in neutrophils, natural killer cells (NK cells) and cytotoxic T
cells (CTs)[162- 164]. Additionally, mutations in the gene encoding for unc-13 homolog D protein

is linked to the development of familial hemophagocytic lymphohistiocytosis )[165].

Before excluding the newborns with maternal diabetes type 2 and gestational diabetes, the t-
test analysis showed a 5.4-fold higher abundance of UNC13D in newborns with maternal
obesity, with a p-value of <0.01. These results did not pass the FDR threshold. After excluding
newborns of mothers with gestational or type 2 diabetes, this suggested correlation was no
longer measurable. These changes in results after exclusion could, of course, be due to the
small sample size of our case group. An analysis with bigger group sizes would be necessary to

confirm or disprove these results.

Nevertheless, it could be plausible that the higher abundance of this protein involved in the
function of inflammatory response cells (i.e. neutrophils, CTs, and NK cells), could be a direct
response to the intrauterine exposure to the high inflammatory state that is adiposity.
Naturally, because of a lack of research and evidence in this direction, this remains only a theory

that should be investigated more in the future.

4.5 Review

The inclusion process was designed to recruit a birth cohort. After the birth cohort was
established, study cohorts were defined by individual exclusion criteria catering to the specific
purpose of each study. In this study, we succeeded in establishing a birth cohort only in the
second phase of the recruitment period, from May 2018 until December 2018. In the first phase
of the recruitment, newborns with a gestational age > 37 weeks were already excluded and in
the third phase, the focus was on including newborns with an infection, maternal diabetes,
perinatal asphyxia and/or were born before 30 weeks of gestation. The healthy newborns born
in the period December 2018 until June 2019 were not included. As the focus of the study
discussed in this dissertation was on healthy newborns, it would have been beneficial to have

extended the recruitment of the birth cohort to minimize bias while expanding our study cohort.

Some bias was presumably introduced simply because the study was conducted at a university
hospital located in a central part of Munich. Adding to that, the questionnaire that was handed
out to the parents was only available in German or English. Consequently, we found that most
of the participating families categorized themselves as being of ‘Western’ ethnicity (93% for both
mothers and fathers), reported an urban living environment (86%), and had a higher educational
level (76% and 74% for mothers and fathers respectively) [166]. If the questionnaire had been
available in additional languages, or if the recruitment was not limited to the centrally located

university hospital the study cohort may have been more representative of the population.
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Moreover, because of the observational design of the study, we experienced some difficulties that
were inherent to this study design. Some women were not weighed at their first prenatal visit,
some women only had their first prenatal visit way further along in their pregnancy, which would

lead to missing values and uncertainties in the reliability of the documented weight.

As already mentioned in the introduction, we used BMI as a measuring and classification tool for
obesity, since it is the most practical tool in an observational study design. BMI has, as discussed
before, its limitations as it does not distinguish between fat and other tissues. Also, we could not
differentiate between metabolically healthy or unhealthy women with obesity, as we had no data
regarding levels of blood glucose, cholesterol, adipokines etc. For a follow-up study, we would
recommend collecting additional data on these laboratory parameters as well as measurements
like waist-to-hip ratio and waist circumference. These measurements are only meaningful if

measured in the very early stages of pregnancy.

The prenatal screening method for gestational diabetes is, like all screening tools, not flawless
[167]. Some women were never prenatally screened due to a multitude of reasons, or the
screening could have shown a false negative outcome. Both situations would lead to the woman
being considered non-diabetic, whereas she would have benefitted from dietary care or insulin
therapy, possibly resulting in a higher HbA1¢ during their pregnancy. On the other hand, women
who were considered diabetic, receive treatment and additional check-ups during the entire
pregnancy, possibly resulting in a lower HbA1c during their pregnancy. Since we had no data
regarding the prenatal glucose- or HbA1c-levels of women of either group, we have no way of

knowing their exact metabolic state during pregnancy.

In this study, we decided to analyze blood from dried blood spots instead of blood plasma.
Although dried blood spot analytics has many advantages compared to blood plasma analytics,
such as easy and less invasive sampling, it also has some disadvantages. The proteome from
whole blood samples will also contain proteins from erythrocytes, thrombocytes and leukocytes.
These high abundant proteins like hemoglobin may overshadow smaller and minimal abundant
proteins.

The blood samples were taken simultaneously with the heel prick screening to avoid
unnecessary stress for the newborn. Because the study aimed to investigate differences in the
proteome brought on by changes in the intrauterine environment, it would have been more

suitable to take the sample immediately after birth.

Using mass spectrometry to perform the proteome analyses allows the identification of all
protein proteoforms and is because of the hypothesis-free approach a fitting tool for identifying
new biomarkers. With the greatly increased number of proteins analyzed, the likelihood of
finding false positives increases as well. Introducing a false discovery rate aids in limiting the
chances of false positives. Unfortunately, the proteins that initially seemed to show a notable
difference in abundance between our groups (i.e. newborns with and without maternal obesity),
did not pass the FDR threshold. It is therefore not with a certainty distinguishable whether these
differences in the proteome are true or merely random. This is most probably due to the small

sample size of only fifteen mothers with a BMI > 30 kg/m?2.

Even though our findings did not pass the FDR threshold and therefore none of the differences
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in protein levels could be considered significant, they do pose an interesting starting point for
further research, possibly with a larger sample size. Especially interesting are Kallistatin and the
Prostaglandin E2 receptor, as they are known to work in pathways that could be related to, or

have an interaction with, the pathogenesis of obesity, cardiovascular comorbidities and/or
metabolic syndrome.
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4.6 Conclusion

In summary, our study suggests but does not prove, that there are some changes in the
proteome of newborns with maternal obesity. We propose these changes to be a result of
intrauterine exposure to metabolic abnormalities of obesity.

We initially found four proteins that seemed to be of interest. Kallistatin and Ribosomal Protein
S21 showed a higher abundance in newborns with maternal obesity compared to the newborns
of mothers with normal weight, whereas Prostaglandin E2 receptor subtype 3 was less abundant
in newborns with maternal obesity. The initial suggestion of a higher abundance of protein unc-
13 homolog D was no longer detectable after correcting for maternal diabetes.

Unfortunately, due to our small sample size, after adding a false discovery rate threshold of 0.05,
the significance of the changes in abundance of these proteins was not enough.

Even though none of these proteins showed a significantly higher or lower abundance after FDR
correction, the results are not less interesting. Especially both Kallistatin and the Prostaglandin
E2 receptor are known to work in pathways that could in some way be related to the
pathophysiology of obesity and metabolic or cardiovascular diseases.

The next step would be to reevaluate and replicate our research with a larger sample size and
more extensive data as mentioned before. If future studies could prove SERPINA4, PTGERS or
other proteins as biomarkers for predisposition to obesity, metabolic and cardiovascular
diseases, it could lead to a better understanding of the pathomeganisms behind them. This
could lay the groundwork for new and/or different preventative approaches to eliminating
overweight and obesity.
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Anhang 1: Questionnair

KLINIKUM CAMPUS INNENSTADT

LIVI u PERINATALZENTRUM
DER UNIVERSITAT MUNCHEN NEONATOLOGIE DER KINDERKLINIK

Foreword

Thank you very much for taking your time to answer the following questions concerning our study “proteomics
of premature infants and neonats”. It will only take you about 5-15 minutes.

To ensure the exhaustiveness of our data, we kindly want to ask you, to answer every single question. Should
one of the medical facts not apply, please answer with a ”No” and do only leave a blank, when you can’t
provide any further information.

We are only going to use the acquired data in an anonymised form in our final data analysis without
breaching patient confidentiality or data protection laws.

Should there be any questions please don’t hesitate to ask.

Personal details ( mother )

SUMNAME, NAME  .euiiiiieeeeeereeeeeeeeste e e ereeereessse e sreeasaessesneesaesanensaensens Date of birth ...cveveeeeeeeeeeeee e,

State of health of mother and father

o Hasthe mother or father of the new born child been diagnosed with one of the following diseases?

mother father

-cardiovascular diseases e e
- diabetes type 10 20 type 100 20
-thyroid disorders e e
- haemophiliac & coagulation disorder s e
- herpes simplex ( lips, genitals ) yes O no O yes O no O

-autoimmune disease ( e.g. rheumatoid arthritis) s e
- intestinal disorders ( e.g. Crohn’s disease, ulcerative COlitis )uuvnvvimmvniiccs e
-geneticdiseases e e

If yes; are you related to the father of your child?
no O yes [ degree ( e.g. cousin third degree ) ....ccoecvevceiveceieeeeeevennn,

-other (e.g.endocrine, neurological) e e

o Haveyou or the father of the new born child been diagnosed with one of the following diseases?

mother Father

allergic asthma yves O no O ves 0 no O

eczema / neurodermatitis yes O no O yes O no O
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hay fever

which one?

other allergies

which one?

- If you do suffer from an allergic disease ( hay fever, allergic asthma, neurodermatitis/ eczema ), have

you recognized the equivalent symptoms during your pregnancy?

yes O

Medical history

no

O Hasone of your relatives been diagnosed with one of the following diseases ( parents, siblings) ?

allergies

allergic asthma

neurodermatitis

diabetes

genetic diseases

others

yes

no

yes
no

yes
no

yes
no

yes

no

yes

no

O

0o Oo Op

O

O

O

O

Which disease? ...,
WHO? e
WHO? ettt et e ae e
WHO? et
typel O WhO? s

type2 O
Which disease? ...
who?
Which disease? ...
who?

[0 Hasone of your husband’s relatives been diagnosed with one of the following diseases?

allergies

allergic asthma

neurodermatitis

yes

no

yes
no

yes
no

oo oo O 0O

Which diSase? ..o

who?

who?

who?
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diabetes yes | typel O WHO? e
no O type2 O
genetic diseases yes Which diSease? ...
WHhO? e
no
other diseases yes O Which diSease? ...t
WHhO? e
no O
Gynaecological questions
o What was your weight before the pregnancy?.........ccoooeiie e kg
o Atwhat age did you have your menstrual bleeding for the first time? ..........ccccoceeviieeeiineenns years
o How many days does your menstrual cycle last 0n average? ........ccccevveeeeiieeecciee e days
o Didyou take oral contraceptives ( the pill )?
yes O NOW IONE? .ttt years
name of the last product:
no O
o Didyou take any other hormonal or pharmacological treatment for contraception?
how long? years
which
treatment? L
o Haveyou hadany surgical gynaecological procedures so far ?

Year before the pregnancy
O

Were you vaccinated the year before your pregnancy?

O
O

yes which vaccination?

no
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o Didyou take any medication the year before your pregnancy?

yes O MEdiCation et
painkillers e
sleeping pills
vitamins
minerals
no O

o Didyou have any operations the year before your pregnancy?

yes O WhICh ONE? et

no O
o Were you abroad for a longer time during the year before your pregnancy?

yes O COUNLIY e s et e s re e re st e e aaesreenaans
no O

Year of the pregnancy
O Wereyouvaccinated during the year of your pregnancy?
yes O which vaccination? .

no O

[0 Didyou take any medication during the year of your pregnancy?

yes O Medication s
painkillers e
sleeping pills e
vitamins
minerals
no O

o Didyou have any medical interventions the year of your pregnancy ( excluding
pregnancy examinations )?

yes O WhICh 0NE? e

no O
o Was a hospital admission during your pregnancy needed?

yes O CAUSE  woveeeeeiieereseteseeseseseseessseensesseessessaensesessabesssenseessensesssesssensenes

no O

o Didyou live in an urban or rural environment during your pregnancy?
urban I rural [

For how long have you been living in this environment? ...........ccccue... years
o Wereyou abroad for a longer time during the year of your pregnancy?

yes O COUNLIY et settreeneste v e sre e be et s ennesneennennas

no O
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Earlier pregnancies

o Haveyou given birth to twins, triplets or even quadruplets in earlier pregnancies?

yes O

no O

vevvennee triplets oo, quadruplets

o How many of your children were born prematurely ( before 37th pregnancy week )?

........................... premature infants

none Od

o Howdid you give birth to your previous children?

Number of natural births

forceps delivery ........... caesarean section ...........

o Haveyoualready had a miscarriage, stillbirth or abdominal pregnancy?

yes O

no O

o If there are any siblings, how many?

number of

misscariage ......... stillbirth .........

abdominal pregnancies .........

o Hasoneof your other children been diagnosed with one of the following diseases?

allergies

allergic asthma

neurodermatitis

diabetes

genetic diseases

others

yes

no

yes
no

yes
no

yes
no

yes

no

yes

no

O

00 Oo Op

O

O

O

O

Which disease? ... e
WhO? e
WHO? ettt st
WHO? e e
typel O WhO? e

type2 O
Which diSease? ...
WhO? e
Which disease? ...t
WhO? e
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Artificial insemination / reproductive medicine

o Did you make use of reproductive medical treatments for your new born child?

Number of attempts / implanted egg cell

yes O O only hormonal treatment
| in-vitro-fertilisation (IVF) s Y S
O intra-zytoplasmatic sperm injection (ICSI') s Y S
O testicular sperm extraction with ICSI (TESE) ~ eeveveieeeeenen, Y AT
O microsurgical epididymal sperm aspiration with ICSI ( MESA ) ........... Y S
no O

If you made use of any reproductive medical treatment, was your husband’s sperm injected?
yes O no, a donor’s sperm O

o Didyouget hormonal treatment as part of the reproductive medical treatments?

yes O name of the last product ..o
no O

o Did your husband get hormonal treatment as part of the reproductive medical treatments?

yes O name of the last product  ...occoiiiiiecii e
no |

Consumption patterns

o Doyouoryourhusband smoke?

Non smoker mother [ father I
Ex-smoker mother [ father I
Smoker mother [ father OJ

o Didyousmoke before the pregnancy?

yes | How many cigarettes per day? ......... perday / ... per week
How many years did you smoke? .......ccccoevvevireveeneennnnne years
When did you stop Smoking? .......cccccevvervieeiieeneenneeniennne years ago
no O

o Didyousmoke during your pregnancy?

yes O How many cigarettes per day?  ........ perday / ... per week
no O

o Have you been smoking in your flat in the past twelve months?
Cigarettes smoked on the balcony or terrace should be excluded.

yes | cigarettes per day ......ccceceeveeeieesieecee e per day

amount mother...
amount father........ccooooooiieeiiieceeceeeeee,
AMOUNT OTNErS ...viieiiiiiciee e,

no O

o Had there been smoking indoors before, but stopped due to your pregnancy?

No smoking ever [ yes | no O
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o Didyouregularly drink alcohol before your pregnancy?
yes O number of alcoholic drinks

no O

o Didyoudrink alcohol during your pregnancy ?
yes O number of alcoholic drinks

no O

General questions

......... perday / ... per week

......... perday / ... per week

The following questions 1-4 refer to ethnical origin rather than geopraphical origin.

o Name of country you ( mother ) were born in

o Name of country your parents were born in

o Name of country the father of the child was born in

o Name of country the father’s parents were born in

o Whatis the highest qualification you achieved?

No degree O
Elementary school

Secondary school

O
O
High school |
University, college O

O

Other degree

WhIich 0Ne? e

o  Whatis your profession?

MOTNEE e e father

Details of the father
o Heightof thefather.....cc.ccocoiinininiicnens cm
o Weightofthefather......cccoooviniiiiiniinnnnnn. kg

o Ageofthefather.....ccocoeviiiiniiiiiniiiennnen, years

grandmother ...,

grandfather

grandmother ...

grandfather

father

I R [
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Closing question

Asked to rate your pregnancy load on a scale from 1 ( “no burden”) to 10 (“unbearable burden”), which

number of points would you give?  ......ccccooeiiiiiiiiie

Afterword

Thank you very much for your patience and conscientiousness in answering our questionnaire. We wish you
and your newest family member only the best for the future!

Your e-mail-adress for potential QUESTIONS:  ..icuiii ittt e etbe e e et e e e s ate e e e s abeeesabaeeesbaeeans
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