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LIST OF ABBREVIATIONS

AC: Abdominal circumference

ALP: Alkaline phosphatase

ALT: Alanine Transaminase

AST: Aspartate transaminase

BMI: Body mass index

BPD: biparietal diameter

CRP: C-reactive protein

DHEA: Dehydroepiandrosterone
DHEA-S: Dehydroepiandrosterone sulfate
DHT: Dihydrotestosterone

DM: Diabetes mellitus

EFW: Estimated fetal weight

FL: Femur length

GDM: Gestational diabetes mellitus

GGT: Gamma glutamy!| transferase

HC: Head circumference

HDL: High density lipoprotein

HRP: Horseradish peroxidase

HSDs: 11beta-hydroxysteroid dehydrogenase
IADPSG: International Association of Diabetes and Pregnancy Study Groups
IUGR: Intrauterine growth restriction
LDH: Lactate dehydrogenase

LDL: Low density lipoprotein

LGA: Large for gestational age

3-NT: 3-nitrotyrosine

Ol: Oxidative index

PAI-1: Plasminogen activator inhibitor-1
PAPP-A: Prengnancy-associated plasma protein A
PCOS: Polycystic ovary syndrome

PI: Pulsatility index

PIGF: Placental growth factor


https://my.clevelandclinic.org/health/diagnostics/22028-alanine-transaminase-alt
https://my.clevelandclinic.org/health/diagnostics/22028-alanine-transaminase-alt
https://medlineplus.gov/lab-tests/c-reactive-protein-crp-test/
https://medlineplus.gov/lab-tests/c-reactive-protein-crp-test/
https://medlineplus.gov/lab-tests/lactate-dehydrogenase-ldh-test/
https://medlineplus.gov/lab-tests/lactate-dehydrogenase-ldh-test/

PIPX: (UtAPI/PRX) * 100

PRX: Total plasma peroxide

RI: Resistance index

RNA: Ribonucleic acid

ROS: Reactive oxygen species

S/D ratio: Systolic/diastolic ratio

sFIt-1: Soluble fms-like tyrosine kinase-1
SGA: Small for gestational age

SHBG: Sexual hormon binding globulin
SuPAR: Soluble urokinase plasminogen activator receptors
T: Testosterone

TAC: Total antioxidant capacity

T2DM: Type 2 diabetes mellitus

TNF: Tumor necrosis factor

UA: Uric acid

UtAPI: Uterine Artery Pulsatility Index



1. INTRODUCTION
1.1. Placental insufficiency - related pregnancy complications/pathologies

Placental insufficiency is a defect in the formation or function of the placenta and many

diseases can be the result of this condition.
1.1.1. Intrauterine growth restriction (IUGR)

Low birth weight carries importance as it may increase the risk of both neonatal morbidity
and mortality (1). Intrauterine growth restriction (IUGR) is classically defined by the
weight of the newborn being under the 10" percentile. Abdominal circumference below
the 10" percentile threshold for the given gestational week may also be used to define
IUGR (2). The smaller the fetus, the greater the risk for morbidity rises from 13 to 39%
from the 5 to10 percentile (3).

IUGR may be traced back to fetal, placental and maternal factors (4). The following
genetic abnormalities may be grouped as fetal contributing factors: aneuploidy, single
gene mutations, partial deletions, or duplications, trisomies. These may be held
responsible for 5-20% of all IUGR cases (5). 5-10% of IUGR may be contributed to
infections, most commonly cytomegalovirus and toxoplasmosis (5). Congenital and
genetic anomalies are often concurrent. Multiparity is also more commonly associated
with pregnancy complications that may also play a role in the development of IUGR:
preeclampsia, twin-to-twin transfusion syndrome, abnormalities of the placenta and the
umbilical cord (4).

Chromosomal mosaicism is a relevant placental factor; in these cases, the chromosomal
abnormality is limited to the placenta, and it does not affect the fetus. It is often
accompanied by trisomy and demonstrated a strong correlation to IUGR (6). In 10% of
idiopathic IUGR chromosomal mosaicism was diagnosed post-partum.

Clinical manifestations of ischemic placental insufficiency are preeclampsia, abruption
of the placenta, stillbirth, or a combination of these. Unfortunately, they are likely to recur
in following pregnancies.

Arteria umbilicalis singularis, anomalous umbilical cord insertion, marginal cord

insertion, bilobe placenta, circumvallate placenta, and placental hemangioma all fall



under the category of umbilical contributing factors. These show a weak correlation with
IUGR (5).

Further placental abnormalities include mesenchymal dysplasia of the placenta, which is
a significant factor regarding the development of IUGR and perinatal death (4). Maternal

disease may play a role in IUGR through their adverse effect on the placenta. (5).
1.1.2. Preeclampsia

Preeclampsia is specific to human pregnancies, and it occurs in around 2-8% of all
pregnancies. Worldwide it may be one of the most relevant causes underlying maternal
mortality and morbidity. Preeclampsia presents following 20" gestational week (in some
cases of trophoblastic abnormalities, or disease, e.g. in hydatiform mole, it may even
manifest earlier (7)) and it is resolved at six weeks post-partum (8). Leading clinical
symptoms include hypertension (systolic pressure values >140 mmHg and/or diastolic
pressure values >90 mmHg in normotensive pregnant women — measurements are to be
taken before the 20th week of pregnancy) and proteinuria (values over >0.3 g within a

24-hour timeframe).

We differentiate between early (presentation of symptoms before the 34" week of
pregnancy) and late (presentation of symptoms after the 34" week of pregnancy) onset
preeclampsia — they may differ in terms of underlying cause, however the exact
pathomechanism of preeclampsia has not been established yet (9). It is a placental
disorder — this has been demonstrated — and it is therefore characterized by an invasion
of defective cytotrophoblasts in the spiral arteries. Vessel resistance is also increased,
which leads to chronic ischemia and increased oxidative stress levels in the placenta.
There is also evidence to support that immunological and genetic factors may be
contributing factors to the development of this disease. In this case the immune system of
the mother produces an excess humber of immunogenic mediators (i.e. tumor necrosis
factor-a ((TNF-a)) as it does not recognize the foetoplacental unit as self but rather as

foreign. These mediators induce apoptosis of the cytotrophoblast cells (10).



1.1.3. Gestational diabetes mellitus (GDM)

Genetic mutations, hormonal dysregulation of the placenta, more advanced maternal age
and damage to the beta cells may all contribute to the development of gestational diabetes
mellitus (GDM) (11). The effects of these and other risk factors have been found to be
additive. The following contributing factors have been identified in high-risk GDM
patients: body mass index (BMI1)>30, positive family history regarding the occurrence of
diabetes mellitus, higher values for fasting glucose, impaired glucose tolerance, GDM
during previous pregnancies (rate of recurrence has been shown to be as high as 40%),
polycystic ovary syndrome (PCOS), high maternal age (especially >40 years), high
birthweight of previous newborns. Results from research conducted in the United States
demonstrated that members of the following populations tend to have higher risk
regarding GDM: African American, Native American, Hispanic American, Pacific
Islander, South or East Asian (12-19).

Placental and growth hormones such as cortisol, progesterone, TNF-a and lactogen
increase insulin resistance in physiological pregnancies: the development and the growth
of the fetus is assured by the increased availability of maternal glucose. GDM occurs
when increased insulin demand caused by the contra-insular hormones are not able to be
balanced out by the rate of insulin production. (20). Usually, GDM develops between
gestational weeks 24 and 28, while insulin resistance is usually increased on the 24" week
of pregnancy — if the capacity for insulin secretion is not enough to maintain physiological
blood glucose levels (21). GDM has been shown to have long term adverse effects
regarding the health of both the mother and the fetus. GDM is also associated with an
increased risk regarding pregnancy-related hypertension, preeclampsia, high blood
pressure during pregnancy, polyhydramnion, premature birth, the need for caesarean
section, neonatal morbidity and large for gestational age (LGA) newborns (20). The
manifestation of GDM is also linked to an increase regarding the long-term risk for
maternal type 2 diabetes mellitus (T2DM) and becoming obese, overweight or
developing T2DM for the offspring (20).

Based on worldwide data, the incidence of GDM has been measured to be 1-14% (22).
As both patient characteristics (i.e. BMI, maternal age) and diagnostic criteria differ,
exact values regarding prevalence of GDM is not known; based on the data and criterion

from the International Association of Diabetes and Pregnancy Study Groups (IADPSG-



2010) GDM prevalence is estimated to be 17% worldwide (25% in Southwest-Asia, 10%
in North-America) (23, 24). Both obesity and the increase in maternal age contribute to

the unfortunate rise in the prevalence of GDM (25).
1.2. Pregnancy complications and pathologies — possibilities of early screening
1.2.1. Screening for intrauterine growth restriction (IUGR)

As both fetal morbidity and mortality increases in case of IUGR, early detection and
clinical monitoring is important. Our goal is to identify the fetuses that are high-risk
regarding perinatal death, as they may benefit from induction of birth/performing a
caesarian section (IUGR in itself is not an absolute indication for performing a caesarean
section): observational studies have revealed protocols to identify and treat IUGR
decrease the risk of stillbirth (4, 26).

The techniques that allow early detection of IUGR may also be used for monitoring:

e estimation of fetal weight through biometric measurements performed by
ultrasound: head circumference (HC), biparietal diameter (BPD), femur length
(FL) and abdominal circumference (AC). AC has been found to be the most
sensitive biometric value regarding IUGR (especially in cases of disproportionate
IUGR) (5).

e Doppler velocimetry: color Doppler examination of the umbilical cord is an
effective tool to evaluate the fetus in terms of IUGR, if it is associated with
placental dysfunction (4). The most commonly used Doppler indexes are the
following for the umbilical arteries (4, 27, 28): the resistance index (RI) RI=(peak
systolic velocity — end-diastolic velocity)/peak systolic velocity, the pulsatility
index (PI) - PI=(peak systolic velocity - end-diastolic velocity)/time-averaged
maximum velocity; and the systolic/diastolic ratio (S/D) — S/D=systolic
velocity/end-diastolic velocity. Pl is the most effective as it estimates the
waveform more accurately than Rl or S/D ratios (4, 29).

Recently the number of publications has appeared in relation to early screening for IUGR.
The goal of these studies is to be able to effectively predict IUGR risk sometime around
the end of the first and the beginning of the second trimester, like screening procedures

currently used to detect preeclampsia early in the pregnancy. Some studies appear to be



quite promising, but it is evident that implementing one type of measurement only i.e.
Uterine Artery Pulsatility Index (UtAPI) does not provide nearly enough sensitivity and
specificity. Neither average nor delta UtAPI values measured at gestational week 11-13
were found to correlate with birthweight in a prospective cohort of 415 specimens (30).
A larger cohort (4610 pregnant women) found that first trimester UtAPI is only effective
regarding prediction of preterm small for gestational age (SGA) condition (31). A recent
retrospective study included 2746 pregnant women and using a multivariate model
(combining test results from the first and second trimester) the research group was able
to predict 51.6% of later onset IUGR with a false positive rate of 10% (32). The following
factors were found to be significant predictors regarding later onset IUGR: maternal
height, weight, medical history, average arterial blood pressure values in the first

trimester, second trimester HC/AC ratio and estimated fetal weight (EFW).
1.2.2. Screening for preeclampsia

Regarding risk assessment for preeclampsia the following parameters are used:: (1)
biomarkers - placental growth factor (PIGF), soluble fms-like tyrosine kinase-1 (sFlt-1)
and prengnancy-associated plasma protein A (PAPP-A), (2) maternal characteristics:
weight, preeclampsia during previous pregnancies, age, repeated blood pressure
measurement on both arms; (3) Doppler ultrasound - UtAPI; (33). If risk is calculated to
be high based on this model, the pregnancy should be monitored more closely, and urine
protein and blood pressure values are measured on a more frequent basis; risk may also
be decreased by oral administration of low dose acetyl-salicylate (150 mg) —this should
be implemented before gestational week 16th (34). Early screening detection rates are
90% and 75% for the prediction of early and preterm preeclampsia, respectively, with a
10% false-positive rate (35).

1.2.3. Possible markers for early detection of GDM

Currently there we do not have a guideline or assessment tool that is available for early
risk estimation of GDM. Possible contributing factors were evaluated for the purpose of
establishing risk assessment: HgbAlc, fasting glucose levels. High HgbAlc levels alone

correlate with the development of GDM only around gestational weeks 24-28. It may not
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be considered an effective tool regarding early risk assessment; it may contribute to the
prediction of increased risk (36).

Unfortunately, current GDM diagnostic criteria are not effective in predicting every case
of GDM, and it also does not separate women at cardiovascular risk (11). When risk
assessment is performed based on using risk factors is has also not been proven to be an
effective/reliable clinical tool regarding GDM prediction - this is supported by the fact
that 20% of GDM women do not have these known risk factors (37).

There is evidence of research in the literature regarding prediction GDM by measuring
metabolite levels in maternal urine and blood. Uric acid (UA) levels in the serum were
measured by Zhao et al. in pregnant women. The rationale behind this study was that
T2DM risk has been linked with increased uric acid levels in non-pregnant women. A
non-linear link was found between risk for GDM and levels of UA in a study including
85609 pregnant women; this association altered along the course of the pregnancy.
Significant association was only found between increased GDM risk and elevated levels
of UA at gestational weeks 13-18. Regarding GDM the quantile odds ratio at gestational
weeks 13-18: first quantile and second quantile compared 1.11, the third is 1.27, the fourth
Is 1.37 and the fifth 1.7. Following the age of 35 the link between elevated UA and the
development of GDM becomes significantly stronger (38).

Certain factors derived from the adipose tissue were studied between the first and second
trimester by Lorenzo-Almoroés et al: visfatin, adipopnectin, omentin-1, retinol binding-
protein-4, fatty-acid-binding protein-4. In their study these metabolites demonstared an
association with GDM risk. Placental metabolites such as afamin, sex hormone-binding
globulin, fetuin-A, ficolin-3, fibroblast growth factors-21 and -23, specific microRNAs
and follistatin have also been studied in regard ro assessment of GDM risk, and results
were promising (11). Results from their research indicated that GDM may be predicted
by measuring the following metabolites in the first trimester: sex hormone-binding
globulin, retinol binding-protein-4, afamin, hs-C-reactive protein (CRP) (between
gestational weeks 5 and 12), fatty-acid-binding protein-4, adiponectin (between
gestational weeks 6 and 32) several miRNAs (miR-16-5p, -17-5p, -20a-5p). During the
end of the first and the second trimester (~week 12 - 24) fetuin-A, visfatin, omentin,
ficolin-3 and leptin. In the third trimester they found the following metabolites to play a

role: plasminogen activator inhibitor-1 (PAI-1), fibroblast growth factors-21 and -23,
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fetuin-B, ceramide, follistatin and aspartame (11). Elevated levels of the following
metabolites were found in GDM: afamin, visfatin, hs-CRP, interleukin-6, leptin miR-16-
5p, miR-17-5p, miR-20a-5p, miR-21-3p and miR-19a/b-3p. The following metabolites
were demonstared to have decreased levels in cases of GDM: adiponektin, sexual hormon
binding globulin (SHBG), fetuin-A, Ficolin-3, Omentin-1, miR-29a, miR-132 and miR-
222 (11).

Samples of maternal urine may also contain factors that may be of predictive and
diagnostic value regarding early detection of GDM risk. Elevated levels of valine, 2-and
3- hydroxybutanoic acid, alanine, L-Tryptophan, and serotonin were measured in
maternal urine samples (39).

The following metabolites have also been studied for their potential value regarding early
risk assessment of GDM: 1,5 Anhydroglucitol and adiponectin. Regarding GDM
adiponektin levels <8.9 pg/ml in maternal serum samples before gestational week 15
presents an odds ratio of 3.3. However, 1,5 anhydroglucitol was not detected to have such
a discernible threshold to predict GDM with adequate sensitivity or specificity. However,
levels were shown to be markedly decreased during the first trimester in pregnancies with
later onset GDM (40).

All the methods above were not sensitive or specific enough to a reliable risk estimation
—a more effective method is needed to improve GDM prediction.

1.3. The role of oxidative-nitrative stress

When the equilibrium between the synthesis of free radicals and production of countering
antioxidants is disturbed, oxidative and nitrative stress develop. Free radicals are
characterized by marked reactivity; they also include reactive oxygen (ROS), nitrogen
and chlorine species. Hydroxyl- and peroxyl radicals and superoxide anions are some of
the most well-known ROS (41). Damage caused by the free radicals may be counteracted
by antioxidants completely or to a degree only. There is a wide variety of measurable
parameters to characterize total antioxidant capacity (TAC). Such a well-established
parameter is calculated to characterize the complex equilibrium between Cu(ll)-
bathocuproinedisulfonic acid (reagent) and Cu(l)-bathocuproinedisulfonic acid. The
complex Cu(l)-bathocuproinedisulfonic acid is produced by reducing capacity of the
plasma and its active substances (42). There are further parameters that characterize TAC:
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total radical-trapping antioxidant parameter, trolox equivalent antioxidant capacity and
the ferric reducing ability of plasma (43).

Degree of oxidative stress and consequently an elevation in circulating ROS is expected
to rise during pregnancy. Trophoblast cells are exposed to a low oxygen environment (ca
18 Hgmm) during the early phases of gestation (between pregnancy weeks 8 and 10). As
the trophoblast plugs dissolve by the end of the first trimester (gestational weeks 10-12),
the placenta becomes perfused continuously under low-flow conditions by oxygenated
blood. Blood flow in the intervillous space is elevated, and a consequential rise in oxygen
pressure (around 60 Hgmm) occurs. Optimal conditions for fetal growth are ensured in
part by elevated metabolic rate. This is however consequently followed by elevated levels
of both antioxidants and oxidative stress in the placental tissue (44).

A well-known underlying cause of oxidative stress is hyperglycemia (41). Metabolic
abnormalities and complications associated with diabetes are strongly associated to
oxidative stress and the overproduction of mitochondrial superoxides (45). Several
complications or adverse events seen in pregnancy have been linked to increased levels
of oxidative stress markers (compared to levels in a physiological pregnancy): pregnancy
loss (46), GDM (41) and preeclampsia (47). Both T2DM and GDM has been shown to
be associated with an increase in oxidative stress markers, especially ROS, and the
dysfunction of antioxidant pathways (41). Hypotheses have been proposed stating that
oxidative - nitrative stress may be more part of an underlying cause and not an early
consequence in GDM. Overproduction and increased release of inflammatory mediators
and ROS has been linked to placental and adipose tissue dysfunction. This overproduction
leads to dysfunction of the endothelium in GDM and in preeclampsia. In some cases,
damage to the vasculature may be permanent and endothelial phenotype may even be
altered — this naturally carries long-term adverse consequences. Increased ROS
production also mediates a variety of vascular responses: vascular remodeling, activation
of matrix metalloproteinase, cellular apoptosis, and smooth muscle hypertrophy. The
IkappaB kinase complex undergoes oxidation because of this overproduction and kappa
B nuclear factor levels are increased. This leads to the transcription of inflammatory
mediators that cause endothelial dysfunction: a vascular cell adhesion molecule (VCAM-
1) and inflammatory cells, intracellular adhesion molecules (ICAM-1) TNF-qa, i.e.,

interleukin-6. During a physiological pregnancy these processes are well-regulated,
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however GDM and preeclampsia disorganizes these pathways. A link may be
hypothesized between overproduction of ROS in GDM and endothelial dysfunction (48).
We may also hypothesize that different from a normal oxidative-nitrative stress measured
at the end of the first trimester may also be proved to be a be an effective marker in the
early detection of GDM.

Immunologically active cell membranes express urokinase plasminogen activator
receptors (UPAR)-these are receptors that are bound to the cell membrane, and they play
a role in various physiological and pathological pathways i.e., inflammatory, and
immunological processes (49). UPAR is also expressed on the membrane of
syncytiotrophoblast cells (they play a pivotal role during implantation) (50). Soluble
UPAR (SuPAR) is derived from the cell membrane. Inflammatory processes, diabetes
mellitus (DM) and consequential complications have all been linked to increased SUPAR
levels (51), however its role in pregnancy has been investigated. It has been established
that their levels are not only increased during the first trimester but also in preeclampsia
and perhaps in other conditions as well (52). However, the possible link between GDM

and SUPAR has not been previously investigated.
1.4. The role of steroids
1.4.1. Steroid metabolism and the placenta

The placenta may be a highly complex organ that produces a wide range of hormones.
There are special circumstances and considerations regarding the placenta: (1) it is the
largest endocrine organ in the body; (2) it’s presence is transient and limited to the
duration of the pregnancy; (3) it is an “imperfect” hormone-producing organ - it is
dependent on the presence of a variety of precursors from both the fetal and the maternal
sides (53). Beside acting as endocrine organ it also serves other purposes as well:
immunological protection of and nutrition for the fetus. The double layer of cells lining
the placenta connect through the desmosomes; cytotrophoblasts line the inner side
syntitiotrophoblasts (54). The two layers differ regarding hormone production;
syntitiotrophoblasts  produce steroids; both the cytotrophoblasts and the
syntitiotrophoblasts produce protein and peptide hormones (55).

The placental hormones are primarily released into the maternal bloodstream. The
placenta expresses hormone receptors to regulate both growth and function (56). By
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gestational week 7 steroid production capacity of the trophoblast cells is increased to such
an extent that it becomes sufficient to provide for the pregnancy. Steroid production
dominates from gestational week 12 this is the so-called “luteoplacental shift”: the
placenta becomes responsible for maintaining the luteal body.

The placenta is not a classical “perfect” endocrine organ — it may be “imperfect” because
it is incapable of independently producing certain hormones, i.e., regarding steroid
production: cholesterol from acetate. For this reason it relies heavily on the maternal and
somewhat on the fetal fetal precursors of cholesterol (57). The placenta can transform
cholesterol to pregnolon to progesteron, it is however incapable of producing estrogens
or androgens due to the lack of 17,10-desmolase and 17alpha-hydroxilase. Only the initial
and the final steps of estrogen synthesis are performed by the placenta, and androgens are
not produced here — leaving it dependent regarding precursors on maternal and fetal
sources. Using dehydroepiandrosterone (DHEA) from the mater and the fetus
testosterone and androstendion and then estron and estradiol are produced. In a daily cycle
the adrenal gland of the fetus produces 100-200 mg of steroid precursors in its cortex —
this secures around 90% of the total synthesis of estriol (58). Estetrol is an estrogenic
steroid molecule synthesized exclusively by the fetal liver during human pregnancy and
reaching the maternal circulation through the placenta (59). It has strong liver-protective,
antioxidative, neurogenic and angiogenic effects (60). Recently also described the effect
of estetrol on endothelial healing after carotid artery injuries in vivo (61), - consequently
estetrol improves endothelial healing and slowers vascular aging Physiological
intrauterine effects of estetrol are under further investigations.

The placenta produces steroids: the development of GDM later during the pregnancy is
profoundly impacted by the physiological or pathological functioning of the placenta (11,
62). We try to predict these occurrences from the alterations found steroid metabolite

levels at week 12.
1.4.2. Glucose and steroids metabolism

There is an interaction between maternal and fetal adrenal cortices during pregnancy
(Figure 1.). The role of the placenta is to ensure optimal production of placental steroid
hormones. The adrenal glands produce the main precursors of estrogen, namely DHEA
and DHEA-S (the sulphated form). The fetal liver may then modify these precursors (16-
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alpha hydroxylase enzyme), which leads to the synthesis of 16-hydroxy-DHEA and
DHEA-S. Using the same precursors the placenta produces estradiol, estron and estriol
which is associated with the production of testosterone and androstenedion as
intermediate metabolites. Insulin resistance in non-pregnant women is associated with
changes occurring in the androgen hormone metabolism (63). Possibilities regarding
GDM prediction using these metabolites has previously been investigated to some extent.
Increased testosterone level values were measured in a study in pregnancies where the
women developed GDM later (64). The placenta expresses 11-beta-hydroxysteroid
dehydrogenases 1 and 2 and corticotropin releasing hormone, which are responsible for
the regulation of the interactions occurring between the cortisol metabolism of the fetus
and the mother (65). In GDM, cortisol levels have been measured to be elevated during
the second trimester of the pregnancy (65, 66), however the possible predictive role of
cortisol and cortisol related metabolites has not been investigated during the first
trimester.

The figure shows the steroid biosynthesis of the adrenal cortex (Figure 1.)
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_
splitter l T
Pregnenolone 17-OH pregnenolone DHEA Andostanediol
3HSDH — l —.»l —>l l . l
Progesterone 17-OH progesterone 4l—> Androstendion
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18-OH-ase — l 11-beta-HSDH — l T
18-OH-corticosterone Cortisone 21-deoxycortisol
15-HSDH E— l
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Figure 1. Biosynthesis of steroid hormones within the adrenal cortex. OH-ase-hydroxylase, OH-hydroxy,
HSDH-hydroxysteroid dehydrogenase, DHEA-S-dehydroepiandrosterone sulfate, DHEA-
dehydroepiandrosterone (67).

16



2. OBJECTIVES

Increased oxidative-nitrative stress is characteristic not only in pathologic, but also in
healthy pregnancy. High uterine artery pulsatility index at the end of the first trimester is

associated with altered placentation and elevated risk for adverse pregnancy outcomes.

There is no current guideline or assessment tool available for estimating early risk (11+0
and 13+6 gestational week) regarding gestational diabetes mellitus but there is a need for
it, like in preeclampsia. If we would know the risk, appropriate treatment could reduce

gestational and later complications.

The aims of our study were:

1. to examine the relationship of systemic oxidative-nitrative stress and uterine artery
pulsatility index in the first trimester and their correlation to pregnancy outcomes.

2. in the first trimester we collected patient baseline data, we measured routine laboratory
parameters, oxidative-nitrative stress markers and steroid metabolites to examine their
correlation to the development of GDM later during pregnancy, to identify possible novel
early markers for GDM prediction.
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3. METHODS

3.1. Measuring oxidative stress and pulsatility of the uterine artery in early phase

pregnancies
3.1.1. Patient inclusion criteria

Between 27. May 2016. and 12. December 2017., a prospective type of observational
study was conducted at the Department of Obstetrics and Gynecology together with the
Department of Physiology, Faculty of Medicine, Semmelweis University, Budapest,
Hungary. Ethical approval was confirmed by the Scientific and Research Ethics
Committee of the Hungarian Medical Research Council (43102-2/2014/EKU (425/2014)
49768-1/2015/EKU (392/2015). All included patients gave informed consent.

Methods of inclusion: during the early phase of pregnancy — namely at the 12" week
ultrasound (gestation week 12-13) — otherwise healthy patients (between the ages of 18-
40) were randomly chosed and offered the opportunity to participate in the study. Women
suffering from hypertension, obesity (BMI over 30), malignant tumors, diabetes mellitus,
chronic inflammatory diseases or having twin pregnancies were excluded.
Transabdominal ultrasonography was performed using GE Volusion E8 (Boston, MA,
USA), color Doppler method was used for obtaining flowmetric data regarding the uterine
artery at a location of 1 cm from branching-off of the iliac artery. The following equation
was used to calculate pulsatility index:

_ peak systolic velocity (PSV) -end diastolic velocity (EDV)
time avaraged velocity (TAV)

PI

Using the mean of the right and left artery pulsatility index calsulated from the measured
data two groups were formed; one was the low UtAPI group, (UtAPI <2.3), (n=31) and
the other group of pregnant women was the high UtAPI group, (n=30). We determined
the cut off point of the calculated values at 90% percentile of that measured in the

European population (68).
3.1.2. Study protocol

Patient history - both personal (obstretics and internal medice) and familiar were taken.

Blood samples were taken to check rutin lab parameters, and the following things were
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isolated from them: serum, plasma, and mononuclear leukocyte fractions. Both the serum
and the plasma samples were appropriately frozen and stored at a temperature of -80°C.
Histopaque-1077 was used as per guideline for gradient centrifugation to isolate
circulating mononuclear cells (Sigma-Aldrich, St. Louis, MO, USA). Smears fixed with
methanol were prepared using the cell-suspension, these were stored at a temperature of
4°C until the following processing step was indicated. To track pregnancy complications,
labor circumstances, and anthropometric data of the newborns, follow-up was continued
to birth. Labor circumstances could not be obtained in six of our cases - 4 in the low
UtAPI group and 2 from the high UtAPI group.

3.1.3. Measuring oxidative-nitrative stress markers

Colorimetry method (OxyStat assay - Biomedica, Wien, Austria) was used to measure
the total plasma peroxide (PRX) concentration of the serum samples; this is a marker of
systemic oxidative stress. OxiSelect™. Total Antioxidant Capacity (TAC) Assay Kit
(Cell Biolabs Inc., San Diego, CA, USA) was used to determine plasma total antioxidant
capacity levels of the samples. To measure nitrative stress horseradish peroxidase (HRP)
conjugated anti-3-nitrotyrosine (3-NT) antibodies (OxiSelect™ Nitrotyrosine Elisa Kit,
Cell Biolabs Inc., San Diego, CA, USA) were used by competitive ELISA method.
Intracellular nitrative stress was measured on the leukocyte smears (fixed with methanol)
using anti-nitrotyrosine rabbit polyclonal antibodies (Abcam, Cambridge, UK) (1:80,
4°C, overnight). To avoid aspecific marking the smears were incubated for one hour in
15% normal horse serum at room temperature. Horseradish peroxidase—conjugated horse
anti-rabbit immunoglobulin (Vector Laboratories, Burlingame, CA, USA) (30 min, room
temperature) was used for secondary marking. The markings were visualized using brown
stain - diaminobenzidine (6 min, room temperature, brown color) (Vector Laboratories).
Counter-stained using blue stain hematoxylin (Vector Laboratories). Using a
magnification of 200x (Zeiss-Imager.Al light microscope, 20x/0.45 objective, AxioCam
MRc5 camera, AxioVision — Rel. 4.8 software; Carl Zeiss Microscopy GmbH, Jena,
Germany) five images — considered as representative - were taken of each smear. The
ratio of positive-stained area (cellular only) was compared to the total cellular area — this
was performed by a blinded researcher using ImageJ software (MBF ImageJ, NIH,
Bethesda, MA, USA); a minimum of 300 cells were evaluated by the experimenter on
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every smear. If the sample was inadequate for sample analysis — due to hemolyzation of
the serum/plasma or low cell count — it resulted a lower amount of data. To analyze the
potential additive value of measuring PRX regarding the correlation between birthweight
and UtAPI, a new, previously unused parameter was defined and calculated: the ratio of
UtAPI to plasma PRX; PIPX= (UtAPI/PRX) * 100.

3.1.4. Statistical analysis

Data regarding normal distribution are presented as mean + SEM. Non-Gaussian
distribution was presented as median [IQR] following logarithmic transformation (TAC).
Two-tailed unpaired Student’s t-test was implemeted to determine the statistical
significance the two patient groups. Chi-square test was used to determine nominal
variables. Pearson’s test was used to define correlations between the analyzed variables.
Missing data was treated as such. Significancy level was determined at p<0.05. SPSS
22.0 and Graphpad Prism 6.0 softwares were used to perform the above statistical

analysis.
3.2. Prediction of gestational diabetes mellitus in the first trimester
3.2.1. Patient history, sampling

A prospective cohort study was performed between 2010 and 2012 at the Department of
Obstetrics and Gynecology at the University of Debrecen Medical and Health Science
Centre, Debrecen, Hungary and at the Department of Obstetrics and Gynecology at the
Andras Josa County and Teaching Hospital, Nyiregyhaza, Hungary. In total 2545
pregnant women (between 11 (+0 days) and 13 (+6 days) weeks of gestation) were
recruited. The following parameters were registered as part of the study: maternal
characteristics, data from the screening ultrasound of the first trimester and medical
history. Blood (serum and plasma) and urine samples were also taken at the same visit,
and these were stored at —80°C in an accredited biobank to be available for further study.
Pregnancies were followed-up until birth regarding the following complications of
pregnancy: small for gestational age newborns, preeclampsia, gestational diabetes

mellitus and macrosomia. Approval for the study was obtained from the appropriate local
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ethics committee (identification number: DEOEC RKEB/IKEB 3092-2010). Women
agreeing to participate in the study gave informed consent in writing.

3.2.2. Current study

As a result of the collaboration of the Biobank of Debrecen University and Semmelweis
University, the GIPS (GDM and IUGR Prediction Study), a retrospective observational
study was created. Our aim was to identify novel early risk assessment factors that may
be measured and used for screening of GDM and IUGR (ethical approval: ETT TUKEB
4/4414-4/2020/EKU). Debrecen University provided samples (serum and plasma),
clinical data, routine laboratory parameters (CRP, hepatic function, glucose,
fructosamine, and creatine kinase), pregnancy outcomes, labor circumstances and
newborn parameters of 55 healthy controls and 55-55 patients who subsequently
developed GDM or IUGR. GDM patients were selected based on NICE criteria: fasting
glucose level > 5.6 mmol/l and/or 120° glucose level > 7.8 mmol/l. Inclusion criteria
included age between 18 and 40 years, exclusion citeria were as follows: hypertension,
malignant tumors, diabetes mellitus, chronic inflammatory diseases, class Il. obesity
(BMI over 35 kg/m?) and twin pregnancies. As part of the GIPS study, we introduce the
results of both control and the GDM groups regarding early prediction of GDM.

3.2.3. Groups

Data from two patient groups was analyzed in the GIPS study: healthy controls (C),
(n=55) versus those who developed GDM (D) (n=55) later during the pregancy.
N was less than 55 in certain cases due to missing data or because the value was below

the technical reference level.
3.2.4. Determination of oxidative-nitrative stress related parameters

Total serum peroxide (PRX) concentration, reflecting systemic oxidative stress, was
determined from serum samples using colorimetric method - OxyStat assay (Biomedica,
Wien, Austria). Serum total antioxidant capacity was measured from serum samples by
commercially available assay kit (OxiSelect™ Total Antioxidant Capacity (TAC) Assay
Kit, Cell Biolabs Inc., San Diego, CA, USA). Oxidative index (Ol) was calculated from
the ratio of oxidative stress and TAC. Sandwich ELISA technique (SUPAR human ELISA
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kit, BioVendor, Brno, Czech Republic) was used to determine Soluble Plasminogen
Activator Urokinase Receptor (SUPAR) levels. Nitrative stress was determined by
measuring plasma levels of 3-nitrotyrosine (NT) using competitive ELISA based on
horseradish peroxidase conjugated anti-3-NT antibodies (OxiSelect™ Nitrotyrosine Elisa
Kit, Cell Biolabs Inc., San Diego, CA, USA).

3.2.5. Measuring steroid levels

Steroid levels were measured at the Department of Laboratory Medicine, Semmelweis
University. Using reversed-phase liquid chromatography-tandem mass spectrometry
(LC-MS/MS) that following parameters were assayed: androstenedione, aldosterone,
dehydroepiandrosterone, 11-deoxycorticosterone, dehydroepiandrosterone sulfate, 11-
deoxycortisol, dihydrotestosterone, 21-deoxycortisol, 17alpha-hydroxypregnenolone,
corticosterone, 17alpha-hydroxyprogesterone, cortisol, pregnenolone, cortisone,
testosterone, and progesterone. Both multiple reaction monitoring and electrospray
ionization were performed. Except for the measurement of cortisone, the mass
spectrometer was used in the positive mode.

The method developed and validated at our laboratory (Laboratory of Mass Spectrometry
and Separation Technology, Department of Laboratory Medicine, Semmelweis
University, Budapest, Hungary-described previously) was used to assay the 16 steroid
substances listed above (69). In brief 200 uL of serum was diluted using 600 uLs of
methanol containing the internal standards. Samples were vortexed and centrifuged. 700
uL supernatant was diluted with 1300 uL of water. A solid phase extraction plate (96-
well Phenomenex Strata-X 60 mg) was preconditioned by dripping the mixture of 900 uLL
methanol and 900 puL water (3:1, v/v) through (Gen-Lab Kft., Budapest, Hungary). Once
diluted the supernatants were added onto the plate and at a slow rate were vacuum drawn
through. Slots were washed with 2x900 puL water and methanol 3:1 (v/v) and after dried
by propeling nitrogen (5.0 pure) through the packings. Finally, elution of the analytes was
performed by the application of 2x900 uL acetonitrile and methanol 1:1 (v/v). Following
drying of the eluates the residues were reconstituted by adding 50 uL. methanol and water
1:1 (v/v). Two-dimensional liquid chromatographic separation was performed afterwards
by making a serial connection of a Phenomenex Kinetex XB-C18 50x2x1 mm, 1.7 pm

and a Kinetex Biphenyl 50x2.1 mm, 1.7 um stationary phase (Gen-Lab Kft., Budapest,
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Hungary). Mobile phases consisted of water and methanol, these both contained 0.1%
formic acid. Gradient programs were also run. Quantifation was based on 1/x2-weighted
linear calibration using Chromsystems® 6PLUS1 Multilevel Serum Calibrator Set
MassChrom® Steroid Panel 1 and Panel 2 (ABL&E-Jasco Magyarorszag Kft., Budapest,
Hungary). Internal controls (Chromsystems® MassCheck Serum Steroid Panel 1 and
Panel 2, Levels I-11l, ABL&E-Jasco Magyarorszag Kft.) were assayed at the beginning
of each batch. Known and biologically relevant quantities of pregnenolone and 17-alpha-

hydoxypregnenolone were spiked to the Panel 1 calibrators and internal controls.
3.2.6. Statistical analysis

Either the two-tailed unpaired Student’s t-test or - in case of non-normal distribution - the
Mann-Whitney test was used to analyze statistical significance between the groups.
Pearson’s test was used to determine correlation between the parameters. The one non-
normally distributed parameter (SUPAR) was logarithmized and logarithmic values
showed normal distribution. Chi-square test was used to determine nominal variables. To
analyze the predictive power of both previously known and potentially novel risk factors
regarding prediction of GDM, multivariate logistic regression models were used. Missing
data was treated as such. p<0.05 was considered significant. Normal distribution data are
presented as mean + SD. Graphpad Prism 6.0 and SPSS 22.0 softwares were used for

statistical analysis.
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4. RESULTS
4.1. Oxidative stress and uterine artery pulsatility index (UtAPI) in early pregnancy
4.1.1. Clinical parameters and anthropometric data in low and high UtAPI groups

As a grouping variable UtAPI in the high resistance group was measured to be
significantly higher (Figure 2/A.).

BMI and age did not differ between the analyzed groups. Parity, number of miscarriages
and gravidity were significantly lower in the high UtAPI group (Table 1.). Lactate
dehydrogenase (LDH) was significantly lower in the higher UtAPI group (Table 1.).
Our study groups demonstared similarity regarding the following clinical parameters:
liver enzymes, plasma creatinine, hemoglobin, glucose levels and CRP (Table 1.).
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Table 1. Antropomorphic parameters and clinical data of women.

Age and BMI matched study groups were created. In the high UtAPI group parity, gravity and the number
of previous miscarriages were lower. In the high UtAPI group LDH level was significantly lower Other
clinical laboratory parameters did not demonstrate significant differences between the two groups. Two-

tailed unpaired Student’s t-test. Values are the meanstSEM. (70).

Variable low UtAPI (n = 31) high UtAPI (n = 30) Significance

Anamnestic data

Age (years) 32.00 = 0.66 31.00+0.73 ns
(min-max) (26-39) (22-38)

BMI (kg/m?) 21.60 +0.71 22.60 + 0.39 ns
Gravidity 1.60 +£0.27 0.80 +0.19 p<0.05
(min-max) (0-6) (0-4)

Parity 1.00 +0.19 0.40 +£0.15 p<0.05
(min-max) (0-4) (0-4)
Miscarriages 0.50+£0.15 0.10 £ 0.07 p<0.05
Clinical parameters
LDH (U/1) 152.66 +2.75 144.70 +2.47 p<0.05
Hemoglobin (g/l) 128.73 £ 1.53 126.92 +1.56 ns
Hematocrite (I/1) 0.38 £0.00 0.37 £0.00 ns
Glucose (mmol/Il) 4.60+0.12 4.63£0.14 ns
Triglycerides (mmol/l) 1.40 £0.10 1.45+0.73 ns
HDL (mmol/l) 1.87 +0.05 1.77 £0.05 ns
LDL (mmol/l) 3.31+£0.13 3.30+0.10 ns
Bilirubin (umol/l) 8.34+0.79 7.80+0.42 ns
Creatinine (umol/l) 4777+ 1.55 4743 £1.25 ns
AST (U/l) 18.45 +0.53 18.70 + 0.83 ns
ALT (UN) 14.58 + 0.88 15.77 + 1.62 ns
GGT (U/l) 13.32+0.78 13.17 £ 0.96 ns
CRP (U/l) 6.27 +£0.70 5.99 £ 0.60 ns
ALP (U/) 56.81 +2.89 53.60 +2.25 ns
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4.1.2. Oxidative-nitrative stress in low and high UtAPI groups

Systemic oxidative stress, characterized by plasma total peroxide level was significantly
lower in the high UtAPI group (Figure 2/B), while TAC was significantly higher in this
group (Figure 2/C). PIPX is calculated using UtAPI and PRX values as follows:
PIPX=(UtAPI/PRX) *100. These values were found to be significantly higher in the high
UtAPI group (Figure 2/D). Both serum and mononuclear cell NT levels were found to

be similar in the groups (Figure 3/A, B).
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Figure 2. Pulsatility index and oxidative stress markers.

Panel A: Mean pulsatility index of the uterine artery. (n=31;30) Panel B: The high UtAPI group
demonstrated significantly lower plasma total peroxide levels. (n=22;22); Panel C: Significantly higher
levels of plasma TAC were in the high UtAPI group. (n=29;27) Panel D: PIPX was calculated using
UtAPI and PRX values — this proved to be significantly higher in the high UtAPI group. (n=22;22). Two-
tailed unpaired Student’s t-test. Data are presented as mean+SEM, or Median [IQR] in case of TAC. *:
p<0.05, **: p<0.01, ***: p<0.001 (70).
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Figure 3. Pulsatility index and nitrative stress markers.

Panel A and B: Similar levels of serum and mononuclear cell 3-nitrotyrosine were found in the two study
groups. (n = 21; 28 and n = 16; 14). Two-tailed unpaired Student’s t-test. Data are presented as means +
SEM (70).

4.1.3. Pregnancy outcomes and anthropometric data of newborns in low and high
UtAPI groups

The rate of Cesarean section was similar in the two groups. All newborns were in the
normal body parameter range; however, newborns of the high UtAPI group had
significantly lower birthweight and chest circumference than ones of the low UtAPI
group. There was no difference in gestational weeks at labour, therefore these differences

were not due to earlier delivery (Table 2.).
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Table 2. Pregnancy outcomes and anthropometric data of newborns in low and high UtAPI

groups.

The rate of Cesarean sections and the development of GDM did not differ between the two groups. The
high UtAPI newborns demonstrated lower birthweight and chest circumference values despite there being
no difference regarding gestational age between the mothers at labor. Two-tailed unpaired Student’s t-
test. Values are the means+SEM. (70).

Variable low UtAPI (n =31) high UtAPI (n =30) Significance
Pregnancies’ outcome
Cesarean section (n) 13 11 ns
GDM (n) 3 3
Bodyweight (g) 3517.41 £77.02 3316.79 £ 63.76 p<0.05
Gestational week 39.80 £0.19 39.30+£0.20 ns
Chest circumference
34.41 +£0.29 33.57+0.26 p<0.05
(cm)
Head circumference
35.00+0.26 34.39+0.30 ns
(cm)
Apgar 1’ 9.44 +0.11 9.61 +£0.09 ns
Apgar 5’ 10.00 +0.00 10.00 + 0.00 ns

4.1.4. Correlations between oxidative-nitrative stress, UtAPI and clinical data in the

total study cohort

PRX showed negative correlation to UtAPI and a positive correlation to the birthweight
of the newborns (Table 3.). However, TAC demonstrated a negative correlation to the
number of previous pregnancies and a positive correlation to serum bilirubin and
creatinine levels (Table 3.). Intracellular NT immunohistochemical staining intensity
demonstrated a positive correlation to measured yGT levels, and to the occurrence of
Cesarean sections.

The negative correlation of UtAPI to birthweight could be improved in our cohort by
combining UtAPI measurements with plasma PRX levels and calculating their ratio
(PIPX) (Table 4.).
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Table 3. Clinical parameters correlating to systemic oxidative-nitrative stress markers measured on

the 12-13" weeks of gestation.

Plasma total peroxide level positively correlated to birthweight. Plasma total antioxidant capacity
negatively correlated to the number of previous healthy pregnancy and positively to serum bilirubin and
creatinine levels. Intracellular tyrosine nitration of circulating mononuclear cells positively correlated to

YGT levels and the occurrence of Cesarean section (70).

Independent variable: Plasma Total Peroxide

Dependent variable r p n
Birthweight 0,342 0,031 40
UtAPI -0.428 0.004 44

Independent variable: Log (Plasma TAC)
Dependent variables r p n
Gravidity -0.323 0.015 56
Bilirubin 0.268 0.045 56
Creatinine 0.357 0.007 56

Independent variable: Leukocyte NT

Dependent variables r p n
yGT 0.407 0.026 30
Cesarean section 0.391 0.048 26

Table 4. Correlation of birthweight of the newborns to UtAPI, plasma total peroxide level and their
combined variable PIPX (UtAPI/PRX*100).

All analyzed parameters showed correlation to birthweight; however, the strongest correlation could be
found in case of PIPX (70).

Independent variable: UtAPI

Dependent variable r p n
Birthweight -0.347 0.009 55
Independent variable: PIPX
Dependent variable r p n
Birthweight -0.450 0.004 40

29



4.2. Gestational diabetes mellitus — prediction in the first trimester
4.2.1. Patient characteristics in early pregnancy - at the end of the first trimester

Patients who developed GDM in our cohort were 3.2 years older on average, they also
demonstrated both higher body weight measurements (by 9.04 kg on average) and BMI
values (by 3.2 kg/m? on average) (Table 5.). Control and GDM groups did not differ
significantly regarding height, gravidity, parity, and weight gain during pregnancy (Table
5.).
Table 5. Physiological parameters measured in early pregnancy (on the 12" week of gestation)
Age, body weight and BMI measurements were significantly higher in the GDM group compared to

controls. Height, parity, gravidity, and weight gain during pregnancy were similar in the two groups.
Two-tailed unpaired Student’s t-test. Values are the means+SD.(67).

Variable Control (n=55) GDM (n=55) Significance
Age (years) 27.78 £ 3.47 30.98 + 4.66 p<0.001
Body weight (kg) 66.63 + 8.86 75.67 + 15.69 p<0.001
Height (cm) 165.07 + 6.46 164.85 + 6.72 ns

BMI (kg/m?) 24,55 +2.83 27.75 +5.10 p<0.001
Weight gain (kg) 10.69 +4.07 10.76 £ 5.19 ns
Gravidity 1.90 £ 0.95 2.38£1.63 ns
Parity 0.85+0.85 1.24 +1.35 ns

BMI, body mass index; GDM, gestational diabetes mellitus.
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4.2.2. Glucose, CRP, fructosamine, liver function and creatin kinase

The two study groups did not differ significantly regarding CRP, liver function and
creatine kinase levels and neither did fasting glucose measurements. Levels of
fructosamine were found in a normal range, however, these values were markedly higher

in the GDM group compared to controls (Table 6.).

Table 6. CRP, liver function and markers of glucose metabolism at the end of the first trimester

While fructosamine levels were measured to be higher amongst the later GDM women, the rest of the
analyzed laboratory parameters were found to be similar between the two study groups. Two-tailed

unpaired Student’s t-test. Values are shown as means+SD. (67).

Variable Control (n=55) GDM (n=55) Significance
Glucose (mmol/l) 4.47+0.81 4.68+1.13 ns
Fructosamine (pmol/l) 200.93 £ 13.53 214.02 +£22.98 p<0.001
Creatine kinase (U/l) 53.25+21.94 52.48 + 18.67 ns
CRP (mg/l) 6.38 +6.26 8.62 + 8.40 ns
ALP (U/) 59.20 + 14.20 58.91 + 14.20 ns
LDH (U/l) 146.22 +27.20 139.94 + 33.80 ns
AST (U/l) 15.66 + 3.65 15.20 + 3.51 ns
ALT (U/1) 12.58 + 5.00 13.49 + 5.49 ns
GGT (Ul 12.89 + 6.85 14.50 + 9.05 ns

ALP, alkaline phosphatase; CRP, c-reactive protein; LDH, lactate dehydrogenase; AST, aspartate

aminotransferase; ALT, alanine aminotransferase; GGT, gamma-glutamyl transferase.
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4.2.3. Oxidative — nitrative stress parameters and SUPAR

Serum total peroxide levels did not demonstrate differences between the groups, TAC
was measured to be significantly higher in the GDM group, however oxidative stress
index (calculated from serum total peroxide levels and TAC) did not demonstrate
differences between the groups (Figure 4. A, B, C). Plasma 3-nitrotyrosin levels did not
differ between the two study groups in our series (Figure 4. D). The later GDM women

had significantly lower serum SuUPAR levels compared to the controls (Figure 4. E).
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Figure 4. Oxidative — nitrative stress parameters and SUPAR.

Panel A: Serum total peroxide level. The oxidative stress in the serum was similar in the two groups
(n=54 and n=53). Panel B: Total antioxidant capacity (TAC). GDM was associated with more
pronounced TAC (n=55 and n=55). Panel C: Oxidative stress index. The oxidative stress index did not
differ between the control and the GDM groups (n=54 and n=53). Panel D: Plasma levels of 3-
nitrotyrosine (NT). The nitrative stress did not differ between the control and GDM groups (n=53 and
n=55). Panel E: Soluble urokinase plasminogen activator receptor (SUPAR). The GDM group showed
significantly reduced serum SUPAR level (n=55 and n=54). Data are shown as mean+SD; two-tailed
unpaired Student’s t-test and Mann-Whitney test for Oxystat and SUPAR. *: p < 0.05, **: p < 0.01, ***: p
< 0.001 Control vs. GDM (67).
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4.2.4. Steroid metabolites

Androgens

Serum levels of DHEA-S (which is the most key adrenal androgen metabolite) were
significantly lower in the GDM group. The key ovarian metabolite — testosterone. was
found to be significantly higher in the GDM group. The physiologically active metabolite
of ovarian testosterone, namely dihydrotestosterone, was decreased in the GDM group
leading to a demonstrably decreased DHT/T ratio (Figure 5. A, B, C, D).
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Figure 5. Androgens

Panel A: Dehydroepiandrosterone sulfate (DHEA-S). The level of DHEA-S was significantly lower in the
gestational diabetes mellitus (GDM) group (n=54 and n=55). Panel B: Testosterone (T). GDM was
associated with more pronounced level of testosterone (n=54 and n=55). Panel C: Dihydrotestosterone
(DHT). The level of DHT was significantly decreased in GDM group (n=51 and n=54). Panel D: DHT/T
ratio. The DHT/T ratio was significantly lower in GDM group (n=51 and n=54). Data are shown as
mean+SD; two-tailed unpaired Student’s t-test. *: p < 0.05, **: p < 0.01, ***: p < 0.001 Control vs. GDM
(67).
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Further adrenal steroids: mineralo-and glucocorticoid metabolites

Women in the GDM group were found to have lower cortisol and elevated cortisone
levels compared to the control group. The GDM group also demonstrated elevated 21-
deoxycortisol levels (a metabolite derived from 17a-hydroxyprogesterone). 11-
deoxycorticosterone (a mineralocorticoid and an aldosterone precursor) was significantly
lower in the GDM group (Figure 6. A, B, C, D).
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Figure 6. Further steroids

Panel A: The GDM group showed significantly lower levels of cortisol (n=54 and n=55). Panel B:
Cortisone levels were increased in the GDM group (n=54 and n=55). Panel C: 21-deoxycortisol levels
were found to be significantly higher in the GDM group compared to the control group (n=47 and n=19).
Panel D: 11-deoxycorticosterone was measured be significantly lower in the GDM group compared to the
control group (n=45 and n=41). Data are shown as mean+SD; two-tailed unpaired Student’s t-test. **: p <
0.01, ***: p < 0.001 Control vs. GDM (67).
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4.2.5. Correlation analysis of ,.classical” GDM risk factors and potential new

candidates for marking risk

GDM women had elevated plasma total antioxidant capacity, and this showed a positive
correlation with BMI. SUPAR levels were measured to be lower in the GDM group and
they did not correlate with any of the classical or the analyzed risk factors. Women who
developed GDM later-on during the pregnancy had decreased levels of DHEA-S and
DHT; and they also showed a negative correlation with maternal age. DHT and serum
fructosamine levels correlated negatively. When analyzing androgen hormones,
testosterone was found not to have a significant correlation to the measured parameters.
The GDM women had decreased cortisol level, and they showed a negative correlation
with gravidity and parity. In our series cortison levels did not demonstrate any significant
correlations. GDM women also had lower 11-deoxycorticosterone levels; they also

correlated negatively with BMI (Table 7.).
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Table 7. Correlation of known risk factors of GDM to TAC, SUPAR and steroid hormone metabolites that were found significantly different in the GDM

group compared to controls

TAC showed a positive correlation with BMI. DHEA-S correlated negatively with maternal age. DHT correlated negatively with maternal age and with serum

fructosamine levels. Serum cortisol correlated negatively with gravidity and with parity also. 11-deoxycorticosterone showed a negative correlation with BMI;

Statistical analysis: Pearson correlations; Level of significance p<0.05. TAC-total antioxidant capacity, SUPAR-soluble urokinase activator receptor, DHEA-S-

dehydroepiandrosterone sulfate, T-total testosterone, DHT-dihydrotestosterone (67).

Age (years) BMI (kg/m?) Gravidity Parity Fructosamine (umol/l)

TAC (CRU) p=0.24 r=0.11 p=0.01 r=0.32 p=0.23 r=0.12 p=0.46 r=0.076 p=0.94 r=-0.007

SUuPAR (pg/ml) p=0.13 r=-0.15 p=0.81 r=-0.02 p=0.17 r=-0.13 p=0.18 r=-0.13 p=0.07 r=-0.17
DHEAS (ng/ml) p=0.01 r=-0.25 p=0.75 r=-0.03 p=0.12 r=-0.15 p=0.07 r=-0.17 p=0.88 r=-0.02

T (ng/ml) p=0.44 r=-0.08. p=0.06 r=0.18 p=0.35 r=-0.09 p=0.41 r=-0.08 p=0.09 r=-0.16

DHT (ng/ml) p=0.035 r=-0.24 p=0.58 r=-0.05. p=0.23 r=-0.12. p=0.25r=-0.11 p=0.015 r=-0.24
21-deoxycortisol (ng/ml) p=0.76 r=0.04 p=0.08 r=0.22 p=0.38 r=-0.11 p=0.36 r=-0.11 p=0.12 r=0.19
Cortisol (ng/ml) p=0.11 r=-0.15 p=0.11 r=-0.16 p=0.024 r=-0.22 p=0.01 r=-0.24 p=0.72 r=-0.04
Cortisone (ng/ml) p=0.74 r=0.03 p=0.37 r=0.09 p=0.08 r=-0.17 p=0.08 r=-0.17 p=0.51 r=0.07
11-deoxycorticosterone (ng/ml) p=0.07 r=-0.2 p=0.001 r=-0.35 p=0.49 r=-0.08 p=0.26 r=-0.12 p=0.82 r=0.03
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4.2.6. Classic risk factors vs proposed new candidates for assesment of risk — findings

regarding potential additional predictive value

Each factor that was considered as a potential candidate regarding risk assessment
underwent a multivariate logistic regression model analysis. Classically known GDM risk
factors (i.e.: age, BMI and fructosamine levels) were also analyzed and they demonstrated
a significant correlation to GDM in our cohort. The baseline model included these three
elements only, and it demonstrated a significant correlation to the development of GDM
later during the pregnancy (R?=0.464, p<0.001). Each parameter was also proven to be
an independent risk factor (p<0.01 for each variable). TAC was integrated into the model
analysis (age, BMI, fructosamine, TAC) this increased predictive power: R?=0.597
(p<0.001). In this scenario all four analyzed variables were found to be significant
independent determinants (p<0.05) regarding GDM. Similarly, to TAC, all examined
novel markers except for 21-deoxycortisol were demonstrated to have a significant
additive value to the baseline logistic regression model. They also all proved to be strong
independent determinants. When including all these parameters the predictive power of
the integrated model altered as follows: SUPAR: R?>=0.514; testosterone: R?=0.526; DHT:
R?=0.512; DHEA-S: R?=0.530; cortison: R?=0.619; 11-deoxycorticosterone: R?=0.495
(p<0.001 for all models, and p<0.05 for all variables in each model). When performing a
stepwise forward multivariate logistic regression model analysis that included not only
the traditional but also all the novel markers, the highest predictive power that could be
achieved was R?=0.943 (p<0.001). This model included the following risk factor
candidates: fructosamine, cortison, cortisol, 11-deoxycorticosterone and SuPAR, this

model was shown to have a specificity of 96.6% and a sensitivity of 97.5%, respectively.
4.2.7. Maternal and neonatal pregnancy outcomes

Higher body weight, height, head, and-chest circumferences, were found in the GDM
newborn group. (Table 8).

A higher number of cesarean sections were performed in the GDM group (p<0.001) — the
calculated relative risk from the date was 2.067 (Confidence Interval was: 1.266 to 3.375).
GDM newborns were also found to demonstrate hypoglycemia (p<0.01) more frequently
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— the calculated relative risk from the data was 1.146 (Confidence Interval was 1.036 to
1.268).

Table 8. Neonatal pregnancy outcomes

Higher body weight, height, head, and-chest circumferences, were found in the GDM newborn group.

Two-tailed unpaired Student’s t-test. Values are the means+SD (67).

Variable Control (n=55) GDM (n=55) Significance
Birth weight (g) 3266.90 +£236.1  4587.10 + 630.80 p<0.001
Birth height (cm) 5124+ 1.72 52.84+2.29 p<0.001
Head circumference (cm) 34.42 +1.46 35.61+1.46 p<0.001
Chest circumference (cm) 33.42+1.38 35.58+1.85 p<0.001
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5. DISCUSSION

In case of many diseases, risk assessment in the early stages of pregnancy (week 12 of
gestation) is an important and nowadays highlighted part of the clinicians’ work. For
example, assessing risk regarding preeclampsia involves gathering data regarding the
following: (1) maternal characteristics (i.e. weight, age, the occurrence of preeclampsia
in previous pregnancies; (2) Results from the Doppler ultrasound; the uterine artery
pulsatility index; (3) certain biomarkers - placental growth factor (PIGF), pregnancy-
associated plasma protein A (PAPP-A), and soluble fms-like tyrosine kinase-1 (sFlt-1)
(33). Should the risk of preeclampsia be calculated to be high the pregnancy itself is
monitored more closely; also, certain additional data is collected more frequently
regarding both urine protein levels and blood-pressure values. Preventive therapeutic
measures may also be taken by initiating the administration of low dose acetyl-salicylate
(150 mg) before the 16™ gestational week (34). The rate of early detection by screening
is 90% regarding risk assessment for early and 75% for preterm preeclampsia with a false-
positive rate of 10% (35).

There is a definite clinical need for an early risk assessment tool in case of the following
adverse events associated with pregnancy: intrauterine growth restriction (IUGR), low
birth weight, and gestational diabetes mellitus (GDM). It would we highly desirable to
effectively screen for these occurrences in the early stages of pregnancy (up to the 12%
week of gestation) as this would allow the clinician to intervene — either by more closely

monitoring the pregnancy or by implementing preventative or therapeutic measures (71).

Right on the verge of the first and second trimester physiological placentation may be
measured via a well-established clinical marker, namely the marked decrease in the
pulsatility index of the uterine artery. As the uteroplacental vasculature develops to fulfill
its specialized role (to support and satisfy the growing nutritional and oxygen
requirements of the fetus) a decline may be observed regarding this parameter, namely
the appearance of expanded, high flow, low resistance vessels (72). Anomalies of
placentation may occur, when this process is delayed, and this may be considered a red
flag or even a warning sign regarding the onset of placental dysfunction later during the
pregnancy. Measuring the blood flow of the uterine artery at the end of the first trimester

by Doppler ultrasound and calculating both pulsatility index and resistance values is
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widely accepted and practiced routine in obstetrics. Regarding preeclampsia and IUGR it
has even been proposed to have a predictive value. Values exceeding the 95 percentile
may be considered to be pathognostic for the development of preeclampsia later (73-76).
The correlation between elevated resistance index or UtAPI and low birth weight and

especially IUGR has been researched by many (30, 77-79).

Many physiological as well as pathological occurrences lead to the production of both
nitrogen and oxygen derived reactive species, these act as mediators in various biological
pathways. Overproduction of these species, however, causes oxidative-nitrative stress;
this is the basis for the pathogenesis of a wide variety of diseases (80, 81). Physiological
pregnancy is associated with an increase in oxidative stress levels; however, this increase
is markedly more pronounced both in the placenta and the blood plasma in pathological
occurrences such as preeclampsia, GDM or IUGR (82, 83). By the onset of the third
trimester, physiological pregnancy is characterized by elevated nitrative stress levels;
however, in association with the above listed pathologies this may occur earlier on and
be more marked (84, 85).

A meta-analysis conducted regarding randomized controlled studies revealed that the risk
of GDM may be lowered effectively with the timely implementation of preventative and
therapeutic measures; this is especially true if the initial risk is calculated to be high (i.e.
20%). Lifestyle changes implemented before and during the pregnancy — such as
modifying diet and performing regular exercise (50-60 minutes twice a week during the
pregnancy) - may decrease this calculated risk of GDM by as much as 20% (86).
Decreasing BMI from excess weight or obesity to normal also decreases risk of GDM
(87, 88). However, the beneficial effects regarding prevention of later onset of GDM by
adapting a light exercise routine in the second trimester has not been proven to be
effective (89-91).

There is an effective clinical tool for the early risk assessment of preeclampsia, however
as to date there is no first trimester evidence-based risk assessment tool for the prediction
of later onset GDM. The moderate predictive values of the following parameters have

been described: BMI, maternal age, parity, large for gestational age fetus or having a
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history of GDM during previous pregnancies (92-94). A series of retrospective studies —
with designs like ours — have proposed certain biomarkers as having further predictive
value regarding GDM. The most proposed markers - fasting and post-load glucose levels
and HbgAlc - have failed to effectively improve rates of prediction (95, 96). Biomarkers
associated with inflammatory processes (TNF-alpha, CRP, etc.), liver function (GGT,
ALT, etc.) (97), blood trace elements and vitamins (vitamin A, vitamin D, selenium) (98-
100), markers characterizing platelets (101), adipokines (leptin, adiponectin) (97),
specific miRNAs (102) and numerous combinations of routine laboratory parameters
have all previously been studied; they yielded maximum specificity and sensitivity levels
of around 60-77% (103, 104).

The goal of our observational study was to analyze the relationship between UtAPI and
systemic oxidative-nitrative stress at the 12-13™ gestational week of a healthy pregnancy,
and to examine their correlation to neonatal characteristics (i.e. birth weight). We also
aimed to study the relationship between the development of GDM and oxidative-nitrative
stress marker levels, SUPAR, androgen and other corticosteroid hormones and their
derivatives at the end of the first trimester to attempt to pinpoint possible novel early
markers of GDM.

5.1. Uterine artery pulsatility index and oxidative - nitrative stress in early

pregnancy

High-UtAPI lead to significantly lesser chest circumference and birth weight in newborns
even though gestational week values did not differ at birth from the low-UtAPI group.
UtAPI was even found to correlate negatively regarding newborn birth weight values
even in normal weight neonates. This would suggest even during physiological pregnancy
UtAPI measured right between the first and the second trimester may have predictive
value regarding adverse placental function and fetal development. As placentation is only
one of several factors that influence fetal growth, measuring UtAPI at the end of the first
trimester only carries a low predictive values regarding low birth weight, SGA and IUGR
in the otherwise low-risk population (30) — as has been demonstrated by numerous

systematic reviews and meta-analyses (105-107).
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Therefore, during early pregnancies, it is advisable to measure other parameters beside
UtAPI and to study their correlations and relationships to be able to predict SGA and
IUGR more effectively. This was the rationale for our measuring not only UtAPI but
oxidative-nitrative stress also in our cohort.

The plasma PRX (indicative of oxidative stress) levels were demonstrated to be
significantly lower in the high UtAPI group compared to the low UtAPI group. TAC was
significantly greater in the high UtAPI group compared to low UtAPI group. Initial
placentation is heavily influenced by oxidative stress in the first trimester, oxygen tension
triples by the end of the first trimester, leading to a consequent elevation of ROS levels.
This in turn, effects development of the placenta further. The placenta attempts to
compensate for the elevation in oxidative stress by increasing the amount of cellular
antioxidants (108). The high UtAPI group - where oxidative stress was low - may
demonstrate that this oxidative burst was either impaired or delayed. The negative
correlation found between UtAPI and oxidative stress, and the positive relationship
between UtAPI and birth weight in healthy pregnancies may also support this hypothesis.
Further analysis of the effects and correlations of ROS and pathological occurrences or
outcomes during and after pregnancies is necessary regarding pathological pregnancies.
This is the rationale behind the development of a more sensitive and effective preventive
tool like PIPX, which involves both classical and more novel oxidative stress parameters.
PIPX is a variable that was developed to reflect the simultaneous effects of UtAPI and
plasma PRX (as they both demonstrated a correlation with low birth weight in newborns).
PIPX is calculated from these parameters using the following formula:
(UtAPI/PRX)*100. The correlation between PIPX and low birthweight was found to be
stronger than when measuring UtAPI alone. This suggests that including oxidative stress
level values when estimating fetal development improves the predictive value of UtAPI.
The trophoblast cells effect a secondary invasion into the placenta at the time of this
oxidative burst (109); this is associated with consequential cellular degradation, which
leads to elevated levels of LDH in the serum. In our cohort LDH concentration was found
to be lower when measured at the end of the first trimester in the high UtAPI group. It is
our hypothesis that lower LDH levels represent a decrease regarding trophoblast invasion.
Our research group also demonstrated previously that even following a physiological

pregnancy, oxidative stress remains elevated even after three years (110). Having
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undergone a higher number of pregnancies may also lead to elevated oxidative stress
levels in low-resistance pregnant women. This hypothesis may also be supported by the
finding of our study that TAC correlates negatively to the previous number of
pregnancies.

The low UtAPI group was shown to have higher scores regarding both gravidity and
parity. Previous studies have also revealed that muliparity has a protective effect
regarding the development of high UtAPI. In our cohort gravidity and parity were both
higher in the low UtAPI group supporting the thesis that multiparous women (those whose
physiology has had previous experience in placentation) may be more effective and
successful regarding trophoblast invasion and circulatory adaptation during a next
pregnancy (111).

Even though oxidative stress was measured to be decreased in high UtAPI group, nitrative
stress values did not differ between the two groups in our study. The interaction between
protein tyrosine residues and peroxynitrite leads to the production of nitrotyrosine; while
the reactions between nitric oxide and superoxide anions produce peroxynitrite (112).
When taking these pathways into consideration we may expect nitrotyrosine levels to
adapt to and follow the changes occurring in PRX concentration. Previous data in the
literature has, however failed to confirm, or demonstrate such a correlation either in under
pathological or in healthy conditions (110, 113). A positive correlation was demonstrated
between nitrative stress (intracellular) and serum GGT values. There are numerous
studies that concluded that GGT may be a possible marker of both oxidative stress and
inflammation. A study published by Simona Bo et al. found that NT and serum GGT
correlate positively (114). A novel fact was revealed by our study in this field:
intracellular NT levels correlated positively with the necessity to perform a Cesarean

section.
5.2. First trimester prediction of GDM

Randomly selected women — who completed a physiological or a GDM pregnancy were
included in our cohort. At the end of the first trimester (11 (+0 days) and 13 (+6 days)
weeks of gestation) possible novel GDM prediction markers were recorded. Our result,
showing that the women who later developed GDM during the pregnancy were
characterized by higher age, body weight, BMI, and serum fructosamine values; this
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proved to be in accordance with previous data from the literature regarding GDM
pregnancies (115, 116)

5.2.1. First trimester SUPAR and oxidative-nitrative stress markers in GDM

Our results showed that serum total antioxidant capacity (TAC) was significantly
increased at the end of the first trimester in women who developed GDM later during the
pregnancy, without a significant change in plasma total peroxide levels (PRX) and
oxidative stress index calculated by PRX/TAC.

Elevated serum glucose levels are associated with increased oxidative-nitrative stress
levels in both type 1 and type 2 DM. Type 2 DM and consequentially occurring
complications have been linked to decreased antioxidant levels (117-119). Increased
oxidative and nitrative stress has also been described to be associated with the
development of insulin resistance and with the dysfunction of the beta cells themselves.
Several studies have focused on the correlation between oxidative and nitrative stress
marker levels in both physiological pregnancies and in GDM. These studies demonstrated
that oxidative stress increases near term even in physiological conditions, however, GDM
pregnancies demonstrate markedly greater oxidative-nitrative stress levels (120). The
limitation of these studies is that they were conducted in the third trimester of pregnancy
following the established diagnosis of GDM; maximum around the 16-18™ gestational
week in the high-risk population. In a study involving GDM pregnancies conducted by
Hongwei Lia et al demonstrated that between 16" and 20th and the 32" to 36th week of
gestation 8-iso-prostaglandin F2a, advanced oxidative protein products and protein
carbonyl were markedly elevated in GDM (121). Based on the findings of K. A.
Sudharshana Murthy et al by their study conducted in high GDM risk patients, those who
developed GDM had elevated levels of both pro-inflammatory and oxidative stress
markers between gestational weeks 24 to 28 and 12 to 16. The GDM group also
demonstrated significantly elevated levels of the following pro-inflammatory agents:
cytokines interleukin-8 and interleukin-6 (122). Clinically established GDM has been
proven to be accompanied by a significant decrease regarding TAC levels (123, 124) by
a number of publications, however diet and antioxidant intake has also been described to

reduce the abnormal glucose levels during pregnancy (43). However, Ulduz Zamani-
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Ahari et al. measured TAC levels to be elevated in the saliva of women during GDM

pregnancies (125).

Results from our cohort demonstrate that at the end of the first trimester TAC increases
significantly in pregnancies where GDM manifests later, while PRX levels do not alter
significantly. The changes in the ratio of PRX/TAC — an index indicative of oxidative
stress-, suggests that there is an increase in the production of reactive free radical agents,
but also in the endogenous production of compensatory antioxidants. PRX and TAC —
known to carry risk regarding GDM — both demonstrated a positive correlation with BMI
values. This suggests a correlation between excess weight and higher oxidative stress
levels. The multiple logistic linear regression model revealed that an increase in TAC
levels is independently associated with the development of GDM later during the

pregnancy.

Serum SuPAR levels are well-known and documented to be elevated both in cases of
T2DM and in preeclampsia (51, 126). In our study at the end of the first trimester the
level of serum SUPAR was decreased in women who later developed manifest GDM
during their pregnancies. The logistic regression analysis revealed that the decrease in
serum suPAR levels is an independent risk factor regarding the later onset of GDM. We
suppose a biphasic change of SUPAR in GDM pregnancy; lower levels at the first
trimester and higher in the third, but this is a novel result, no one examined it before us.
Therefore, further analysis and research is necessary to reveal the relationships and
correlations between serum suPAR levels and the development of clinically manifest
GDM.

5.2.2. The role of glucocorticoids

Alterations regarding glucocorticoid levels in the maternal serum at the end of the first
trimester were analyzed in our cohort. 21-deoxycortisol and cortisone were increased in
the GDM group, while cortisol level was decreased. Impaired glucose tolerance during
pregnancy has long been linked to an increase in cortisol and cortisol derivatives; as most
of the steroid hormones are contra-insular, diabetogenic hormones, they affect the
function of the beta cells themselves regardless of pregnancy. These hormones
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demonstrate a marked elevation during pregnancy, leading to adverse effects regarding
glucose tolerance. The focus of previous studies has been the measurement and analysis
of steroid hormone biosynthesis and tryptophan metabolites in urine samples from
women with manifest GDM (127).

These are data available regarding steroid metabolites collected from women with
manifest GDM during the third trimester. These data however were not collected for
screening or risk assessment purposes. The following results were found in this group: an
increased clearance of tetrahydroaldosterone-3-glucuronide, 21-deoxycortisol 5-
androstene-3b,16b,17a-triol, 11-oxo-androsterone-glucuronide, cortolone-3-glucuronide,
(127). Active cortisol is transformed into inactive cortisone by the 11beta-hydroxysteroid
dehydrogenase enzyme (11B-HSDs) is responsible for transforming active cortisol into.
At term both cortisone and cortisol levels were measured via high performance liquid
chromatography. Significantly higher values were found in the maternal serum of GDM
patients, while cortisone levels did not differ between the groups (65). In manifest GDM
11B-HSDI1 levels were decreased while 113-HSD2 were increased when measured in
samples from the placenta (65). Gestational weeks 11-14 were chosen for sampling
plasma in our study; cortisol levels decreased while cortisone levels increased in the later
GDM women and these are independent risk factors regarding GDM. Changing cortisol
and cortisone levels from early to late pregnancy in GDM might sign altered placental

function from the time of placentation.
5.2.3. Androgens

In our study, later GDM patients’ DHEA-S level was significantly lower at the end of the
first trimester. This indicates that patients who develop GDM later during their pregnancy
may have altered sulfatase or sulfotransferase enzyme functions at this stage of the
pregnancy. Testosterone level was significantly increased in the GDM group compared
to the controls. Elevated testosterone levels were associated with decreased DHT levels
and reduced DHT/T ratio, suggesting saturation or reduced capacity of the 5-alpha
reductase enzyme. Possible correlations between maternal insulin resistance and
androgen levels measured in the fetus, mRNA and proteins linked to placental androgen
production were previously investigated by Morisset et al. Dihydrotestosterone, total

testosterone and dehydroepiandrosterone were measured in maternal plasma samples

46



following a glucose tolerance test (75g per of glucose intake) performed at gestational
week 26.1 £ 3.7. A significant and inverse correlation was found between plasma
testosterone and DHEA levels and insulin sensitivity index (Matsuda); this correlation
was significant even following correction for differences in BMI. A positive correlation
was found between testosterone and DHEA levels and HOMA-IR. Serum glucose levels
— measured at 120 minutes during the glucose tolerance test —, and both the HOMA-IR
and the Matsuda (insulin sensitivity) indexes correlated significantly with maternal
testosterone levels. However, mRNA and gene expression of the proteins associated with
steroid production in the placenta did not show a significant difference compared to
maternal insulin resistance (128). Testosterone production in the placenta was shown to
be increased in women who developed GDM - Uzalec et al. found this to be caused by a
decrease in aromatase (a rate-limiting enzyme in the conversion process from androgens
to estrogen) activity in the placenta; most probably due to a noticeable decrease in protein
expression in the placenta. However, mRNA expression remained unaltered regarding the
aromatase gene (129). As mentioned above, we suggest a reduced functional capacity of
the 5-alpha reductase enzyme. The finding that in GDM women the ratio of 5-alpha-
tehtrahydro cortisol to tetrahydrocortisol was reduced in urine samples would appear to
support this hypothesis (130).

There is a definite need for further research regarding the effects of changes in androgen
levels during the first trimester of pregnancy and the pathogenesis of GDM, results from
our study suggest that these alterations may play a significant role regarding the prediction
of later onset GDM.

5.2.4. The role of mineralocorticoids

Our study revealed that in later GDM women, the level of 11-deoxycorticosterone,
measured at the end of the first trimester, decreased significantly. Possible correlations
between 11-deoxycorticosterone level and the development of GDM have not been
examined previously. However, studies have described an association between increased
levels of 11-deoxycorticosterone and aldosterone in pre-diabetes and the prevalence of
T2DM (however, the correlation of T2DM and 11-deoxycorticosterone did not remain

significant level statistically following correction) (131).

47



5.2.5. Prediction of later onset GDM

In our study cohort SuPAR, TAC, 21-deoxycortisol, cortisol, cortisone, DHT,
testosterone, DHEA-S, and 11-deoxycorticosterone measured at the end of the first
trimester, all be significant contributing factors regarding predictive power of GDM
compared to using classical risk factors only as independent determinants. In our current
study we utilized all available parameters to build a logistic regression model. This
enhanced GDM prediction model has a predictive power of R?=0.943. To date, the
predictive power of this model is superior to any previously published one, as regarding
prediction of later onset GDM it provides a specificity index of 96.6% and a sensitivity
of 97.5%. This model included the following risk factor candidates: fructosamine,
cortison, cortisol, 11-deoxycorticosterone and SUPAR. Application of this model allows
prediction GDM between gestational week 24-28 at the end of the first trimester. This
provides an opportunity for either slowing or limiting the progression of GDM or in
certain cases even preventing development of GDM altogether. The prevention or better
management of GDM by timely intervention has a significant beneficial impact regarding

the cardiometabolic risk of both mother and offspring.
5.3. Limitations and strength of our study

Regarding UtAPI and oxidative-nitrative stress markers: the high variability of these
markers during pregnancy must be considered a limitation of our cohort. It also led to
difficulties when determining distinct cutoff values regarding these markers in
pathological outcomes and adverse events during pregnancies. Combined parameters,
such as PIPX (calculated from the measured values of PRX and UtAPI) and PRX, may
rightly be expected to improve predictive values.

Possible novel markers were integrated with previously defined ones to improve GDM
prediction rates in early pregnancy, namely at the end of the first trimester. Two
promising fields of markers were chosen as focal points: steroid hormone and oxidative
stress metabolites. Analysis of our data resulted in the proposal of nine possible novel
markers and the building of a promisingly efficient early prediction model. However, the

women being all from the Caucasian race is a limitation that must be acknowledged. Our

48



early prediction model itself is unique and precise GDM risk assessment in the first

trimester.
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6. CONCLUSIONS

After analyzing the results from our study, we propose the following conclusions:

1. Measuring oxidative stress and pulsatility of the uterine artery in early phase
pregnancies

-In our cohort high UtAPI alone (with no additional risk factors) resulted in normal range
but lower weight newborns.

-LDH and plasma oxidative stress (associated with abnormalities of placentation) were
however decreased in our high UtAPI group.

-In further support of this hypothesis, we also found that a combined parameter (PIPX:
including both UtAPI and PRX- a marker of oxidative stress) strengthens correlation to
birthweight. Higher uterine artery pulsatility index and lower oxidative stress in the first

trimester — during the placentation process, are predict lower birthweight.

2. Regarding later onset GDM the following novel risk prediction markers — measured at
the end of the first triemster- were identified: SUPAR, TAC, DHEA S, testosterone DHT,
cortisone, cortisol, 21-deoxycortisol and 11-deoxycorticosterone.

- When measured at the end of the first trimester women who had GDM pregnancies had
significantly higher serum TAC levels and decreased serum SuUPAR levels.

- In the later onset GDM group cortisol levels were decreased, while both cortisone and
21-deoxycortisol levels were increased.

- The GDM group demonstrated decreased DHEA-S and dihydrotestosterone levels, and
DHT/T ratios, while serum testosterone levels were increased.

- In the GDM group 11-deoxycorticosterone levels were observed to be lower.

-By including both previously known “classical” risk factors and the novel ones, we were
successful in building an effective logistic regression model for early prediction of GDM.
This enhanced GDM prediction model is superior to any previously published one with a
specificity index of 96.6% and a sensitivity of 97.5%. This model included the following
risk factor candidates: fructosamine, cortison, cortisol, 11-deoxycorticosterone and
SUPAR.
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7. SUMMARY

Aims/hypothesis: the goal of our study was to analyze the correlation between UtAPI
and systemic oxidative-nitrative stress at the end of the first trimester. We also aimed to
identify novel early, first trimester prediction markers for GDM.

Methods: Healthy pregnant women at the end of the first trimester were divided into two
groups: the high (UtAPI>2.3) (n=30) and the low (n=31) UtAPI groups (Doppler
ultrasound was used to measure UtAPI). Anthropometric data, rutin lab parameters,
pregnancy outcomes and labor circumstances were monitored. Nitrotyrosine levels, total
peroxide levels and TAC were measured to indicate systemic oxidative-nitrative stress.
We made a case-control study what based on a study cohort of a Hungarian biobank
containing the biological samples, anthropometric data and follow ups from 2545
pregnant women. Oxidative-nitrative stress related parameters, steroid hormone, and
metabolits were measured in the serum/plasma samples collected at the end of the first
trimester from 55-55 randomly selected control and later GDM women.

Results: The high UtAPI group demonstrated significantly lower plasma total peroxide
and higher TAC levels; this was also associated with lower values regarding birthweight.
Pregnant women, who later developed GDM, were older and had higher body mass
indexes. The GDM group was demonstrated to have higher levels of the following
markers in their serum/plasma samples: TAC, fructosamine, testosterone, 21-
deoxycortisol; cortisone. Meanwhile DHT, DHEA-S, 11-deoxycorticosterone and
cortisol levels decreased. A forward stepwise multivariate logistic regression model was
used to predict later GDM with a specificity of 96.6% and sensitivity of 97.5% (included
variables: fructosamine, cortisol, cortisone, 11-deoxycorticosterone, SUPAR).
Conclusions: Based on our results we may conclude that between gestational weeks of
12 to 13 high UtAPI in correlation with lower systemic oxidative stress may be considered
to have predictive value regarding the birthweight of healthy newborns. Later onset GDM
— between gestational weeks 24 and 28 - may accurately be predicted based on the
measurement of the following parameters at the end of the first trimester: oxidative stress
markers, steroid hormones, and metabolites. Early risk prediction provides the

opportunity for targeted prevention and an early treatment plan for later onset GDM.
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