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To Tuomas, Louna, Reino, and Salme

"Of course it is happening inside your head, Harry,
but why on earth should that mean that it is not
real?” —Dumbledore to Harry Potter, in Harry Pot-
ter and the Deathly Hallows by J.K. Rowling



Abstract

ABSTRACT

Lara Lehtoranta

Fetal heart and hemodynamics in diabetic pregnancy - Fetal cardiac and placen-
tal function in a rat model of maternal hyperglycemia and human type 1 diabetic
pregnancies

University of Turku, Faculty of Medicine, Department of Obstetrics and Gynecology
University of Oulu, Faculty of Medicine, Institute of Biomedicine, Physiology

Turku University Hospital, Department of Obstetrics and Gynecology

University of Turku Doctoral Program of Clinical Investigation

Annales Universitatis Turkuensis, Medica-Odontologica, 2017

Maternal type 1 diabetes mellitus affects fetal and offspring health. We aimed to inves-
tigate fetal cardiac and placental function in a rat model of maternal pregestational hy-
perglycemia, and the effect of gestational hyperglycemia on the offspring heart. In hu-
man fetuses of diabetic mothers the aim was to investigate, whether maternal insulin
therapy will ameliorate fetal cardiac, hemodynamic, and placental abnormalities.

Fetal cardiac and placental ultrasonography, histology, and gene expressions were
examined in streptozotocin-induced maternal hyperglycemia and control rats. Rat off-
spring cardiac genes and histology were analyzed up to two weeks after birth. In dia-
betic and healthy human pregnancies, fetal ultrasonography and biochemical markers
of cardiac function and fetal hypoxemia, and placental morphology and gene expres-
sion were collected.

In rat fetuses of maternal hyperglycemia, signs of diastolic dysfunction persisted
throughout the second half of pregnancy, and transient mid-pregnancy cardiac dys-
function was observed. Increased myocardial cell turnover with cardiac hyperplasia and
abnormal myocardial gene expression patterns were found. Increased placental vascu-
lar impedance and placental morphologic abnormalities were observed in the rat fetus-
es of maternal hyperglycemia. In the newborn rats of maternal hyperglycemia, cardiac
genes controlling contractility, growth, structure, and metabolism were differently ex-
pressed when compared to healthy newborn rats. In human diabetic pregnancies, fetal
cardiac output was decreased, pulsatility of the aortic isthmus blood flow velocity wave-
form, and fetal serum concentrations of natriuretic peptides and troponin T were in-
creased at near term.

The rat model shows that maternal hyperglycemia leads to diastolic dysfunction and
placental insufficiency. Abnormal expression of genes involved in cardiac contractility,
structure, growth, and metabolism were seen in late term fetal and offspring hearts. In
human maternal diabetes, fetal cardiac output is decreased with biochemical
evindence of myocardial dysfunction.

Keywords: type 1 diabetes mellitus, maternal hyperglycemia, pregnancy, fetal, heart,
ultrasonography, streptozotocin, histology, cardiac output, impedance, hyperplasia,
cardiac contractility, excess cardiac growth, cardiac output, erythropoietin, diastolic
dysfunction, placental insufficiency
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TIVISTELMA

Lara Lehtoranta

Diabeetikon sikion verenkierto — Sikion sydamen ja istukan toiminta adidin hyper-
glykemian kokeellisessa eldainmallissa ja tyypin 1 diabeetikoiden raskauksissa

Turun yliopisto, Laaketieteellinen tiedekunta, Synnytys- ja naistentautioppi
Oulun yliopisto, Laaketieteellinen tiedekunta, Biolaaketieteen laitos, Fysiologia
Turun yliopistollinen keskussairaala, Naistentaudit ja synnytykset

Turun yliopiston kliininen tohtoriohjelma

Annales Universitatis Turkuensis, Medica-Odontologica, 2017

Tyypin 1 sokeritauti (T1DM) vaikuttaa sikion ja jalkikasvun hyvinvointiin. Taman tutki-
muksen tarkoituksena oli tutkia kokeellisen eldinmallin avulla emon raskaudenaikaisen
hyperglykemian vaikutusta sikion sydamen ja istukan toimintaan seka jalkelaisten sy-
damen kehitykseen. T1IDM naisten raskauksissa tavoitteena oli tutkia insuliinihoidon
vaikutusta sikion sydamen, verenkierron ja istukan poikkeavuuksiin.

Streptozotosiinilla (STZ) aikaansaatiin emon hyperglykemia. STZ- ja verrokkirottien
siki6ilta tutkittiin sydamen ja istukan verenkiertoa ultradanitutkimuksella, seké kudosten
histologiaa ja geenien ilmentymista. Rotanpoikasten sydanten histologia ja geenien
ilmentyminen tutkittiin 2 viikkkoa syntyman jalkeen. Potilasmallissa sikion verenkiertoa
tutkittiin ultradanelld, jonka liséksi sydamen toiminnan ja hapenpuutteen seka istukan
rakenteen ja geenien ilmaisua selvitettiin.

Koe-elainmallissa hyperglykemialle altistuneiden sikididen sydamen diastolinen toimin-
ta oli poikkeava ja keskiraskaudessa havaittiin ohimeneva sydamen vajaatoiminta. Sy-
damen hyperplasia, runsaat mitoottisten ja apoptoottisten solujen maarat ja poikkeava
geenien ilmentyminen todettiin hyperglykeemisten emojen sikidilla. Taman ryhman
istukan verenkierron impedanssi oli koholla ja rakenteet poikkesivat terveiden verrok-
kien poikasista. Hyperglykeemisten rottien poikasilla sydamen kontraktiliteettiin, kas-
vuun, rakenteeseen ja aineenvaihduntaan liittyvien geenien ilmentyminen oli poikkea-
vaa terveiden emojen poikasiin verrattuna. Potilasmallissa T1DM-aidin sikién sydamen
minuuttitilavuus oli alentunut, ja aortan istmuksen ja alaonttolaskimon verenvirtauksen
vastus ja sikion seerumin natriureettisten peptidien ja troponiini T:n pitoisuudet olivat
koholla.

Kokeellisessa elainmallissa totesimme, ettd emon hyperglykemia johtaa sikion syda-
men diastolisen toiminnan poikkeavuuteen ja istukan vajaatoimintaan. Sydamen kont-
raktiliteettiin, rakenteeseen, kasvuun ja metaboliaan liittyvien geenien ilmentyminen oli
poikkeava sikidilla ja vastasyntyneilld poikasilla. Aidin nuoruustyypin sokeritauti johtaa
sikiobn sydamen minuuttitilavuuden laskuun ja biokemiallisiin muutoksiin, jotka liittyvat
sydamen toimintahairioon.

Avainsanat: tyypin 1 sokeritauti, emon hyperglykemia, raskaus, sikid, sydan, ultradani-
tutkimus, streptozotosiini, histologia, syddmen minuuttitilavuus, impedanssi, hyperpla-
sia, sydamen kontraktiliteetti, syddmen lilkkakasvu, syddmen minuuttitilavuus, erytropoi-
etiini, diastolinen vajaatoiminta, istukan vajaatoiminta
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1 INTRODUCTION

The incidence of type 1 diabetes mellitus (T1DM) is increasing worldwide (Onkamo et
al. 1999). T1DM is a chronic disease defined by the lacking production of insulin in the
pancreatic B-cells (American Diabetes Association 2016). Finland is among the coun-
tries with the highest prevalence of TIDM in children under 15 years, the incidence
reaching 64.9/100000 in 2006 (Harjutsalo et al. 2013). The annual incidence of T1IDM
among Finnish women with a singleton pregnancy was 0.6% in 2007-2011 (Pallasmaa
et al. 2015).

Maternal T1DM affects fetal development. T1DM increases the occurrence of fetal
growth disturbances (Persson et al. 2009), oxygen consumption (Milley et al. 1986),
erythropoiesis (Stonestreet et al. 1989), hypoxemia (Teramo & Widness 2009; Widness
et al. 1981), and ventricular wall thickness (Russell et al. 2008). The prevalence of fetal
intrauterine demise is fourfold and of infant deaths twofold in pregestational diabetic
pregnancies compared to healthy controls (Tennant et al. 2014).

Ultrasonography is commonly used to assess fetal well-being. However, the findings in
diabetic pregnancies are conflicting. Umbilical artery impedance is similar to normal
uncomplicated pregnancies in some studies while others have found increased umbili-
cal artery impedance in diabetic pregnancies (Maruotti et al. 2014; Fadda et al. 2001;
Johnstone et al. 1992). The largest sample size (n=102) investigated a few years back
established a decreased umbilical artery Pl in macrosomic T1DM fetuses (Maruotti et
al. 2014). Also the findings concerning fetal cardiac output (CO) are conflicting
(Lisowski et al. 2003; Rasanen & Kirkinen 1987). The most recent study with a small
sample (n=17) found increased weight-adjusted combined cardiac output (Lisowski et
al. 2003), whereas an older study with an equal sample size found decreased left
ventricular cardiac output in diabetic pregnancies (Rasanen & Kirkinen 1987). Cardiac
diastolic dysfunction is common in T1DM fetuses in older studies with smaller sample
sizes (n=9-31) (Weiner et al. 1999; Tsyvian et al. 1998; Weber et al. 1994), though
more recent studies only found signs of diastolic dysfunction in earlier stages of fetal
development (Russell et al. 2008) or found no differences near term (Jaeggi et al.
2001). Several studies report increased cardiac septal wall thickness in these fetuses
(Russell et al. 2008; Jaeggi et al. 2001; Macklon et al. 1998; Veille et al. 1993; Rizzo et
al. 1992a), some even from second trimester onwards (Macklon et al. 1998; Veille et al.
1993; Rizzo et al. 1992a)

There are several well-established experimental animal models of maternal hypergly-
cemia (Rees & Alcolado 2005). Administration of streptozotocin (STZ) to rodents cre-
ates a T1DM-like state, since it targets pancreatic -cells (Junod et al. 1969). It is the
most common model for studying the effects of maternal hyperglycemia on the devel-
oping fetus (Jawerbaum & White 2010). In experimental animal models, maternal hy-



14 Introduction

perglycemia during pregnancy alters placental structure and metabolism
(Padmanabhan & Shafiullah 2001; Thomas et al. 1990), the immunological responses
in the feto-placental unit (Sisino et al. 2013), cardiac growth (Gordon et al. 2015;
Dowling et al. 2014), and cardiac function (Corrigan et al. 2013). The offspring are sub-
jected to long-term changes of their pancreatic p-cells (Han et al. 2007), and cardio-
vascular and renal function (Yan et al. 2014).

In this thesis the effects of maternal hyperglycemia on feto-placental circulation and the
hearts of the offspring were studied using a well-established STZ-induced rat model to
examine the pathophysiologic changes caused by hyperglycemia on the hemodynamic
as well as the cellular level. Further, in human fetuses of diabetic mothers, the aim was
to investigate whether maternal insulin therapy will ameliorate fetal cardiac, hemody-
namic, and placental abnormalities.
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2 REVIEW OF LITERATURE

21 T1DM and pregnancy

2.1.1 Hyperglycemia and the fetus

Maternal glucose passes the placental barrier. Maternal hyperglycemia leads simulta-
neously to fetal hyperglycemia in both humans (Schwartz & Teramo 2000) and rats
(Han et al. 2007) thus causing excess pancreatic 3-cell growth (Han et al. 2007;
Schwartz & Teramo 2000). Animal models have shown that maternal hyperglycemia
increases basal glucose metabolism by 30-100% in all tissues apart from the brain
(Leturque et al. 1987).

The hyperglycemic milieu affects insulin and other growth factor levels. In early preg-
nancy, maternal nutrient availability is the sole contributor to placental nutrient
transport that affects fetal growth in a linear fashion in pregnancies of women with dia-
betes (Schwartz et al. 1994) and rats of maternal hyperglycemia (Han et al. 2007). An-
abolic and mitogenic effects of hyperinsulinemia induce excess cardiac growth, and
increased levels of growth factors in the fetus and neonate (Higgins & Mc Auliffe 2010;
Cowett & Schwartz 1979). This results in fetal macrosomia, a well-known complication
of T1DM pregnancies (Klemetti et al. 2016; Maruotti et al. 2014). Placental growth fac-
tor (PIGF), insulin-like growth factor (IGF) -1, IGF-2, and leptin concentrations are in-
creased and serum levels of IGF-axis binding proteins, such as IGFBP1, are de-
creased in newborns of diabetic mothers (Higgins & Mc Auliffe 2010). Fetal cardiac
growth is stimulated by an increase in arterial blood pressure together with elevated
circulating IGF-1 and natriuretic peptide concentrations (Thornburg et al. 2011). In hu-
man diabetic pregnancies, optimal glucose control does not completely protect the fetal
heart, especially the interventricular septum, from abnormal wall growth (Aman et al.
2011; Corrigan et al. 2013). Up to 25-75% of newborns have increased cardiac wall
thickness (Oberhoffer et al. 1997; Veille et al. 1992). Inadequate placentation in rat
experiments with maternal hyperglycemia may lead to poor placental function and fetal
intrauterine growth restriction (IUGR) (Padmanabhan & Shafiullah 2001).

The Pedersen hypothesis states that maternal hyperglycemia results in fetal hypergly-
cemia (Pedersen 1954). Specifically, before 20 weeks of gestation, the fetal islet cells
are incapable of producing insulin and the hyperglycemic insult to fetal tissues is direct.
Thus optimal maternal glycemic control is essential. Pregnancy loss, congenital mal-
formations, pre-eclampsia, preterm delivery, perinatal death, and excessive fetal
growth, are more common in women with elevated gHbA1c and short-term glucose
level variability (Damm et al. 2014). Continuous subcutaneous insulin infusion during
pregnancy improves maternal glycemic control, but has no effect on short-term neona-
tal outcome (Kekalainen et al. 2016). Precise prandial glucose monitoring reduces the
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incidence of excessive fetal growth and pre-eclampsia better than preprandial glucose
monitoring in T1DM women (Manderson et al. 2003).

After birth, the neonatal glucose supply decreases rapidly resulting in fetal hypoglyce-
mia (Nold & Georgieff 2004; Schwartz & Teramo 2000) because of hyperinsulinemia
(Nessa et al. 2016). A similar phenomenon has been observed in newborn rats (Han et
al. 2007). In humans, neonatal hypoglycemia is reversible and lasts for a few hours
(Han et al. 2007). Usually, cardiac growth shifts from hyperplastic to hypertrophic 1-2
weeks postnatally in humans (Oparil et al. 1984), whereas in rats this shift occurs earli-
er, at postnatal days (PND) 3 and 4 (Li et al. 1996). Nevertheless, if there is pregesta-
tional maternal hyperglycemia in the rat, the offspring fed a euglycemic diet become
insulin resistant by 15 weeks of age (Han et al. 2007). This resembles the pre-
metabolic state of human type 2 diabetes. In humans, increased insulin resistance and
poor glucose tolerance occurs in 9-17% of pre-to-primary school aged children
(Plagemann et al. 1997).

2.1.2 Hyperglycemia and fetal hypoxia

Although increased glycosylated hemoglobin content (gHbA1c%) in red blood cells
increases oxygen affinity, the risk of fetal hypoxia is significant in T1DM pregnancies.
Low maternal blood pH values in early pregnancy are related to hypoxic events
(Madsen & Ditzel 1984). In pregnancies with fetal intrauterine or neonatal death, the
placenta shows signs of hypoxic insult (Stanek et al. 2001). Placental histology reveals
evidence of decreased diffusing capacity, possibly a mark of fetal hypoxia (Jauniaux &
Burton 2006). Hyperglycemia and hyperinsulinemia increase the basal metabolic activi-
ty and oxygen consumption of the fetus (Milley et al. 1986; Philipps et al. 1984) result-
ing in relative hypoxemia in an environment of limited oxygen delivery capacity due to
placental insufficiency. In hypoxemia, the oxygen-carrying capacity of the fetus normal-
ly increases (Stonestreet et al. 1989; Widness et al. 1981), and this is reflected in in-
creased erythropoietin (EPO) levels in cord blood (Widness et al. 1981), fetal polycy-
themia, and altered iron distribution. EPO levels are strongly inversely correlated with
the oxygen tension and pH of cord blood — signs of acute fetal hypoxia (Rollins et al.
1993). Fetal oxidative stress may induce chronic hypoxia in TIDM (Escobar et al.
2013; Loukovaara et al. 2005). In a lamb model, fetal hyperglycemia increases fetal
oxygen consumption and reduces the fetal arterial oxygen content (Philipps et al.
1984). In T1DM pregnancies, amniotic fluid and umbilical cord serum erythropoietin
levels are increased (Escobar et al. 2013; Teramo et al. 2004a). Human fetal hyperin-
sulinemia and hyperglycemia are connected to increased levels of amniotic fluid and
cord blood erythropoietin (Schwartz et al. 1994; Widness et al. 1990). In animal stud-
ies, simultaneous hypoxia and infusion of glucose induce a 40% decline in fetal oxy-
genation followed by a rise in EPO (Philipps et al. 1982). In a study on rhesus mon-
keys, combined maternal hyperglycemia and fetal hypoxemia reduces the fetal pH and
increases the lactate level more than fetal hypoxemia alone. These animal studies
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have shown that fetal hypoxemia combined with hyperglycemia induces less catechol-
amine release and insulin than either one alone (Cohn et al. 1992).

2.1.3 Other pregnancy and offspring complications

Hypertension-related complications, preterm birth (Klemetti et al. 2015; Klemetti et al.
2013; Klemetti et al. 2012), and delivery by cesarean section (Pallasmaa et al. 2015)
occur more often in T1DM pregnancies than in healthy pregnant women (Persson et al.
2009). Despite intensive surveillance, increased blood pressure (Klemetti et al. 2013),
obesity, and poor glycemic control during pregnancy (Klemetti et al. 2012) are still
common in diabetic pregnancies.

Poor pregestational glycemic control is associated with an increased risk of congenital
anomalies (Persson et al. 2009). White’s classification is based on the duration of dia-
betes, type of treatment used, and organ involvement (White 1949). T1DM women are
referred to category B or higher. A recent cohort study from Finland covering the years
1988-2011 found that severe forms of diabetes are associated with poor glycemic con-
trol before and during early pregnancy, hypertension, pre-eclampsia, operative mode of
delivery, preterm delivery, small-for-gestational age infants, and neonatal intensive
care unit admissions (Klemetti et al. 2015). White’s classification to some degree can
predict maternal and fetal outcome (Klemetti et al. 2015).

Neonates of diabetic mothers are affected by hyperinsulinemic hypoglycemia (Nessa et
al. 2016), hypomagnesemia and hypocalcemia (Tsang et al. 1976), polycythemia
(Cetin et al. 2011), iron deficiency (Georgieff et al. 1990), RDS and other respiratory
disorders (Horowitz et al. 2011; Persson et al. 2009), hyperbilirubinemia (Bollepalli et
al. 2010), and impaired CNS development (Kowalczyk et al. 2002). Recent studies
suggest that the incidence of stillbirths, neonatal prematurity, and neonatal macro-
somia in diabetic pregnancies is declining (Beyerlein et al. 2010).

Maternal diabetes can have long-lasting effects on the offspring (Vlachova et al. 2015).
These include abnormal neurobehavioral development (Rizzo et al. 1997), cardiovas-
cular dysfunction (Vessiéres et al. 2016; Oberhoffer et al. 1997), and abnormalities in
insulin- and related growth factor metabolism (Han et al. 2007). The offspring have an
increased risk of overall mortality, hospital admissions, and need of medication by the
age of 15 years (Knorr et al. 2015). In a Danish study, 300 children aged 17 years
whose mothers had T1DM, had higher BMIs and more often reduced glucose toler-
ance, relative insulin deficiency, and reduced insulin sensitivity than controls (Vlachova
et al. 2015).
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2.2 Fetal heart and circulation

Fetal heart, still formed as a tube, begins to contract during the third week of life. Com-
plete uteroplacental circulation is formed late during the first trimester. Harvey was the
first to describe fetal circulation, though he thought that there is no pulmonary circula-
tion in the fetus (Harvey W. 1628). Fetal circulation has three distinguished shunts. The
ductus venosus (DV) directs the oxygenated blood from umbilical vein to vena cava
inferior (IVC), where this blood flows to the right atrium and partly through foramen ova-
le to the left atrium. The third shunt ductus arteriosus (DA) directs the blood flow from
the pulmonary artery to the descending aorta. The aortic isthmus (Aol) connects the
two cardiac ventricles working in parallel. It is an important arterial watershed area in
the arterial circulation between the upper and lower body. A similar watershed area in
the venous system is the left portal vein between the main portal stem and the DV.

Cerebral arteries

Ve
[35]

Figure 1. Fetal circulatory system. AO, aorta; Aol, aortic isthmus; DA, ductus arteri-
osus; DV, ductus venosus; FO, foramen ovale; IVC, inferior vena cava; LA,
left atrium; LV, left ventricle; LP, left portal vein; MHV, middle hepatic
vein; PV, pulmonary vein; RA, right atrium; RHV, right hepatic vein; RV,
right ventricle; RP, right portal vein; SVC, superior vena cava; UV, umbili-
cal vein. Cerebral arteries include (from left to right) the brachiocephalic,
left common carotid, and left subclavian arteries. Modified from Kiserud T.
Seminars in Fetal and Neonatal Medicine 2005;10(6):493-503. Reproduced
with permission.
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Normally this section directs umbilical blood to the right liver lobe, but under abnormal
conditions, such as growth restriction, the blood flow may be reversed and directed
from the spleen to the DV (Kiserud et al. 2006). The right ventricle ejects blood through
the pulmonary valve to the pulmonary artery and to the ductus arteriosus and descend-
ing aorta. In the fetus, a lesser amount of blood flows through the proximal pulmonary
arteries (PPA). The left ventricle pumps the blood through the aortic valve to the as-
cending aorta and the aortic arch. After the branching of the common cerebral artery,
left common carotid artery, and left subclavian artery, the left side of the parallel circu-
lation meets the right side in the Aol.

Cardiac muscle fibers contain myosin and actin filaments. The cardiomyocytes are
connected by intercalated discs, containing desmosomes that hold the fibers together
and gap junctions with receptors for contractile proteins. Cardiac contraction is de-
pendent on the number of cross-bridges between actin and myosin, which are con-
trolled by calcium levels extracted from the sarcoplasmic reticulum during the electric
current of action potential or the availability of calcium. Inside the cell, calcium binds to
the troponin/tropomyosin complex leading to cardiomyocyte contraction. Active calcium
transport into the sarcoplasmic reticulum (by calcium-ATPase pump, SERCA) leads to
cardiac relaxation or lusitropy. The positive inotropic or contractile state is increased by
sympathetic activation mediated through catecholamines epinephrine and norpep-

inephrine, and some drugs, such as digitalis. Through B-adrenergic activation, cate-
cholamines increase the amount of phosphorylated phospholamban, which is a weaker
inhibitor of SERCA than the non-phosphorylated form. This in turn leads to enhanced

i v I i ——

Figure 2. A. A measurement of cardiac circumference (CC) from a four-chamber
view of the heart. Usually, the cardiac to thoracic circumference ratio is
less 0.60 in the third trimester, but increases with excess fetal cardiac
workload (hydrops, cardiac arrhythmias, maternal T1IDM) (Leung et al.
2006; Respondek et al. 1992). B. M-mode recording across ventricular
walls and interventricular septum. The beam is set just below the atrioven-
tricular valve level.
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SERCA function and increased sarcoplasmic reticulum release of calcium during the
next contraction (Zhang et al. 2007) and results in increased lusitropy of the heart
muscle (Rodriguez & Kranias 2005). Decreasing calcium influx into the cardiomyocyte
decreases contractility established through parasympathetic stimuli, anoxia, hypercap-
nia or acidosis, or cardiomyocyte loss.

2.2.1 Doppler ultrasonography

The Doppler effect is the change in wave frequency for an observer moving relative to
the source of the wave. In Doppler ultrasonography, the motion of sound waves and
their change is registered and graphically converted to blood flow velocity waveforms
as a function of time. The Doppler effect depends on the speed and direction of blood
flow, and the operating frequency of the sound emitted from a transducer (Kremkau
1992a; Kremkau 1992b). Pulsed wave Doppler ultrasonography is based on the fact
that a transducer emits waves in pulses that can be analyzed from the back-scattered
echo from a certain range allowing the analysis of a single blood vessel as a function of
time determined by the time the gate remains open (Gill 1987). In high pressure ves-
sels such as arteries, forward flow occurs usually during systole and absence or re-
verse flow during diastole. The relation between systolic and diastolic flow of a vessel
is described by the impedance indices: pulsatility index (Pl), resistance index, S/D-
ratio, and PI for veins (PIV). These variables depict impedance, i.e. resistance to pulsa-
tile flow but are not a direct estimation of the actual flow (Dickey 1997). The indices are
less dependant on the angle of blood flow than volume flow analyses. Blood flow

Table 1. Cardiac and circulatory parameter tools for analysis.
Abbreviation |Variable Formula
co cardiac output CO =SV x FHR = VTl x CSA x FHR
CSA cross sectional area CSA=1mx(r)2
ICT% |sovolumetr|9 ICT% = ICT (ms) / total cardiac cycle (ms) x 100
contraction time
IRT% lisn(:\éolumetnc relaxation IRT% = IRT (ms) / total cardiac cycle (ms) x 100
MPI index of myocardial MPI = (ICT+IRTYET
performance
PI pulsatility index Pl = (PSV - gnd—d|astollc velocity)/time-averaged maximum velocity
over the cardiac cycle
PIV pulsatility index for veins PIV = PSV—vequty during atrial .contractlon/tlme—averaged
maximum velocity over the cardiac cycle
Q volume flow Q = VTI x FHR x CSA or Q = Vmean x CSA
R resistance to flow R=dP/Q
RI resistance index RI = (PSV - end-diastolic velocity)/PSV
S/D S/D-ratio S/D = PSV/end-diastolic velocity
Vmean mean velocity Vmean = VTl x FHR
VeFo ventricular ejection force VeFo = (1.055 x CSA x VTl . ) x (PSV/TTP)
ventricular fractional VFS% = [(inner diastolic diameter — inner systolic diameter)/inner
VFS% . . o
shortening diastolic diameter] x 100

SV, stroke volume; FHR, fetal heart rate; VTI, velocity-time integral; ET, ejection time; PSV, peak systolic
velocity (synonymous with Vmax); dP, difference in pressure at the beginning and end of the tube; VTlac,
velocity-time integral during the systolic acceleration period; TTP, time to peak velocity.
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analysis can be performed for all vessels, though smaller vessels require high-
frequency ultrasound to minimize the risk of error (Kiserud et al. 1999). In volume flow
analysis, the diameter, the heart rate, and time-velocity integral need to be known. A
time-velocity integral is calculated by planimetering the area under the Doppler spec-
trum. Three consecutive waveforms of each cardiac cycle are recommended (Dickey
1997), and the angle of insonation should be kept < 30 degrees (Tessler et al. 1990).
However, impedance measures <60 degrees are still fairly reliable. Different methods
for analyzing ultrasonographic presentations are described in Table 1. These mathe-
matical models may incur a magnitude of error unless used in a precise way for each
study.

In M-mode imaging (Figure 2B), the transducer is set to collect data from one line of
transmission with its own time reference and variations of position as motion displace-
ments. Therefore, M-mode echocardiography shows the current position of one inter-
face in relation to other interfaces. In fetal medicine it is used to calculate cross-
sectional diameters for cardiac ventricles, walls, and the fractional shortening of the
venticles. It may also be used in diagnosis of fetal arrhythmias (DeVore et al. 1984).
Furthermore, M-mode is used to assess cardiac valve long-axis function, such as when
performing modified MPI assessments (Hernandez-Andrade et al. 2005). Mitral and
tricuspid annular plane systolic excursion (MAPSE and TAPSE) methods assess longi-
tudinally cardiac function by measuring the annular plane movement towards the apex
during systole in fetuses (Matsui et al. 2011).

2.2.2 Preload and afterload

Apart from heart rate and contractility, cardiac function is influenced by action potential
conduction velocity, preload, and afterload. Cardiomyocytes, unlike other striated mus-
cle cells, can only increase force generation through changes in fiber length and in-
otropy. Up to a point, cardiomyocytes respond to the stretching of its fibers by increas-
ing the strength of the following contraction. This phenomenon is called Frank-
Starling’s law, and it is applicable for the assessment of fetal cardiac function (Lingman
et al. 1984).

Preload, the stretching of cardiac fibers, and the capability of ventricular wall to stretch
can be estimated from vessels carrying blood to the fetal heart. In humans, the DV car-
ries 18% of the umbilical oxygenated blood to the IVC from gestational week 30 to term
(Kiserud et al. 2000b), whereas in experimental animals this proportion at term is closer
to 50% (Edelstone et al. 1978). However, both in humans and animal models, DV PIV
increases during hypoxemia (Kiserud et al. 2000a; Tchirikov et al. 1998), and the ves-
sel diameter tone is under adrenergic control (Kiserud et al. 2000b). DV shunting di-
rects 70-80% of the umbilical blood into the hepatic circulation. An increase in blood
viscosity, not uncommon for fetuses to mothers with T1DM, increases shunting of liver
blood flow from the umbilical vein. A lamb model of placental insufficiency showed that
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reduced pressure in the umbilical vein reduced the hepatic flow more than the DV flow.
After an initial increase, DV PIV is unaffected even until death (Makikallio et al. 2010).
Pulsatility in DV (Baschat et al. 2001; Gudmundsson et al. 1996) and IVC (Mori et al.
2007; Baschat et al. 2004) reflect atrial contraction and end-diastolic filling pressure.

Tricuspid regurgitation is clinically not a significant finding when it is nonholosystolic,
lasts <50% of the total cardiac cycle, and has a maximum velocity of <2 m/s. With nor-
mal cardiac anatomy, it occurs in 6.8% of fetuses (Respondek et al. 1994) and can be
used to evaluate cardiac contractility if the change in the pressure gradient and time
can be calculated. In humans, significant holosystolic tricuspid regurgitation occurs
more often when preload and afterload are increased, e.g. in volume overload, in-
creased systemic pressure, and placental insufficiency.

Afterload is the pressure against which the heart works to eject blood during systole.
Ejection takes place against the friction generated by the cardiac and vessel walls,
central vessel impedance, and peripheral vessel resistance. Laplace’s law states that
the tension of a wall is the product of the pressure times the radius of a wall. The in-
verse relationship of wall thickness to tension is used to estimate afterload, as are the
resistance and impedance of vessels and mean arterial pressure in fetuses (Makikallio
et al. 2010; Hawkins et al. 1989). The right ventricle is sensitive to afterload in fetal life
(Méakikallio et al. 2002a).

Afterload is reflected in the cardiac to thoracic circumference ratio (CC/TC) (Figure 2A).
Ventricular fractional shortening also reflects fetal cardiac workload. It is measured
from M-mode recordings of the fetal heart perpendicular to the interventricular septum
below the level of atrioventricular valves from the four-chamber view of the fetal heart
(DeVore et al. 1984). Ventricular fractional shortening of both ventricles usually re-
mains constant at 30—40% throughout gestation (DeVore et al. 1984) When abnormal,
fractional shortening may reflect myocardial dysfunction or increased cardiac afterload,
as seen in fetuses with intrauterine distress where both ventricular end-diastolic diame-
ters are increased but the actual left ventricular size and myocardial function are unaf-
fected (Rasanen et al. 1989). More recent methods to assess fetal afterload are veloci-
ty, strain, and strain rate measurements. Tissue Doppler velocity (Watanabe et al.
2009), and strain and strain rate (Dandel et al. 2009) offer more precise methods to
acquire data of fetal cardiac function. Two-dimensional (2D) speckle-tracking echocar-
diography (STE) is a commercially available imaging method that uses longitudinal
measurements and differentiates between active and passive movements in the myo-
cardium (Willruth et al. 2011). In the fetus, the right, but not the left, ventricle strain rate
decreases with advancing gestation, whereas no differences were found in strain rates
between the ventricles in early third trimester (Kapusta et al. 2013).
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2.2.3 Cardiac output, and systolic and diastolic function

Cardiac output (CO) depicts the quantity of blood pumped by the heart over a period of
time. In the fetus, the stroke volume and heart rate (FHR) define CO. Stroke volume is
affected by contractility, preload (cardiac volume filling), afterload (peripheral re-
sistance, blood viscosity), duration of contraction, and heart size. FHR is affected by
gestational age, balance between the sympathetic and parasympathetic nervous sys-
tem, hormonal status, acid-base balance, and humoral factors (Walker et al. 1990).
Preload is the major determinant of cardiac output. Weight-adjusted CO is higher in the
fetus than that in adults (Severi et al. 2000). As gestation advances, stroke volume and
CO, lung volume blood flow, and weight-indexed pulmonary and systemic vascular
resistance increase. CO increases >10-fold from 20 weeks to term. From second tri-
mester onwards, fetal cardiac function is dominated by the right ventricle (Rasanen et
al. 1996; Kenny et al. 1986). At 38 gestational weeks, the right ventricular CO compris-
es 60 % of combined CO (Rasanen et al. 1996). Similar findings have been made in
fetal sheep (Rudolph 1985). However, the pressures are similar in both ventricles and
in both atria since they pump in parallel in fetal life (Thornburg & Morton 1986). This
has been found in human fetuses undergoing invasive procedures in the second tri-
mester aswell (Johnson et al. 2000).The fetal stroke volume of the right ventricle in-
creases from 0.7 ml at gestational week 20 to 7.6 ml at week 40 and of the left ventricle
from 0.7 ml to 5.2 ml (Kenny et al. 1986). Studies on near-term sheep show from com-
bined CO about 2.5% is pumped to the heart, 3.7% to the brain, 8.0% to the lungs,
31% to the carcass, and 45% to the placenta. In human pregnancy, from 20 to 30
weeks of gestation, the pulmonary blood flow proportion of combined CO increased
from 13% to 25% after which it remains constant until term. The proportion of blood
flow through the ductus arteriosus of the combined CO is approximately 20 % at term
gestation (Rasanen et al. 1996).

During gestation the healthy fetal heart adapts to increasing cardiac work load and
blood pressure (Johnson et al. 2000). In healthy pregnancies, ventricular systolic and
end-diastolic pressures increase in a linear fashion until 28 gestational weeks. The
index of myocardial performance (MPI) describes both systolic and diastolic function
(Tsutsumi et al. 1999). With advancing gestation, the fetal MPI in both ventricles de-
creases indicating impaired cardiac function. Cardiac systolic function is estimated by
the ventricular ejection force (VeFo), which is usually similar in both ventricles although
the right ventricle normally dominates near term (Rasanen et al. 1997; Sutton et al.
1991). It estimates the early systolic flow and the energy transferred from ventricular
myocardial shortening to eject the ventricular blood into the circulation (Sutton et al.
1991). During the second trimester, the fetal heart increases its capacity for volume
handling. This is seen as an increase in ventricular ejection force in both ventricles
(Rasanen et al. 1997; Rizzo et al. 1995; Sutton et al. 1991).
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Diastolic function remains stable from early 2nd trimester until term (Tsyvian et al.
1998). Fetal diastolic function is often assessed by cardiac inflow blood flow velocity
waveforms. In early first trimester pregnancy cardiac inflow pattern is monophasic, but
a biphasic pattern emerges at gestational week 7 (Leiva et al. 1999). E-wave repre-
sents early atrial diastolic ventricular filling, whereas the A-wave is formed during sub-
sequent atrial contraction. E- and A-wave velocity ratios (E/A-ratio) are similar in both
ventricles, but the maximal velocities are higher in the tricuspid than mitral valve
(Tulzer et al. 1994). With advancing gestation, E- and A-wave velocities and E/A-ratios
increase (Tulzer et al. 1994).

Isovolumetric relaxation time (IRT%) is the time between the closure of semilunar valve
and opening of the atrioventricular valve when the volume of the ventricle remains sta-
ble but the pressure decreases by active myocardial relaxation. IRT is used to describe
diastolic function of the heart. IRT% has been shown to increase in fetal distress
(Makikallio et al. 2003).

2.2.4 Peripheral circulation

Blood flow is directly proportional to the radius of the tube (vessel), and inversely pro-
portional to blood viscosity, which in turn is closely related to hematocrit and the num-
ber of red blood cells (Poiseuille’s law). Laminar flow (Q) has laminae of liquid flowing
in separate layers, but flowing at different rates adjacent to each other in the longitudi-
nal direction.

The resistance of each vessel is mainly adjusted by the radius. The pressure is main-
tained and adjusted individually for each vessel. Therefore, most of the resistance and
regulation of the pressure in human and other mammalian systemic circulation is pro-
duced by small arterioles, the most abundant vessels with regulatory capabilities.
These rest with the smooth muscle lining of the arteriolar walls. Resistance to flow (R)
and blood volume distribution are nearly proportional to blood pressure. This has been
demonstrated in near-term instrumented sheep where umbilical artery (UA) volume
blood flow correlated positively with UA vascular resistance (Acharya et al. 2004).

The middle cerebral artery (MCA) detects fetal circulatory redistribution especially in
pregnancies complicated by growth restriction and increased impedance to flow in UA
(Mari & Deter 1992; Wladimiroff et al. 1987). During uncomplicated pregnancies, MCA
Pl increases until 30—32 gestational weeks (Konje et al. 2005). Towards term MCA PI
decreases (Locci et al. 1992). In chronic hypoxemia fetal blood flow is distributed to the
brain and the heart at the expense of the lower body (Peeters et al. 1979) also seen as
a decrease in MCA PI (Locci et al. 1992). The aortic isthmus (Aol) may be examined
from the sagittal view of the aortic arch or from the three-vessel- and trachea-view.
Usual measurements include velocities, pulsatility index, antegrade to retrograde VTI —
ratio, and presence of retrograde flow during diastole (Makikallio et al. 2002b). Aortic
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isthmus blood flow velocity profile changes with advancing gestation. At 20 weeks, an
end-diastolic notch in the blood flow velocity profile is seen at end-systole that progres-
sively disappears, and by 30 gestational weeks a short-term reverse diastolic flow is
present (Fouron et al. 1994). Normally descending aorta has an antegrade flow
throughout the cardiac cycle. During gestation the descending aorta blood flow in-
creases with advancing weight until 37 gestational weeks, after which it decreases
(Marsal et al. 1987). Aortic wall stiffness can also be measured by an echotracking
device that may reflect aortic distensibility (Mori et al. 2011).

Other systemic arteries have also been investigated but are not often used in clinical
practice. The coronaries in healthy fetuses are detectable in about 10% of fetuses at
31 gestational weeks and in 50% cases from 37 gestational weeks, but in severe IUGR
are easy to locate at 27 gestational weeks already in 20% of cases (Baschat et al.
1997). Abdominal and renal arteries may be technically difficult to detect due to re-
duced diastolic flow (Tekay & Jouppila 2000; Mari et al. 1995; Mari et al. 1993).

The fetal systemic venous blood flow velocity waveform presents a pulsating pattern
reflecting the changes in central venous pressure. The DV, IVC, and hepatic veins
have a triphasic pattern with a wave depicting ventricular systole (S-wave), early dias-
tole (D-wave), and atrial contraction (A-wave). The amount of umbilical blood flowing
through DV decreases from 28% at 18 gestational weeks to 18% in early third trimester
(Kiserud et al. 2000b). In healthy fetuses, the rest of the umbilical venous blood flows
through the hepatic veins. Blood containing least oxygen is delivered by the right he-
patic vein and IVC to the right atrium. The pulsatility of IVC and hepatic vein blood flow
velocity waveform decrease towards term pregnancy (Hecher et al. 1994).

2.2.5 Fetal circulation and hypoxia

Glycolysis is the main energy source for the fetal and neonatal heart (Su & Friedman
1973). Starvation leads to fatty acid oxidation which becomes the predominant energy
substrate, similar to the healthy adult heart (Rajabi et al. 2007). Human development
depends on high energy supply and aerobic metabolism. Energy is derived from
breakdown of glucose (Figure 3), and fatty and amino acid oxidative phosphorylation in
the mitochondria (Semenza 2007). Hypoxia affects basal cellular metabolism, which is
reflected by the ATP yield per amount of glucose. Fetal organs are well adapted to hy-
poxic insult (Su & Friedman 1973) but, especially in early pregnancy, poorly adapted to
oxidative stress caused by electron leaks in combination with reduced O; levels and
the subsequent increase in reactive oxygen species (ROS). Some ROS are free radi-
cals that launch chain reactions ultimately causing damage. Free radicals are detected
in increased amounts in placentas (Kossenjans et al. 2000) and fetal vascular endothe-
lium (Loukovaara et al. 2005) in T1DM pregnancies.



26 Review of literature

Fetal development progresses in a relatively hypoxic environment. Despite low partial
arterial pressure of oxygen (PO.) being 25-30 mmHg in contrast to maternal 80-90
mmHg, the delivery of oxygen to tissues is similar. This is due to fetal red blood cells
containing fetal hemoglobin which has a higher affinity for oxygen than adult hemoglo-
bin. This facilitates placental O2 uptake and increases O- saturation despite lower POx.
Adequate tissue oxygenation is further ensured by high fetal CO.

The healthy human fetus has an extraordinary capacity of adapting to intrauterine
stress. The first adaptive response to hypoxemia is a short baroreceptor-mediated de-
crease in FHR. If intrauterine stress continues, the response switches to increased
FHR and redistribution of blood flow in favor of the heart, brain, and adrenals. The
heart and adrenals are favored even more than the cerebrum and the cerebellum
(Sheldon et al. 1979). High weight-adjusted CO and redistribution of blood flow protect
the fetus from hypoxic insult. If hypoxia persists for 30—60 min in a previously healthy
individual, circulating cathecolamines and vagal stimulation reduce the FHR towards
the baseline (LaGamma et al. 1982).

Animal studies have increased the knowledge on how the fetal heart functions and how
pressure is regulated in hypoxia. At near term, a sheep fetal heart with an increased
afterload caused by placental embolization is able to increase contractility as a re-
sponse to inotropic stimuli, even during metabolic acidemia (Acharya et al. 2011). This
is confirmed by a sheep model, where fetal hypoxemia is rapidly followed by an in-
crease in right ventricular and combined CO (M&kikallio et al. 2006a). However, if fetal
oxygen supply is already compromised, fetal adaptive mechanisms are insufficient.
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Figure 3. Phosphorylation of glucose precedes the use of glucose as an energy

source. It stabilizes glucose molecules inside cells and activates glucose
energy production. In mammals, glucose can be used for aerobic or an-
aerobic respiration, or fermentation. Aerobic metabolism generates 36
molecules of ATP, but some of these molecules are lost through the
membranes and the cost of moving puryvate and ADP into the mitochon-
drial matrix diminish the net gain to 29-30 ATP molecules per glucose. The
equivalent energy yield for anaerobic metabolism for glucose is 2 mole-
cules of ATP. Oxygen-deprived muscles use lactic acid fermentation when
the electron transport chain is unattainable.
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Another sheep study revealed that administering anti-hypertensive medication for ma-
ternal hypertension decreases maternal blood pressure efficiently, but reduces FHR
and placental volume blood flow and increases PPA, pulmonary venous, and placental
vascular impedances, and enhances retrograde component of Aol blood flow velocity
waveform (Erkinaro et al. 2007). As an example, PPA blood flow velocity waveforms
are seen in Figure 4. Worsening hypoxemia decreased placental volume blood flow
further. Epinephrine reverses these changes, whereas norepinephrine decreases left
ventricular CO (Erkinaro et al. 2007). During acute hypoxia, increased fraction of the
umbilical venous return is directed to the DV and combined CO, right to left ventricular
CO ratio, and the placental blood flow are decreased (Tchirikov et al. 2010). In IUGR,
fetal combined CO is significantly diminished (al-Ghazali et al. 1989), and with advanc-
ing gestation the left ventricle being more dominant than normally (Rizzo & Arduini
1991).

Brain-sparing phenomenon is seen as a decreased MCA impedance resulting in in-
creased diastolic flow that can occur weeks before antenatal FHR decelerations devel-
op (Arduini et al. 1992). However, fetuses with increased impedance in umbilical artery
and decreased MCA impedance still seem to tolerate vaginal birth induced stress de-
spite fetal compromise (Dubiel et al. 1997), as evidenced by normal umbilical cord
blood gases (Cheema et al. 2009). In studies with fetal absent or reversed end-
diastolic (ARED) UA blood flow velocity waveform patterns, MCA impedance was again
normalized and the maximal compensatory dilatation of MCA was lost, simultaneously

Figure 4. Human fetal proximal pulmonary artery (PPA) blood flow velocity wave-
forms. A. PPA diastolic blood flow (arrow) is decreased indicating in-
creased vascular impedance. B. Pulmonary arterial vascular impedance
has decreased and blood flow is enhanced as depicted by a higher blood
flow velocity during diastole than above (arrow).
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with the onset of abnormal fetal CTG-tracings (Weiner et al. 1994). However, in very-
low birth infants, decreased MCA and increased UA vascular impedances are associ-
ated with reduced brain volumes at term (Maunu et al. 2007). During circulatory redis-
tribution, adrenals and spleen (important for hormone production and erythropoiesis)
seem to be favored (Dubiel et al. 2000; Dubiel et al. 1997; Capponi et al. 1997; Mari et
al. 1996).

In animals with increased placental vascular resistance, retrograde blood flow in the
Aol predicts poor delivery of oxygen to the brain (Fouron et al. 1999). In human growth
restricted pregnancies, fetuses with retrograde Aol net blood flow show evidence that
right ventricular CO redistributes from pulmonary to systemic circulation, while fetuses
with antegrade Aol net blood flow do not show it (Makikallio et al. 2003). In human fe-
tuses with placental circulatory insufficiency, decreased aortic isthmus blood flow ve-
locity index, a ratio of systolic and diastolic flow to systolic flow, may indicate poor neu-
rodevelopmental status in childhood (Fouron et al. 2005). Furthermore, high Aol pulsa-
tility index values in IUGR fetuses correlate with adverse perinatal outcome (Del Rio et
al. 2008).

2.2.6 Fetal circulation and maternal hyperglycemia

Doppler ultrasonographic studies in insulin-dependent diabetic pregnancies are listed
in Table 2. The results regarding fetal CO and stroke volume are conflicting due to var-
ying sample sizes, methods, and study design. Some studies do not mention the type
of diabetes, but that the mother was treated with insulin. Sample sizes varied between
2 to 155, though majority of the sample sizes were 20—40. Furthermore, ultraso-
nographic imaging techniques have improved and studies dating back 40 years might
easily conflict with modern equipment derived data. A study of 17 women suggested
that fetal right ventricular dominance found in normal pregnancies is not present in fe-
tuses of T1IDM mothers. On the other hand, increased combined CO is seen (Lisowski
et al. 2003). An equally sized study from Finland found decreased contractility and left
ventricular CO in fetuses of diabetic mothers (Réséanen & Kirkinen 1987). In newborns
of T1DM mothers combined CO was similarly decreased (Van Bel et al. 1991). FHR is
increased (Ursem et al. 1999), with increased accelerations during maternal hypogly-
cemia (Bjorklund et al. 1996). Furthermore, poor overall cardiac function is reported.
Higher values of IMP suggesting cardiac dysfunction are seen at near term in T1DM
fetuses (Russell et al. 2008; Tsutsumi et al. 1999). At early and mid-gestation the situa-
tion is opposite: MPI is lower in T1IDM compared to control fetuses (Bui et al. 2013;
Turan et al. 2011). Tissue Doppler measurements of cardiac inflow blood flow velocity
waveforms were significantly lower in fetuses of mothers of gestational hyperglycemia,
however, this did not associate with maternal glucose control (Ren et al. 2011).
MAPSE is found to be decreased in fetuses of gestational diabetics, but similarly this
finding does not associate with maternal glucose control (Atiq et al. 2017).
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At 11-14 gestational weeks, there are signs of fetal diastolic dysfunction in TIDM women
with poor or moderate glycemic control. IRT% is greater and MV E/A-ratio lower in fetuses
of T1DM women compared to control pregnancies (Turan et al. 2011). Later in gestation,
contradictory results are found. Several studies found decreased TV E/A-ratio and in some
studies also MV E/A-ratio was abnormal (Wong et al. 2003; Tsyvian et al. 1998; Rizzo et
al. 1995; Rizzo et al. 1992a; Rizzo et al. 1991). It has been shown that in control fetuses
TV E/A-ratio increases towards term, while in T1DM fetuses this increase is not observed
(Weber et al. 1994). However, it seems that improved accuracy due to enhanced ultraso-
nographic machinery has enabled more consistent results. More recent studies see no
differences between control and T1DM fetuses E/A-ratios in longitudinal studies from 1st
trimester until term gestation (Russell et al. 2009; Russell et al. 2008). A commonly report-
ed consequence of maternal T1DM is increased fetal cardiac interventricular septum
and/or free wall thicknesses (Jaeggi et al. 2001; Macklon et al. 1998; Rizzo et al., 1994,
Rizzo et al. 1991; Russell et al. 2009; Russell et al. 2008; Veille et al. 1993).

Anterior cerebral artery vascular impedance as a sign for brain-sparing (Dubiel et al.
2002) has been investigated, with no differences in insulin-dependent diabetic new-
borns compared to healthy controls (Van Bel et al. 1991). Normally, the descending
aorta blood flow correlates with cardiac size and left ventricular CO, but in fetal growth
restriction and maternal hypertensive disorders, and especially in T1DM pregnancies,
the descending aorta blood flow vascular impedance decreases (Rasanen et al. 1988).
During redistribution of the blood in fetal hypoxia, descending aorta vascular imped-
ance increases (Makikallio et al. 2002b; Rasanen et al. 1988), but in diabetic pregnan-
cies no increase in impedance is reported (Reece et al. 1996; Rasanen et al. 1988;
Olofsson et al. 1987). Poor maternal glycemic control affects cardiac compliance and
blood flow. DV PIV correlates with increased HbA1c% and is increased in fetuses with
maternal T1DM (Stuart et al. 2010).

2.2.7 Fetal cardiac gene expression in experimental methods of maternal hy-
perglycemia

Maternal hyperglycemia in early pregnancy increases the risk for fetal malformations
through excess apoptosis and generation of reactive oxygen species (ROS) (Yang et
al. 2015). Several genes are associated with diabetic cardiac embryopathy. The cardi-
ac expression levels of cell proliferation regulators Gata4, Gata5 (Moazzen et al. 2014),
Cyclin D1 (Moazzen et al. 2014; Scott-Drechsel et al. 2013), and pro-apoptotic Casp3,
and Casp9 (Gutierrez et al. 2009) are decreased, and anti-apoptotic Bc/2 (Gutierrez et
al. 2009), anti-proliferative p21 (Cdkn1a) (Scott-Drechsel et al. 2013), and pro-
angiogenic Vegfa (Moazzen et al. 2014) increased in hyperglycemic animal models.

Cardiac glucose transporters are effected by maternal hyperglycemia. Cardiac gene
expression of glucose transporter Slc2a1 (GLUT1) is increased rapidly after glucose
administration, whereas Sic2a4 (GLUT4) responds to insulin administration and is insu-
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lin-sensitive (Anderson et al. 2001). Other metabolic disturbances such as activation of
reactive oxygen species and lipid abnormalities in diabetes affect cardiac gene expres-
sion. Streptozotocin (STZ) administration leads to upregulation of enzyme mRNA in-
volved in the ketone body synthesis pathway (Cook et al. 2017). Abnormal lipid supply
in the hyperglycemic fetal hearts leads to decreased levels of PPARa-involved genes
(Kurtz et al. 2014; Lindegaard & Nielsen 2008). In addition, maternal pregestational
mouse model demonstrates downregulated levels of genes associated with lipid me-
tabolism: fatty acid translocase (FAT/CD36), fatty acid transport protein 1 (FATP1), and
lipoprotein lipase (LPL) (Lindegaard & Nielsen 2008).

While several genes have abnormal expression levels in hyperglycemic fetal hearts, ex-
cess cardiac growth is not related to changes in cardiac gene expression (Cox & Marsh
2014). However, hyperglycemia does affect growth-related cardiac gene expression.
Insulin and insulin-like growth factors are expressed at enhanced levels in fetal hearts
according to studies on animal models of pregestational maternal hyperglycemia. In-
creased levels of insulin-like growth factor (IGF) 1, IGF2, IGF1 receptor, IGF2 receptor,
insulin receptor, and IGF binding proteins (IGFBP) 1, 2, and 3 in fetal hearts near term
are reported in maternal hyperglycemia (White et al. 2015). Decreased levels of Serca2
(Atp2a2) may contribute to cardiac diastolic dysfunction in an animal model mimicking
type 2 diabetes (Abe et al. 2002). Furthermore, the ratio of a-myosin heavy chain (MHC)
(Myh6) to B-MHC (Myh7) increases as a sign of improved cardiac maturation in normal
conditions (Hui et al. 2006). Myh6 is the dominant adult cardiac myosin and has the
highest ATPase activity, while Myh7 has the lowest contractile capacity (Gustafson et al.
1987). In an animal model mimicking type 2 diabetes, adult rat hearts exhibit upregulated
levels of Myh7 and downregulated levels of Myh6 (Gaber et al. 2014). Other myosins are
produced in the fetal heart as well. Skeletal muscle type for adult myosin (Myh2) has
decreased expression in the adult hearts of mice with type 2 diabetes mimicking disease
(Takada et al. 2013). The embryonic skeletal muscle myosin (Myh3) is needed for nor-
mal fetal cardiac development (Rutland et al. 2011). Interestingly, sinoatrial node mRNA
gene expression of natriuretic peptides (Nppa, Nppb) is increased in adult diabetic rats
with decreased heart rate (Ferdous et al. 2016). In neonatal cardiac volume overload,
cardiomyocytes exhibit high expression of Nppa and Nppb (Zhou et al. 2015).

2.3 The placenta

2.3.1 Placental morphology

The decidua basalis on the maternal uterine surface is the site where anchoring villi pene-
trate maternal endometrium. The junctional zone is the area where trophoblasts and ma-
ternal cells interact. The chorionic plate covers the fetal surface of the placenta. Intervillous
space lies between the decidual and chorionic plates. Inside the placenta, villi containing
capillaries, macrophages known as Hofbauer cells, and fibroblasts are surrounded by
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trophoblast and syncytiotrophoblast layers. The villi function as nutrient and gas exchange
site. Placental lobules are formed by the tertiary stem villi that penetrate the basal zone.
The umbilical cord is formed by the 5th week. Histologically, umbilical arteries are sur-
rounded by smooth muscle cells and inner loose and irregular cells (Meyer et al. 1978).

2.3.2 Uteroplacental circulation

The blood flow through the umbilical cord increases from 35 ml/min at 20 gestational
weeks to 240 mil/min by 40 gestational weeks (Kiserud et al. 2000b). UA blood flow
velocity waveform patterns reflect the number of functional arteriolar tertiary villi in the
human placenta (Trudinger et al. 1985). The uterus receives most of its blood supply
through the uterine arteries. Both uterine and arcuate arteries have high vascular im-
pedance in early pregnancy, visible as early diastole notches; these disappear in the
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Figure 5. Umbilical artery blood flow velocity waveform in a rat fetus at 20 gestational
days (GD) (A). B. Color-Doppler shows the descending aorta. Ductus veno-
sus is identified anteriorly to it with a light, turbulent blood flow velocity pat-
tern. C. Umbilical artery blood flow velocity waveforms. Arrows note the
presence (above) or lack (below) of diastolic blood flow in the umbilical ar-
tery. The top pattern is from the fetus of a healthy control dam, and the wave-
form at bottom is recoded from a fetus with maternal hyperglycemia.
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beginning of the second trimester. Until 26 gestational weeks early diastolic notch in
uterine artery may be physiological (Schulman et al. 1971). The uterine artery imped-
ance is lower on the side of placentation (Bewley et al. 1989). Significant disturbances
of the placental circulation are seen as persistent uterine artery notches on both sides,
increased impedance, or an abnormally large difference between the uterine artery
impedances (Thaler et al. 1992).

Spiral artery remodeling and trophoblast invasion are an essential part of normal pla-
cental development. Normal fetal circulation requires low spiral artery vascular imped-
ance that decreases until the beginning of the second trimester. Thereafter, it remains
stable until late term (Kurjak et al. 1997). In pregnancies with IUGR and pre-eclampsia,
spiral arteries are more sensitive in detecting early signs of emergent fetal distress than
uterine arteries (Babic et al. 2015), but altogether spiral artery impedance is abnormal
in SGA and pre-eclamptic pregnancies and is associated with poor perinatal outcome
(Murakoshi et al. 1996) . Reductions in the amount and structural abnormalities of spi-
ral arteries lead to increased impedance in UA (Giles et al. 1985).

Umbilical circulation can be detected by Doppler ultrasonography as of gestational
week 7 and a diastolic component is seen as of the 16th gestational week (Wladimiroff
et al. 1991). Placental blood flow increases in proportion to fetal growth and weight
gain (Sutton et al. 1990). However, the amount of CCO directed to the placenta de-
creases from 30% at gestational week 20 to approximately 20% at gestational week 32
(Kiserud et al. 2006). UA impedance decreases during gestation, especially during
second trimester, due to increasing blood flow velocities (Acharya et al. 2005). Umbili-
cal vein pulsations are physiological up to 13 gestational weeks (Rizzo et al. 1992b).
The blood flow in the umbilical vein is nonpulsatile in healthy fetuses as of the second
trimester (Rizzo et al. 1992b).

2.3.3 Uteroplacental circulation in hypoxia

Placental oxygenation is low in the 1st trimester and increases after the 12th gestation-
al week. POz remains largely at 45-48 mmHg until early term gestation (Schneider
2011). Experimental studies on rhesus monkeys show that placental ischemic injury
and compromised uterine hemodynamics may occur simultaneously (Frias et al. 2011).
A fetal sheep model of placental insufficiency showed that worsening hypoxemia in-
creases pulsatility of DV blood flow velocity waveform. However, development of
acedemia did not further increase DV pulsatility or decrease CO even before imminent
fetal death (Makikallio et al. 2010).

A mathematical model showed a steep increase in UA impedance once 60-90% of
intraplacental vasculature was obliterated (Thompson & Trudinger 1990). Furthermore,
studies on sheep with placental embolization show that UA vascular volume blood flow
and UA vascular impedance have a negative correlation (Acharya et al. 2004). ARED
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waveform in UA indicates severely increased placental vascular resistance (Thuring et
al. 2012; Stewart et al. 1990). Furthermore, UA ARED finding is associated with an
enhanced risk for poor neonatal outcome (Rosner et al. 2014). Increased pulsatility in
systemic venous blood flow velocity waveforms can be found in IUGR fetuses with UA
ARED (Hecher et al. 1995; Reed et al. 1990).

Fetal veins, like umbilical vein, are affected only in later stages of fetal hypoxia. Atrial
pulsations in umbilical vein are seen in hydropic fetuses with heart failure and predict
increased perinatal mortality (Gudmundsson et al. 1991). These pulsations are sus-
pected to be a late sign of fetal impending death due to hypoxia (Gudmundsson et al.
1996). UV pulsations have been classified as single or double — the latter signifying a
higher risk of perinatal mortality (Hofstaetter et al. 2001).

2.3.4 Placental morphology in maternal hyperglycemia

In human T1DM pregnancies, various morphological changes of the placenta as com-
pared to non-diabetic pregnancies have been reported. Nucleated fetal red blood cells
are increased and placental structural abnormalities, such as fibrinoid necrosis, villous
immaturity, and chorangiosis are observed (Evers et al. 2003). In T1IDM pregnancies
where fetal growth is considered appropriate for gestational age, placentas are relative-
ly larger than in control pregnancies with appropriately grown fetuses. Intrauterine fetal
death in T1DM pregnancies is associated with low placental weight. (Evers et al. 2003).
However, in another study placental histology revealed only minor alterations in the
T1DM placentas when compared to healthy control placentas, i.e. increased intervillous
space and abnormalities in villi development (Nelson et al. 2009). Also increased thick-
ness of muscle layer in the umbilical arteries and altered expression of genes regulat-
ing vascular development and function are found in the umbilical cord in diabetic preg-
nancies (Koskinen et al. 2015).

Experimental mouse (White et al. 2015) and rat (Padmanabhan & Shafiullah 2001)
models have shown that placentas are heavier in maternal hyperglycemia, but the
weight adjusted to fetal weight is not. Fluctuations in placental weight gain have been
reported with advancing gestation (Korgun et al. 2011). In rats, a connection between
fetal growth restriction and hyperglycemia was seen (Padmanabhan & Shafiullah
2001). At gestational day 18, the decidua basalis is thin and displays necrotic giant
cells, lymphocytic aggregations, perivascular fibrosis, cysts, and degenerated glycogen
containing cells when compared to control placentas. Furthermore, signs of inflamma-
tion and increased amounts of Hofbauer cells are present in hyperglycemic placentas
(Sisino et al. 2013). Also, the levels of placental cytokines and chemokines are in-
creased in a primate model of maternal high fat diet (Frias et al. 2011).
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2.3.5 Uteroplacental circulation in maternal hyperglycemia

It seems that uterine artery notching is more frequent and uterine artery vascular im-
pedance is higher in human T1DM pregnancies than in uncomplicated pregnancies
(Zimmermann et al. 1994). The physiological decline in the uterine artery impedance is
reportedly blunted (Grunewald et al. 1996). Increased uterine artery vascular imped-
ance is associated with maternal vasculopathy and fetal growth restriction (Pietryga et
al. 2005).

UA vascular impedance in human T1DM pregnancies has been studied by several in-
vestigators. Increased UA impedance is associated with increased maternal circulating
catecholamine levels (Bjorklund et al. 1996), pre-eclampsia or other hypertensive dis-
orders (Dicker et al. 1990; Landon et al. 1989), maternal vasculopathy (Pietryga et al.
2005; Reece et al. 1994; Dicker et al. 1990; Landon et al. 1989), gHbA1c% levels
(Russell et al. 2009; Pietryga et al. 2005), and growth restriction (Pietryga et al. 2005)
in diabetic pregnancy. However, some studies do not show any differences in UA vas-
cular impedance when compared to control pregnancies (Turan et al. 2011;
Zimmermann et al. 1992). It seems that LGA human T1DM fetuses have decreased
impedance in UA Doppler velocimetry (Maruotti et al. 2014; Pietryga et al. 2005). The
vascular impedance in the descending aorta may be increased or unchanged (Reece
et al. 1996; Grunewald et al. 1996; Olofsson et al. 1987).

Some studies have found that the pulsatility of DV is increased and may predict fetal
outcome in T1DM pregnancies (Wong et al. 2010; Stuart et al. 2010). Studies concern-
ing umbilical vein blood flow patterns reveal conflicting results (Rizzo et al. 1995;
Zimmermann et al. 1992).

2.3.6 Placental gene expression in maternal hyperglycemia

Embryopathy is associated with poor uterine perfusion in hyperglycemic pregnancies
(Zabihi et al. 2008). Placental expression of genes involved in protection from oxidative
stress are decreased for catalase (Cat), glutathione peroxidase 1 and 2 (Gpx), paired
box protein 3 (Pax3) and vascular endothelial growth factor (VEGF) 1 in a rat model
(Zabihi et al. 2008). Excess production of reactive oxygen species (ROS) occurs in
experimental settings in untreated pregestational maternal hyperglycemia (He et al.
2016). Gestational diabetes mellitus in humans and rats induces pro-inflammatory and
ROS-inducing genes (Tang et al. 2015)

Placental growth is affected by maternal hyperglycemia both in humans and animal
models. In murine placentas, expression of genes IGF1, IGF2, IGF2 receptor, IGFBP1
and 3 controlling growth is upregulated near term (White et al. 2015). Placental angio-
genesis affects placental growth. Antiangiogenic processed forms of placental prolactin
(bone morphogenetic protein 1, cathepsin D) are upregulated in diabetic and hypergly-
cemic pregnancies (Perimenis et al. 2014). Indeed some genes of angiogenetic factors
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are upregulated (fractalkine 1, fractalkine 1 receptor) (Szukiewicz et al. 2013) whereas
others (VEGF1, VEGF receptor 1 and 2 and receptor Tie2, angiopoietin 1 and 2, basic
fibroblast growth factor (FGF) 2, FGF2 receptor) remain unchanged in diabetic placen-
tas (Janota et al. 2003). Further, maternal diabetes leads to increased term placental
basic FGF and receptor gene expression levels (Di Blasio et al. 1997). Some studies
have reported increased placental activation of genes involved in cell adhesion, growth
factor response, and nutrient transport, more specifically matrix metalloproteinases and
genes associated with inflammation (Kappen et al. 2012; Salbaum et al. 2011). Placen-
tal growth affects fetal growth, as depicted by the placental /eptin gene expression,
which increases fetal growth in human T1DM pregnancies (Iciek et al. 2013)

Placental metabolism is affected by hyperglycemia during pregnancy. Gene expression
levels of glucose transporters Sic2a1 (GLUTT) (Gaither et al. 1999), Slc2a4 (GLUT4),
Slc2a9 (GLUTY) (Stanirowski et al. 2016) are increased in human T1DM pregnancies.
Furthermore, STZ-induced untreated hyperglycemia leads to upregulation of Sic2a3
(GLUT3) gene, which codes for the nutrient transfer protein located in the labyrinthine
zone (Boileau et al. 1995). The expression of genes involved in placental metabolism
suggests that lipids are primary nutrients in diabetic placentas (Radaelli et al. 2009).
Downregulated LPL (Radaelli et al. 2009), upregulated endothelial and hormone-
sensitive lipase (Lindegaard et al. 2006) expression has been reported. Furthermore, in
an untreated maternal hyperglycemia rat model, expression of genes involved in pla-
cental Ca?* and Mg?* accretion is decreased (Husain et al. 1994). Drug transport by the
placenta is similarly downregulated in an untreated maternal hyperglycemia model
(Anger et al. 2012).

2.4 Animal models of maternal hyperglycemia

2.4.1 Streptozotocin

Streptozotocin (STZ) increases serum glucose concentration, urine volume, glucosuria,
ketonuria, serum immunoreactive insulin (IRI), and pancreatic IRI content (Junod et al.
1969). It has an established role in creating animal models of different types of diabe-
tes and hyperglycemia. It destroys pancreatic B-cells, and is clinically used for treat-
ment of cancer of the islet of Langerhans. Although there are several other models of
hyperglycemia and diabetes, STZ-derived models are considered the model-of-choice
of experimental hyperglycemia (Arison et al. 1967).

2.4.2 Animal models of pregestational hyperglycemia

Maternal hyperglycemia during rat pregnancy disturbs normal capillary and vessel for-
mation in the embryo and increases fetal malformations in a dose related fashion
(Pinter et al. 1986). STZ-induced hyperglycemia in murine dams decreases vascular
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endothelial growth factor (VEGF) levels and causes vasculopathy in the embryo, prov-
ing that hyperglycemia modulates the VEGF-pathway (Pinter et al. 2001). In hypergly-
cemia-exposed chicken embryos, it has been shown that angiogenesis does not occur
normally, even though the VEGF-pathway is intact (Larger et al. 2004). In a rat model,
the embryo hearts have malformations and decreased expression of VEGF indicating
that increased oxidative stress process is activated at these sites (Roest et al. 2009).
Additionally, cyclo-oxygenase 2 (COX2) activity is reduced in malformed rat fetuses of
STZ-induced hyperglycemic pregnancies (Al-Matubsi et al. 2010).

Later in pregnancy, fetal septal and left ventricular wall thicknesses are increased at
gestation near term in a mouse model of maternal STZ-induced pregestational hyper-
glycemia. Transient diastolic dysfunction, prolonged isovolumetric relaxation time, and
abnormal cardiac growth are found. However, these findings are normalized at term to
7 days of postnatal life (Corrigan et al. 2013). It seems that hyperglycemia directly
causes cardiac wall excess growth (Gordon et al. 2015). Studies concerning placental
and fetal growth abnormalities in rats have suggested glucocorticoid involvement
(Korgun et al. 2011), poor local immunological responses (Groen et al. 2015), and poor
uterine hemodynamics (Chartrel et al. 1990).

Rat neonates from pregnancies with STZ-induced pregestational maternal hypergly-
cemia have decreased expression of pulmonary gene pathways of cell proliferation and
oxidative stress (Koskinen et al. 2010). The long-term effects of maternal pregestation-
ally STZ-induced hyperglycemia on rat offspring include increased blood pressure,
vascular dysfunction, poor adrenergic responses, and increased angiotensin-
converting enzyme (ACE) activity in the heart, kidney, and lung (Wichi et al. 2005).

2.4.3 Rat pregnancy characteristics

Human and rodent circulatory anatomy is almost identical (Mestas & Hughes 2004).
Laboratory rats have bicornuate uteri, gestation lasts 21-22 days, and the placenta is
discoid. After implantation, a peripheral trophoblastic giant cell zone develops in the
endometrial zone. The placenta is labyrinthine, has a hemotrichorial fine-structure, and
is implanted above the mesometrial uterine side (de Rijk et al. 2002). There are three
cell layers between the maternal and fetal circulations: an outer layer of cytotrophoblast
cells and two inner layers of syncytial trophoblast cells (Aoki et al. 1978). Litter sizes
are usually 10-20 pups.

2.5 Biomarkers of fetal wellbeing

2.5.1 Natriuretic peptides

Natriuretic peptides are essential for normal fetal cardiac development and are pro-
duced during cardiac distress to protect the myocardium. Atrial natriuretic peptide
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(ANP) (Flynn et al. 1983) and brain B-type natriuretic peptide (BNP) (Sudoh et al.
1988) are produced by the cardiomyocytes. Cardiomyocyte stretch and cardiac wall
stress due to pressure or volume load first launches ANP from atrial storage granules
(de Bold et al. 1996). Continued stimuli to produce natriuretic peptides leads to in-
creased gene expression within one day for ANP from the atrial and ventricular myo-
cytes (Kinnunen et al. 1992) and within one hour for BNP from ventricular myocytes
(Mantymaa et al. 1993). In the developing human fetal heart at 17 and 19 weeks of
gestation, ANP but not BNP, is produced in the ventricular myocytes (Takahashi et al.
1992). However, in pregnancies with cardiac stress fetal ventricular BNP mRNA is sig-
nificantly increased (Makikallio et al. 2006b). In human T1DM pregnancies, elevated
umbilical cord serum levels of NT-proANP and NT-proBNP, ANP and BNP cleavage
products, have been reported (Russell et al. 2009; Girsen et al. 2008; Halse et al.
2005).

In adults, potential stimuli to ANP release are atrial stretch, hypoxia (Lew & Baertschi
1989), increased heart rate (de Bold et al. 1996), sympathetic stimulus (Lew &
Baertschi 1989), and several humoral factors such as endothelin-1 (Uusimaa et al.
1992), nitric oxide (Leskinen et al. 1995), acetylcholine, antiotensin, prostaglandins,
glucocorticoids, and thyroid hormones (Rosenzweig et al. 1991). Increased secretion of
BNP is always preceded by increased expression of BNP mRNA, whereas ANP, since
it is stored in intracellular granules, can be released rapidly by exocytosis in response
to physiological or pathophysiological stimuli. Both natriuretic peptides relax vascular
smooth muscle. They act on the kidney to reduce extracellular fluid volume and de-
crease blood pressure. In the developing fetus, ANP has a role in controlling mitotic
activity (Thornburg et al. 2011). In adult animals, ANP depresses hypertrophic growth
responses in cardiomyocytes (Horio et al. 2000).

2.5.2 TroponinT

Troponin T (TnT) is a cardiospecific protein that is released during myocardial ischemia
(Boo et al. 2005). Cardiac TnT is a thin filament protein involved in cardiac contraction
in the sarcomere-binding Z-zones as troponin-tropomyosin bound complexes. During
relaxation troponin-tropomyosin inhibits actin-myosin-interaction. After cardiomyocyte
damage, TnT is detected in serum within 3—12 hours, and returns to baseline in 5-14
days (Donnelly & Millar-Craig 1998). TnT gene mutations in humans lead to hyper-
trophic cardiomyopathy, which in animal models seem to affect myosin crossbridges
within the myocardial structure (Gollapudi & Chandra 2016). Cord blood TnT concen-
tration does not change with advancing gestation, mode of delivery, nor fetal weight or
sex (Clark et al. 2001). Increased TnT levels have been reported in newborn umbilical
cord serum in pregnancies complicated by severe placental insufficiency combined
with increased afterload (Makikallio et al. 2000), and in T1IDM pregnancies with in-
creased myocardial growth and poor perinatal outcome (Russell et al. 2009).
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2.5.3 Erythropoietin

In human T1DM pregnancies, increased amniotic fluid erythropoietin level are associ-
ated with chronic fetal asphyxia, and fetal and neonatal morbidity (Escobar et al. 2013).
Erythropoietin is already produced in the embryonal yolk sac (Yasuda et al. 2002), and
is assumed to have a role in feto-placental development. Maternal erythropoietin is not
transported across the placenta (Malek et al. 1994) and after the embryonal period it is
produced in the fetal liver, kidney, spleen, bone marrow (Dame et al. 1998), and in the
placental trophoblast cells (Conrad et al. 1996). However, in normoxemia, the placenta
does not contribute to the circulating erythropoietin levels, whereas in chronic hypoxia
both the placenta and kidneys produce large quantities of erythropoietin with placental
production surpassing the renal (Davis et al. 2003). A major stimulus for erythropoietin
production is tissue hypoxia (Pagel et al. 1991). An acute hypoxic response increases
erythropoietin production within a few hours (Turner et al. 2016; Widness et al. 1981),
but the severity of hypoxia is not reflected in erythropoietin levels (Turner et al. 2016).
Erythropoietin stimulates erythroblast formation, erythrocyte maturation, and decreases
cell death (Koury & Bondurant 1990). It may also protect tissues from ischemic damage
as in the myocardium (Lipsic et al. 2006) and in paracrine activated erythropoiet-
in/erythropoietin-receptor in the brain (Sakanaka et al. 1998).

Interestingly, circulating erythropoietin is not stored and after a prolonged hypoxic in-
sult, circulating levels reflect transcriptional level stimuli (Goldberg et al. 1991). In vitro,
endogenous erythropoietin levels of the amniotic fluid and plasma retain 70% of the
original activity after incubation of 21 days (Schmidt et al. 2004). However, not all eryth-
ropoietin stimuli are hypoxia-induced, since erythropoietin is produced by the kidneys
even in the absence of hypoxia (Halt et al. 2016). Inflammation increases hepcidin syn-
thesis which may lead to erythropoietin resistance or a blunted response, as seen in
hemodialysis patients responding poorly to high recombinant human erythropoietin
therapy (Ribeiro et al. 2016). Similarly nitric oxide, an oxidative stress product, stimu-
lates erythropoietin in isolated perfused rat kidneys (Yoshioka & Fisher 1995) and in-
creases gene expression in vivo (Todorov et al. 2000). Retinoic acid has antioxidant
properties and increases erythropoietin production in embryonal carcinoma cell lines
(Kambe et al. 2000) and in murine yolk sacs (Yasuda et al. 1996).

In women with T1DM high antenatal amniotic fluid erythropoietin levels have been as-
sociated with increased birth weight, high UA pCO; levels, increased maternal
gHbA1c%, low UA pH, neonatal hypoglycemia, and low UA pO; (Teramo et al. 2004b).
Umbilical cord serum erythropoietin levels have been shown to increase with worsen-
ing placental circulatory compromise (Girsen et al. 2007).

2.5.4 Activin A

Activin A is produced by the gonads, pituitary gland and placenta. It is expressed in the
placental maternal-fetal interface and induces trophoblast invasion. It seems to in-
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crease human trophoblast cell endothelial-like tube formations by up-regulating VEGF-
A production (Li et al. 2015). Activin A has fibroblast activator potential and its neonatal
serum and cerebrospinal fluid concentrations have predictive value in hypoxic-ischemic
encephalopathy (Lv et al. 2015).

2.5.5 Soluble vascular endothelial growth factor receptor-1 (sFlt-1)

sFIt1 is the soluble form of vascular endothelial growth factor (VEGF) receptor-1, an
antiangiogen. VEGF is a mitogen that stimulates endothelial cell proliferation. It is a key
regulator of angiogenesis. Two receptor tyrosine kinases, VEGFR-1 (FIt-1) and
VEGFR-2, mediate its activity, and Flt-1 has a soluble form (sFlt-1) produced by endo-
thelial cells by differential splicing of the gene. Therefore Flt-1 activity is antagonized by
sFlt-1 (Hornig et al. 1999). sFit-1 is produced by endothelial cells and only 5% is de-
tectable as free kinase whereas the rest is bound by ligands i.e. VEGF-A and placental
growth factor (PIGF). Hypoxia induces sFlt-1 production from endothelial cells. sFlit1
appears to reduce the transmembrane availability of the bound ligands, and conse-
quently functions as an antagonist of VEGF action (Hornig et al. 2000). Higher levels of
sFlt-1 and lower levels of PIGF have been repoirted in pre-eclampsia (Palomaki et al.
2015). Similarly in diabetic pregnancies, PIGF and sFlt-1 function as predictors of in-
creased risk for developing pre-eclampsia (Cohen et al. 2014).
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3 AIMS OF THE STUDY

Previous studies have investigated the effect of maternal hyperglycemia on fetal circu-
lation. Results have been conflicting. Based on these studies, we hypothesized that
STZ-induced maternal hyperglycemia in a rat model affects fetal cardiac function and
hemodynamics resulting in cardiac dysfunction. We also hypothesized that maternal
pregestational hyperglycemia leads to placental, morphologic, inflammatory, and gene
expression changes with hemodynamic consequences. Furthermore, we estimated that
the effects of hyperglycemia on the fetal myocardium extend to the cellular and gene
expression levels in fetuses and offspring of rats with pregestational maternal hyper-
glycemia. In human fetuses of diabetic mothers the aim was to investigate, whether
maternal insulin therapy ameliorates fetal cardiac, hemodynamic, and placental ab-
normalities.

The specific aims of the study were:

1. To find out how maternal pregestational hyperglycemia in a rat model affects
cardiac function and structure of the fetus (l) and cardiac gene expression and
structure of the offspring (l1).

2. To characterize placental hemodynamics, morphology, gene expression, and
inflammatory biomarkers in a rat model of maternal hyperglycemia, and their ef-
fect (I1).

3. To investigate changes in fetal cardiac function, biochemical markers of fetal

well-being, and placental gene expression in human T1DM pregnancies (IV).
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4 MATERIALS AND METHODS

4.1 Subject characteristics and study design

4.1.1 Rat model of maternal hyperglycemia (I-1ll)

The study protocol was approved by the University of Turku Laboratory Animal Care
and Use Committee (permission no. 1664/06). Animal care at the university conforms
with the European Community Council Directions 86/609/EC and follows the principles
of laboratory animal care set down by the Council. All rats were purchased from the
University of Turku Central Animal Laboratory and housed in dedicated pathogen-free
conditions in room air with a 14:10-h light-dark cycle. The animals had free access to
standard laboratory rodent food and water.

To induce hyperglycemia, female Sprague-Dawley (SD) rats were injected before mat-
ing intraperitoneally with streptozotocin (STZ) 35 mg/kg (Sigma, St Louis, MO) dis-
solved in citrate buffer (0.01 mol/l, pH 4.5) (Rees & Alcolado 2005). When necessary,
1-4 additional doses of 15 mg/kg STZ were given every two days. The tail vein blood
glucose levels were collected 2 days after STZ-injection with an Elite glucometer
(Bayer, Leverkusen, Germany) before noon (Table 3). All female rats were caged
overnight with a male. Gestational day (GD) 1 was the day of a positive vaginal smear.
Maternal blood samples during gestation were collected under general anesthesia un-
der ultrasonographic examinations apart from GD 1 when the dams were conscious.
Maternal pregestational samples were collected from conscious animals.

Table 3. Maternal glucose concentrations (mmol/l) in control and maternal hyper-
glycemia groups.

Variable n Control n Hyperglycemia
Studies | and Il
Pregestation 10 25.0 (5.3)
GD 13-14 20 6.2 (1.2) 9 29.6 (4.6)*
GD 16-17 20 4.4 (0.8) 9 29.3 (3.3)*
GD 19-21 20 4.0 (0.8) 10 29.6 (4.5)*
Study Il
Pregestation 2 5.1(0.2) 7 20.9 (2.1)*
GD 15 3 4.0 (0.5) 7 25.0 (3.8)*
Postnatal feeder 4 5.4 (2.1)

GD, gestational day. All values are mean (SD). *p<0.05.
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Figure 6. Rat pregnancy protocol flow chart.

4.1.2 Rat model of maternal hyperglycemia and pregnancy (I, ll)

The protocol is shown in Figure 6. Ultrasonography was performed serially under
isoflurane-induced (3—4%) anesthesia in an oxygen-air mixture into a chamber and
maintained with 1.5-2% isoflurane-oxygen-air mixture via a mask. The lack of with-
drawal reflexes was recorded as a measure of the depth of anesthesia, and loss of toe
and tail-pinch reflexes marked full unconsciousness. After the last ultrasonographic
examinations, the unconscious dam was humanely euthanized in a CO. chamber fol-
lowed by cervical dislocation. A V-shaped incision was used to access the maternal
abdomen, and the uterine horns and fetuses were identified by their location on the
ultrasonography. Instant fetal decapitation was performed with specially designed
sharp blades. The number of fetuses in hyperglycemic dams varied from 9 to 12 and in
control dams from 10 to 16. From each dam, fetuses were randomly assigned for histo-
logical analyses, micro-computed tomography (CT), or gene expression analyses of
the hearts, and either to histological or gene expression analyses of the placenta.

4.1.3 Rat model of maternal hyperglycemia and the rat neonatal heart (lll)

Study protocol is in Figure 7. SD rats with STZ-induced hyperglycemia prior to mating
and healthy pregnant female SD rats delivered spontaneously at term (approximately
22 days after conception). After birth, newborn pups from both groups were instantly
separated from their own dam and weaned by healthy euglycemic dams. Glucose
samples were collected from conscious animals using an Elite glucometer (Bayer,
Leverkusen, Germany).
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Figure 7. Rat offspring protocol flow chart.

All pups from the same litter were sacrificed simultaneously under rapid intraperitoneal
injection of pentobarbital sodium (200 mg/kg) anesthesia and euthanized by cervical
dislocation. PND 14 was selected as the last day of the experiment because newborn
lungs complete alveolarization and the cardio-respiratory system is mature (Burri
2006). Hearts and bodies were weighed and randomly processed for analyses. The

heart and lung blocks were randomly divided for histological or gene assays.

4.1.4 Human T1DM pregnancies (IV)

The Ethics Committee of the Hospital District of Southwest Finland approved the re-
search protocol (167/2005 §183). Study IV included T1DM and healthy control women
with singleton pregnancies (Figure 8). The women were attended by the department of

obstetrics and gynecology of the Turku and Oulu University Hospitals, Finland.
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Table 4. Characteristics of control and T1DM pregnancy groups.
Variable Control T1DM
n 67 33
Maternal prepregnancy characteristics
Maternal age (years) 28.0 (4.0) 28.5 (4.9)
Prepregnancy BMI (kg/m2) 23.2(3.4) 26.1 (4.9)
Smoking 2 (3.0 %) 5(15.2 %)***
Nulliparous 42 (62.7 %) 17 (51.5 %)
White class
B 6 (18.2 %)
C 8 (24.2 %)
D 6 (18.2 %)
R 8(24.2 %)
F 1(3.0 %)
D+R 1(3.0 %)
R+F 4 (12.1 %)
gHbA1c% 7.9 (1.6)
Basal insulin dose 26.8 (19.9)
Prandial insulin dose 26.8 (19.9)
Previous illness
Essential hypertension 3 (4.5 %) 5(15.2 %)*
Thyroid dysfunction 2 (3.0 %) 6 (18.2 %)*
Asthma 2 (3.0 %) 3(9.1%)
Polycystic ovary syndrome 2 (3.0 %) 2 (6.1 %)
Hypercholesterolemia 1(1.5%) 1(3.0 %)
Pregnancy characteristics
gHbA1c% (32 weeks) 6.4 (0.9)
Hypoglycemia during pregnancy (plasma glucose <2,6 mmol/l) 15 (45.5 %)
Basal insulin dose (30 weeks, 1U) 49.0 (20.5)
Prandial insulin dose (30 weeks, 1U) 42.6 (19.5)
Retinopathy during pregnancy 20 (60.6 %)
Nephropathy during pregnancy 5(15.2 %)
Neuropathy during pregnancy 1(3.0 %)
Hypertensive disorders
Hypertension (with labetalol or nifedipin medication) 3 (4.5 %) 3(9.1 %)*
Pre-eclampsia 3 (4.5 %) 8 (24.2 %)*

Values are either mean (SD) or no. and (% of total). *p<0.05, **p<0.0001.

Demographic data is presented in Table 4. All women underwent Doppler ultrasonog-
raphy and a serum sample collection. The ultrasound examination was performed at
gestational week 35+5 (13 days) in T1IDM and 37+3 (13 days) in the control group
(p<0.0001). The time interval from the ultrasound to birth was similar in diabetic 12 (4
days) and 14 (8) control pregnancies. The ultrasonography was performed between the
years 2006-2010. Amniocentesis was performed in TIDM women (n=24) for clinical
indications. The amniotic fluid was tested for EPO concentrations in the laboratories of
the university hospital (Oulu, n=5; Turku, n=19). After delivery, umbilical cord blood and
placental samples were collected. Near the placental umbilical cord insertion, a 1 cm?
placental segment of the whole placenta was cut sharply and fast-frozen in liquid nitro-
gen. Umbilical cord blood samples were centrifuged. All samples were stored at -80 C.

Clinical data concerning pregnancies were obtained from hospital records.
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Figure 8. Human pregnancy follow-up flow chart.

4.2 Gene expression analysis (I-V)

4.2.1 RNA isolation

All tissue samples were initially fast-frozen in liquid nitrogen and stored at -80°C. Total
ribonucleic adic (RNA) isolation was performed for gene expression analyses. Sample
sizes are shown in Figures 6—8. RNA was isolated from each tissue homogenate using
TissuelLyser and purified with RNeasy mini kit and RNase-free DNase | (Qiagen, Hil-
den, Germany).

4.2.2 qRT-PCR analysis (I-IV)

For all studies, cDNA first strand was synthesized from RNA using Moloney murine
leukemia virus reverse transcriptase. Real-time PCR reactions were performed with an
ABI 7300 Real-Time PCR Systems (Applied Biosystems, CA) using TagMan chemistry.



Materials and methods 49

Table 5.

Sequences of primers and bifunctional

fluorogenic probes [6-

carboxyfluorescein (5’-FAM), tetramethylrhodamine (3’-TAMRA)] used in
gRT-PCR analyses.

Adrb1 (rat)
Forward primer
Reverse primer
Probe

Atp2a2 (rat)
Forward primer
Reverse primer
Probe

TTCTTGA

Bmpr1A (rat)
Forward primer
Reverse primer
Probe

Capza1 (rat)
Forward primer
Reverse primer
Probe

Cdkn1b (rat)
Forward primer
Reverse primer
Probe

FIt1 (human)
Forward primer
Reverse primer
Probe

Egfr (rat)
Forward primer
Reverse primer

Probe
CAACAAAACTGGGCTTAGGGA
Egin3 (rat)

Forward primer

Reverse primer

Probe
Epo (human)

Forward primer

Reverse primer

Probe
Gpx3 (rat)

Forward primer

Reverse primer

Probe
Hcn2 (rat)

Forward primer

Reverse primer

Probe
Hsl (rat)

Forward primer

Reverse primer

Probe
Igf2bp3 (rat)

Forward primer

Reverse primer

Probe
Igfbp6 (rat)

Forward primer

Reverse primer

Probe
Kcnip2 (rat)

Forward primer

TACTTTTCTCTTCAA

Reverse primer

Probe
Ldha (rat)

Forward primer

Reverse primer

Probe
TTCA
Myh2 (rat)

Forward primer

Reverse primer

Probe
Myh3 (rat)

Forward primer

Reverse primer

Probe
Myhé6 (rat)

Forward primer

Reverse primer

Probe
Nppa (rat)

Forward primer

Reverse primer

Probe
Nppb (rat)

Forward primer

Reverse primer

Probe
Pdgfr (rat)

Forward primer

Reverse primer

Probe
Pgdh (rat)

Forward primer

Reverse primer

Probe
GCATGGCA
Pdk2 (rat)

Forward primer

Reverse primer

Probe
GATC
Ptgs2 (rat)

Forward primer

Reverse primer

Probe

GGATCGCCTCTTCGTCTTCTT
TGCGGCAGTAGATGATGGG
CTGGGCTACGCCAACTCGGCCTT

AACATCTGGCTCGTGGGC
TGGCAAAGGTTCCACGTAGAG
TGCTTGTCCATGTCCCTTCAC-

GCCCCCTGTCGTTATAGGC
GCCATAGAGATGAGCACAGCC
CATTCTTTGATGGCAGCGTCCGATG

TCAGACACCACGTTCAAGGC
TCGATTTTGGTGCGGGTAA
TTGCGCCGGCAGCTTCCA

CCGGGACTTGGAGAAGC
AGTCGAAATTCCACTTGCGC
TGCCGAGATATGGAAGAAGCGAGCC

TCAGCTACTGGGACACCGG
CCTGAACTAGATCCTGTGAGAAGCA
TCCTGCTGTGCGCGCTGCTC

CCTTAGCCGTCCTGTCCAAC
TGTAAGTTCCGCATGGGCA
ATGGAAC-

CCTCGGCTCTGTGAGCGA
GGGCGATCTTCTCCAGATC
ATGCCTCTGGGACACATCATGAGGC

GGGACAGATGACCAGGTGTGT
GGCACAAGCAATGTTGGTG
CCACCTGGGCATATCCA

AAGAACTTGGCCCATTCGG
GCTCCTGTTTGCCAAATTGG
CTGGTCATTCTGGGCTTCCCTTGCA

AGGGAATCGACTCCGAGGTC
GAGGATCTTGGTGAAACGCAC
AGACGGCCCGTGCACTACGCA

ACGGGCCTCAGTGTGACTG
GCAACTCTGGGTCTATGGCG
AAGTTCCCTCTTTACGGGTGGCCGA

TCTCCGCCTCGTCCTTTTG
TGTGCCATGCGTAGCTTGAG
CGCCGCCGCTTGCCTACTTTG

TCCCTGCTGGTGTGTGGAT
CTTCCCTGGCCATCTGGAG
CGATGGGCCAGCCTTTGCCAG

CAGCAACTATGC-

AGCCACAAAGTCCTCAAAACTGA
CCTTTGACACCAACCACGATGGCTC

ATTCGGCTCGGTTCCGTTA
ACCCGTGACAGCTCAGTGG
CTGATGGGAGAAAGGCTGGGAG-

GCCCAGAATAGGCCTTTTGAT
CGTCTTTGCTCTGAATGGTTCC
CGGAGCCCAAGGAGTCCTTTGTCA

ACAAGATCGAGGACATGGCC
ACGTGTATCGGTCCTTGAGGTT
TGACCCACCTGAACGAGCCTGCT

AGCTGCGATGCAACGGAG
GATTCGATACCTCTGCCGGA
AGGGCTTCCCCAACCGCATTCTTTAT

GAAAAGCAAACTGAGGGCTCTG
CCTACCCCCGAAGCAGCT
TCGCTGGCCCTCGGAGCCT

TGGGCAGAAGATAGACCGGA
ACAACCTCAGCCCGTCACAG
CGGCGCAGTCAGTCGCTTGG

AATATGAGGTGGTGAGCACGC
CATACAGCGCACTGACAGTGG
CGCCTGCGTCACGTGGACCA

TCATGCCTGTTGCACAGCA
GCTGAGCGTGTGAATCCGAT
CCTGTTTATTGTGCCTCAAA-

GGCAGGAGCTGCCCGT
CCCGGTCAGGAAGCAGGT
CGCCTGGCCAACATCATGAAAGA-

CATGATCTACCCTCCCCACG
CAGACCAAAGACTTCCTGCCC
CCCTGAGCACCTGCGGTTCGC

Slc2a3 (rat)

Forward primer GGTGCATTTGGCACGCTAA

Reverse primer CAAAGACCTGAGCCACAAGGA

Probe CCAGCTGGGCATCGTTGTTGGG
Slc2a4 (rat)

Forward primer TGTGGCCTTCTTTGAGATTGG

Reverse primer CTGAAGAGCTCGGCCACAA

Probe CCTGGCCCCATCCCCTGGTTC
Tnfrsf12a (rat)

Forward primer GACCACACAGCGACTTCTGC

Reverse primer CATAGCATCCTGAAGTGGGCA

Probe TGGGATGCGCAGCAGCACCT
Ucp2 (rat)

Forward primer CTTCTGCACCACCGTCATTG

Reverse primer GGCCCAAGGCAGAGTTCATA

Probe TCCCCCGTTGATGTGGTCAAGACG

Ucp3 (rat)

Forward primer AGCCTGTTTTGCTGATCTCCTC

Reverse primer GGATCTGCAGGCGGACCT
Probe CCTTCCCCCTGGACACCGCC
Vegfa (rat)
Forward primer GATCCGCAGACGTGTAAATGTTC
Reverse primer TTAACTCAAGCTGCCTCGCC
Probe TGCAAAAACACAGACTCGCGTTGCA

Adrb1, B1-adrenergic receptor; Hcn2, hyperpolarization-
activated cyclic nucleotide-gated potassium channel 2;
Atp2a2, sarcoplasmic reticulum Ca2+-ATPase; BmpriA,
bone morphogenetic protein receptor type 1A; Capza1, Z-line
actin-capping protein-a1; Cdkn1b/P27kip1, cyclin-dependent
kinase inhibitor 1B; Fit1, FMS-related tyrosine kinase 1; Egftr,
epidermal growth factor receptor; Egin3, hypoxia-inducible
factor prolyl hydroxylase 3; Epo, erythropoietin; Gpx3, gluta-
thione peroxidase 3; Hcn2, hyperpolarization-activated cyclic
nucleotide-gated potassium channel; Hs/, hormone-sensitive
lipase; Igf2bp3, insulin-like growth factor 2 mRNA binding
protein 3; Igfbp6, insulin-like growth factor binding protein 6;
Kcnip2, kv-channel interacting protein; Ldha, lactate dehy-
drogenase A; Myh2, adult skeletal myosin heavy chain 2;
Myh3, embryonic skeletal myosin heavy chain 3; Myh6, a-
cardiac myosin heavy chain 6; Nppa, atrial natriuretic peptide;
Nppb, brain natriuretic peptide; Pdgfrb, platelet derived
growth factor receptor beta polypeptide; Pdk2, pyruvate
dehydrogenase kinase, isozyme 2; Pgdh, hydroxyprostaglan-
din dehydrogenase 15; Ptgs2, cyclo-oxygenase 2; Sic2a3,
facilitated glucose transporter 3; Slc2a4, insulin-responsive
glucose transporter 4; Tnfrsf12a, tumor necrosis factor recep-
tor superfamily member 12a; Ucp2, uncoupling protein 2;
Ucp3, uncoupling protein 3; Vegfa, vascular endothelial

growth factor A.
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Quantification was performed using the standard curve method and the results were
normalized to the housekeeping gene 18S RNA measured from the same sample. Pri-
mersand bifunctional fluorogenic probes (6-carboxyfluorescein and tetramethylrhoda-
mine) for analyzed genes were designed with Primer Express software (Applied Bio-
systems, CA) (I-IV). Primers and probes are listed in Table 5.

4.3 Histological, tomographic, and biochemical analyses

4.3.1 Morphometric analysis (I-1ll)

Tissue samples were fixed in 10% buffered formalin for 24—48 hours and embedded in
paraffin. Rat fetal thorax blocks (I) were scanned as whole, but all other samples were
cut into sections with a thickness of 5 um (I-1ll), stained, and examined under UV light
at a x40 times magpnification unless stated differently.

4.3.1.1 Hematoxylin & Eosin staining (I-1ll)

Hematoxylin & eosin (H & E) staining was used for morphological analysis in studies |-
lll. Rat cardiac morphology was examined for apoptosis and mitosis in late term fetus-
es (I) and offsprings (lll) by either two (JL, LL) or one (JL) investigators blinded to the
study group. A grid was set as a standard area inside the myocardial wall near the
apex of the heart. Epithelium, endothelium, septal walls, and trabeculae were excluded.
The apoptotic cells were identified by the dense, hyperchromatic, fragmented nuclei,
eosinophilic cytoplasm, and the halo sign separating the cell (Mandarim-de-Lacerda &
Pessanha 1995). Mitosis in a cell was identified by dividing chromatin figures; meta-
phase and anaphase easiest to identify. Apoptotic and mitotic cell activity was estimat-
ed by counting the cells (number of cells/fmm?). In study Ill, the mitosis-karyorrhexis
index (MKI) was calculated by adding mitotic and apoptotic cells together to estimate
the general cell activity. For study |, the number of erythroblasts per 100 erythrocytes
(ERBL/ERYT) ratio was calculated.

In study Il, the H & E stained rat placental sections were examined for size, maternal
arteries, villi, and vein thrombosis by a single investigator blinded to the study group
(JL). The placental area was measured from the cross-sectional sagittal view of the
placenta from the umbilical cord insertion area. Setting the grid as a standard area, the
number of cysts, villi, venous thrombosis formations, and maternal artery diameter and
wall thickness were measured.

4.3.1.2 Go6moéri methenamine silver staining (1, 1)

To study cardiac cell turnover, width, and number Gémori methenamine silver staining
was performed (I, Ill). Apoptotic and mitotic cells were identified in a similar fashion as
in H & E stained samples. The number of cardiomyocyte nuclei per mm? and cardio-
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myocyte width measurements from the narrowest nucleus crossing dimension were
calculated by a single investigator blinded to the experimental group (JL).

4.3.2 Periodic acid-Schiff (PAS) and PAS diastase stainings (ll)

Placental samples were stained with Periodic acid-Schiff (PAS) and PAS diastase
(dPAS) (Il). PAS stains all cells and glycogen, whereas dPAS erases staining with gly-
cogen. The location of PAS positive staining in the placenta was recorded. Glycogen
positive cells were calculated by the following formula: Glycogen positive cells = PAS
positive cells—(PAS positive cells—dPAS positive cells). A standard x20 magnification
was used and all the analyses were performed by a single investigator blinded to the
experimental group (LL).

4.3.3 In situ detection of apoptotic cells (I, Ill)

Apoptotic myocardial cells were identified by terminal deoxynucleotide transferase-
mediated dUTP nick-end labeling (TUNEL) from paraffin-embedded samples by a sin-
gle investigator blinded to the study group (VK). First, samples in sodium citrate solu-
tion were heated and then digested with proteinase-K to expose DNA. Second, termi-
nal transferase with digoxigenin-conjugated dideoxyuridine triphosphate was used to
label DNA strand breaks and, finally, alkaline phosphatase immunohistochemistry was
used for visualization. Adjacent sections were treated with DNasel to verify a positive
sample for apoptosis.

4.3.4 Immunohistochemistry for Ki-67 staining ()

Ki-67 immunostaining was performed to estimate the proliferative activity of the fetal rat
myocardium near the apex. Ki-67 is expressed in the cell nuclei in G1, S, G2, and M
phases of the cell cycle (Fidaleo et al. 2011). Several staining dilutions were used and
the most optimal was 1:1000 dilution for the primary antibody to stain all mitotic nuclei
and some round nuclei (prophase and telophase) with a dark brown color. Light brown
was occasionally seen in non-dividing nucleus but was disregarded. The protocol was
adopted from Reis et al (Reis et al. 2010). The analyses were performed by a single
investigator (LL) blinded to the study group.

4.3.5 Micro-computed tomography analysis (I)

Micro-computed tomography analysis was used to measure fetal rat late term ventricu-
lar chamber, free wall, and interventricular septal volumes. It was performed on a 1072
Desktop X-ray microtomograph (SkyScan, Kontich, Belgium). Excess material was cut
out from paraffin embedded thorax blocks and thereafter the blocks were scanned with
a x45 magnification with settings of 6.51 pm pixel resolution, 3.9 sec exposure time (50
kV, 150 pA), 0.45 rotation step (180°), and 0.25 mm aluminium filter. Volumetric recon-
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struction software (NRecon version 1.4.4., SkyScan) and 3-dimensional image volume
analysis with CT Analyzer software (version 1.7.05, SkyScan) were used for image
creation.

4.3.6 Cytokine bead array analysis (ll, IV)

In study Il, frozen rat placentas were weighed and immersed in PBS pH 7,5 (100 mg of
tissue to 100 ml) containing 0,1% Igepal CA-630 nonionic detergent (Sigma-Aldrich,
MO). Ultra-Turrex was used to homogenize sample mixtures on ice, and samples were
centrifuged at 6000 x g for 30 minutes. Supernatants were stored at -80 °C for cytokine
assay. After defrosting, samples were centrifuged at 13000 x g for 30 min for excess
cell removal. The concentrations were analyzed using Milliplex Map Rat Cyto-
kine/Chemokine Magnetic Bead Panel assay kit (Merck Millipore, MA). Supernatants
were diluted with a 1:5 to assay buffer. Duplicate sample assays were performed with
Luminex 200 system and analyzed with xPONENT software (build 3.1.579.0) (Luminex
Corporation, TX).

For study IV, placental cytokine concentrations of interleukins (IL) 18, IL2, IL4, IL6, IL8,
IL10, monocyte chemoattractant protein 1 (MCP1), and tumor necrosis factor a (TNFa)
(Bio-Plex Pro Human Cytokine 8-Plex Immunoassay, Bio-Rad, Hercules, CA) were
measured. The assay was done in duplicate according to manufacturer’s instructions
using Bio-Plex MAGPIX Multiplex Reader.

4.3.7 Umbilical cord serum immunoassays (IV)

4.3.7.1 Erythropoietin

Umbilical cord serum erythropoietin concentrations were analyzed in duplicates by a
quantitative enzyme linked immunosorbent assay (ELISA) (Quantikine IVD Human Epo
Immunoassay, R & D Systems, MN). The detection limit for erythropoietin was 2.5
mlU/ml. ELISA is a method that employs antigen-antibody binding to detect a certain
substance that is analyzed spectrophotometrically and given a numerical estimation.
The analysis was performed in Research Centre of Applied and Preventive Cardiovas-
cular Medicine, CAPC, University of Turku.

Amniotic fluid erythropoietin concentration was analyzed by a two-site sandwich immu-
noassay with chemiluminescent detection on an automated random access immunoas-
say analyzer (TYKSLAB and NordLab, Finland).

4.3.7.2 Activin A

Activin A serum concentrations were analyzed in duplicates using solid-phase ELISA
assay according to manufacturers instructions (Quantikine Human/Mouse/Rat Activin A
Immunoassay, R & D Systems, MN) in CAPC. The detection limit was 15.6 pg/ml.
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4.3.7.3 Natriuretic peptides

Cardiac ANP and BNP are synthesized as inactive prohormones and cleaved in
equimolar amounts to ANP and BNP, and inactive N-terminal fragments (NT-proANP,
NT—proBNP) (Hunt et al. 1997; Rosenzweig et al. 1991). Circulating fetal umbilical se-
rum concentrations of NT-proANP and NT-proBNP were measured by radioimmunoas-
say (Ala-Kopsala et al. 2004). The sequences for NT-proANP and NT-proBNP antisera
recognition were proANP4s.79 and proBNP1¢.29. The detection limit was 60 pmol/l for NT-
proANP and 40 pmol/l for NT-proBNP.

4.3.7.4 Troponin T

Umbilical cord serum cardiac troponin T (TnT) concentrations were measured with
electrochemiluminescence immunoassay (ECLIA) (TYKSLAB, Finland). The lowest
detection limit was set at <0.014 ng/ml.

4.4 Ultrasonographic assessment (|, Il, IV)

4.4.1 Animal models of maternal hyperglycemia and pregnancy (I, Il)

Ultrasonographic examinations were performed longitudinally (Figure 8). Dams were
placed in a dorsal position, and the lower abdomen was shaved after adequate anes-
thesia. The body temperature was maintained at 38°C with a heat pad. Acuson Se-
quoia 512 equipment (Mountain View, CA) with a 15L8W linear array probe (frequency
14.0 MHz, dynamic range contrast 74 dB, edge 0, color frame rate 28/sec, space-time
temporal resolution 68%, wall motion filter set 3) was used with a lowest high-pass filter
setting (Gui et al. 1996). Starting from the top, all fetuses were localized in each uterine
horn. Color-Doppler was used to identify the fetal heart. The pulsed Doppler sample
volume was adjusted to cover the heart or the vessel of interest. The fetal heart was
examined from different directions to minimize the angle. Cardiac inflow (IF) and out-
flow (OF) areas were identified to record their maximal velocities during several cardiac
cycles with a sweep speed of 100 mm/s (Figure 9). From the fetal sagittal view, de-
scending aorta and DV were located with color Doppler and blood flow velocity wave-
forms were obtained by pulsed Doppler US with an angle less than 30-40° between
the vessel and the Doppler beam. UA blood flow velocity waveforms were collected
from the umbilical cord free loop. The ultrasonographic examinations were videotaped
and analyzed offline.

4.4.2 Maternal T1DM and pregnancy (IV)

In human pregnancy, transabdominal ultrasound (Acuson Sequoia 512, Mountain
View, CA) was performed with an 5-8 MHz convex transducer by two investigators
(MH, LL). The high pass filter was set at its minimum. An angle of < 20° degrees be-
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tween the vessel and the Doppler beam was accepted for further analysis. The mean
value was calculated from three consequent cardiac cycles. Mechanical and thermal
indices were kept <1.0. The examinations were videotaped and later analyzed offline.

The four-chamber view of the heart was used to obtain mitral and tricuspid valve blood
velocity waveforms, as well as PPA and pulmonary veins (Pulm V). Tricuspid regurgita-
tion (TR) was noted if present. Outflow blood flow velocity waveforms were recorded at
the level of pulmonary and aortic valves. Valve diameters were measured using lead-
ing-edge-to-leading edge method during systole. CSA was calculated with the assump-
tion that the annuli are circular. VTI were calculated by planimetering the area of the
Doppler spectrum. M-mode recordings were obtained from the four-chamber view. M-
mode was used to measure the ventricular wall thicknesses obtained at the atrioven-
tricular valve level during end-diastole.

From the fetal sagittal view, DAo, IVC, left hepatic vein, and DV blood flow velocity
waveforms were obtained. Aol blood flow velocity waveforms were obtained from the
sagittal aortic arch view. UA blood velocity waveforms from free loops of the umbilical
cord and FHR were measured. MCA blood flow velocity waveform was acquired. The
blood flow velocity waveforms from the uterine arteries (AUt) were recorded.

4.5 Statistics

In studies I-Il, data were analyzed using mixed-model approach, with the dam as a
random effect. Analyses tested mean differences of the outcome variables. Repeated
measurements of ultrasonographic data were analyzed using time, maternal hypergly-
cemia, and interaction between these two as independent variables. In morphologic,
microcomputed-tomography, and mRNA data analyses, hyperglycemia was used as an
independent variable. Interactions between ultrasound measurements in peripheral
vessels were analyzed with factorial two-way ANOVA. Correlation between parameters
was examined using either Spearman’s correlation coefficient or Pearson’s test. In-
traobserver variability was estimated with Bland-Altman analysis on two measurements
of UA and descending aorta PI, as well as DV PIV. Bias was defined as the geometric
mean of all Pl value ratios and precision as 95% confidence limits of agreement.

In study lll, data were analyzed with one-way ANOVA (gene and histologic analyses)
or either with Student’s t-test or Mann-Whitney U-test (glucose levels, differences with-
in a group). Analyses were used to test mean differences of the outcome variables.
Measurements of gene and histologic data were analyzed with time, maternal hyper-
glycemia, and interaction between both as independent variables.

Study IV used Kruskal-Wallis H test for three-way comparisons. The categorical varia-
bles were tested for significance using Mantel-Haenszel's X2 or Fisher’s exact test (for
variables with 5 or fewer entries). Student’s t-test or Mann-Whitney U-test was used for
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two-way comparisons. Associations were tested using Spearman’s correlation coeffi-
cient (Rs) and for categorical variables with logistic or multinomial logistic regression
analysis. The following limits were regarded for associations: 0.40-0.59 moderate,
0.60-0.79 strong, and 0.80-1.00 very strong.

For all studies, statistical significance was set at p <0.05. When required by the statisti-
cal distribution, logarithmic or \x conversion was utilized. Analyses were performed
with SAS (version 9.2; SAS Institute, Cary, NC) or IBM SPSS Statistics (version 19.0;
IBM Analytics, Armonk, NY). The results are given as means standard deviation (SD),
confidence interval (Cl) 95%, or median (range).
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5 RESULTS

5.1 Rat model of maternal hyperglycemia (I-1ll)

5.1.1 Fetal rat cardiac function during the second half of pregnancy

At GD 13 and 14, rat fetuses in the maternal hyperglycemia group had AVVR more
often and decreased outflow Vmean than control group fetuses (Figure 9, Table 6).
Furthermore, E/A VTI ratio and ICT% were increased. Later in pregnancy no valve re-
gurgitation was seen but E/A VTI ratio and IRT% remained increased in the maternal
hyperglycemia group. Throughout pregnancy, the rat fetuses in the maternal hypergly-
cemia group had lower FHR and increased vascular impedance in the descending aor-
ta and UA.

5.1.2 Intraobserver variability in the experimental rat model

Figure 9. Pulsed Doppler sonography of the fetal heart at 13-14 GD. The inflow
blood flow velocity waveform is below the baseline (*). Top figure repre-
sents inflow-outflow blood flow velocity waveforms from the control fetus.
Bottom figure represents inflow blood velocity waveform with holosystol-
ic AVVR at the end of diastole in a fetus in the hyperglycemic group.
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Table 6. Fetal cardiac and peripheral hemodynamics in the control and maternal
hyperglycemia groups.

Variable Control Hyperglycemia Control Hyperglycemia Control Hyperglycemia
GD 13-14 GD 16-17 GD 19-21
[ 219 98 208 99 199 104
n¢ 20 10 20 10 20 10
Central hemodynamics
AVVR 57/219 (26 %) 98/100 (98 %) 0/208 (0 %) 0/99 (0 %) 0/199 (0 %) 0/104 (0 %)
FHR 195 (30) 154 (17)*** 203 (32) 188 (18)* 218 (33) 191 (24)**
OF Vmean 9.6 (2.8) 3.8 (1.5)** 11.9 (2.5) 11.1(2.0) 11.4 (2.1) 10.5 (1.9)
E/A VTI 0.11(0.19) 1.17 (0.52)*** 0.10 (0.09) 0.11 (0.08) 0.27 (0.16) 0.42 (0.20)**
IRT% 10.5 (5.5) NA 12.5 (2.5) 14.1 (2.9) 11.4 (2.9) 13.2 (2.9)*
ICT% 4.9 (2.1) 5.3 (2.2)*** 4.7 (1.7) 6.6 (3.4)** 5.9(2.2) 5.0 (1.6)*
MPI 0.31 (0.15) NA 0.35 (0.07) 0.43 (0.11)* 0.37 (0.11) 0.39 (0.09)
Peripheral hemodynamics
UAPI 2.68 (0.85)t 3.70 (0.75)**t 251 (0.42)f 2.94 (0.54)**% 2.32 (0.47)§ 2.98 (0.43)***
DAO PI 2.73 (0.48)t 3.83 (0.73)"**t 2.60 (0.37)t 3.07 (0.41)**% 2.36 (0.51)§ 2.85 (0.67)**§
DV PIV 0.85 (0.19) 0.99 (0.15)*** 0.83 (0.21) 1.27 (0.32)***

Data are mean (SD). * p<0.05, ** p<0.001, *** p<0.0001, 1 p<0.05 (GD 13-14 to GD 16-17 within a group),
¥ p<0.05 (GD 13-14 to GD 19-21 within a group), § p<0.05 (GD 16-17 to GD 19-21 within a group). GD,
gestational day; nf, number of fetuses; n9, number of dams; AVVR, atrioventricular valve regurgitation;
FHR, fetal heart rate; OF Vmean, outflow mean velocity; E/A VTI, early-venticular-filling-to-atrial contrac-
tion wave/velocity-time integral ratio; IRT%, proportion of isovolumetric relaxation time of total cardiac
cycle; ICT%, proportion of isovolumetric contraction time of total cardiac cycle; MPI, index of myocardial
performance; NA, not applicable.

In the rat model of maternal hyperglycemia, the fetal intraobserver variability for UA PI
was 9.9% (95% Cl 7.0,12.9%), for DAO Pl 6.7% (95% CI 4.3, 9.2%), and for DV PIV
6.4% (95% CIl 4.4, 8.3%). Paired correlation coefficients were significant for UA PI
(p<0.00001, R=0.883), DAO PI (p<0.00001, R=0.942), and DV PIV (p<0.00001,
R=0.977).

5.1.3 Fetal rat cardiac morphology at term gestation

In the maternal hyperglycemia group, fetal rat hearts at term gestation were larger, had
increased number of apoptotic and mitotic cells, but had a similar amount of cell nuclei
per view when compared to the control group (Tables 7 & 8). At term gestation, fetal rat
erythroblast to erythrocyte ratio was greater (p 0.0001) in the maternal hyperglycemia
group [3.7 (4.5), n=48] than in the control group [0.6 (0.7), n=58].
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5.1.4 Fetal rat cardiac gene expression

5.1.4.1 Cardiac contractility

At late term rat gestation, the expression of Kv channel-interacting protein 2 (Kcnip2), a
key regulator of electrical cardiac function, was downregulated in the maternal hyper-
glycemia group (Table 9). Expression of other genes involved in cardiac contractility
was similar to the control group fetuses.

5.1.4.2 Natriuretic peptides, myosins, and associated to actin

In the maternal hyperglycemia fetuses, cardiac natriuretic peptide gene expression was
increased at near term (Table 9). Furthermore, embryonic and adult skeletal myosin
heavy chain gene expression was greater than in the control group fetuses.

5.1.4.3 Cardiac metabolism, hypoxia, and growth

At term gestation, fetal rat cardiac expression of uncoupling proteins (Ucp2, Ucp3) was
upregulated and the expression of insulin-responsive glucose transporter 4 (Sic2a4)
was downregulated when compared to control group fetuses. At near term, hypoxia-
related gene expression of HIF-prolyl hydroxylase 3 (Eg/in3) was lower in rat fetal
hearts of the maternal hyperglycemia group at near term (Table 9). Tumor necrosis
factor receptor superfamily member 12a (Tnfrsf12a) is an indicator of cardiomyocyte
proliferation, and was upregulated in the maternal hyperglycemia group rat fetal hearts.

5.1.5 Newborn and offspring rat heart

In the newborn rats of the maternal hyperglycemia group, the heart to body weight rati-
os were increased at birth (Table 7). By one to two weeks of age, the heart weights and
heart to body weight ratios were comparable in the control and maternal hyperglycemia
groups. However, the body weight was lower in the maternal hyperglycemia offspring
than in the control group.
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Figure 10. Stainings from left to right: H & E, TUNEL immunohistochemistry, Gomori
methenamine silver. A. Control newborn heart at postnatal day (PND) 0. A
mitotic cell is seen (arrow). B. Newborn heart at PND 0 from the maternal
hyperglycemia group. The nuclei are disorganized compared to the con-
trol newborn heart. C. Offspring heart from the control group with clearly
structured cardiomyocyte walls in the Gomori stain at PND 14. D. Off-
spring heart from the maternal hyperglycemia group at PND 14. Mitosis
(arrows) are seen, cellular structure is better organized than at PND 0.

5.1.6 Newborn and offspring rat cardiac morphology

At birth, no differences in cell turnover parameters were seen between the control and
maternal hyperglycemia groups (Table 8, Figure 10). At the age of one week, in-
creased cardiac cell apoptosis and at the age of two weeks, increased cardiac cell mi-
tosis, were observed in the neonates of maternal hyperglycemia group when compared
to the neonates of the control group.
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5.1.7 Newborn and offspring rat cardiac gene expression

5.1.7.1 Cardiac contractility

In newborn rat hearts, sarcoplasmic reticulum Ca2-ATPase (Atp2a2), involved in cardi-
omyocyte relaxation and contraction, and Kcnip2 were downregulated in the maternal
hyperglycemia group when compared to the control group. At the age of two weeks,
both gene expressions were greater in the maternal hyperglycemia offspring rat hearts.

5.1.7.2 Natriuretic peptides and myosins

In newborns of the maternal hyperglycemia group, increased expression of Nppb and
decreased expression of adult skeletal myosin (Myh2) and a-cardiac myosin heavy
chain (Myh6) were observed (Table 9). At the age of one week, neonates in the mater-
nal hyperglycemia group had decreased expression of embryonic skeletal myosin
(Myh3) when compared to the control neonates. At the age of two weeks, Nppb, Myh2,
and Myh6 had increased expression in the maternal hyperglycemia group when com-
pared to the control group.

5.1.7.3 Cardiac metabolism, hypoxia, and growth

In newborns (PND 0), gene expression levels of glucose transporters and uncoupling
proteins were lower in the maternal hyperglycemia than in the control group (Table 9).
At the age of two weeks, the expression of these genes was increased in the offspring
of maternal hyperglycemia compared to controls. Also in newborns, no differences
were seen in Egin3 and Tnfrsf12a gene expressions between the groups. However, at
the age of two weeks, hypoxia-related Egin3 had increased expression in the offspring
of the maternal hyperglycemia group compared to the control group (Table 9). At the
same time, proliferation indicator Tnfrsf12a gene expression was greater in the mater-
nal hyperglycemia offspring.

5.1.8 Rat placenta

5.1.8.1 Structure and growth

Placental area, width, and thickness were increased in the maternal hyperglycemia
group when compared to the control group (Table 10). Placental weight was similar in
both groups. Peripheral sinus veins with thrombosis (60 % vs. 20% of veins), homoge-
nous colloid type fluid containing cysts and interstitial fluid (37% vs. 11% of basal zone
area), and glycogen-containing cells in the basal zone in cystic cytotrophoblasts were
observed more often in the placentas of the maternal hyperglycemia group than in the
control group (Table 10, Figure 11). Umbilical artery Pl correlated with interstitial fluid
accumulation (p<0.00001, R=0.47) and the number of glycogen-containing cells
(p=0.002, R=0.56).
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Table 10. Placental characteristics in the control and maternal hyperglycemia
groups in the experimental animal model.
Variable Control Hyperglycemia
GD 19-21 GD 19-21
nP 94 52
n¢ 17 10
Placental characteristics
Weight, mg 411.5 (109.0) 451.5 (91.9)
Area, mm2 177.4 (4.5) 217.3 (8.5)*
Thickness, mm 4.0 (0.1) 4.3 (0.1)*
Width, mm 11.0 (0.2) 12.1 (0.3)*

Thrombosis, % of placentas (no

thrombi/placenta) 12(4) 60 (1™
Cysts (% of basal zone area) 10.9 (0.6) 36.8 (2.1)**
Villi (n per placenta) 13.9(0.8) 16.8 (1.4)
Maternal artery diameter (mm) 0.50 (0.01) 0.50 £ (0.01)
Maternal artery wall (um) 113.3 (6.8) 88.1(6.8)
Glycogen positive cells (n/plac) 45.2 (85.8) 361.5 (204.1)***

Data are mean (SD). * p<0.05, ** p<0.001, *** p<0.0001. GD, gestational day; nP, number of placentas; n9,
number of dams; Maternal art diam, maternal central placental vessel diameter; glycogen positive cells,
number of glycogen positive cells in PAS-dPAS staining.

Figure 11. Placental histology at late term rat pregnancy from a maternal hypergly-
cemia group placenta. A. Placental basal zone with cysts containing ho-
mogenoid colloid type fluid (arrows). B. Placental sinus vein with a small
thromboembolic mass (arrow) on the left side. C. Placental PAS staining.
Two placental villi are depicted on top left and bottom right (arrows). Gly-
cogen appear dark purple. D. Placental dPAS staining, where the glycogen
is removed. Glycogen in villi is a normal finding. The abnormal glycogen
accumulation in the maternal hyperglycemia group occurred in the decid-
ual layer. Arrows point to the villi without glycogen.
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5.1.8.2 Gene expression

5.1.8.2.1 Metabolism, hypoxia and inflammation

In the maternal hyperglycemia rat placentas, direct glucose transporter and uncoupling
protein 2 genes had increased expression when compared to the control group (Table
11). Genes involved in hypoxia (Eg/n3, glutathione peroxidase 3) and inflammation
regulation had decreased expression in rat placentas of the maternal hyperglycemia
group when compared to controls (Table 11).

Table 11. Placental gene expression (gene/18S) in the control and maternal hyper-
glycemia groups.
Control Hyperglycemia
n® 11 13
n® 5 5
Metabolism
Slc2a3 0.69 (0.05) 1.34 (0.10)*
Sic2a4 0.60 (0.07) 0.75 (0.05)
Ucp2 0.93 (0.06) 1.13 (0.05)*
Ucp3 0.79 (0.14) 0.77 (0.10)
Hypoxia and inflammation
Egin3 0.71 (0.18) 0.29 (0.06)*
Gpx3 1.06 (0.15) 0.70 (0.17)*
Hsl 0.99 (0.08) 1.00 (0.07)
Ldha 0.95 (0.06) 0.98 (0.05)
Pgdh 1.47 (0.12) 0.44 (0.04)***
Ptgs2 1.50 (0.12) 0.71 (0.07)*
Vegfa 11.40 (1.10) 11.30 (0.90)
Growth
Atp2a2 0.92 (0.05) 0.95 (0.05)
Bmpr1A 1.01 (0.08) 0.96 (0.08)
Cdkn1b 1.08 (0.41) 0.85 (0.31)*
Egfr 1.20 (0.07) 0.78 (0.05)***
Igf2bp3 1.09 (0.07) 1.09 (0.07)
Igfbp6 0.91 (0.13) 0.56 (0.10)
Pdgfrb 1.08 (0.04) 0.90 (0.05)*
Tnfrsf12a 1.15(0.12) 0.79 (0.07)*

Data are presented as mean (SD). * p<0.05, ** p<0.001, *** p<0.0001. mMRNA concentrations as arbitrary
unit (AU). nP, number of placentas; n9, number of dams; Sic2a3, facilitated glucose transporter 3; Sic2a4,
insulin-responsive glucose transporter 4; Ucp2, uncoupling protein 2; Ucp3, uncoupling protein 3; Egin3,
hypoxia-inducible factor prolyl hydroxylase 3; Gpx3, glutathione peroxidase 3; Hsl/, hormone-sensitive
lipase; Ldha, lactate dehydrogenase A; Pgdh, hydroxyprostaglandin dehydrogenase 15; Ptgs2, cyclo-
oxygenase 2 or prostaglandin-endoperoxidase 15; Vegfa, vascular endothelial growth factor; Atp2a2, sar-
coplasmic reticulum Ca2+-ATPase; Bmpr1A, bone morphogenetic protein receptor type 1A; Cdkn1b, cy-
clin-dependent kinase inhibitor 1B; Egfr, epidermal growth factor receptor; Igf2bp3, insulin-like growth
factor 2 mRNA binding protein 3; Igfbp6, insulin-like growth factor binding protein 6; Pdgfrb, platelet de-
rived growth factor receptor beta polypeptide; Tnfrsf12a, tumor necrosis factor receptor superfamily mem-
ber 12a.
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5.1.8.2.2 Growth

In the maternal hyperglycemia group, placental gene expression of cell cycle controller
cyclin-dependent kinase inhibitor 1B (Cdkn1b) and placental proliferation inducing
Tnfrsf12a was increased, and decreased for genes involved in normal placental growth
(epidermal growth factor receptor, platelet derived growth factor receptor beta polypep-
tide) and apoptosis regulation (insulin-like growth factor binding protein 6) when com-
pared to control placentas (Table 11). Umbilical artery Pl values had a negative corre-
lation with epidermal growth factor receptor (Egfr) (p=0.002, R=-0.62) and platelet de-
rived growth factor receptor (Pdgfrb) (p=0.03, R=-0.45).

5.1.8.2.3 Placental cytokines

In the maternal hyperglycemia group, placental concentration of proinflammatory IL1
was increased and anti-inflammatory IL2 and IL4 were decreased when compared to
the control group (Table 12). Umbilical artery Pl values showed a negative correlation
with IL4 (p=0.004, R=-0.35).

Table 12. Placental cytokine and chemokine levels in control and maternal hyper-
glycemia groups.
Variable Animal model
Control Hyperglycemia

n® 19 19

n’ 17 9
IL1B8 879.8 (357.6) 1827.0 (1378.0)*
L2 80.7 (25.1) 59.0 (20.8)*
IL4 117.5 (4.8) 85.63 (8.5)*
IL6 <366.0 454.2 (379.1)
IL10 <36.5 <36.5
IL13 <24.5 <24.5
MCP1 <36.50 <36.50
TNFa <12 <12
G-CSF <245 <24.5
GM-CSF <61.0 <61.0
IFNy <73.0 <73.0

GRO-KC 1659.0 (1017.0) 1283.0 (1084.0)

Data are presented as mean (SD). * p<0.05. Results are given as pg/ml/g. IL, interleukin; MCP1, monocyte
chemo attractant protein 1; TNF , tumor necrosis factor ; G-CSF, granylocyte colony-stimulating factor;
GM-CSF, granulocyte macrophage colony-stimulating factor; IFNy, interferon-y; GRO-KC, chemokine C-X-
C motif ligand 1.
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5.2 Maternal T1DM and the human fetus at near term (IV)

5.2.1 Human pregnancy demographics

The ultrasonography was performed at gestational week 35+5 (13 days) in T1DM
women and 37+3 (13 days) for the control group (p<0.0001). The time interval from the
ultrasound examination to delivery was similar with 12 (4) days in the diabetic group
and 14 (8) days in control pregnancies, respectively.

T1DM women had a greater BMI, and increased incidence of smoking, hypertensive
disorders, induction of labor, and shorter duration of gestation (Table 13). An operative
vaginal delivery or cesarean section, treatment for neonatal jaundice, and neonatal
intensive care unit admission were more common among T1DM newborns than in the

controls.
Table 13. Obstetric outcome in control and T1DM groups.
Variable Control T1DM
n 67 33
Delivery
Prematurity (<37 gestational weeks) 6 (9.0 %) 11 (33.3 %)*
GA at delivery (weeks) 39.5(1.9) 37.4 (1.5)**

Induction of labor

15 (22.4 %)

14 (42.4 %)*

Mode of delivery

Vaginal

50 (74.6 %)

13 (39.4 %)™

Vaginal operative 7 (10.4 %) 2 (6.1 %)
Cesarean section 10 (14.9 %) 18 (54.5 %)**
Elective 3(4.5%) 13 (39.4 %)
Acute 7 (10.4 %) 5(15.2 %)
Neonatal characteristics
Apgar score at 5 min 8.9(0.8) 8.6 (0.8)*
Umbilical artery pH 7.3(0.1) 7.3(0.1)
Birth weight (g) 3505.0 (555.8) 3685.6 (599.1)
IUGR 3 (4.5 %) -
LGA 2 (3.0 %) 1(33.3 %)
Gender male 35(52.2 %) 16 (78.8 %)
Neonatal jaundice 9 (13.4 %) 9 (27.3 %)*
NICU admission 7 (10.4 %) 24 (72.7 %)**

Values are either mean (SD) or no.

and (% of total).

*p=<0.05, **p=<0.0001.
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5.2.2 Human fetal heart, and cardiovascular and peripheral hemodynamics

Fetal cardiac ventricular wall and interventricular septal thicknesses were increased in
T1DM pregnancies compared to control fetuses (Table 14). In T1DM fetuses, de-
creased weight-adjusted cardiac output and increased aortic isthmus and inferior vena
cava blood flow velocity waveform pulsatitilies, and elevated fetal heart rate, were ob-
served. There was a positive correlation between umbilical artery Pl values and umbili-
cal cord serum NT-proBNP concentrations and a negative correlation to interventricular
septal wall thickness (Figure 12). Umbilical cord serum TnT levels had a negative cor-
relation with left ventricular CO, aortic istmus PI, and PPA Pl had a positive correlation.

Table 14. Fetal hemodynamic data of the control and T1DM pregnancies.
Variable Control T1DM
n 67 33
Central hemodynamics
FHR (bpm) 137.4 (10.7) 144.3 (13.4)*
MPI (LV) 0.43 (0.10) 0.43 (0.09)
TV E/A-ratio 0.66 (0.22) 0.63 (0.30)
MV E/A-ratio 0.83 (0.29) 0.66 (0.27)*
RVCO (ml/min*kg) 369.1 (85.5) 220.1 (93.4)***
LVCO (ml/min*kg) 247.9 (61.5) 162.3 (65.9)**
CCO (ml/min*kg) 619.2 (129.5) 405.9 (184.5)**
RVW diastole (mm) 3.5(0.69) 5.6 (2.6)***
IVS diastole (mm) 3.5(0.9) 5.8 (3.0)***
LVW diastole (mm) 3.5(0.7) 4.5 (0.8)**
Peripheral hemodynamics
A Ut mean PI 0.63 (0.26) 0.61 (0.17)
UA PI 0.88 (0.20) 0.73 (0.41)
MCA PI 1.58 (0.47) 1.67 (0.71)
Aol PI 3.77 (0.76) 7.23 (4.42)*
DAo PI 1.97 (0.44) 1.92 (0.41)
PPA PI 4.51 (1.73) 6.08 (2.64)
IVC PIV 1.70 (0.43) 2.01 (0.34)**
DV PIV 0.50 (0.18) 0.53 (0.10)

Data are presented as mean (SD). * p<0.05, ** p<0.001, *** p<0.0001. FHR, fetal heart rate; MPI, index of
myocardial performance; TV, tricuspid valve; E/A-ratio, atrial E-wave to A-wave ratio; MV, mitral valve;
R/LV/CCO, right/left ventricular/combined cardiac output; R/LVW, right/left ventricular wall; IVS, interven-
tricular septum; AUt, uterine artery; PI, pulsatility index; UA, umbilical artery; MCA, middle cerebral artery;
Aol, aortic isthmus; DAo, descending aorta; PPA, proximal pulmonary artery; IVC, inferior vena cava; PIV,
pulsatility index for veins; DV, ductus venosus.

5.2.3 Newborn human biochemical markers of cardiac function

In the T1DM pregnancies, the newborn umbilical cord serum concentrations of NT-
proANP, NT-proBNP, and cTnT were increased when compared to controls (Table 15).
No differences were seen in the umbilical cord serum erythropoietin concentrations
between the groups.
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Table 15. Biochemical markers in control and T1DM pregnancies.
Variable Control T1DM
n 67 33
Amniotic fluid
EPO (U/) (n=24) 30.8 (54.2)
Umbilical cord blood serum
EPO (U/l) 41.61 (42.62) 66.43 (106.65)
NT-proANP (pmol/l) 2134.0 (945.6) 2956.7 (1304.4)*
NT-proBNP (pmol/l) 383.8 (267.7) 710.4 (488.4)**
TnT (ug/ml) 0.014 (0.008) 0.033 (0.032)**
Activin A (pg/ml) 836.1 (801.9) 1038.2 (1174.4)
Placenta
Epo mRNA (/18S) 3.26 (3.67) 1.79 (3.31)
sFIt1T mRNA (/18S) 2.72 (2.83) 0.73 (0.88)*

Data as mean (SD). * p<0.05, ** p<0.0001. EPO, erythropoietin; NT-proANP/BNP, N-terminal pro-atrial/B-
type natriuretic peptide; TnT, troponin T; sFIt1, soluble Fms Related Tyrosine Kinase 1.

5.2.4 Human placenta

Placental gene expression of soluble vascular endothelial growth factor receptor (sFlt1)
was lower in the T1DM group than in the control group (Table 15). The placental gene
expression and umbilical cord serum Epo, and cytokine concentrations (Table16) were
similar in both groups. Placental sFlt1 showed a positive correlation to umbilical artery
pH and a negative correlation to amniotic fluid EPO (Figure 12).

Table 16. Human placental cytokine levels in control and T1DM pregnancies.
Variable Human data
Control T1DM
n 67 33
IL1B <6.58 <6.58
IL2 <6.65 <6.65
IL4 7.93 (1.08) <7.60
IL6 20.63 (29.44) 31.89 (77.61)
IL8 41.64 (38.40) 76.74 (223.12)
IL10 <7.08 <7.08
MCP1 333.17 (266.60) 642.94 (1776.80)
TNFa 6.13 (0.46) 6.18 (0.78)

Data are mean (SD). * p<0.05. Results are given as pg/ml/g. IL, interleukin; MCP1, monocyte chemo at-
tractant protein 1; TNF , tumor necrosis factor .
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6 DISCUSSION

6.1 Validation and limitations of methodology

6.1.1 Rat model of maternal hyperglycemia (I-1ll)

The duration of rat pregnancy is only approximately 22 days, much shorter than human
pregnancy. Nevertheless, the mode of placentation — discoid uniplacenta — and the
main principles of fetal development are close to that of humans. After birth, neonatal
rats mature rapidly, and a postnatal age of 14 days of the rat is the equivalent of 3—6
months of human infant age, depending on the organ investigated. Therefore, it is ob-
vious that a chronic human disease with organ complications developing over several
decades cannot be studied solely by experimental animal models.

Administration of STZ before or after the commencement of pregnancy creates differ-
ent types of hyperglycemic models. Rodents are the most commonly used laboratory
animals, since they are economical to use, have a short biological life span and are
small in size. Animal models enable researchers to examine diseases with invasive
methods, and this increases our fundamental knowledge on disease processes. On the
other hand, an artificial model can never completely reproduce the complex immuno-
logical, inflammatory, and metabolic processes taking place in human disease, infor-
mation on which we need to be able to understand the pathophysiologic consequences
for the fetus during maternal hyperglycemia (Jawerbaum & White 2010). STZ has a
half-life of <6 hours. It is cytotoxic, and since it targets pancreatic B-cells through glu-
cose transporter 2 (Slc2a2, GLUT2 protein), it may be harmful to tissues expressing
Slc2a2 (Schnedl et al. 1994). Since the heart does not express Slc2a2, it is protected
from direct cytotoxicity, whereas the liver and kidneys are affected (Jurysta et al. 2013).
In this study, STZ was administered prior to pregnancy to avoid direct fetal cytotoxic
effects.

A limitation in this study is that we did not measure fetal and offspring glucose or insulin
levels. We tried to collect fetal blood samples at late term gestation, but the volumes
were too small for analysis. Furthermore, there is bound to be some limitations due to
the processing of samples. The interval between tissue removal and freezing affects
the tissue size — the longer the interval, the smaller the tissue (Larsson & Skogsberg
1988). Volume analysis in the animal studies were performed on previously frozen
samples and this is likely to affect volumes. However, micro-CT samples in both study
groups were processed similarly.

6.1.2 Human data (IV)

A limitation on human study is the selection of patients. Study IV was a prospective
observational study. TIDM women regardless of their White classification status were
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consequently recruited at the outpatient maternity department. The control women had
an inclusion criteria for BMI < 30 kg/m?.

6.1.3 Ultrasonography (I, Il, 1V)

Doppler ultrasonography is a widely used non-invasive method to assess fetal and ma-
ternal hemodynamics during pregnancy. Ultrasound creates energy while travelling
through tissues. The forms of energy are usually classified as thermal, cavitation and
radiation pressure streaming effects. Thermal energy created by the transducer on fetal
tissues may be harmful for the fetus because of hyperthermia (Abramowicz et al.
2002). Each ultrasound equipment used in human studies must have information about
thermal and mechanical indexes. The mechanical index describes the cavitation poten-
tial of the tissue that increases with increasing pulse amplitudes. Cavitation is the for-
mation of gas bubbles at high negative pressure. Radiation pressure is generally
thought to be insignificant with modern Doppler ultrasound techniques. Cynomolgus
monkey (Macaca fascicularis) shows no long-term harmful effects after repeated (1-5
times /week) ultrasonographies (Tarantal et al. 1993; Tarantal & Hendrickx 1989b;
Tarantal & Hendrickx 1989a). In humans, there were no significant differences after
multiple mid- to late-term sonographic examinations in children followed-up for 8 years
(Newnham et al. 2004). However, a meta-analysis with follow-up data on nearly 8900
children until age 8-14 years did show an association between pregnancy ultrasound
screening and being non-right handed later in life (Salvesen 2011).

The main limitations of pulsed wave Doppler ultrasonography are in the maximum de-
tectable blood flow velocity and the depth of penetration; the preceding pulse needs to
return to the transducer before a new pulse can be emitted. Color-coded pulsed Dop-
pler adds information on the direction and speed of the blood flow, but it has the same
limitations as pulsed wave Doppler ultrasonography. However, previous animal exper-
iments have found that Doppler ultrasonography derived volume flow measurements
correlate well with those measured by invasive methods (Acharya et al. 2004). In the
present rat model, we could not distinguish between right and left ventricular inflow and
outflow. In humans, atrioventricular valves form during gestational week 7 (de Vlaming
et al. 2012). In mice, the valves are formed by gestational day 15 (Gui et al. 1996; Witte
et al. 1994). Data on rat valve embryology was not available. However, we extrapolate
from mice pregnancy that the valve leak found in fetuses with maternal hyperglycemia
originated from a common AV-valve structure before its separation to TV and MV. Car-
diac inflow and outflow blood flow velocity waveform patterns in mice from 15 gesta-
tional days correspond to human fetal patterns recorded at gestational week 20. In both
species, developing fetal cardiac inflow patterns signify increasing cardiac compliance
and blood flow. However, outflow tract peak blood flow velocities are controlled with
developing AV and semilunar valves that decrease the cardiac work needed to eject
blood (Gui et al. 1996). Fetal circulation works in parallel due to the ductus arteriosus



Discussion 73

and the foramen ovale, and the systemic pressure in the right and left ventricle is
equal. Finally, we were compelled to use anesthesia during ultrasonographic examina-
tion. Nevertheless, fetal ultrasonography would be impossible and not ethically ac-
ceptable to perform without anesthesia in animals, and invasive measurements have
been performed under similar anesthesia.

Repeatability of the measured parameters is crucial for assessing validity. Intra-
observer variability of Doppler-derived parameters was tested for fetal peripheral ves-
sels in the rat model and it was found to vary between 6.4 and 9.9%. Previously, a
mouse model experiment has shown that the intraobserver variability of inflow and out-
flow VTls range from 6.0 to 6.5% and of time interval measures from 2.5 to 15.9%
(Rounioja et al. 2003). Slight and insignificant inter- and intraobserver variability was
recorded in mice pregnancies. However, the peak outflow velocity was susceptible to
error (Gui et al. 1996). In humans, the intraobserver variability of volume blood flow
calculations is < 9% and < 4% for vascular impedance measurements (Rasanen et al.
1998). Altogether, these studies demonstrate that ultrasonography is a repeatable and
reliable method in both animal and clinical studies.

6.1.4 Histological and biochemical assays (I-IV)

Histological and biochemical assays have been well validated in cardiac (McCormick et
al. 2014) and placental examinations (Mayhew & Burton 1988). In histological and
some biochemical assays fetal and neonatal tissues are highly active and common
staining methods used in adult tissue can give falsely positive results. For example,
Ki67 immunostaining proved to be highly complex and the appropriate dilution was
tested intensively. Since histological analyses are performed by humans bias is possi-
ble. To reduce this risk, most of the histologic analyses were performed independently
by two investigators blinded to the study group.

6.2 Fetal and neonatal cardiac development and function in maternal
hyperglycemia

One of the most consistently documented complications related to pregnancies of
women with T1DM is fetal cardiomegaly (Aman et al. 2011; Russell et al. 2008; Veille
et al. 1992). This holds true also for several animal models (Dowling et al. 2014;
Corrigan et al. 2013). Cardiac enlargement can be associated with increased cardiac
work load, i.e., afterload or preload, and has been reported in fetuses of T1DM mothers
estimated from cardiac sonographic parameters (Russell et al. 2008; Rizzo et al. 1991;
Réasanen & Kirkinen 1987). Based on previous studies, we hypothesized that rat fetal
cardiac function is compromised in maternal hyperglycemia. We also hypothesized
that, in human T1DM pregnancies with maternal insulin treatment, fetal cardiac function
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and hemodynamics, placental morphology, placental gene expression, and cytokine
production are similar to those of control pregnancies.

In the fetus of hyperglycemic rats, one of the most interesting findings was the pres-
ence of holosystolic AV-valve regurgitation in almost all fetuses and a significantly de-
creased outflow Vmean at 13-14 days of gestation. Although this may indicate fetal
cardiac functional compromise, it is likely to reflect immature development as this find-
ing was transient. By later gestation the incidence of AV regurgitation and outflow
Vmean were comparable to those of control group fetuses. Fetuses of hyperglycemic
rats also had an increased E/A VTI ratio reflecting diastolic functional impairment and
increased atrial workload. Sudden changes in fetal cardiac loading conditions, such as
preload and afterload, increase the incidence of AVVR that resolves after the heart has
adjusted to these changes (Respondek et al. 1994). In humans, fetal diastolic and sys-
tolic function improve between gestational weeks 7 to 10 and fetal AVVR is very com-
mon in healthy fetuses at gestational weeks 9 to 10, which probably reflects the signifi-
cant increase in placental volume blood flow (Makikallio et al. 2005). Maternal
pregestational hyperglycemia leads to abnormal cardiac function at gestational weeks
11 to 14 (Turan et al. 2011). Still, maternal hyperglycemia might remodel the myocardi-
um and reduce its capacity to adapt to rapid changes in cardiac loading conditions.
This could partially explain the increased occurrence of miscarriages in T1DM women
during early pregnancy. In human early pregnancy, the umbilicoplacental volume blood
flow increases with no changes in umbilical artery vascular impedance (Méakikallio et al.
2005). In the present rat model of maternal hyperglycemia, vascular impedance in the
descending aorta and UA was increased. DV pulsatility increased towards term in the
maternal hyperglycemia group, suggesting cardiac diastolic impairment in accordance
with the increased E/A VTI ratio.

In human T1DM pregnancies near term, a striking finding was the decreased weight-
adjusted RVCO, LVCO, and CO. Furthermore, the thickness of the right and left ventri-
cle wall and the interventricular septum was significantly greater in T1DM fetuses than
controls. Despite insulin treatment during pregnancy as opposed to the experimental
animals in this study, there was an increase in umbilical cord serum natriuretic peptides
and TnT in the T1DM fetuses at birth, as has been observed previously (Russell et al.
2009). This might indicate fetal myocardial strain or ischemia (Boo et al. 2005). In addi-
tion, we saw an increase in the pulsatility of IVC and Aol in fetuses of T1DM women
when compared to the fetuses of healthy control women. Increased Aol pulsatility cor-
relates with a poor fetal outcome, especially if fetal growth is restricted (Del Rio et al.
2008; Makikallio et al. 2003). In human fetuses of mothers with varying types and
treatments of diabetes, the Aol isthmic flow index is decreased indicating increased
pulsatility (Zielinsky et al. 2011). Aol blood flow velocity waveform is affected by a dif-
ference in the upper and lower body and placental vascular resistances. Furthermore,
central hemodynamics may play a crucial role in the regulation of blood flow across the
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Aol, and it seems that adequate LVCO is important for maintaining antegrade flow
across the aortic isthmus. In fetuses of TIDM mothers, there was a reduction in the
weight-indexed LVCO which could contribute to the increased pulsatility in the Aol. The
Aol pulsatility index correlated positively with the PPA pulsatility index, suggesting that
pulmonary vascular impedance in PPA is involved in regulating the Aol blood flow ve-
locity waveform. In fact, the increased pulsatility index in PPA indicates, at least indi-
rectly, increased pulmonary vascular resistance and decreased lung volume blood
flow. Fetal LVCO is the sum of the blood flow volume across the foramen ovale and the
lung circulation. Thus, a reduction in volume blood flow or reduced foramen shunting
due to increased left ventricle end-diastolic pressure would lead to a reduction in LVCO
and contribute to increased pulsatility in the Aol blood flow velocity waveform. The UA
and MCA PI values were comparable between the groups. However, the reduction in
LVCO may be detrimental to cerebral blood flow and perfusion pressure. The concen-
tration of TnT correlated negatively with LVCO, indicating that the leak of TnT from the
myocardium correlates with left ventricular cardiac performance. In human neonates,
TnT concentrations are elevated in newborns with cardiorespiratory morbidity (Clark et
al. 2001). Increased IVC pulsatility may be a sign of augmented atrial contraction or
increased ventricular end-diastolic pressure.

The fetuses of a hyperglycemic mothers have an increased cardiac work load (Turan et
al. 2011; Russell et al. 2008; Tsutsumi et al. 1999; Rasanen & Kirkinen 1987). We
demonstrated excess ventricular and septal wall growth in humans, and heavier hearts
in rats. Both of these develop when cardiac work load is increased. In the animal mod-
el, we found an increase in cell turnover activity at late term gestation with evidence of
cardiac hyperplastic growth. Similar growth patterns have been reported in other stud-
ies on maternal hyperglycemia of the rat (Han et al. 2015), while the mouse may exhibit
a hypertrophic growth pattern (Dowling et al. 2014). During pregnancy, fetal cardiac
growth occurs mainly via proliferation (Thornburg et al. 2011). This changes to a hy-
pertrophic growth pattern after birth, in rats at 3—4 postnatal days (Li et al. 1996). In the
present rat study, the cell turnover activity decreased after birth in both study groups
compared to the cell turnover rates during pregnancy. In the offspring to rats with hy-
perglycemia cardiomyocyte apoptosis was increased at one week postnatally, and two
weeks after birth an increase in cardiomyocyte mitosis was seen. The fetal heart weight
was similar in both groups, but the body weight was lower in the maternal hyperglyce-
mia group. Despite a similar euglycemic diet to both groups after birth, the offspring to
the rats in the maternal hyperglycemia group were programmed to conserve cardiac
growth at the expense of other organs.

The fetal rat hearts in the maternal hyperglycemia group demonstrated increased gene
expression of cardiomyocyte proliferation, Tnfrsf12a, and natriuretic peptides (Nppa,
Nppb), important regulators also during pregnancy for maintaining homeostasis and
vasodilation (Cameron & Ellmers 2003). In human fetuses of T1DM mothers the con-
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centrations of natriuretic peptides were increased in umbilical cord sera, which is in
agreement with previous findings (Russell et al. 2009; Girsen et al. 2008). This shows
that despite insulin treatment of maternal hyperglycemia, natriuretic peptide concentra-
tions are increased in T1DM fetuses. Natriuretic peptides have several functions, e.g.,
regulation of cell mitosis, extracellular fluid volume, electrolyte balance, and blood
pressure through vasodilation, and to provide cardioprotection (Das et al. 2009). It has
been suggested that ANP treatment should be provided to patients with acute myocar-
dial infarction, since it improves myocardial function and survival (Lyu et al. 2014).

Fetuses of the mothers with T1IDM in this study had a statistically significantly in-
creased FHR compared to the control group. However, the clinical significance of this
observation is questionable because in both groups the mean is well within limits. A
study on hyperglycemic murine pregnancies found increased FHR, as well (Aasa et al.
2013). Increased FHR in T1DM pregnancies occurs during hyperglycemic episodes
(Cypryk et al. 2015). Increased fetal heart rate variability in T1DM fetuses is regarded
as a sign of fetal sympathetic dominance (Russell et al. 2016). Increased norepineph-
rine concentrations have been reported in hyperglycemic rats (Paulson & Light 1981),
and it seems that catecholamines can be transferred across the placenta (Eisenhofer
2001). In fetal monkeys, hyperglycemia decreases the catecholamine response to
stress, whereas insulin increases the catecholamine response (Cohn et al. 1992). Hy-
perglycemic fetuses live in an environment similar to type 2 diabetes, and in adult type
2 diabetic mice, the dobutamine stress test results in an accentuated cardiac inotropic
and lusitropic response (Daniels et al. 2010). However, the Kcnip2 gene, which medi-
ates improved contractility and systolic function through increased action potential du-
ration (Sah et al. 2003), is downregulated in rat fetuses at near term. At term, in fetuses
of rats with hyperglycemia, decreased expression of the Kcnip2 gene suggests a role
for this gene in decreasing FHR.

After birth, cardiac gene expression patterns in the newborns to rats with maternal hy-
perglycemia differed from the control offspring. In the offspring to rats with hyperglyce-
mia, most genes were downregulated on the day of birth and reached normal levels at
one week of postnatal life. After birth, gene expression patterns respond to the sudden
increase in cardiac work load, the fall in glucose levels, and the changes in oxygen
supply. The fetus needs to adapt quickly to the new metabolic environment. Cardiac
gene expression patterns reflect the changes in previous cardiac loading and metabolic
conditions. The genes involved in cardiac contractility, Afp2a2 and Kcnip2, and growth,
Tnfrsf12a, were downregulated. Atp2a2, previously known as Serca2, recirculates Ca?*
into the sarcoplasmic reticulum, and in decreased levels contributes to diastolic dys-
function in adult hyperglycemic mice (Yue et al. 2007). Decreased concentrations of
Atp2a2 protein promote arrhythmias after myocardial injury in adult rats (Matus et al.
2015). Lack of Kcnip2 in knock-out mice increases the risk of ventricular tachycardia,
as the plateau phase of the cardiac action potential is prolonged (Kuo et al. 2001). Both
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Atp2a2 and Kcnip2 improve contractility. Furthermore, the expression of genes regulat-
ing natriuretic peptide expression were increased. Natriuretic peptides have several
functions and participate in fetal cardiac development (Cameron & Ellmers 2003), e.g.
ANP induces apoptosis (Thornburg et al. 2011), but mainly works to protect the heart
(Das et al. 2009). At PND 14 Atp2a2, Kcnip2, Tnfrsf12a, and Nppb expression levels
were increased. This may be in response as the environment normalizes. Increased
NT-proBNP levels are found in human newborns, and associated with interventricular
septal thickness (Mert et al. 2016). Human newborns of mothers with T1DM had in-
creased NT-proANP and NT-proBNP umbilical cord serum concentrations (IV). This
could be a sign of cardioprotection and an attempt to improve cardiac compliance as
suggested by the rat model of maternal hyperglycemia.

6.3 Placental function in maternal hyperglycemia

Our experimental animal model showed several abnormalities in placental structure,
hemodynamics, and gene expression in the maternal hyperglycemia group near term.
Although the placental weights were not statistically different between the maternal
hyperglycemia and control groups, they were larger in dimension (Table 10, study Il).
The placental structure was disrupted by peripheral sinus vein thrombi, interstitial fluid,
and basal zone cysts containing collagenous fluid. Previously, Padmanabhan and
Shafiullah (Padmanabhan & Shafiullah 2001) found that placentas of STZ-treated
dams developed abnormally: There were extensive glycogen formations especially in
the decidua and glycogen in the basal zone of the placenta had degenerated into an
eosinophilic mass containing cysts and a porous labyrinthine layer at gestational day
18. In the present study (IlI), in addition to the abnormalities described by Pad-
manabhan & Shafiullah (2001), near term gestation interstitial fluid formation, throm-
bosis, and large cysts throughout the basal zone had emerged. These morphologic
abnormalities were associated with increased UA vascular impedance. The vascular
resistance of the umbilical artery reflects the number of tertiary villous arterioles in the
placenta (Fadda et al. 2001; Trudinger et al. 1985). However, increased vascular re-
sistance in the placenta does not necessarily increase placental vascular impedance
(Junno et al. 2013). Still, vascular impedance in the UA increases once 60% of the pla-
cental arterioles are obstructed (Trudinger et al. 1985). There was no association be-
tween the vascular impedance of the UA and the number or density of placental villi.
These findings indicate that fluid and glycogen accumulation and increased thrombosis
formations affect placental circulation negatively.

Interestingly, the placentas derived from rats with STZ-induced hyperglycemia demon-
strated signs of inflammation. Proinflammatory IL-1B was increased and anti-
inflammatory interleukins were decreased. Also, the expression of genes involved in
prostaglandin synthesis and metabolism of the placenta were increased. UA PI values,
again, correlated negatively with the concentration of anti-inflammatory interleukin IL-
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18 and to the placental expression of cyclo-oxygenase 2 (Tables 11 & 12). Previously,
a maternal high-fat diet during pregnancy has been linked with increased placental IL-
1B levels in a primate model with decreased umbilical venous volume blood flow (Frias
et al. 2011). Although it seems that morphological changes of the placenta affect umbil-
icoplacental vascular impedance, it is unlikely that gas diffusion in and through the pla-
centa is affected, since the transfer of glucose and amino acids across the placenta
occur mainly through other means than simple diffusion (Hay 1994). However, our find-
ings with a rat model of maternal hyperglycemia demonstrate that morphological
changes in the placenta may contribute to the development of placental insufficiency in
the hyperglycemic rat and possibly increase the risk for intrauterine fetal death.

Near term, placental growth-related gene expressions were decreased in the maternal
rat hyperglycemia group, apart from the IGF-related genes. Egfr and Pdgfr are essen-
tial for normal development of the placenta. Egfr deficiency leads to a small placental
size and fetal multi-organ failure (Miettinen et al. 1995), whereas Pdgfr is needed for
normal development of the placental vasculature (Nystrom et al. 2006). Egfr and
Cdkn1b enhance normal villous structural maturation and if their gene expression is
low, increased proliferation but not differentiation of the cytotrophoblast ensues (Abdou
et al. 2013). UA PI values correlated negatively with Egfr and Pdgfr further strengthen-
ing the concept that the maternal hyperglycemia group exhibited placental insufficien-

cy.

Human placental histologic findings are well described in type 1 diabetic pregnancies.
The abnormalities include increased placental volume and branching of villous capillar-
ies (Jirkovska et al. 2012), placental glycogen content and weight (Desoye et al. 1992),
and vessel chorangiosis, villous immaturity, and fibrinoid necrosis (Evers et al. 2003).
In the present study (study 1V), there were no signs of increased umbilical or uterine
artery vascular impedance in T1DM fetuses at term perhaps implying redundancy in
placental functional capacity.

We investigated several cytokines and chemokines based on our previous results in rat
term placentas. Previous studies have reported that placentas of T1DM women have
increased invasion of pro-inflammatory macrophages (Sisino et al. 2013) and elevated
cytokine levels (Hiden et al. 2008). High cytokine levels are also present in maternal
and umbilical blood in type 2 diabetes mellitus and gestational diabetes (Hara et al.
2016). Primates fed with a high-fat diet, present with increased placental levels of pro-
inflammatory cytokines (Frias et al. 2011). Obesity alone affects the placental transcrip-
tome, the pathways involved in placental inflammation and immune responses, lipid
metabolism, cancer pathways, and angiogenesis (Altmae et al. 2017). However, we did
not find any differences in placental cytokine levels between T1DM and control women
(Table 16, study IV). Perhaps insulin counteracts hyperglycemia sufficiently on the pla-
cental level, and other harmful substances such as fatty acids are transported further
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into the fetus. Furthermore, placental storage capacity may protect the placenta to
some extent.

6.4 Fetal cardiac metabolism and hypoxia in maternal hyperglycemia

The fetuses of rats with maternal hyperglycemia were exposed to severe hyperglyce-
mia throughout pregnancy. Metabolism-associated genes were affected in the heart.
Slc2a4, the insulin- and contraction-responsive glucose transporter, is found in high
amounts in striated muscle where it controls glucose uptake in adults. Decreased lev-
els lead to insulin resistance, glucose intolerance, cardiac hypertrophy, and heart fail-
ure (Zisman et al. 2000). At late term pregnancy and at birth rat fetuses and newborns
of rats with maternal hyperglycemia had decreased levels of Sic2a4, but by 2 weeks
after birth the expression of this gene was increased. The downregulation of Sic2a4 is
probably due to the excess availability of glucose. After birth, its expression increased
in the group of rats with STZ-induced hyperglycemia as the newborns become hypo-
glycemic. Also, the excessive growth of the myocardium may require more glucose
postnatally. In the maternal hyperglycemia offspring, the levels of the facilitated glucose
transporter, Sic2a3, were decreased at PND 0 and increased at PND 14. These
changes apparently reflect the circulating glucose levels in the offspring. At PND 0,
Slc2a3 gene expression reflects glucose concentrations during pregnancy. Later cardi-
ac expression levels reflect hypoglycemia in the newborn, which reacts by increasing
the expression. These results are in agreement with some previous studies (Garcia et
al. 2016).

Uncoupling proteins participate in mitochondrial respiration and protect the mitochon-
dria from lipid-induced oxidative stress (Chan & Harper 2006). There are signs of in-
creased oxidative stress in the fetus of mothers with T1IDM (Escobar et al. 2013;
Loukovaara et al. 2005). Maternal hyperglycemia affects fetal and neonatal rat heart
Ucp expressions. Myocardial expressions of Ucp2 and 3 were upregulated at term
pregnancy and at PND 14, but downregulated at PND 0 in the maternal hyperglycemia
group (Table 9, study Ill). Ucp2 expression is increased in neonates, and this probably
reflects the switch of energy source from carbohydrates to fatty acids (Van Der Lee et
al. 2000). The expression of Ucp3 is induced, in turn, when fatty acids are supplied in
excess and the oxidative capacity of the cell is exceeded (Cole et al. 2011). Cardiac
excess growth and maternal hyperglycemia delay the switch from carbohydrates to
fatty acids in cardiomyocytes (Kantor et al. 1999); insulin resistance further increases
the fatty acid uptake to mitochondria (Cole et al. 2011). However, upregulation of un-
coupling proteins may not always be beneficial, since the uncoupling proteins may pro-
duce heat rather than ATP, and ATP per se is produced less than during normal aero-
bic respiration based on glucose availability (Cole et al. 2011). Hyperglycemic adult
mice require increased amounts of cardiac oxygen, because the expression of genes
regulating basal metabolism and excitation-contraction coupling are less efficient and
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this reduced the metabolic efficiency of the myocardial tissue (Boardman et al. 2009).
Perhaps due to energy-expenditure reasons, fetal and neonatal rat cardiac myosin ex-
pressions were disturbed in maternal hyperglycemia in this study (I, lll). By late term
pregnancy, the skeletal type heavy-chain myosin increases. After a transient reduction
in the expression of myosin at birth, adult skeletal type and a-cardiac heavy chain myo-
sin expression is regained. However, expression of myocardial skeletal type myosins
are slower, but less energy-consuming (Rajabi et al. 2007). Furthermore, even during
hyperglycemia in the myocardium, EPO protects the tissue from ischemia-reperfusion
injuries (Jun et al. 2014). However, during pregnancy the hearts were not hypoxic (l). In
maternal hyperglycemia, expression of Egin3, a cardiac hypoxia marker, in the myo-
cardium of rat offspring is increased. Egin3 seems to enhance cardiac function (Xia et
al. 2015), but may also be triggered by inflammation (Salas et al. 2017). Perhaps this
increase in Egin3 gene expression is caused by inflammatory reactions rather than by
frank myocardial ischemia.

6.5 Placental metabolism and hypoxia in maternal hyperglycemia

Rat maternal hyperglycemia pregnancies revealed placental expression of certain
genes at term gestation. The levels of Slc2a3, a facilitated glucose transporter with a
higher affinity for glucose than other glucose transporters, and of Ucp2 were increased.
Slc2a3 reflects the availability of glucose in the placenta and is naturally upregulated in
maternal hyperglycemia (Sciullo et al. 1997). Ucp2 is a marker of oxidative stress, and
its expression in the placenta from women with diabetes and obesity is increased
(Martino et al. 2016).

EPO may serve as a marker of chronic fetal hypoxia in diabetic pregnancies (Escobar
et al. 2013; Teramo et al. 2004b). However, some studies claim that umbilical cord se-
rum EPO correlates better with fetal oxygen tension and pH at birth than with indicators
of chronic hypoxia, such as fetal growth and hematocrit (Rollins et al. 1993). EPO in-
duces erythropoiesis and protects tissues from ischemic damage (Lipsic et al. 2006).
EPO production may also be triggered by fetal oxidative stress (Todorov et al. 2000). In
study 1V, no fetuses of T1DM mothers had an arterial pH <7.05 at birth, nor was there
any difference between the groups regarding umbilical arterial pH or Apgar scores.
Still, 29 % (7/24) of T1DM fetuses had EPO-levels in the amniotic fluid exceeding 27
U/l. The EPO concentrations in amniotic fluid and umbical cord blood serum were not
associated with arterial pH values or Apgar scores, and the same was true for placental
Epo expression. The expression of placental sFit1 was, on the other hand, positively
associated with arterial pH. In the rat model of maternal hyperglycemia, the number of
nucleated red blood cells was increased, and this may be a sign of hypoxia. However,
the gene-expression patterns in the placenta of the maternal hyperglycemia group indi-
cate that the placentas were not hypoxic (ll). Placental expression of sFlt1 is lower in
T1DM than control women. sFIt has a detrimental effect on placental blood vessel
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growth. Its maternal serum concentrations are higher in early pregnancy in women who
develop pre-eclampsia later on than in women with uncomplicated pregnancies (Moore
Simas et al. 2014). Altogether, EPO production may be a beneficial compensatory
mechanism in a hemodynamically uncompensated fetus and the inability to increase
EPO may be the true risk factor determinator. Furthermore, placental production of
sFIt1 may be actively inhibited to enhace placental vascular function.

6.6 Clinical implications

The rat model of maternal pregestational hyperglycemia demonstrates the effects of
constant maternal and fetal hyperglycemia on the developing fetal heart and placenta
with evidence of long-term consequences on the neonate. These further emphasize the
importance of optimal maternal glycemic control during pregnancy. In this study, ma-
ternal glycemic control during pregnancy was inadequate in human T1DM pregnancies,
but still fetal cardiac function and central hemodynamics were abnormal compared to
the control fetuses. In diabetic and other high-risk pregnancies, the worldwide surveil-
lance protocol of fetal well-being includes the monitoring of umbilical artery and middle
cerebral artery blood flow velocity waveform patterns. This study shows that in fetuses
of human T1DM pregnancies, MCA and UA vascular impedances are comparable to
those found in fetuses with uncomplicated pregnancies. Fetal monitoring based solely
on these impedances may not reveal compromise in fetal well-being. However, major
changes in central hemodynamics were observed in the human T1DM group fetuses.
In the T1DM fetuses, pulsatility index values of Aol and IVC blood flow velocity wave-
forms were increased and weight-adjusted cardiac outputs were decreased. These
alterations in fetal central hemodynamics were present even with normal UA and MCA
velocimetries. The results of this thesis suggest that the fetal surveillance strategy in
diabetic pregnancies should include monitoring of fetal central hemodynamics though
peripheral velocimetries may reveal other harmful processes occurring in the fetus
such as placental insufficiency. This new strategy could potentially improve detection of
fetal compromise in pregnancies complicated by maternal diabetes.
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Conclusions

7 CONCLUSIONS

The experimental studies show that fetuses to rats with STZ-induced hypergly-
cemia present signs of cardiac enlargement and myocardial remodeling due to
hyperplasia. Cardiomyocytes of these fetuses were used to show that expression
patterns involve genes related to electrical, contractile, endocrine, and metabolic
functions of the heart. There is a transient reduction in cardiac output and
holosystolic atrio-ventricular valve regurgitation but a consistent reduction in the
fetal heart rate. At term there are signs of cardiac diastolic dysfunction. Further-
more, fetal vulnerability to hypoxemic stress may be attenuated (I).

Throughout gestation, maternal STZ-induced hyperglycemia in the rat leads to
compromised placental and fetal hemodynamics compared to healthy control
pregnancies. Near term, umbilical artery vascular impedance correlates with
structural abnormalities of the placenta in the maternal hyperglycemia group. In
the maternal hyperglycemia group, this has detrimental effects on the placental
hemodynamic capacity that may increase the incidence of intrauterine fetal death

).

Maternal pregestational STZ-induced hyperglycemia in the rat associates with
altered expression of genes regulating fetal cardiac growth, function, and me-
tabolism. The gene expression patterns show decreased gene expression pro-
files on the day of delivery. At age 2 weeks, the gene expression profiles had in-
creased again. Maternal pregestational hyperglycemia may reprogram gene ex-
pression of the myocardium of the offspring and establish long-term consequenc-
es in gene expression patterns (llI).

In pregnant women with T1DM at term, fetal cardiac output decreases while the
pulsatility of the aortic isthmus blood flow velocity waveform increases. Fetal se-
rum concentrations of natriuretic peptides and troponin T increase, as well. The
reduction in cardiac output of the fetus takes place concomitantly with biochemi-
cal evidence of myocardial dysfunction (IV).
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