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ABSTRACT

Preeclampsia (PE) and fetal growth restriction (FGR) complicate over 10% of
human pregnancies and contribute significantly to fetal and maternal morbidity
and mortality. Although the causes of PE and FGR are not well understood, they
are known to be associated with impaired uterine artery blood flow. Endothelial
nitric oxide synthase knockout mice (eNOS™) and catechol-O-methyltransferase
knockout mice (COMT™) exhibit many signs of PE during pregnancy and deliver
growth-restricted pups. We tested the ability of two potential treatments;
resveratrol and 2-methoxyestradiol (2-ME) to increase uteroplacental blood flow
and therefore ameliorate signs of PE and rescue FGR in relevant mouse models.
2-ME administration led to normalization of umbilical artery blood flow velocity
and proteinuria in COMT mice. Resveratrol supplementation increased uterine
artery blood flow velocity and pup weight in COMT™ but not in eNOS™ mice.
Our results indicate that resveratrol and 2-ME may have therapeutic potential in

cases of PE and FGR.
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW



1.0 Prologue

The maternal cardiovascular system undergoes profound hemodynamic changes
during pregnancy to ensure an adequate delivery of oxygen and nutrients to the
developing fetus. Failure of these adaptations is associated with pregnancy
complications such as preeclampsia (PE) and fetal growth restriction (FGR). PE
and FGR are two of the most common complications of pregnancy worldwide and
constitute major health threats for the mother and the newborn. Together, these
conditions continue to be a leading cause of maternal and perinatal morbidity and
mortality causing the deaths of over 100,000 women and 500,000 neonates

worldwide every year. (Bujold et al., 2009a)

Despite intensive research, there are no curative therapies available for PE and
FGR, and it is still not understood why some women develop these complications.
However, several studies have shown that reduced uteroplacental blood flow
plays a fundamental role in the development of these conditions. In normal
pregnancies adequate trophoblast (placental cells) invasion of spiral arteries
(terminal branches of uterine artery) leads to dilation of uteroplacental

arteries. This hemodynamic change enables the increase of blood flow to the
placental bed and therefore fulfills the increased demand for oxygen and nutrients
for the developing fetus. In PE and FGR, decreased trophoblast invasion of the
maternal spiral arteries leads to increased resistance, and therefore decreased
uterine artery blood flow, leading to placental under-perfusion and ischemia. The
study of pathophysiological mechanisms of PE and FGR in humans is limited

given the ethical implications associated with these kinds of studies. Therefore,



my project aims to utilize relevant mouse models of PE and FGR to test two
treatments (2-methoxyestradiol and resveratrol) that have the potential to increase
uteroplacental blood flow. My studies will determine if these treatments can
increase uteroplacental blood flow and whether this can successfully ameliorate
the signs of PE and rescue fetal growth in relevant murine models. These studies

are a crucial first step in identifying possible new treatments for these pathologies.

1.1 Pregnancy and the cardiovascular system

The cardiovascular system undergoes a number of structural and functional
changes during pregnancy to fulfill the needs of the mother and developing fetus.
The major hemodynamic changes in response to pregnancy include an increase in
cardiac output, a blood volume expansion and a reduction in systemic blood
pressure. Together, these adaptations maintain uteroplacental perfusion and allow
the fetus to receive an adequate supply of oxygen and nutrients. (Abbas et al.,
2005) A large increase in blood flow is observed in both renal and uteroplacental
circulations and a significant quantity of total blood volume is circulated within
the uterine and intervillous circulations. (Campbell et al., 1983, Collins et al.,
2012) In normal pregnancy, these alterations ultimately contribute to the optimal
growth and development of the fetus and protect the mother from cardiovascular
complications. If these adaptations do not take place, fetal growth and

development can be impaired.

The total blood volume during pregnancy increases, as there is an increase in red

cell mass and plasma volume. The plasma volume starts to rise as early as 6-8



weeks of gestation and increases to a maximum of 45-55% (compared to
nonpregnant women) at around 34 weeks. (Pirani et al., 1973, Dieckmann and
Wegner, 1934) This increase in blood volume has important clinical implications.
There is a direct correlation between the increase in blood volume during
pregnancy and fetal growth and birth weight. (Hytten and Paintin, 1963, Goodlin
et al., 1983) In addition to the blood volume expansion, pregnancy is associated
with a 30-40% increase in cardiac output from early in the first trimester.
(Grollman, 1932, Mabie et al., 1994) The initial increase in cardiac output is due
to an increase in stroke volume but later it is accompanied by an increase in heart
rate as well. Despite the increase in blood volume and cardiac output, systemic
vascular resistance has been shown to decrease by 20% compared to vascular
resistance in the same woman in a nonpregnant state. (Abbas et al., 2005, Clark et
al., 1989) Studies in mesenteric arteries of pregnant rats also show a reduction in
vascular stiffness and a decrease in vasoconstriction; together these changes lead
to reduced vascular resistance. (Ralevic and Burnstock, 2012) The reduction in
vascular resistance occurs as a result of a range of adaptations in the maternal
vasculature, including structural adaptations and remodeling of the uterine artery
and its downstream vessels and the extensive structural remodeling of the

maternal spiral arteries that supply the placenta. (Brosens et al., 1967)

During pregnancy, a reduction in blood pressure despite an increase in plasma
volume and cardiac output occurs as a result of reduction in maternal peripheral
vascular resistance. Mechanisms accountable for decreased vascular resistance

comprise an increased response to vasodilators and a blunted response to



vasoconstrictors. (O'Day, 1997) The mechanisms that produce these changes are
not fully understood, however, in part they are known to occur due to alterations
in endothelial regulation of maternal vascular tone. It is important to understand
the maternal regulation of vascular tone during pregnancy because failure to
instigate or to maintain these changes can lead to conditions such as PE and FGR,
which are associated with increased vascular resistance and impaired blood flow

in the uteroplacental and fetoplacental circulations. (Takata et al., 2002)

1.1.1 Regulation of vascular function and tone

1.1.1.1 Endothelial function

The endothelium is a continuous monolayer of simple squamous epithelial cells
that lines the lumen of entire vascular system. The endothelium is involved in a
number of important functions including the control of vasomotor tone, allowance
of cells and nutrients passage, the maintenance of blood fluids, the regulation of
permeability, and the formation of new blood vessels. (Cines et al., 1998)
Furchgott and Zawadzki (1980) discovered that the relaxation response to
acetylcholine in the rabbit aorta was evoked only in the presence of endothelium.
Since then endothelial cells have been identified to produce a number of

vasodilators and vasoconstrictors that regulate vascular tone.

Vascular tone is regulated by the contractile activity of the smooth muscle cells,
which in turn rely on the action of vasoconstrictor or vasodilator molecules. The
endothelium is constantly in contact with an array of constricting and/or relaxing

signals. It integrates these signals and regulates vascular smooth muscle to



determine a vascular tone at any given time. An increase in cytosolic
concentration of Ca** mediated through a number of mechanisms including influx
of extracellular Ca**, Na* -Ca** exchange and liberation of Ca®* from intracellular
stores such as endoplasmic reticulum, (Winquist et al., 1985, Singer and Peach,
1982, Lickhoff and Busse, 1986) stimulates the release of endothelial relaxing
factors in the endothelial cells. (Furchgott, 1983) Endothelial derived
vasorelaxation compounds include nitric oxide (NO), (Ignarro et al., 1987)
prostacyclin, (Moncada and Vane, 1979) and endothelium derived
hyperpolarizing factors (EDHFs), (Rubanyi and VVanhoutte, 1987) while
vasoconstrictors secreted from endothelial cells include endothelin-1,
thromboxane A, and angiotensin Il. (Hurairah and Ferro, 2004) Ultimately the
vasodilators and vasoconstrictors released by endothelial cells contribute to the
regulation of blood pressure and blood flow. Endothelial cells possess cell surface
receptors for circulating hormones such as catecholamines, angiotensin,
vasopressin, bradykinin, serotonin, natiuretic peptide, substance P,
adrenomedullin and acetylcholine, which act as stimulants for the endothelial-
derived relaxing factors. (Yannopoulos and Nadkarni, 2012) Even though each of
the endothelial derived factors play a role in maintaining vascular tone, their
contribution differs according to vessel size, vascular bed, species, endothelial
agonist, and the physiological state of the organism (for example pregnancy,

aging). (Weiner et al., 1991, Aird, 2007)



1.1.1.2 Role of endothelium in pregnancy

Cardiovascular adaptations such as increased blood volume, increased cardiac
output and decreased blood pressure in both animals and human pregnancies are
in part governed by endothelium. The endothelium regulates these adaptations by
maintaining a low vascular tone by either increasing the release of vasodilators or
decreasing the vasoconstrictors release. (Poston et al., 1995) Vasodilators such as
prostacyclin and EDHFs play an important role in pregnancy and are explored in a
number of excellent reviews. (Lyall and Greer, 1996, Ozkor et al., 2010) For the
purpose of this thesis, however, the role of NO will be discussed in detail, as it is
known to play an important role in regulation of uteroplacental blood flow. (Bird

et al., 2000, Magness et al., 1997, Nelson et al., 2000, Xiao et al., 2001)

1.1.1.3 Role of nitric oxide in pregnancy

Furchgott and Zawadzki discovered a molecule produced by endothelium that
induced vascular smooth muscle relaxation and named it endothelial derived
relaxing factor. (Furchgott and Zawadzki, 1980) Ignarro et al., (1987) later
identified this molecule to be a free radical NO and since then it has been
established as a principal molecule through which endothelium regulates vascular
tone. NO is a free radical gas produced in the vascular endothelial cells. It is
generated through the oxidation of amino acid L-arginine to L-citrulline (Palmer
et al., 1988) by one of the three isoform of NO synthase (NOS) enzymes: nNOS
(a neuronal form), iINOS (an inducible form) and eNOS (a constitutive form),

which is the most commonly expressed form by the endothelium. (Kuboki et al.,



2000) NO induces vascular relaxation by diffusing through cell membrane into
the underlying vascular smooth muscle cells, where it binds to the heme portion
of guanylyl cyclase resulting in upregulation of cyclic guanosine monophosphate
(cGMP). The increase in cGMP leads to the activation of cGMP dependent kinase
followed by decrease in intracellular calcium, stimulation of calcium re-uptake,
and membrane hyperpolarization due to opening of potassium channels. (Wolin et
al., 1998) Together this leads to diminished actin-myosin binding and ultimately

reduction in vascular tone. (Surks et al., 1999)

In response to pregnancy, expression of eNOS in uterine artery is increased in
animals (Weiner et al., 1989) and humans. (Nelson et al., 2000) The state of
vasodilatation during pregnancy is thought to be partly mediated by NO, which is
important for maintenance of adequate uteroplacental blood flow. (Langille and
O'Donnell, 1986, Yallampalli and Garfield, 1993) Infusion of a NOS inhibitor
into umbilical artery in chronically catheterized sheep leads to increase in
fetoplacental vascular resistance and decrease in umbilical artery blood flow.
(Chang et al., 1992) Studies in rat, rabbit, and guinea pig uterine arteries showed
increase in NO mediated vasodilation during pregnancy. (Ni et al., 1997, Brooks
et al., 2001) Further, evidence to support the role of NO in uterine artery comes
from studies in eNOS knockout mice, which show impaired uterine artery
remodeling (van der Heijden et al., 2005b) and decreased uterine artery blood
flow velocity during pregnancy. (Kulandavelu et al., 2012) Blockade of NO

synthesis in animal models induces PE like phenotype and FGR, suggesting



impaired NO bioavailability could contribute to pathogenesis of these conditions.

(Yallampalli and Garfield, 1993, Kaya et al., 2011)

Kopp and colleagues reported 140% increase in urinary cGMP in the first
trimester of human pregnancy suggesting that NO synthesis increases early in
gestation. (Kopp et al., 1977) This observation was confirmed in pregnant rats by
Conrad and group, as they reported a reduction in urinary cGMP following NOS
inhibition. (Conrad et al., 1993) Similarly, eNOS expression in uterine arteries is
significantly increased at 37 weeks of gestation compared to non-pregnant
women. (Nelson et al., 2000) Furthermore, serum concentration of nitrite (NO
metabolite) in healthy pregnant women is increased compared to non-pregnant
women. (Shaamash et al., 2000) Taken together, these studies suggest increased

eNOS activity and NO production during pregnancy.

Although increased eNOS activity and NO production are consistently observed
in animal pregnancies, findings in human pregnancies are somewhat inconsistent.
Seligman et al., (1994) reported that the serum nitrite concentrations in pregnant
women were slightly raised but were not significantly different to non-pregnant
women. Other studies have failed to show the difference in urinary nitrite
excretion (Brown et al., 1995, Curtis et al., 1995) or in exhaled NO in pregnant

women. (Morris et al., 2008)

Differences between the human and the animal pregnancy data regarding eNOS
and NO production may be in part explained by effect of diet on excretion of

metabolites. Increased maternal intake of nitrites is associated with its increase



excretion in urine. (Ellis et al., 1998) In experimental conditions, diet of the
animals is tightly regulated and as a result less variation in metabolite can be
observed. In contrast, dietary intake in the human experimental subjects can be
much more difficult to control and may account for confounding results in

metabolite measurements in humans and animals.

1.1.2 Vascular remodeling of maternal spiral arteries during pregnancy

Along with the increase in endothelial-derived vasodilators and reduced
vasoconstrictor response in pregnancy, vascular remodeling during pregnancy is
essential in order to support the increased blood volume and therefore provide an
adequate amount of nutrients and oxygen to the developing fetus. In humans,
spiral uterine arteries that supply blood to the placenta undergo significant
alterations during the first half of pregnancy. (Lyall, 2005) Early in pregnancy
human placenta develops specialized trophoblast cell types that differ in function.
The multinucleated syncytiotrophoblast layer encases the floating villi of the
placenta and provides the barrier to maternal blood. The extravillous trophoblasts
migrate out of the placenta to the maternal decidua (uterine lining or
endometrium) and finally reach spiral arteries. These cells then differentiate into
endovascular and interstitial cells. The endovascular cells, which proliferate and
line the uterine cavity invade through the uterine decidua and initiate vascular
remodeling of uterine spiral arterioles. Interstitial trophoblast cells migrate
through the endometrial stroma and penetrate the myometrium to form placental

bed giant cells. These trophoblasts also surround spiral arteries. Both
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endovascular and interstitial invasion are associated with spiral arteries
remodeling that involves vessel dilatation, the loss of endothelial cells, and loss of
smooth muscle cells followed by breakdown of elastin fibers within the internal
elastic lamina and tunica media. (Pijnenborg et al., 2006) The invading
trophoblast and fibrinoid layer replaces the lost structural layer. Ultimately this
process leads to the loss of vaso-active properties of the spiral arteries leading to
increased dilation to accommodate the up regulated blood volume in pregnancy.
(Pijnenborg et al., 1980) Furthermore, this process leads to increased diameters in
uterine arteries. (Mazzuca et al., 2012) In addition, the remodeling of spiral
arteries is also in part responsible for decreased systemic vascular resistance
(Verkeste et al., 1998) and increases uteroplacental perfusion to meet the
requirement of the fetus. (Moll et al., 1988) In normal pregnancy, trophoblast
invasion is observed from implantation to up to twentieth week of gestation. (El-
Hamedi et al., 2005) Although the mechanisms of trophoblast invasion remain
unclear, the physiologic hypoxic conditions of the first trimester (~2-3 % oxygen)

are thought to promote trophoblast invasion. (James et al., 2006)

1.1.3 Uteroplacental blood flow during pregnancy

The uterine arteries are the main source of blood supply to the uterus.
Consequently, the uteroplacental circulation is a main determinant of oxygen and
nutrient delivery to the developing infant. As discussed in section 1.1.2,
remodeling of the spiral arteries in early pregnancy is an important step in

regulating and maintaining uteroplacental blood flow. Evidence of a decrease in
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resistance of the spiral arteries as a result of remodeling in pregnancy is supported
by uteroplacental blood flow studies. Early human studies using electromagnetic
flow probes reported that total uteroplacental blood flow increases from 20-50
ml/min in the non-pregnant state to as much as 450/800 ml/min at the end of
gestation. (Assali et al., 1953, Assali et al., 1960) Subsequent assessment of
uterine artery blood flow using radioactive xenon (133Xe) (Jouppila et al., 1978)

have confirmed these findings.

The introduction of Doppler ultrasound in obstetrics in the last 50 years has
provided further useful information, allowing non-invasive assessment of the feto-
maternal unit. Doppler studies in non-pregnant women show a continuous peak
systolic uterine artery blood flow velocity and a “notch” in the descending
waveform in early diastole. At 20-24 weeks of gestation (in normal pregnancies)
uterine artery Doppler scans show a high diastolic velocity with continuous flow
throughout diastole and the diastolic “notch” is no longer present. (Collins et al.,
2012, Campbell et al., 1983) These changes also correspond to a decrease in the
resistance index (RI, maximum — minimum velocity/maximum velocity) in the

uterine artery between 20 to 24 weeks of gestation. (Groom et al., 2009)

The uteroplacental blood flow in experimental animals during pregnancy is
comparable to human pregnancies. In both women and experimental animals such
as rodents and sheep, uteroplacental blood flow increases significantly compared
to the non-pregnant state. Moreover, as pregnancy advances, there is a progressive
increase in the proportion of blood directed to the placenta. (Dowell and Kauer,

1997, Rosenfeld et al., 1974)
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Studies have shown that a number of exogenous factors can modulate maternal
perfusion to the placenta but little is known about how the uteroplacental
circulation is regulated in normal pregnancy. A lot of the current understanding of
the factors able to alter uterine artery blood flow comes from in vitro studies of
isolated maternal uterine arteries and arterioles. Skajaa et al., (2008) demonstrated
that Mg*? ion was able to induce relaxation of uterine artery, while other
investigators have shown endothelin-1 to be a potent vasoconstrictor of uterine
arteries. (Dechanet et al., 2011) However, whether these factors play a role in the
in vivo regulation of uteroplacental flow is not known. Neri et al., (1996) infused
L-arginine (the substrate of NO) intravenously into pregnant women, followed by
an assessment of uterine artery resistance index (using ultrasound), and they
showed a significant decrease in vascular resistance in uterine arteries in women
with preexisting FGR. Similarly, Amit et al., (1998)showed that isosorbide
dinitrate a nitric oxide donor, significantly decreased uterine artery resistance
index in the first trimester of pregnancy. Collectively, these two studies suggest
that NO may play an important role in modulating uteroplacental circulation

during pregnancy.

1.1.4 Umbilical blood flow during pregnancy

Blood flow to the placenta through the umbilical blood vessels plays a vital role in
ensuring a stable supply of oxygen and nutrients to the fetus. Umbilical blood
flow velocity waveforms were first measured using Doppler ultrasound in 1977.

(Fitzgerald and Drumm, 1977) In humans, the umbilical circulation is comprised
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of two umbilical arteries and an umbilical vein. The umbilical arteries carry
deoxygenated blood to the placenta, whereas the umbilical vein carries
oxygenated and nutrient rich blood from the placenta to the fetus. The umbilical
vein flow in humans increases as the gestation progresses. It increases from 35
mL/min at 20 weeks to 240 mL/min at 40 weeks of gestation. The peripheral
vascular bed of the placenta mainly determines umbilical flow. The placental
vasculature vasomotor tone is not regulated by catecholamines and does not have
neural innervation. The chief regulators of vasomotor tone in the placenta are NO,
prostacyclin and endothelin. (Sand et al., 2002) Placental vascularization in both
humans and animals is known to increase during the late gestation and therefore
accounts for low resistance and the corresponding high end diastolic blood flow
velocity in the umbilical arteries. Hence the waveform recorded by Doppler
measurement in the umbilical artery reflects the downstream impedance and is
extensively utilized to identify placental insufficiency, a major cause of FGR.

(Trudinger et al., 1985, Mu and Adamson, 2006)

1.2 PE and FGR
1.2.1 Definition and incidence

PE and FGR are the leading global causes for maternal and fetal morbidity and
mortality. (Lockwood, 2002) PE is a multi-systemic disorder characterized by de-
novo hypertension (> 140/90 mm Hg) and proteinuria (> 300 mg/L or more in a
24 hour urine sample) after 20" week of gestation. (Khan et al., 2006, Schutte et

al., 2010) PE can also progress to its severe form eclampsia, which is
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characterized by seizures and blindness. According to the World Health
Organization, PE is estimated to occur among 3.2% of live births worldwide,
resulting in about 4 million cases per year, of which 72,000 are fatal to the
offspring. (AbouZahr, 2003) Recently a large cohort study of 1,461,270 births in
United States of America (USA) showed that PE related complications were

associated with 16% of maternal deaths. (Clark et al., 2008)

FGR is widely defined as the inability of a fetus to grow to its genetically
determined potential size. (Owens et al., 1989) This definition is very broad and is
clinically impractical as the specific growth potential for a fetus in pregnancy is
difficult to measure. (Cogswell and Yip, 1995) Therefore, in clinical and a
research setting, the surrogate ‘small-for-gestational age’ (SGA) is often used,
defined as birth weight below the 3'/5"/10™ percentiles. (Rosenberg, 2008) A
recent population based study in USA reported that 16.18% of babies born from
1995 to 2004 (excluding births in State of California) had the birth weights below

the 10™ percentile. (Ananth and Vintzileos, 2009)
1.2.2 Immediate and long term consequences of PE and FGR

The immediate consequences for PE and FGR include complications during birth,
increased susceptibility to infection, and an increased risk of neonatal
complications and death. (Sibai, 2006, McMillen et al., 2001) FGR fetuses have
five to six times higher perinatal mortality rates than those of normally grown
infants and approximately 5-10% of all pregnancies complicated by FGR will

result in either stillbirth or neonatal death. (Mclntire et al., 1999, Thornton et al.,
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2004, Lackman et al., 2001) PE is also associated with increased fetal and
neonatal morbidity and mortality as it is responsible for 15% of all preterm births
and predisposes to FGR. (Roberts et al., 2003) Furthermore, several studies
suggest that women with PE have at least two fold increased risk of delivering a
growth-restricted fetus compared to normotensive women. (Xiong et al., 1999,

Chappell et al., 2008, Rasmussen and Irgens, 2006)

Moreover, studies suggest that these conditions are associated with worse health
outcomes throughout later life. The infants born following pregnancies
complicated by PE and FGR are known to have increased risk of diseases such as
type 2 diabetes, central obesity, metabolic syndrome, hypertension and coronary
heart disease in adult life. (McMillen et al., 2001, Magnussen et al., 2009) In
addition women with history of PE have a higher risk of developing hypertension,
coronary heart disease, stroke and type 2 diabetes in their later life. (Bellamy et

al., 2007)

Development of therapies for these conditions would significantly reduce the
number of fetal and maternal deaths. In addition, future health outcomes for
women and children would be improved. Hence, testing of potential therapies for
PE and FGR in relevant mouse models of these conditions takes a central role in

this thesis.
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1.3 Pathogenesis of PE and FGR

Despite intensive research and important advances in recent years, the etiology of
PE and FGR remains unclear. Although maternal manifestations of these diseases
are profoundly different, accumulating evidence suggests that placenta is centrally
involved in the pathogenesis of both syndromes. Extensive research has shown
that there is an insufficient blood supply to the placenta of women with PE and
FGR. The impairment in blood flow to the placenta is thought to occur due to

decrease in trophoblast invasion (Figure 1-1).
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Figure 1-1: Potential pathophysiological mechanisms in PE and FGR.

Decreased trophoblast invasion leading to decrease in uterine artery blood flow is
a common pathophysiological mechanism in PE and FGR

1.3.1 Decreased trophoblast invasion in PE and FGR

Brosens and colleagues first reported reduced trophoblast invasion and absence of
pregnancy specific changes of uteroplacental arteries in placental bed specimens
associated with PE and FGR. (Brosens et al., 1972) Since then, trophoblast

invasion has been a major focus of placental research. It is now well accepted that

18



PE and FGR are associated with decreased trophoblast invasion of the maternal
spiral arteries, which leads to increased resistance and therefore impaired uterine
artery blood flow, leading to placental under-perfusion. (Aardema et al., 2001,
Khong et al., 1986) It has been well documented that spiral arteries in PE and
FGR do undergo minimal remodeling; these changes do not extend any further
than the mucosal layer (not into the decidua) (Figure 1-2). (Pijnenborg et al.,
1991) Placental biopsies obtained from pregnancies associated with PE and FGR
have revealed the failure of trophoblast invasion of spiral arteries. (van Asselt et
al., 1998, Antsaklis et al., 2000) In addition relatively few trophoblasts are found
in the vessels and those that are present do not express an endothelial phenotype.
This adaptive failure leads to impedance in the uteroplacental circulation followed
by reduction in the flow volume to the placenta. In normal pregnancy, the spiral
artery remodeling is completed by the 21% week of pregnancy, thus although PE is
not typically diagnosed until the third trimester of pregnancyi, its roots are likely

early in gestation. (Pijnenborg et al., 1991)
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Figure 1-2: Spiral artery remodeling in normal pregnancy and in pregnancy
associated with PE and FGR.

Left image: Trophoblast invasion into the maternal spiral arteries in the placental
bed of normal pregnancy leading to dilatation of these arteries. Right image:
Impairment of trophoblast invasion in cases of PE and FGR. Adapted and
modified from Cartwright et al., (2010).

1.3.2 Increased uterine artery resistance and impaired uterine artery blood
flow

The increase in uterine artery resistance featured in both PE and FGR (Harrington
etal., 1996, Clark et al., 1989) is associated with irregular blood flow and
ischemia-reperfusion injury. In a case control study, Olofsson et al., (1993)
examined placental biopsies taken during caesarean section in pregnancies
complicated by PE and FGR and uncomplicated pregnancies; they linked
increased uterine artery resistance to impaired trophoblastic invasion. Normally
impedance to flow in the uterine arteries decreases as the pregnancy progresses.
Increased impedance in the uterine artery early in pregnancy (usually 2™
trimester) is associated with PE and FGR. (Cnossen et al., 2008b) Women that

exhibit abnormal uterine artery Doppler waveforms in the second trimester are
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likely to have more than six-fold increase in rate of PE. (Harrington et al., 1996,
Clark et al., 1989) In addition, it has been demonstrated that reduced
uteroplacental blood flow, (Moore et al., 2000, Moore et al., 2007) compromises
fetoplacental vascular development and function, and generates high resistance in
the umbilical circulation. (Alfirevic and Neilson, 2010) A number of studies have
shown FGR to be associated with reduction in both uterine and umbilical arteries
blood flow velocities. (Groom et al., 2009, Lunell et al., 1979, Nylund et al.,
1983) In contrast, systematic reviews (Chien et al., 2005, Papageorghiou et al.,
2002, Conde-Agudelo et al., 2004) have reported that abnormal uterine artery
Doppler indices are of only limited accuracy in predicting PE and FGR. However,
these systematic reviews were restricted in terms of the methodology used. For
instance two reviews only reported adverse outcomes associated with PE and
FGR based on articles through MEDLINE only, while the other was limited to
articles published before 1997. (Papageorghiou et al., 2002) Uterine arteries
Doppler studies for prediction of PE and FGR are difficult to compare since
investigators have used varying definitions of abnormal Doppler waveforms,
populations and gestational age at examination. In addition the severity of the
disease in patients may be different, which can confound the overall result. A
recent study evaluated the use of uterine artery Doppler waveforms for prediction
of PE in a systematic review of 74 studies that included approximately 80,000
women. The study concluded that the abnormal uterine artery waveforms during
second trimester to be good predictors of PE. (Cnossen et al., 2008b) In line with

human PE cases, studies in animal models have successfully demonstrated that
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PE-like phenotype can be generated mechanically by reducing uteroplacental
blood flow. (Makris et al., 2007, Casper and Seufert, 1995) A causal relationship

between poor placental perfusion and PE has thus been established.

In FGR, the main consequence of impaired uterine artery flow is the malperfusion
of the placenta, hence diminished oxygen and nutrient delivery to the fetus
resulting in growth restriction. (Gagnon, 2003) In PE, however, reduced placental
perfusion alone is unlikely to be the only factor that leads to the disease.
Abnormal implantation and perfusion defects are also associated with both FGR
and preterm births and occur in many pregnancies without the maternal
manifestations associated with PE. (Lain and Roberts, 2002) In addition, FGR
cases demonstrate inadequate trophoblast invasion of spiral arteries and reduced
uterine artery perfusion. Interestingly, only one third of the babies born to women
with PE exhibit FGR in presence of failed spiral artery remodeling. (Arias et al.,
1993) Although reduced placental perfusion may be important in the development
of PE, it may not be sufficient to cause PE. Hence it has been suggested that
decreased placental perfusion must interact with maternal factors stemming from
genetic, behavioral and environmental conditions, in order to cause PE. Indeed,
PE appears to progress in two stages. (Redman and Sargent, 2005) The first stage
initiates as a result of defective early trophoblast invasion and remodeling of
spiral arteries leading to impairment in blood flow to the placenta and placental
dysfunction. The under perfused placenta is believed to release various factors,
which results in clinical manifestations of the disease including hypertension and

proteinuria (2" stage). (Roberts and Hubel, 2009)
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1.3.3 Endothelial dysfunction in PE and FGR

The vascular endothelium plays a significant role in cardiovascular adaptation to
pregnancy and in the pathogenesis of PE and FGR. Endothelial dysfunction is
associated with an imbalance in vasodilatory and vasoconstrictory compounds
produced by the endothelium. Along with many other clinical manifestations, PE
is also associated with intense vasoconstriction. (Brown, 2007) Originally, it was
thought that the enhanced vasoconstrictor response in women with PE suggested
an up-regulation of the vasoconstrictor pathways, but it progressively became
clear that impaired vasodilatory function was also a contributing factor. (Mishra et
al., 2011) Given the central role of vascular endothelium in regulation of vascular
tone, vascular endothelial cells may play an important role in pathogenesis of PE
and FGR. A series of experiments measured plasma biomarkers of endothelial cell
activation including von Willebrand factor, (Calvin et al., 1988) plasma cellular
fibronectin, (Friedman et al., 1995) thrombomodulin,(Boffa et al., 1998) VCAM-1
(soluble adhesion molecule), (Higgins et al., 1998) endothelin-1 (ET-1), (Schiff et
al., 1993) which showed increase in both PE and FGR, although endothelial
activator levels in PE exceed those observed in FGR. (Ness and Sibai, 2006) The
indication of endothelial dysfunction is observed months before the onset of these
conditions. For example, impaired uterine artery Doppler waveforms are reported
at 23 to 25 weeks of pregnancy in pregnancies complicated by PE and FGR.
(Collins et al., 2012, Cnossen et al., 2008b) The morphological evidence of

endothelial damage in women with PE has been demonstrated in the glomerular
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capillaries (endotheliosis) and in uteroplacental arteries (atherosis). (Poston and

Williams, 2002)

The endothelium dependent dilatory function is compromised in the women with
PE and FGR compared to healthy pregnant women. Knock and Poston
investigated the bradykinin-mediated vasodilatation in small subcutaneous arteries
from normal pregnant women and in women with PE, using myography
(described in section 2.9). (Knock and Poston, 1996) They found that the
preconstricted arteries from normal pregnancies had a greater relaxation response
to bradykinin compared to arteries from women with PE. These results indicate
that there is an increase in bradykinin-mediated NO generation in normotensive
pregnancies while there may be a reduction in pregnancies complicated by PE. In
addition impairment in vasodilation of myometrial arteries from women with PE
and FGR has been demonstrated ex vivo using wire myography. (Wareing et al.,
2005) Furthermore, Ashworth and coworkers reported that the endothelium-
dependent relaxation to bradykinin was reduced in the myometrial arteries from
women with PE compared to myometrial arteries from normotensive pregnant
women. (Ashworth et al., 1997) Similarly, Kublickiene et al., (1998) reported an
absence in flow-mediated dilatation (in vitro) in small myometrial arteries from
women with PE, whereas arteries from healthy pregnant women showed increase
dilatation in response to increased flow. They further examined the arteries from
both groups in presence of L-NAME (an inhibitor of NOS) and found that flow
mediated dilatation was abolished in the arteries from healthy pregnant women

while arteries from women with PE showed no difference in response to flow
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mediated dilatation. (Kublickiene et al., 1998) Taken together, these results
suggest that shear stress mediated release of NO is impaired in PE in the
myometrial arteries. Recently, Brandao and colleagues demonstrated that flow-
mediated dilation in brachial artery in vivo was decreased during second half of
gestation in women with PE compared to women with normotensive pregnancies.
In the same study, the authors demonstrated that uterine artery perfusion was
compromised in women with PE. (Branddo et al., 2012) These results support the
evidence of impaired endothelial function secondary to poor uterine artery

perfusion.

In summary, in PE and to a lesser degree in FGR, markers of endothelial
dysfunction are apparent, and therefore this dysfunction may further contribute to
decreased uteroplacental blood flow observed in these conditions. Therefore study

of uterine artery endothelial function will play a central role in this thesis.

1.4 Current management of PE and FGR

Although PE and FGR share many aspects in terms of pathophysiology, maternal
manifestations of these conditions are different. Hence the management of these

conditions varies in the clinic and will be discussed separately.

1.4.1 Management of PE

The optimal management of a PE case depends on gestational age and the severity
of the disease. Since delivery is the only cure for PE, clinicians try to minimize

maternal risk while maximizing fetal maturity. (Dekker and Sibai, 2001, Wagner,
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2004) The primary objective is the safety of the mother and then the delivery of a
healthy newborn. (Sibai, 2006) Delivery is appropriate for the mother but may not
be the best option for a premature fetus. Therefore severity of maternal disease
needs to be assessed. (Sibai, 2006) Although PE has been recognised for
centuries, there is no cure for this disease and treatment is mainly directed to the
potential complications of the condition; anticonvulsants are administered to
prevent eclampsia and antihypertensive drugs to control blood pressure. (Sibai,
2006) Magnesium sulfate is the first-line treatment for the prevention of primary
and recurrent eclamptic seizures. Magnesium sulfate opposes calcium dependent
arterial constriction and reduces cerebral vasospasm present in PE/eclampsia.
(Sibai, 2004) Hydralazine (acts on the smooth muscle, limits calcium release and
induces NO release to induce relaxation of the arteries) and Labetalol (acts on the
receptors in blood vessels to induce relaxation) are used as anti-hypertensive
agents. (Roccella, 2000, Magee et al., 2003) Although the above medications
suppress the blood pressure and somewhat prevent the progression of the disease,
they do not cure the condition. (Maynard et al., 2003) Therefore there is a need
for a therapy that ameliorates the signs of PE and addresses the underlying

disease.

1.4.2 Management of FGR

Since the FGR fetus is at increased risk of mortality and hypoxia and metabolic
acidosis during labor, it is crucial that surveillance of fetal growth and well-being
is thorough. (Resnik, 2002) The timing of the delivery is determined based on the

fetal condition and gestational age. Currently the recommended methods for
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management of FGR include anthropometric parameters such as fetal abdominal
circumference, head circumference, biparietal diameter and femur length. These
measurements are used to determine the fetal weight estimates using a standard
equation and compared with population based fetal growth curves at specific
gestational age. (Resnik, 2002) The gestational age is determined by using
ultrasound. (Campbell et al., 1985) Although the biometric tests are useful
measures for determining the well-being of a FGR fetus, umbilical Doppler
velocimetry is a better predictor of fetal condition. For instance, absence or
reversal of end diastolic flow in the umbilical artery is indicative of poor fetal
condition. Umbilical Doppler velocimetry is especially useful in identifying
fetuses that are constitutionally small from those that are growth restricted. (Ott,

2000)

1.5 Animal models of PE and FGR

Despite intensive research for decades, the current understanding of etiology and
pathogenesis of PE and FGR is inadequate and research in women with PE is
limited due to the lack of specimens and ethical issues. As a result, much of the
current understanding about these conditions comes from animal studies. In
addition, therapeutic advances for PE and FGR have been limited by the lack of
appropriate animal models. A number of animal models have been developed in
order to replicate the human disease to study etiologic factors, pathogenesis and
treatment options for these conditions. Animal models of PE range from dogs,

rabbits, sheep, baboons and murine. (Venuto and Lindheimer, 2009) The majority
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of studies to date have been conducted in mice, since they have a short gestational
age and are convenient models for conducting long-term follow up studies in a
short time. They are also advantageous as information about their genome is
readily accessible, and readily available for designing molecular studies. While
rodent studies have provided important insights into the greater understanding of
PE and FGR, it is important to recognize the limitations of rodent models. For
instance, PE has been reported to occur spontaneously only in humans and higher
apes. (Thornton and Onwude, 1992) Hence, the data obtained from the murine
models of these conditions should be extrapolated into human setting with caution

as there are important differences between human and mouse pregnancy.

1.5.1 Pregnancy in mouse and human

A number of differences exist between mouse and human pregnancy including
length of gestation, placental size and placental classification. Furthermore,
rodents differ from humans in that they bear litters, rather than singletons. Despite
these obvious differences, signs of PE or FGR can be induced in a mouse through
variety of methods, suggesting there may be more similarities between the species
than is generally accepted. A number of pregnancy features in human and rodents

are compared in Table 1-1.
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Table 1-1: Comparison between human and mouse pregnancy

Human Mouse
Length of gestation 9 months 20 days
Stage of implantation 7 days 4.5 days
(post fertilization)
Vascularization of 25 days 10 days
placental villi
Placental classification Monochorial & Villous Labyrinthine
Hemochorial blood flow  Yes Yes
through placenta
Chorionic villilined by  Yes Yes
syncytiotrophoblast
Invasive trophoblast Extravillous Trophoblast giant cells
cytotrophoblast
Spiral artery invasion Deep Shallow

Although there are considerable differences in placental development between the
two species, some components of placental development are analogous. The
trophoblast cell lineage appears to follow the same pathway in both species; an
invasive pathway involving extravillous trophoblasts in humans and giant cells
and trophoblastic glycogen cells in mice, and an exchange pathway involving the
synctiotrophoblast in both mouse and human. (Malassine et al., 2003) The mouse
trophoblast giant cells, which are analogous to extravillous cytotrophoblast cells
in humans, invade into the maternal spiral arteries and replace their endothelial
linings, promoting the transition from endothelial lined artery to trophoblast-lined
(hemochorial) blood space. Despite the aforementioned similarity, it is important
to recognize that trophoblast invasion in mice is shallow compared to humans.

(Pijnenborg et al., 2006) In addition, Adamson and co-workers reported that
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mouse blood vessels in the decidua are lined by endothelium instead of

trophoblast. (Adamson et al., 2002)

The blood flow velocity waveforms (in mice) in the uterine artery and the
fetoplacental circulations are similar in shape and show similar changes during
gestation when compared to human pregnancy. Similar to humans, uterine artery
blood flow velocity in mice increases significantly in full-term versus non-
pregnant females. In addition, there is a steady increase in blood flow velocities in
the umbilical arteries from mid-pregnancy to term, analogous to human

pregnancies. (Mu and Adamson, 2006)

In summary, there are considerable advantages in studying the pregnancy
complications such as PE and FGR in mouse because investigators have the
ability to carefully regulate both genetic and environmental influences. There are
number of studies, in which modification of gene function using transgenic and
knockout mouse approaches results in the induction of PE and FGR. Furthermore,
by controlling the way in which these mice are bred, it is feasible to control and
detect whether the altered gene is expressed in the fetoplacental unit, the mother

or both.

1.5.2 Mouse models of PE and FGR

Over the past decades, a number of mouse models of PE have been developed, in
which pregnant females develop hypertension, proteinuria and renal glomerular
endotheliosis, which are classic characteristics of the disease. Several other

models have been published which exhibit FGR (Table 1-2). The majority of
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mouse models were primarily designed on the basis of perceived causes and
mediators of these conditions. Therefore, these models have limitations and the
results must be interpreted carefully, particularly when translating the findings
into a clinical scenario. Nevertheless, various mouse models of these conditions
have provided insights into factors responsible for inducing the pathogenesis of

PE and FGR.
1.5.2.1 Hypertension as a risk factor for PE and FGR: BPH/5 mouse

A multivariate analysis of risk factors for PE in humans by Eskenazi and
colleagues reported that the risk factors for essential hypertension and PE overlap
significantly. (Eskenazi et al., 1991) Sibai et al., (1995) showed that increased
systolic blood pressure before pregnancy increased the risk of PE. These
observations were supported by the fact that some genes that have been associated
as risk factors for PE, such as AGT (encoding angiotensinogen, a precursor of the
vasoconstrictor angiotensin) (Ward et al., 1993) and eNOS, (Arngrimsson et al.,
1995) which are also implicated to be risk factors for essential hypertension. It is
important to note that the analysis of AGT and eNOS genes in the affected
families revealed that they are not present in all cases of the disease, (Lachmeijer
et al., 2002, Roberts and Cooper, 2001) indicating that AGT and eNOS mutations
do not explain all cases of PE. Using a borderline hypertensive mouse strain; the
BPH/5 mouse, Davisson and colleagues demonstrated that this mouse developed
high blood pressure during pregnancy. (Davisson et al., 2002) In contrast to the
normal mouse (C57BL/6J), the BPH/5 mouse showed an increase in blood

pressure during mid to late pregnancy. The BPH/5 mouse also developed other
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characteristics of PE including glomerular endotheliosis, proteinuria, endothelial
dysfunction, abnormal maternal decidual arteries, and poor placental
development. The results from this study suggest that hypertension during
pregnancy is a risk factor for PE. Additionally, these mice were reported to

exhibit FGR. (Davisson et al., 2002)

One of the limitations of the BPH/5 mouse model is that most PE cases occur in

women who are normotensive prior to pregnancy and up to second trimester.

1.5.2.2 Placental influence in maternal hypertension: REN_AGT transgenic
mouse

In pregnancy, the decrease in blood pressure is observed in both humans and
mice. Therefore the fetoplacental unit may play a role in regulation of maternal
blood pressure during pregnancy. As reported by Cross and colleagues, (Cross,
1996, Cross et al., 2002) the placenta is a principal source of vasoactive
compounds such as NO, adrenomedullin, prostaglandins and prostacyclin as well
as renin, (Cooper et al., 1999) an enzyme responsible for cleaving
angiotensinogen to generate vasoconstrictor angiotensin Il. As a result, placenta
may in part be responsible for regulating cardiovascular adaptation observed

during pregnancy.

Takimoto et al., (1996) showed that placentally derived renin plays an important
role in blood pressure change during pregnancy. The female mouse carrying AGT
transgene was mated with males that were transgenic for the renin gene. The
females developed hypertension during pregnancy due to placental expression of

renin and also proteinuria and glomerular endotheliosis, indicating that
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hypertension can induce PE as observed in BPH/5 mouse model. The occurrence

of FGR in this model is not known.

1.5.2.3 Defects in feto-placental development leading to signs of PE: P57 Kip2
mutant mouse

Kanayama et al., (2002) and Takahashi et al., (2000) reported that mice deficient
for the cyclin-dependent kinase inhibitor, p57Kip2 (which regulates the cell cycle
in trophoblasts), were an interesting model of PE as these mice exhibited placental
lesions and maternal disease that was secondary to the placental defects. They
discovered that the females that carried p57Kip2 deficient pups developed PE,
even though they had normal p57Kip2 function themselves. It was concluded that
the maternal disease was due to the mutation impacting fetoplacental
development. Furthermore, Takahashi et al., (2000) reported that the mutant pups
were growth restricted with a significantly reduced villous surface area in the

placenta.

In contrast to Takahashi et al., (2000), Falcao et al., (2009) failed to demonstrate
features of PE in the p57Kip2 knock out mouse. They investigated if the
difference in diet played a factor in dichotomy between the results, however, they
showed that feeding the p57Kip2 KO mouse with the same diet as Takahasi et al.,
(2000) resulted in endothelial dysfunction, left ventricular hypertrophy and
placental pathology consistent with Takahashi and co-workers (Takahashi et al.,
2000) but did not show difference in blood pressure or proteinuria. They

attributed their results to differences in environmental factors.
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1.5.2.4 Immunological mouse models of PE

Immune factors are involved in almost every stage of pregnancy, from
implantation to placentation to labor. Accumulating evidence suggests that altered
immune status, especially increased inflammation during pregnancy, may play a

role in the development of PE.

Recently, Zhou et al., (2011) injected purified 1gGs isolated from women with PE
into C57BL/6J mice on day 13 and day 14 gestation. The aim of the study was to
investigate how elevated endothelin-1 is associated with the disease. They
discovered that IgG from diseased women led to increase in IL-6, TNF alpha and
endothelin-1 production and these mice exhibited clinical manifestations of PE
including hypertension, proteinuria and renal damage. Furthermore, the
investigators discovered IL-6 to be a key cytokine that is responsible for induction
of ET-1 as well as for increased levels of anti-angiogenic factors: FMS-like
tyrosine kinase (sFlt-1) and soluble endoglin (SEng). Although this finding is
important in terms of understanding the role of ET-1 in PE, therapeutically it may
not be possible to use endothelin receptor blockers, as they are known to have

teratogenic effects. (Battistini et al., 2006)

1.5.2.5 Model of endothelial dysfunction

sFIt-1, a splice variant of VEGF receptor, is an anti-angiogenic factor and an
antagonist of VEGF and placental growth factor. sFLT-1 levels have been shown
to be increased in women with PE. Recently Kumasawa et al., (2011) induced

trophoblast-specific expression of sFLT1 using lenti virus vector and showed that
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a PE-like disease can be specifically induced in mouse by placentally derived
SFLT1. These mice demonstrated hypertension, proteinuria and FGR during
pregnancy. The methods described by Kumasawa et al., (2011) result in
expression of SFLT1 in all layers of murine trophoblast, and this pattern of
expression is not applicable to human pregnancy and therefore this model may not

completely recapitulate the human disease. (Clark et al., 1996)

1.5.2.6 Placental impairments and intrauterine growth restriction: Esx1
mutants and Igf 2 KO

A number of mouse models have been developed that exhibit FGR as a result of
impaired placental function. For instance, Esx 1 (placental homeobox gene)
mutants show impairment in vascularization of the labyrinth layer of the placenta
and are known to deliver growth-restricted pups. (Li and Behringer, 1998)
Constancia et al., (2002) demonstrated that deletion of paternally expressed
placental specific 1gf2 in mouse results in FGR. None of the aforementioned

models have been investigated to determine if females develop PE.
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Table 1-2: Mouse models of PE and FGR.

Model Primary High Proteinuria Renal Placental FGR Reference
Defect BP lesions  changes
BPH/5 Strain Hypertension Y Y Y Increased ROS Y (Davisson et al.,
2002)
REN_AGT Gestational Y Y Y ? ? (Takimoto et
transgenic hypertension al., 1996)
P57 Kip2 Placental Y Y Y Labyrinth, giant N (Kanayama et
mutant development cells al., 2002)
Soluble Flt-1 Endothelial Y Y Y ? ? (Kumasawa et
administration  dysfunction al., 2011)
Esx1 Mutant Placental ? ? ? Vascularization Y (Liand
development of labyrinth Behringer,
1998)
IgF 2 Mutant Placental ? ? ? Reduced Y (Constancia et
transport nutrient al., 2002)
transport
COMT" COMT Y Y Y Placental N (Kanasaki et al.,
deficient hypoxia, 2008)
decreased
placental eNOS
eNOS™ eNOS Y Y ? Increased ROS Y (Hefler et al.,
deficient 2001b)
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1.5.3 Mouse models of PE and FGR used in the current study

As discussed in the preceding sections, there is a range of murine models
available to study PE and FGR. As none of the murine models exhibit every
facet of these pregnancy complications it was decided to use two different
models for this study: the endothelial NO synthase knock out mouse (eNOS™)
and the Catechol-O-methyltransferase deficient mouse (COMT™") were
utilized. These models were chosen as they exhibit evidence for impaired

uteroplacental vascular development (discussed below).
1.5.3.1 Endothelial NO synthase (eNOS) knockout (eNOS™) mouse

As discussed in section 1.1.1.3, endothelial NO synthase (eNOS) catalyses the
cellular conversion of arginine to the potent vasodilator NO, which plays a
crucial role in the cardiovascular adaptations of pregnancy and contributes to
adequate uteroplacental perfusion. It has been previously observed that the
activity of eNOS in umbilical artery endothelial cells is reduced in pregnancies
complicated by FGR. (Casanello and Sobrevia, 2002) The eNOS” mouse
demonstrates an increase in systolic blood pressure both when non-pregnant
(Huang et al., 1995) as well as during pregnancy. (Hefler et al., 2001a) eNOS™
mice have also been shown to exhibit abnormal uterine artery remodeling,
such as reduced uterine artery diameter, uterine artery blood flow
(Kulandavelu et al., 2012) and spiral artery length, (van der Heijden et al.,
2005a) suggesting abnormal uterine artery remodeling may impact uterine
artery blood flow. There are no differences in litter size compared with wild

type controls, but this model deliver growth-restricted fetuses (Hefler et al.,
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2001a) and our laboratory has verified this finding in a previous study.

(Stanley et al., 2012a)

It has been shown that, ex vivo, uterine arteries from eNOS™ mice exhibit
reduction in methacholine-induced relaxation (Stanley et al., 2012a); this may
be due to a reduction in NO production or bioavailability. It is possible that the
decreased relaxation of uterine artery vasodilation observed in these mice
leads to increased uterine artery resistance, which can further lead to irregular
blood flow and under-perfusion of the placenta. This in turn can lead to
oxidative stress, namely an increased production of superoxide anions. Indeed,
our group has observed an increase in superoxide production in placentas from
eNOS™ mice. (Stanley et al., 2012a) NO, that is produced by either iNOS or
nNOS, can be rapidly inactivated by increased superoxide observed in eNOS™
mouse (Stanley et al., 2012a); as a result vasodilation can be reduced and
therefore uteroplacental perfusion further reduced. In addition, reduced
impaired uteroplacental perfusion can contribute to abnormal feto-placental
vascular development leading to increased resistance in the umbilical

circulation and hence reduced substrate supply to the fetus resulting in FGR.
1.5.3.2 Catechol-O-methyltransferase deficient (COMT™) mouse

2-Methoxyestradiol (2-ME) is an endogenous metabolite of estrogen,
synthesized by catechol-O-methyl transferase (COMT). Plasma concentrations
of COMT and 2-ME are elevated in the third trimester of normal pregnancy
but reduced in women with severe PE. (Barnea et al., 1988, Kanasaki et al.,
2008) In addition, a recent study in Norwegian women reported that a low

COMT activity haplotype was associated with recurrent PE. (Roten et al.,
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2011) Therefore alteration in COMT gene may lead to reduced COMT
enzyme activity and account for low levels of 2-ME observed in women with
PE. (Roten et al., 2011) In fact, placental COMT levels are reduced in
placentas from women with severe PE. (Barnea et al., 1988) Reduced COMT

activity has also been linked to FGR. (Sata et al., 2006)

Pregnant mice that lack COMT (COMT™) do not produce 2-ME and exhibit
many features of PE including raised maternal blood pressure, proteinuria,
placental abnormalities, endothelial cell activation and premature delivery.
Kanasaki et al., (2008) reported that administration of 2-ME reversed all the
features of PE in these mice. Recently we demonstrated that pups from
COMT" mice featured FGR. In addition, these mice exhibited abnormal
umbilical artery waveform, characterized by reduced umbilical artery blood
flow velocity and reversed or absent end-diastolic umbilical flow velocity,
suggesting that there was increased resistance in the placenta. Furthermore, we
showed that uterine arteries from pregnant COMT™ mice ex vivo exhibited
increased constriction in response to phenylephrine compared to arteries from

control mice. (Stanley et al., 2012b)
1.5.4 Summary

Consistent with the human disease, mouse models suggest that PE and FGR
can be acheived by various mechanisms. The murine models have been
instrumental in defining the maternal and fetoplacental contributions to PE and

FGR and in investigating the progression of these pathologies.

The etiology and pathogenesis of PE is complex and poorly understood. One

of the reasons for its complexity may be due to its multifactorial nature. There
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are number of factors, which are dysregulated in PE; these include angiogenic
factors, immunological factors and endothelial function. Therefore it may be
impossible to have a single animal model, targeting all aspects of this disease.
Nevertheless, these models have allowed us to gain a better understanding of

etiology and pathogenesis of the disease.

1.6 Potential treatments for PE and FGR

1.6.1 Clinical trials involving PE

A number of clinical trials have investigated the role of various therapies to
reduce the rate or severity of PE. In summary, these therapies have included
protein or salt restriction, zinc, magnesium, (Sibai, 1998) calcium,
(Coomarasamy et al., 2003) I-arginine, (Vadillo-Ortega et al., 2011) fish oil
(Makrides et al., 2007) or vitamin C and E supplementation, (Chappell et al.,
1999) aspirin (Knight et al., 2001) heparin. (North et al., 1995, Kupferminc et
al., 2001) These trials, however, showed a minimal to no benefit and did not
reduce the rate of adverse maternal and perinatal outcomes related to PE.
Hence, there is insufficient evidence to recommend any of these therapies for
treatment of PE. New approaches for prevention or treatment of PE are

therefore needed.

1.6.2 Clinical trials involving FGR

Several randomized trials have reported numerous approaches in order to
increase the birth weight or to extend the gestational age at delivery. These
include nutritional supplementation, (Hofmeyr and Gulmezoglu, 2000) low-

dose aspirin, (Bujold et al., 2009b) calcium channel blockers (Hofmeyr and
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Gulmezoglu, 2000) maternal oxygen administration, (Hofmeyr and
Gulmezoglu, 2000) hormones, (Say et al., 2003) betamimetics (Say et al.,
2001) and heparin. (Dodd et al., 2010) Unfortunately, none of the treatments
have been of value. There are currently no treatment options available for
FGR. Hence, an effective therapeutic strategy would have a major clinical

significance.

1.6.3 Rationale behind interventions in the current study

Therapeutic advances for PE and FGR have been severely limited as none of
the therapeutic agents tested for these conditions have been of value. As a
result, new approaches for prevention/treatment of these conditions are
needed. For the purpose of this thesis we have chosen to study two potential
therapies based on their vascular targets and clinical potential (discussed

below).

1.6.3.1 2-Methoxyestradiol

As detailed above, the concentration of 2-ME is elevated during the third
trimester of normal pregnancy but is reduced in women with severe PE.
(Kanasaki et al., 2008, Barnea et al., 1988) Preliminary studies in our
laboratory have shown that 2-ME is able to induce significant vasodilation of
uterine arteries (ex vivo) from normal pregnant mice and myometrial arteries
from pregnant women. (Stanley et al., 2010) In addition, uterine artery
endothelial cells are known to express COMT enzyme, required for 2-ME

synthesis. (Jobe et al., 2010) Furthermore, recent evidence suggests that 2-ME
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might be necessary for cytotrophoblast invasion of the maternal decidua, and
therefore contribute to the prevention of PE and FGR by promoting normal
placental vascular formation. (Lee et al., 2010) Taken together there is
evidence to suggest that 2-ME may be able to improve uterine artery
vasodilation and therefore uterine artery resistance in women with PE. It also
remains to be investigated if 2-ME improves uteroplacental blood flow and
therefore rescues the fetal growth in the COMT™ mice. Hence this will be one

of the major focus of this thesis.

1.6.3.2 Resveratrol

Resveratrol (3,5,4’-trihydroxystilbene) is a naturally occurring polyphenol
found in many plant species (Juan et al., 2012) that may have a beneficial
effect by targeting some of the common pathophysiological mechanisms
described in PE and FGR. It is widely known for its cardioprotective effects in
humans and various animal models. The beneficial effects of resveratrol
appear to be mediated via a plethora of biochemical pathways including
stimulation of NO production and eNOS, iNOS and nNOS expression, as well
as a reduction in oxidative stress and a decrease in ischemia reperfusion

injury. (Leifert and Abeywardena, 2008)

Previous studies have evaluated safety, pharmacokinetics and metabolism of
resveratrol in humans following oral ingestion of either the synthetic agent or
polyphenol rich diets. (Brown et al., 2010, Chow et al., 2010) The majority of
studies to date have reported resveratrol to be safe, suggesting that it is well

tolerated in humans even at very high doses. (Patel et al., 2011) In addition,
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rodent models have shown no evidence of teratogenesis associated with this
compound. (Edwards et al., 2011, Williams et al., 2009) Although previous
use of resveratrol in animal models of PE is very limited (Moraloglu et al.,
2011), it has been shown to ameliorate high blood pressure, (Rivera et al.,
2009) proteinuria (Nihei et al., 2001) and improve fetal weight. (Singh et al.,
2011) In addition, it has been demonstrated that resveratrol induces
vasorelaxation of uterine arteries in non-pregnant guinea pigs ex vivo through
both endothelium dependent and independent mechanisms. (Naderali et al.,

2000)

In study-2 we tested the hypothesis that supplementing the diet of eNOS™ and
COMT mice with resveratrol during pregnancy will improve uterine artery
blood flow velocity and therefore ameliorate PE like phenotype and FGR in

these murine models.
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1.6 Hypothesis

My overall hypothesis is that restoration of uteroplacental blood flow will

ameliorate signs of PE and rescue FGR in relevant mouse models.

1.7 Specific aims

1.7.1 Study 1: Effect of 2-ME administration in COMT™" mice
during pregnancy

1. To determine the ability of 2-ME to increase uterine artery flow
in vivo in COMT”" mice.

2. To determine the effect of 2-ME on maternal blood pressure
and proteinuria in COMT™ mice.

3. To determine the effect of 2-ME on fetal growth in COMT™
mice.

4. To characterize the ex vivo uterine artery function in response
to vasoconstrictor (phenylephrine) and vaso-relaxant
(Methacholine) in 2-ME treated vs. untreated COMT"" mice.

5. To determine whether there are any major teratogenic effects

(external malformations) associated with 2-ME therapy.

1.7.2 Study 2: Effect of resveratrol treatment in eNOS™ and
COMT during pregnancy
1. To evaluate if resveratrol can increase uterine artery blood flow

in vivo in eNOS” and COMT™ during pregnancy.
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. To determine the effect of resveratrol on maternal blood

pressure and proteinuria and in eNOS” and COMT” during
pregnancy.

. To determine the ability of resveratrol to ameliorate FGR in the
eNOS” and COMT" during pregnancy.

. To characterize the ex vivo uterine artery function in response
to vasoconstrictor (phenylephrine) and vaso-relaxant
(Methacholine) in resveratrol treated vs. untreated eNOS™ and
COMT mice.

. To investigate whether there are any major teratogenic effects
external malformations associated with the administration of

resveratrol during pregnancy in these murine models.
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CHAPTER 2: MATERIALS AND METHODS
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2.1 Ethics

The University of Alberta Health Sciences Animal Care and Use Committee
approved all the experimental procedures in this study in accordance with the
guidelines of Canadian Council on Animal Care and the Guide for the Care
and Use of Laboratory Animals (copyright 1996, National Academy of

Science).

2.2 Animal care

All animals used in this study were housed in polypropylene cages in a
temperature (20°C) and humidity controlled environment with 12h-12h light-
dark cycle. Breeding pairs of COMT mice were obtained initially from
Professor J Gogos, Columbia University and used to establish our own colony.
Female COMT™", eNOS™ mice (Jackson Laboratories; Bar Harbor, ME) and
control, C57BL/6J mice (Jackson Laboratories; Bar Harbor, ME) of 2-3
months of age were mated with strain-matched males nightly. Females were
checked the next morning for the presence of vaginal plug by gentle probing
of the vaginal orifice with a blunt pipette tip. The day of vaginal plug

detection was designated as 0.5 day of pregnancy.

2.3 Treatments

2.3.12-ME
Pregnant COMT™" and C57BL/6J mice were provided with regular chow and
water ad libitum. From gestational day (GD) 12.5 to GD 185 pregnant dams

were injected subcutaneously every day with 10 ng (100 puL) of 2-ME or
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vehicle (olive 0il-100 uL) (Figure 2-1). The timing of the dose was chosen
because this is when placental development is equivalent to the end of the first
trimester in the human. (Stanley et al., 2012a) In addition, we have
administered Sildenafil Citrate in COMT™ mice and Tempol in eNOS™ mice
in the identical time frame and were able to rescue fetal growth. (Stanley et al.,
2012a, Stanley et al., 2012b) The dose of 2-ME was selected based on
previous studies. (Kanasaki et al., 2008, Lee et al., 2010) In addition, the dose
administered in the current study increased the concentration of 2-ME in
COMT™ mice to levels similar to those observed in the control wild-type

pregnant mice. (Kanasaki et al., 2008)
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Figure 2- 1: Study design for 2-ME study
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2.3.2 Resveratrol

Pregnant mice were housed in a single occupancy cages from GD 0.5 until the
end of the experiments in order to monitor their food intake. Pregnant dams
were randomly allocated to receive purified control diet (AIN-93G diet, Dyets
Inc., Bethlehem, PA) or resveratrol diet (AIN-93G diet supplemented with 4-
gram resveratrol/kg diet) from GD 0.5 to 18.5 (Figure 2-2). The duration of
administration and dose of resveratrol in the diet was based on a previous
study (Lagouge et al., 2006) as well as results from our own laboratory
following administration of the resveratrol supplemented diet in pregnant rats.
(Bourque et al., 2012) Resveratrol bioavailability is low when it is
administered through diet as a result of poor intestinal absorption and rapid
clearance by the liver. (Wenzel and Somoza, 2005) However, a therapeutic
concentration range of resveratrol in the plasma was achieved by Dolinsky et

al., (2011) following the use of dose administered in this study.
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2.4 Measurement of Blood Pressure and Heart Rate

Mice were trained in restraint tubes for 5 minutes each on three successive
days prior to mating and measurement of blood pressure in order to accustom
them to the procedure. Blood pressure and heart rate were measured by the
staffs at Cardiovascular Research Centre, University of Alberta, facility using
tail-cuff plethysmography (I1TC Life Science, Woodland Hills, CA, USA) as
previously validated. (Whitesall et al., 2004) Both systolic and diastolic blood
pressure and heart rate measurements were conducted on GD 10.5 and GD

17.5.

2.5 Assessment of Proteinuria

Urine samples were collected on GD 18.5 of pregnancy. Samples were then
stored at -80°C until assayed for urinary albumin using an Enzyme-linked
immunosorbent assay (ELISA) (AssayPro, St Charles, MO, USA) and urinary
creatinine by colorimetric kit assay (Cayman Chemical Company, Ann Arbor,
MI, USA). From these measurements the albumin to creatinine ratio was

determined.

2.6 Uterine and umbilical artery blood flow velocity

Uterine and umbilical artery and vein blood flow velocity was assessed in vivo
on GD 11.5 and GD 17.5. Blood flow velocities were measured using
previously established protocols. (Stanley et al., 2012b, Mu and Adamson,
2006) Briefly, mice were anesthetized with isofluorane (3%) in air and placed

in a supine position on a temperature controlled heating pad. Heating was
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adjusted to maintain rectal temperature between 36° and 38°C. Then the
anesthetic concentration was reduced to (~0.5 to 1.5%) in order to maintain
the constant maternal heart rate of 550 + 50 bpm and a respiratory rate of 150
+ 20 cpm. Abdominal hair was removed by the application of chemical hair
remover. Pre-warmed gel was applied to the shaved abdomen, as an
ultrasound-coupling medium before mice were imaged transcutaneously using
a high resolution ultrasound biomicroscope ((model Vevo 770 for 2-ME study
(study-1) & model Vevo 2100 for resveratrol study (study-2), VisualSonics®,
Toronto, ON, Canada)). The transducer used for Vevo 770 was 30 MHz
operating at 100 frames/s. Vevo 2100 system was also equipped with a 30
MHz transducer but was operating at 300 frames/s. The angle between the
Doppler beam and the vessel was <30 degrees. Doppler waveforms were then
obtained from both left and right uterine artery near the uterocervical junction
close to the iliac artery (Figure 2-3). Umbilical artery and vein (Figure 2-4)
from at least two fetuses near the placental surface. Peak systolic velocity
(PSV) and end diastolic velocity (EDV) were measured from at least three
consecutive cardiac cycles that were not affected by motion caused by
maternal breathing and the results were averaged. The resistance index (RI) =

((PSV-EDV)/PSV) was calculated.
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Figure 2-3: Representative images of uterine artery and vein obtained
from Vevo 2100 biomicroscope.

(A)Uterine artery and vein and their respective location and (B) uterine artery
Doppler waveforms. Orange line indicates peak systolic blood flow velocity
(PSV) and the blue line indicates end diastolic blood flow velocity (EDV).
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Figure 2-4: Representative images of an umbilical cord and the respective
Doppler waveforms obtained from Vevo 2100 biomicroscope.

(A) Red circle represents a fetus and the yellow arrow indicates the umbilical
cord. (B) Umbilical artery and vein Doppler waveforms. Orange line indicates
peak systolic blood flow velocity (PSV) and the blue line indicates end
diastolic blood flow velocity (EDV).
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2.7 Measurement of serum 2-ME concentration

On day 18.5 of pregnancy mice were subjected to terminal anesthesia using
isofluorane and blood was withdrawn by heart puncture. Blood was then
allowed to clot for ~1hr in ice. Serum was then extracted following
centrifugation for 10 minutes at 5000 rpm and stored in -80°C. 2-ME
measurements were performed by Dr. Timothy D. Veenstra at Frederick
National Laboratory for Cancer Research in Frederick, USA. The protocol
supplied by the facility to measure serum 2-ME concentration is described

below.

Serum 2-ME concentration at GD 18.5 in C57BL6/J, COMT""and COMT™
supplemented with 2-ME was measured by liquid chromatography-mass
spectroscopy. Briefly, 0.05 ml of freshly prepared 0.15 M sodium acetate
buffer (pH 4.6) containing 16 pg of ds-2-MeOE; and 2 mg of L-ascorbic acid
were added to 0.05 ml of the serum sample. After extraction, the organic
solvent portion was transferred into a clean glass tube and evaporated to
dryness at 60 °C under nitrogen gas (Reacti-Vap I1I™, Pierce, Rockford, IL).
To each dried sample, 32 uL of 0.1 M sodium acetate buffer (pH at 9.0) and
32 pL of dansyl chloride solution (1 mg/mL in acetone) were added. After
vortexing, the sample was heated at 60 °C (Reacti-Therm I1I™ Heating
Module, Pierce, Rockford, IL) for 10 min to form 2-MeOE,-Dansyl and ds-2-
MeOE,-Dansyl. Calibration standards and quality control samples are
hydrolyzed, extracted, and derivatized following the same procedure as that
used for unknown serum samples. After derivatization, all samples are

analyzed by capillary LC-ESI-MS.
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LC-MS? analysis was performed using an Agilent 1200 series nanoflow LC
system (Agilent Technologies, Palo Alto, CA) coupled to a TSQ™ Quantum
Ultra triple quadrupole mass spectrometer (Thermo Electron, San Jose, CA).
The LC separation was carried out on a 150 mm long x 300 pm i.d. column
packed with 4 um Synergi Hydro-RP particles (Phenomenex, Torrance, CA)
and maintained at 40 °C. A total of 8 pL of each sample was injected onto the
column. The mobile phase, operating at a flow rate of 4 pL/min, consists of
methanol as solvent A and 0.1% (v/v) formic acid in water as solvent B. A
linear gradient from 72-85% solvent B in 75 min. was employed for separation
of 2-MeOE; and 2-MeOE,. The mass spectrometer setting were as follows:
source: ESI; ion polarity: positive; spray voltage: 3200 V; sheath and auxiliary
gas: nitrogen; sheath gas pressure: 10 arbitrary units; ion transfer capillary
temperature, 270 °C; scan type: selected reaction monitoring (SRM); collision
gas: argon; collision gas pressure: 1.5 mTorr; scan width: 0.7 u; scan time:
0.30 s; Q1 peak width: 0.70 u full-width half-maximum (FWHM); Q3 peak
width: 0.70 u FWHM. Quantitation of ds-2-MeOE; was carried out using
Xcalibur™ Quan Browser (Thermo Electron). Calibration curves were
constructed by plotting 2-MeOE,-Dansyl/ds-2-MeOE,-Dansyl peak area ratios
obtained from calibration standards versus amounts injected on column and
fitting these data using linear regression with 1/X weighting. The amounts of

2-MeOE; were interpolated using this linear function.

2.8 Fetal and placental measurements

Dams were euthanized on GD 18.5 and the entire uterus was removed and

immediately placed in freshly prepared cold physiological salt solution (PSS;
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mmol/L: 10 HEPES, 142 NaCl, 4.7 KClI, 1.2 MgSQy, 1.6 CaCl,, 1.18 KH,POy,
5.5 glucose, 0.034 EDTA; pH 7.4). Pups and placentas were then dissected out
and number of live fetuses and resorptions were recorded. In addition, all
fetuses were examined for external malformations. The fetuses and placentas
were blotted dry and weighed; fetal crown to rump length (length from crown
of the head to the apices of the tail) and abdominal circumference (length
around the outer edge of navel center) were also recorded. Finally, placentas

were dried at 50°C overnight and dry placental weight was recorded.

2.9 Assessment of uterine artery function

Wire myography is a well established ex vivo technique that enables the
examination of the functional responses and vascular reactivity of small blood
vessels.(Mulvany and Halpern, 1977) The vascular experiments in this study
were conducted using DMT wire myograph (610m, Danish Myo Technology,
Aarhus, Denmark) and myography software (Myodata, Danish Myotech,
Aarhus, Denmark). The equipment consists of four sets of baths and therefore

allows the study of four vessels simultaneously (Figure 2-5).
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Figure 2-5: Wire myograph system equipped with four baths; allows the
study of four vessels simultaneously.

Uterine arteries from the right horn were carefully dissected under a dissecting
microscope in cold PSS and surrounding adipose and connective tissue was
removed. They were then carefully cut into four small segments (~2mm each)
and mounted between the jaws of each bath using 25pum tungsten wire
(ADinstruments, Colorado Springs, USA) (Figure 2-6). The preparations were
bathed in 6 ml of PSS maintained at a temperature of 37°C and pH of 7.4 and
constantly oxygenated with dry air. In the next step, using a normalization
software (Myodata, Danish Myotech, Aarhus, Denmark) the vessels were
normalized to set vessels to standard initial conditions by incremental
stretching (with a micrometer) to luminal pressure of 13.3kPa (resting
tension), where the internal circumference of the vessel would have had in

vivo under a transmural pressure of ~90 mmHg. (Mulvany and Halpern, 1977)
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The fixed head of the myograph connected to a force transducer recorded the
tension across the vessel wall under resting conditions and when challenged

with various agonists.

Connected to
micrometer screw

Connected to force
transducer

Figure 2-6: Diagram of segment of uterine artery mounted in wire
myograph.

Following normalization, all vessels were washed with 2 x PSS and allowed to
equilibrate under resting tension for 30 minutes. To obtain optimal data from
the vessels, it is important to ensure that the technique of isolating and
mounting vessel has no negative effect on functional response. Thus, vascular
integrity was assessed using a single dose of phenylephrine (Phe), providing a
final bath concentration of 10°M. The resulting constriction was allowed to
plateau before being washed with 2 x PSS back to baseline. The vessels were
then left to recover at baseline for 15 minutes and second dose of Phe was
added to the baths. Once a plateau of constriction was reached, integrity of the
endothelium dependent vasodilation was assessed by adding methacholine
(MCh, 10° M in the bath) to the baths. Vessels that did not relax following the

addition of MCh, were excluded from the study.
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Next, vessels were washed with 2 x PSS and allowed to recover for 30
minutes. A Phe dose-response curve (10*° to 10° M in nine steps) was then
performed, followed by a rinse with 2 x PSS. To investigate the contribution
of NO to endothelium-dependent vasodilation, we added NO synthase
inhibitor .-NAME (10™* M) to one of the baths. Remaining sections were left
in PSS only and these served as controls. Vessels were then allowed to rest for
30 minutes, after which all sections were preconstricted with Phe (ECg) and
the constriction was allowed to plateau. The endothelium-dependent relaxation
response was then tested by constructing a vasodilation curve to MCh (10 to
10™° M in 9 steps). Each dose of MCh was added to the bath at 2-minute

intervals.

After the MCh curve, vessels were rinsed two times with PSS and left to
recover for 30 minutes. All four sections were then again preconstricted with
Phe (ECgo) and the constriction was allowed to plateau. Finally, a dose curve
was determined in response to sodium nitroprusside (SNP; 10 to 10° M in
six steps) to validate endothelium-independent NO-mediated smooth muscle
relaxation. SNP donates NO, which induces vasodilation by directly

stimulating the smooth muscle. SNP was added to the baths at 2 min intervals.

2.10 Statistical analyses

All data are presented as mean + standard error of the mean (SEM). Graphpad
Prism (La Jolla, CA) 5.0 software was used for statistical analysis. Analyses
with two experimental groups were made using Student’s t-test. One-way
ANOVA was used to compare the serum 2-ME concentration between
C57BL6/J, COMT” and COMT" supplemented with 2-ME, followed by
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Bonferroni post-hoc test to determine statistical significance. Two-way
ANOVA was performed in order to make a comparison between genotype and
treatment (independent variables). Significance was determined using
Bonferroni post-hoc test. Statistical significance was defined as p<0.05. For
myography experiments, sigmoidal dose-response curve fitting was performed
and analysed using GraphPad Prism. The ECs, or ECgy concentration of the
drug was calculated from the concentration-response curves by fitting data to a

logistic sigmoid equation using the GraphPad Prism program.
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CHAPTER 3: RESULTS
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Study 1: Effect of 2-ME administration in COMT™ mice
during pregnancy
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3.1.1 Blood pressure and heart rate

Systolic blood pressure (SBP) trended towards increase in the COMT" mice
compared to C57BL/6J prior to treatment on GD 10.5 of pregnancy (126.7 +
3.4 vs 136.1 £ 3.9 mmHg p=0.096). Diastolic blood pressure (DBP) (74.1 £
4.9 vs 78.0 £ 4.0 mmHg) and heart rate (HR) (479.8 £ 17.0 vs 513.3 + 23.8
bpm) on GD 10.5 were not different between the C57BL/6J and COMT™""
mice. In addition, SBP, DBP and HR were not different between placebo and

2-ME treated groups on GD 17.5 (Table 3-1).

3.1.2 Proteinuria

There was a significant effect of genotype and treatment on albumin:creatinine
ratio. It was significantly elevated in the COMT™ mice on GD 18.5 compared
to C57BL/6J on placebo (Figure 3-1; p<0.05). This increase was normalized to
control levels following 2-ME administration in the COMT"" mice (Figure 3-

1; p<0.01).

3.1.3 Uterine and umbilical artery and vein blood flow velocity

The hemodynamic and waveform parameters, as measured at GD 11.5 and
17.5 are listed in Tables 3-2 and 3-3 respectively. There were no differences in
uterine artery and umbilical vein blood flow velocities in C57BL/6J and
COMT" mice at either GD 11.5 or 17.5 (Tables 3-2 and 3-3). Umbilical artery
maximum velocities were not different among the groups (Figure 3-2A).
However, a significant effect of genotype and treatment on umbilical artery
end diastolic velocity and resistance index was observed on GD 17.5 (Figure
3-2B and 3-2C). Minimum umbilical artery velocity was significantly reduced

and (Figure 3-2B) resistance index was increased in the COMT™" mice (Figure
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3-2C). Importantly, both of these measures were normalized following
treatment with 2-ME (Figure 3-2B and 3-2C). Reverse umbilical Doppler
waveforms observed in COMT™" mice were also normalized following 2-ME

administration (Figure 3-2D).

3.1.4 Maternal weight and litter size

There was no difference in maternal weight gain at term among the groups and
there was no effect of 2-ME treatment on this measure (C57BL6/J; 34.4 £ 0.6
vs 30.3+ 2.1, COMT" 33.2+0.9vs 34.8 + 1.4q). Additionally, there was no
effect of genotype or 2-ME treatment on litter size (C57BL6/J; 8.6 £ 0.6 vs 5.8

+ 1.6, COMT™ 6.8 + 0.7 vs 7.2 + 0.3) in either of the groups.

3.1.5 Fetal and placental measurements
There was no difference in pup weight (Figure 3-3A), crown-rump length

(Figure 3-3B), or abdominal circumference (Figure 3-3C) among the groups.

Placental wet (Figure 3-4A) and dry weights (Figure 3-4B) were not different
in either of the groups. Similarly, pup weight: placental weight ratio was not
different (Figure 3-4C); again 2-ME did not have any effect on this measure.
There was no evidence of gross abnormalities in fetuses from 2-ME treated

dams.

3.1.6 Uterine artery ex vivo vascular function
There was no effect of genotype or 2-ME treatment on Phe-induced
constriction in any of the groups (Figure 3-5A). Similarly, there was no effect

of genotype or 2-ME treatment on sensitivity to Phe (Figure 3-5B).
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Additionally, MCh-induced relaxation or MCh ECs, concentrations were not
significantly different between C57BL/6J and COMT™ mice (Figure 3-5C and
D). Supplementation with 2-ME did not have any effect on these measures
(Figure 3-5C and D). NO contribution to endothelium-dependent vasodilation
could not be statistically analyzed for this study as sample size was very low.
No difference in uterine artery relaxation was observed among the groups in

response to the NO donor SNP (Figure 3-6A and B).

3.1.7 2-ME measurement in the serum
Subcutaneous administration of 2-ME increased circulating levels of this
molecule in COMT”" mice to levels similar to those observed in the C57BL6/J

mice on GD 18.5 (Figure 3-7).
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Study 2: Effect of resveratrol treatment in eNOS” and COMT"

" during pregnancy
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3.2.8 Blood pressure and heart rate

Systolic and diastolic blood pressures and heart rate were not different
between the C57BL/6J, eNOS” and COMT™" mice on control diet on GD 10.5
or 17.5 (Table 3-4). In addition, resveratrol treatment did not have any effect

on these measurements (Table 3-4).

3.2.9 Proteinuria

There was a significant effect of genotype on maternal proteinuria at GD 18.5
(Figure 3-8; p<0.001). A significantly higher albumin:creatinine ratio was
observed in eNOS™ compared to C57BL/6J controls. Supplementation with

resveratrol, however, had no effect on proteinuria in any of the groups.

3.2.10 Uterine and umbilical artery and vein blood flow velocity

The hemodynamic and waveform parameters, as measured at GD 11.5 and
17.5, are listed in Tables 3-5 and 3-6 respectively. There were no differences
in hemodynamic and waveform parameters on GD 11.5. A significant effect of
genotype on both maximum (Figure 3-9A) and minimum (Figure 3-9B)
uterine artery blood flow velocity was observed on GD 17.5 (p<0.05). In
addition, there was a significant interaction of genotype and treatment on
maximum uterine artery blood flow velocity (p<0.05). Interestingly,
resveratrol treatment increased both of these measures in COMT™" mice but
not in C57BL/6J; in eNOS™ mice trends to increased blood flow velocity were
not significant (Figure 3-9). There were no effects of genotype or resveratrol
treatment on umbilical artery or vein velocity in either of the groups. (Table 3-

5).
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3.2.11 Maternal weight gain, food consumption and litter size

There was no difference in maternal weight among the groups at term and
there was no effect of resveratrol treatment on this measure (C57BL6/J; 30.1 £
1.1vs325+1.2,eNOS”;30.4+ 0.8 vs 28.7 0.8, COMT" 33.7 £ 0.4 vs
33.2 £ 1.39). In addition, food consumption was not affected by genotype or
resveratrol treatment in C57BL/6J (56.1 + 1.0 vs 58.6 + 2.2Q), eNOS™ (58.1 +

1.9 vs 55.5 + 1.8g) and COMT™ (61.6 + 1.9 vs 60.4 + 2.5g) mice.

Additionally, there was no effect of genotype or resveratrol treatment on litter
size (C57BL6/J; 6.5+ 0.3 vs 7.2 + 0.6, eNOS™; 7.1 + 0.8 vs 6.6 + 0.5,

COMT' 7.8 +0.3 vs 7.8 + 0.9) in any of the groups.

3.2.12 Fetal and placental measurements

There was a significant effect of both genotype and treatment on pup weight
(p<0.001, Figure 3-10A). Pup weight in untreated eNOS™ mice was
significantly reduced compared to C57BL/6J mice on control diet. There was
no difference in pup weight between untreated and resveratrol treated
C57BL/6J (1.052 + 0.02 vs 1.088 + 0.01g) mice. There was a trend towards
increase in pup weight in resveratrol treated eNOS™ mice (0.910 + 0.02 vs
0.975 £ 0.029), although the difference did not reach statistical significance at
the 5% level. A significant increase in pup weight was observed in COMT™
(2.031£0.02 vs 1.119 £ 0.019g, p<0.05; Figure 3-10A) mice following
resveratrol administration. Crown to rump length was significantly greater in
the resveratrol treated COMT™" (28.4 £ 0.2 vs 30.14 £ 0.2mm; p<0.05; Figure
3-10B) but not in eNOS™ (28.3 + 0.3 vs 28.9 + 0.3mm) or C57BL/6J (28.5 +

0.2 vs 29.7 £ 0.3mm) mice. Abdominal circumference was significantly
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elevated in resveratrol treated eNOS™ compared with untreated genotype
controls (23.6 £ 0.3 vs 25.0 + 0.4mm, p<0.05; Figure 3-10C) but not in
COMT™ or C57BL/6J (24.1 + 0.4 vs 24.8 + 0.4mm) mice. Placental wet
(Figure 3-11A) and dry weight (Figure 3-11B) in C57BL/6J, eNOS™ or
COMT™" were not affected by either genotype or resveratrol treatment.
Similarly, pup weight: placental ratio was comparable across genotypes and
did not change following resveratrol treatment (3-11C). No evidence of gross

abnormalities in fetuses from resveratrol treated dams was found.

3.2.13 Uterine artery ex vivo vascular function

There was no effect of genotype or resveratrol treatment on Phe-induced
constriction in any of the groups (Figure 3-12A). Similarly, there was no effect
of genotype or resveratrol treatment on sensitivity to phenylephrine (Figure 3-
12B). MCh-induced relaxation, on the other hand, was significantly impaired
in eNOS™ compared with C57BL/6J mice. Supplementation with resveratrol
did not improve this impairment (Figure 3-13A). A significant effect of
genotype was observed on MCh ECs, concentration, such that it was
significantly elevated in the eNOS™ mice; again resveratrol treatment did not
have any effect on this measure (Figure 3-13B). L-NAME was used to study
NO contribution to total relaxation. In the uterine arteries from C57BL/6J and
COMT mice on control diet NO had a similar contribution to total relaxation.
In eNOS™ mice, NO contribution to total relaxation was significantly reduced.
Resveratrol did not have any effect on NO contribution to total relaxation in

any of the groups (Figure 3-13C). No difference in uterine artery relaxation
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was observed among the groups in response to the NO donor SNP (3-14A and

B).
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CHAPTER 4: DISCUSSION
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4.1 Effects of 2-ME administration in COMT” mouse model of PE and
FGR.

PE and FGR are the leading causes of fetal and maternal morbidity and
mortality during pregnancy. Despite intensive research and clinical trials, there
are currently no therapeutic approaches available for either prevention or
treatment of PE and FGR. Although maternal manifestations differ, both of
these conditions are associated with impaired uterine artery blood flow. Thus,
treatments directed at improving uterine artery blood flow may ameliorate

signs of PE and rescue fetal growth.

In the first study, the effect of 2-ME administration in the COMT" mouse was
studied. COMT and 2-ME are significantly reduced in pregnancies presenting
with PE compared to normal pregnancies. (Fitzgerald and Drumm, 1977,
Kanasaki et al., 2008) 2-ME has been shown to induce relaxation of uterine
arteries from pregnant mice ex vivo (Stanley et al., 2010) and to improve many
pathological features that are associated with PE, including increased blood
pressure and proteinuria. (Kanasaki et al., 2008) In the present study, using the
COMT” mouse model, we investigated whether 2-ME therapy could increase
uterine artery blood flow velocity and therefore ameliorate PE-like symptoms
and rescue fetal growth. In contrast to our hypothesis, however, 2-ME therapy
did not increase uterine artery blood flow velocity in the COMT™ mice despite
wild-type levels of serum 2-ME concentrations in treated mice. Interestingly,
2-ME treatment led to normalization of proteinuria and normalization of
umbilical artery Doppler waveforms (which were characterized by decreased
minimum umbilical artery blood flow velocity and increased resistance) in the

COMT™ mice. No toxic effects were observed in the pups from COMT" mice
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based on our assessment of external malformations, litter size, and fetal

resorption.

2-ME is known to induce significant vasodilation of uterine arteries from
normal pregnant mice (Stanley et al., 2010) (C57BL/6J) and aortic segments
from male rats. (Gui et al., 2008) In both studies, 2-ME abolished vascular
contraction in the presence, but not in the absence, of endothelium and a NOS
inhibitor blocked this effect, suggesting that 2-ME abrogates vascular
contraction via endothelium-dependent NO production. (Wenzel and Somoza,
2005, Gui et al., 2008) Given the ability of 2-ME to induce vascular
relaxation, we investigated its ability to increase uterine artery blood flow
velocity in the COMT™" mice. In agreement with our previous study (Stanley
et al., 2012b), there was no difference in uterine artery blood flow velocity in
the COMT”" compared to C57BL/6J mice and 2-ME did not have an effect on
this measure. In line with this finding, we did not observe any differences
between the normal control mice C57BL6/ and COMT™" mice in ex vivo

uterine artery endothelial function studies.

COMT™ mice have previously (Stanley et al., 2012b) demonstrated abnormal
umbilical Doppler waveforms, including decreased minimum umbilical artery
blood flow velocity and increased umbilical artery resistance. Interestingly, 2-
ME administration led to normalization of these measures in the COMT™""
mice. Although the abnormal umbilical Doppler waveforms were associated
with FGR in the COMT™ mice in our previous study (Stanley et al., 2012b),
FGR was not observed in the current study. Kanasaki et al., (2008) also did
not report FGR in the pups from COMT™ mice. It is important to note that the

growth restriction observed in the pups from COMT™" mice in our previous
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study was subtle. (Stanley et al., 2012b) In the current study, it is possible that
the abnormal umbilical Doppler waveforms were present only in a subset of
fetuses and therefore growth restriction did not appear in all fetuses. In a study
of 1126 human cases with absent or reversed umbilical artery diastolic flow
not all fetuses were associated with FGR, 68% of them were small for
gestational age. (Maulik et al., 2011) This suggests that abnormal umbilical
Doppler waveforms may not always indicate FGR, although it is definitely
associated with a greater risk of FGR. (Alfirevic et al., 2010) Given that 2-ME
administration led to normalization of abnormal umbilical Doppler waveforms
in the COMT™" mice; its therapeutic potential in cases of FGR with abnormal
umbilical Doppler waveforms is apparent. However, the mechanisms by
which 2-ME normalizes umbilical Doppler waveforms in the COMT”" mice

remain to be investigated.

Placentas from COMT ™" mice exhibit an increased in the anti-angiogenic
factor sFlt-1. (Kanasaki et al., 2008) This can lead to a reduction in placental
angiogenesis in these mice, leading to increased placental resistance and
therefore abnormal umbilical Doppler waveforms. One of the mechanisms by
which 2-ME can lead to normalization of abnormal umbilical Doppler
waveforms might be via its effect on hypoxia-inducible factor HIF-1a, a
transcription factor that senses tissue oxygen tension and regulates the
expression of hypoxia-induced genes. 2-ME might reduce placental resistance
through inhibition of HIF-1a, which is known to upregulate sFIt1. (Mabjeesh
et al., 2003, Gerber et al., 1997) Another possible mechanism by which 2-ME
could normalize the abnormal umbilical Doppler waveforms in the COMT™"

mice may be through restoration of the placental eNOS enzyme expression as
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reported by (Kanasaki et al., 2008) This might have led to an increase in NO
production in the placental vascular bed leading to a reduction in placental
resistance. Recently, Barnes et al., (2010) measured 2-ME in 157 cord blood
samples spanning a wide range of gestation (24 — 42 weeks). It was discovered
that infants born between 37 and 42 weeks had significantly increased levels
of 2-ME compared to infants born at earlier gestation. Although it remains to
be verified, it is plausible that 2-ME supplementation might have led to an
increase in umbilical 2-ME concentrations in the COMT™ mice and therefore
might elicit its vasorelaxing effects in the umbilical circulation. This could in
part explain the normalization of impaired umbilical Doppler waveforms in

these mice.

Kanasaki et al., (2008) first demonstrated that COMT™" mice displayed a PE-
like phenotype, including significantly elevated blood pressure and proteinuria
at GD 17.5. 2-ME therapy led to amelioration of these signs. In agreement
with (Kanasaki et al., 2008), COMT" in our laboratory exhibited increased
proteinuria and this was normalized to wild-type levels following 2-ME
administration. In line with our previous study, we observed a trend towards
an increase in SBP in COMT” mice at GD 10.5. (Stanley et al., 2012b) In
contrast to Kanasaki et al., (2008) but consistent with our previous study
(Stanley et al., 2012b), COMT"" mice did not display hypertension on GD
17.5. The use of different control mice in the two studies might account for the
observed difference in blood pressure. Kanasaki et al., (2008) used COMT**
(littermates of COMT™) as controls in their study whereas we used C57BL6/J
mice, which are genetic background for the COMT™ mice. It is important to

note that COMT*™* mice in the study by Kanasaki et al., (2008) did not display
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the pregnancy-induced blood pressure adaptation observed in C57BL/6J mice
(Burke et al., 2010) and in human pregnancy. In normal pregnancy in both
humans and mice (Burke et al., 2010), there is a steady decrease in blood
pressure up to mid-pregnancy and blood pressure returns to normal in the last

+/+

weeks of pregnancy. In the COMT™" mice used by Kanasaki et al., (2008),
blood pressure continued to decrease until the end of pregnancy, which might

explain the blood pressure difference found between the two studies.

In summary, the current study demonstrated that 2-ME treatment in COMT™"
mice led to normalization of proteinuria and umbilical artery Doppler
waveforms, suggesting that 2-ME might have therapeutic potential in cases of
FGR associated with abnormal Doppler waveforms. The utility of 2-ME in
cases of PE needs to be further explored in PE models that exhibit more severe

disease phenotypes.
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4.2 Effects of resveratrol administration in transgenic mouse models of
PE and FGR.

Resveratrol has been shown to induce vasorelaxation of uterine arteries from
nonpregnant guinea pigs ex vivo. (Naderali et al., 2000) In addition, it is
known to ameliorate high blood pressure, (Rivera et al., 2009) proteinuria,
(Nihei et al., 2001) and improve fetal weight (Singh et al., 2011) in other
animal models of human disease. We hypothesized that treatment of COMT™"
and eNOS™ mice with resveratrol during pregnancy would improve uterine
artery blood flow velocity and therefore ameliorate signs of PE and rescue
fetal growth. In the current study we observed that resveratrol administration
during pregnancy led to a significant increase in uterine artery blood flow
velocity and a concomitant increases in fetal weight in COMT™ mice. In the
eNOS™ mice, increases in uterine artery blood flow velocity and fetal weight

following resveratrol administration did not reach significance.

Many clinical studies have shown a decrease in uteroplacental blood flow in
cases of PE and FGR. (Cnossen et al., 2008a, Campbell et al., 1983) In this
study, we observed a decrease in uterine artery blood flow velocity in eNOS™
mice, in agreement with a study by Kulandavelu et al., (2012). COMT™ mice
also exhibited a decrease in uterine artery blood flow velocity. Following
resveratrol administration, uterine artery blood flow velocity was normalized
only in the COMT™ mice but not in eNOS™ mice. These results are dissimilar
to those of a rat model of PE studied by Moraloglu et al., (2011), which
showed no difference in blood flow velocity to placenta following resveratrol
administration. Although oral absorption of resveratrol is about 75%,

extensive metabolism in the intestine and liver results in an oral bioavailability
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of less than 1%.(Walle, 2011) Differences in the study by Moraloglu et al.,
(2011) and the current study might be due to a difference in models (rat vs.
mouse) or method of resveratrol administration. For instance, Moraloglu and
colleagues (2011) gavaged rats with 20 mg/kg of resveratrol per day and this
method of administration may not be optimal in terms of its bioavailability.
Because the plasma half-life of resveratrol is ~9 hours (Walle et al., 2004), the
rats might not have had resveratrol in their circulation at all times. Animals in
our study had constant access to food containing resveratrol; therefore,
resveratrol might have had better bioavailability. In addition, following the
exact dose and diet formulation used in our study, a therapeutic concentration
range of resveratrol in the plasma has been reported. (Dolinsky et al., 2011)
Moraloglu et al., (2011), however, did not measure the blood resveratrol
levels. It is not possible to conclude from the Moraloglu et al., (2011) study
that the minimum effective blood concentration of resveratrol was achieved,
therefore, the described absence of effects on uteroplacental blood flow cannot
be linked directly with the plasma concentration of resveratrol. A third factor
that could be responsible for the difference in results between studies was the

different brands of resveratrol used in each study.

Indirect evidence supports the uterine artery blood flow velocity increase
observed in COMT™" mice receiving resveratrol. Resveratrol has been shown
to increase cerebral blood flow in humans (Kennedy et al., 2010) and animals.
In a mouse model of sepsis-induced acute kidney injury, blood flow to the
kidney was increased by resveratrol therapy, (Holthoff et al., 2011) as it was in
coronary arteries in a swine model of experimental acute coronary occlusion.

(Wang et al., 2011) The mechanisms by which resveratrol increases uterine
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artery blood flow velocity in COMT™ mice might be through vasorelaxation of
uterine arteries. Naderali et al., (2000) demonstrated significant resveratrol-
induced vasorelaxation in uterine arteries from non pregnant guinea pigs ex
vivo. In the same study, pretreatment of the uterine arteries with L-NAME (a
NOS inhibitor) had no effect against resveratrol-induced vasorelaxation,
(Naderali et al., 2000) suggesting that resveratrol induces vasorelaxation
through NO independent mechanisms. When assessed in vivo, resveratrol has
been shown to increase both endothelial and inducible nitric oxide synthase.
(Das et al., 2005) Therefore, resveratrol could induce vasorelaxation of uterine
arteries in COMT™" mice through multiple mechanisms. Interestingly,
resveratrol treatment increased uterine artery blood flow velocity in the eNOS”
" mice but the increase was not significant. It is plausible that in part,
resveratrol increased uterine artery blood flow velocity in the COMT”" mice
via upregulation of eNOS. However, this might not be the case here as our ex
vivo studies showed no difference in endothelium dependent relaxation of
uterine arteries in C57BL/6J and COMT" mice after resveratrol treatment. In
addition, NO contribution to total endothelium dependent relaxation was not
affected by resveratrol treatment. In agreement with our previous study
(Stanley et al., 2012a) and our uterine artery blood flow velocity data, eNOS™
mice exhibited significantly impaired endothelium dependent relaxation of
uterine arteries and this impairment was not improved following resveratrol
administration. Taken together, these results indicate that resveratrol might
increase uterine artery blood flow velocity in the COMT™" mice through an

NO independent pathway but have minimal effects on eNOS™ mice.
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Following resveratrol treatment, pups from COMT” mice showed a
significant increase in weight. This might be attributed to an increase in
uterine artery blood flow velocity in these mice. Our results are consistent
with those of Singh et al., (2011) who reported an increase in fetal weight and
crown-rump length following resveratrol administration in a rat model of
diabetic embryopathy, which, similar to PE and FGR, is associated with a
decrease in fetal weight, an increase in oxidative stress, and endothelial

dysfunction.

Previous studies have evaluated safety, pharmacokinetics, and metabolism of
resveratrol and have reported resveratrol to be well tolerated in humans even
at very high doses.(Patel et al., 2011) No evidence of teratogenesis associated
with this compound was found in rodents. (Williams et al., 2009) In agreement
with previous studies we did not observe external malformations or treatment
related effects on litter size and fetal resorption in any of the mouse models
tested. Thus, it is likely that resveratrol would be a safe and beneficial drug to
administer during human pregnancy, but rigorous safety/toxicity studies in

animal models are needed before therapeutic use in human is initiated.

The hypertension and proteinuria associated with PE pose serious risks to
maternal health and are linked to adverse neonatal outcomes. In this study
there was no significant difference in systolic blood pressure in C57BL/6J,
eNOS™ or COMT” mice. The blood pressure results in COMT” mice in the
current study are consistent with our previous findings. (Stanley et al., 2012b)
However, these results differ from those of Kanasaki and colleagues (2008),
who observed a significant increase in systolic blood pressure in COMT™"

mice at GD 17.5. Differences in blood pressure results in COMT™”" mice
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between our study and the study by Kanasaki et al., (2008) are addressed in
section (4.1). There were no differences observed in systolic and diastolic
blood pressure between C57BL/6J and eNOS™ mice. (Hefler et al., 2001b)
reported a significant increase in blood pressure in eNOS” mice during
pregnancy, while another study (Shesely et al., 2001) reported a decrease in
blood pressure in eNOS™ mice during pregnancy. Result discrepancies among
the groups can be explained by differences in experimental methods (i) Hefler
et al., (2001b) conditioned the mice to tail-cuff blood pressure apparatus for 15
min daily for 5 days, (ii) Shesely et al., (2001) trained mice to acclimatize to
the tail-cuff system for a period of two weeks before recording experimental
data, and (iii) our mice were trained in restraint tubes for 5 minute on three

successive days prior to mating.

Although resveratrol has been shown to reduce blood pressure in several
animal models of human diseases, (Rivera et al., 2009, Chan et al., 2011) it did
not have any effect on blood pressure in our study. It is noteworthy that there
were no adverse effects of resveratrol on blood pressure in the C57BL/6J,
control mice. The lack of efficacy in COMT” and eNOS™ mice might be due
to the fact that they were not initially hypertensive, unlike the animal models
tested in other preclinical studies. (Rivera et al., 2009, Chan et al., 2011)
Antihypertensive treatments of women with PE pose a dilemma among
clinicians because of their risk of decreasing blood flow by reducing perfusion
pressure in an already compromised uteroplacental unit. (Hanretty et al., 1989)
A drug that can simultaneously reduce maternal blood pressure and improve
uteroplacental blood flow is currently unavailable. It is therefore imperative to

further investigate the use of resveratrol in an animal model that exhibits
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hypertension during pregnancy, particularly since it increases uterine artery

blood flow velocity in the COMT™ mice.

The proteinuria observed in eNOS™ mice was in agreement with a study by
Kusinski et al., (2012) however, the proteinuria results in COMT” mice in this
study were dissimilar to two previous studies. (Kanasaki et al., 2008, Stanley
et al., 2012b) The reason for absence of proteinuria in the current study might
be explained by the lack of hypertension observed in the COMT™" mice. High
blood pressure is often linked to a decline in kidney function and proteinuria,
as it induces damage to the glomeruli within the kidney. (Yan et al., 2012) The
fact that high blood pressure and proteinuria was not present in the COMT™

mice in this study might mean that kidney function was not impaired.

In summary, resveratrol treatment leads to an increase in fetal growth in
COMT mice, which may be mediated by an increase in uterine artery blood
flow velocity. No evidence of treatment-related external malformations or
effects on litter size and fetal resorption in any of the mouse models was
observed. Although our study indicates that resveratrol may offer therapeutic
potential in FGR and PE, further studies are needed to verify its potential in

phenotypically stronger animal models of these conditions.

4.3 Study limitations
4.3.1 Animal models

As discussed in chapter 1, PE is a condition unique to human pregnancy,
therefore mouse models of PE pose some limitations. Analogous to humans,

the mouse has a hemochorial placentation, however, compared to humans, the
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mouse trophoblast invasion of the uterine spiral artery is shallow and restricted
to decidua. In addition, blood vessels of the decidua are lined by endothelial
cells rather than trophoblasts. (Pijnenborg et al., 2006) Therefore, mouse
models of PE and FGR might not reflect the impaired trophoblast invasion
characteristic of the human condition. Consequently, uterine artery blood flow

changes during pregnancy might not be as pronounced as in the human.

While eNOS™ and COMT™ mice have enabled us to understand PE and FGR
pathogenesis and allowed us to test potential therapies for these conditions,
these mouse models, however, have a deficiency of eNOS or COMT enzymes
since birth. In human PE and FGR cases, the pathological mechanisms almost
always arise during pregnancy and resolve after giving birth. In addition,
pathogenesis of PE and FGR in humans is much more complex and knockout
mice do not recapitulate all of the pathological features observed in these

conditions.
4.3.2 Loss of the COMT" mice phenotype

The COMT™" mice displayed some varied phenotypes between study 1 and
study 2. For instance, consistent with two previous studies (Kanasaki et al.,
2008, Stanley et al., 2012b) the COMT” mice in study 1 exhibited proteinuria,
however, this phenotype was no longer present in study 2. In addition, the
COMT™ mice in the current study did not exhibit FGR demonstrated in our
earlier study. (Stanley et al., 2012b) Furthermore, abnormal umbilical Doppler
waveforms were absent in mice in study 2 of this thesis. Although we saw a
much stronger disease phenotype in COMT ™ mice initially; we observed a

gradual loss of phenotype in the COMT™" mice across studies. This
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inconsistency in phenotype made it difficult to measure the degree of
treatment effect in these mice. We speculate that this might be due to a
phenomenon called “genetic drift.”” Genetic drift is a result of tendency of
genes to evolve over generations, which can lead to a loss of phenotypic
characteristics in a species. Studies have reported this phenomenon in
transgenic knock out mouse models of other human diseases. (Watkins-Chow
and Pavan, 2008) Genetic drifting can be avoided by minimizing the
generations (10 generations recommended) produced by breeder pairs and/or
by replacing the breeding stock (every 10 generations). (Powell, 2008) It is
difficult to determine the generation of breeding pairs supplied to us to initiate
the COMT™" colony in our facility, therefore we do not know at which
generation the mice were when we received them. Consequently, it is
important to re-establish our COMT™ colony and investigate whether the

phenotype lost due to genetic drift can be restored.
4.3.3 Blood pressure

In the current study we used a tail-cuff method to measure blood pressure
because of some obvious advantages: (1) no surgery is required to monitor
blood pressure, (2) the tail-cuff method is less expensive than other blood
pressure measurement methods (e.g., telemetry), and (3) the tail-cuff method
has the capacity to screen large number of animals quickly. (Whitesall et al.,
2004) While, the tail cuff method is widely used in reported studies and is a
well-validated technique for measuring blood pressure, it has inherent
limitations. It utilizes a tail-cuff placed on the tail to occlude the blood flow.
Upon deflation, blood pressure sensors, placed distal to the occlusion cuff

record the amplitude of a single pulse from which systolic blood pressure and
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the heart rate can be calculated. Diastolic blood pressure cannot be measured
by this method because the technology records only the first appearance of the
pulse. A software algorithm calculates diastolic blood pressure, therefore, it is
only an estimation rather than a true measurement. In addition, the system is
sensitive to animal movement leading to motion artifacts, which can result in
variability in blood pressure readings. Continuous blood pressure
measurements cannot be taken using the tail-cuff method, as keeping mice in
the restraint tubes for prolonged a period of time can induce additional stress.
(Kubota et al., 2006)

In the current study we did not observe differences in blood pressure or
treatments effects on blood pressure in the mouse models utilized. It is
difficult to distinguish whether this lack of treatment efficacy was because the
treatment did not have any effect or because limitations associated with tail-
cuff method confounded the treatment effects. It is therefore important that the
future studies utilize telemetry, i.e., implantation of radio transmitters in the
mice. Telemetry is well validated and is known to produce excellent
correlation with direct blood pressure measurements. Additionally, telemetry
allows the continuous measurement of both systolic and diastolic blood

pressure in freely motile mice. (Anderson et al., 1999)
4.4 Future directions
4.4.1 Mechanisms of increased pup weight by resveratrol

The ability of resveratrol to increase uterine artery blood flow velocity and
increase pup weight in COMT” mice and to some extent in eNOS” mice is an

exciting finding that could have a significant impact on human pregnancies
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complicated by PE and FGR. However, the mechanisms behind these findings,
however, need to be addressed in future studies. The extent of trophoblast
invasion of spiral arteries can be assessed, as this invasion could account for
the increase uterine artery blood flow velocity and therefore increased pup
weight observed in these mice. Resveratrol did not have an effect on
endothelium dependent uterine artery relaxation in eNOS™ or COMT” mice,
however, it is known to induce uterine artery relaxation through endothelium
independent mechanisms, (Naderali et al., 2000) which could be explored in
future studies. Several studies have reported that polyphenols inhibit cyclic
nucleotide phosphodiesterases, which break down vasorelaxant cAMP and
cGMP. It is known that other inhibitors of cyclic nucleotide
phosphodiesterases lead to relaxation of endothelium denuded vessels.
(Dell'Agli et al., 2005) Such mechanisms might be involved in the
endothelium-independent relaxation elicited by resveratrol. Ke Chen and
Pace-Asciak, (1996) showed that resveratrol led to relaxation of endothelium-
denuded aortic rings, indicating that resveratrol might act directly on the
vascular smooth cells. A potential mechanism for this observation is ability of
resveratrol to induce vascular relaxation through modulation of potassium
channels located in smooth muscle cells. (Novakovic et al., 2006) Uterine
artery vessel function could be assessed in the presence or absence of
potassium channel inhibitors to determine whether they play a role in
improved uterine artery function and therefore increased uterine artery blood

flow velocity.

In addition to its vascular benefits, resveratrol is known to increase glucose

and protein metabolism through an increase of Akt phosphorylation. Akt, or
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protein kinase B, is a serine/threonine protein kinase that plays a significant
role in many cellular processes including glucose and protein metabolism. Akt
phosphorylation has been reported to be reduced in placentas from women
exhibiting FGR (Yung et al., 2007) and PE. (Cudmore et al., 2012) In
addition, genetically modified mice that lack the gene that encodes Akt are
known to exhibit placental and fetal growth restriction and a significant
correlation between Akt levels and placental growth has been documented.

(Yang et al., 2003)

Dudley et al., (2008) showed that resveratrol treatment of rats subjected to
ischaemia re-perfusion injury lead to a decrease in infarct size concomitant
with increased Akt expression. Likewise, Das and colleagues reported
decreased numbers of apoptotic cardiomyocytes associated with increased Akt
phosphorylation in a similar study. (Das et al., 2006) The evidence presented
above suggests that resveratrol has the potential to restore Akt phosphorylation
in placentas from pregnancies complicated by PE and FGR. Resveratrol
induced increases in glucose and protein metabolism, and therefore in fetal
weight, through an increase in Akt phosphorylation in placentas from eNOS 7"

and COMT™ mice remains to be investigated.
4.4.2 Assessment of placental oxidative stress

Reactive oxygen species (ROS) production such as superoxide anions can
react with nitric oxide, to form peroxynitrite and thus reduce vasodilation.
Reduced nitric oxide-mediated vasodilation, via scavenging by increased ROS
or aberrant nitric oxide signaling can therefore reduce uteroplacental

perfusion. In human umbilical vein endothelial cells pretreated with
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resveratrol, Arunachalam et al., (2010) showed a significant increase in NO
production. In addition, resveratrol induced an increase in ROS-inactivating
enzymes superoxide dismutase and gluthathione peroxidase in human
endothelial cells. Our group has previously observed an increase in superoxide
production in placentas from eNOS™ mice; this may lead to increase in
placental resistance due to reduced NO availability. Given that resveratrol
decreases ROS, future studies could assess whether it reduces the increased
superoxide production observed in the eNOS™ mice and therefore contributes

towards an increase in uterine artery blood flow velocity and fetal weight.
4.4.3 New animal models

Ideally an animal model of PE/FGR would exhibit all the signs seen in women
with PE/FGR, including hypertension, proteinuria and FGR. However, none of
the models used in the current study developed a severe PE/FGR-like
phenotype. The subtle nature of the disease phenotypes observed in eNOS™
and COMT"" mice did not allow us to test the full potential of the therapies.
For example, the ability of 2-ME and resveratrol to reduce the blood pressure

could not be investigated, as the models did not exhibit hypertension.

Recently, we have been able to exacerbate the PE/FGR phenotype in COMT™
mice by feeding them a high fat diet prior to pregnancy. Our preliminary
results demonstrate that during pregnancy these mice develop a more severe
phenotype, including marked hypertension, impaired uterine artery blood flow
velocity, and fetal growth restriction. These results indicate that clinically

relevant animal models of PE/FGR might be developed by integrating genetic
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and environmental factors. The high fat diet mouse model provides a useful

tool to investigate the full potential of the therapies tested in the current study.

4.5 Conclusions

In this study the abilities of two potential therapies were investigated, based on
their vascular targets and clinical potential to ameliorate PE and FGR in
relevant mouse models. In the first study we demonstrated that administration
of 2-ME in pregnant COMT”" mice led to normalization of proteinuria and
umbilical artery Doppler waveforms. This study suggests that 2-ME might
have therapeutic potential in cases of FGR associated with abnormal Doppler
waveforms, although its utility in cases of PE needs further investigation. In
the second study we showed that supplementation of resveratrol in eNOS™ and
COMT mice resulted in increased uterine artery blood flow velocity and pup
weight in both groups, although statistical significance was only reached in the
COMT mice. Our results in this study indicate that resveratrol might have
the therapeutic potential to alleviate PE and improve FGR. Although our
studies are still in early stages, our results provide a promising perspective for

an intervention in cases of PE and FGR.
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Table 3-1 Effect of 2-ME on maternal blood pressure and heart rate on
GD 17.5 in C57BL/6J and COMT" mice.

C57BL6J C57BL6J COMT"™ coMT”
+ Olive oil | + 2-ME + Olive 0il  + 2-ME

SBP, 132+9 1359 113+5 126 £ 6
mmHg

DBP, 86+ 11 85+9 77+2 N0+5
mmHg

HR, 467 £ 29 485 + 34 477 £ 45 480 + 31
bpm

GD: Gestational day, 2-ME: 2-Methoxyestradiol, SBP: Systolic blood
pressure, DBP: Diastolic blood pressure. Mean + SEM, n=5-6, two-way
ANOVA.
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Table 3-2: Hemodynamic parameters of uterine and umbilical
vasculature evaluated by ultrasound biomicroscopy pre-treatment on GD
11.5.

C57BL/6J CcoMT™"
Maternal heart rate 580.7+ 7.2 585.1+7.2
(bpm)
Fetal heart rate (bpm) 158.7+4.9 160 + 6.4
Uterine Artery
PSV (mm/s) 342.07 +17.43  301.49+12.99
EDV (mml/s) 143.26 + 8.23 131.42 £5.55
RI 0.57£0.01 0.55 +0.02
Umbilical Artery
PSV (mm/s) 73.16 £ 1.83 74.85+1.02
EDV (mm/s) 1249 +1.10 16.01 + 2.23
RI 0.82+£0.01 0.78 £0.02
Umbilical Vein
PSV (mm/s) 52.76 + 3.81 51.07 + 4.5
EDV (mm/s) 16.24 £ 2.55 18.65 + 3.35
RI 0.70 +0.02 0.65 +0.03

PSV: Peak systolic velocity, EDV: End diastolic velocity, RI: Resistance
index. Mean £ SEM, n=6-9, two-way ANOVA.
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Table 3-3: Hemodynamic parameters of uterine and umbilical vasculature evaluated by ultrasound biomicroscopy on GD

17.5.

C57BL6/J COMT-/-

Olive oil 2-ME Olive oil 2-ME Int Gen 2ME
Maternal Heart rate 550.7 £ 17.6 569.3+17.0 578.1 +17.1 567.3+6.4
I(:bert)gl])heart rate (bpm) 215.0+16.3 209.3+ 115 239.8+15.9 203.0+£ 195
Uterine Artery
PSV (mm/s) 573.34+55.36 569.33 +17.03 513.1+42.46 598.6 + 66.2
EDV (mm/s) 296.82 £42.2  284.82+16.16 228.75+4.71 254.76 + 31.69
RI 0.49 £0.02 0.52 £ 0.02 0.54 £0.03 0.57£0.01
Umbilical Artery
PSV (mm/s) 136.20 £ 11.47  166.05 +17.40 17555 +15.94 190.83 £ 39.39
EDV (mm/s) 14.09 £ 0.54 15.31+1.84 241+042# 16.91 + 3.53
RI 0.91 +0.02 0.90 £ 0.003 0.98£0.003#  0.90+0.01
Umbilical Vein
PSV (mm/s) 84.31+18.73 68.86 + 10.00 86.22 + 7.53 81.72+4.73
EDV (mm/s) 46.24 +8.10 36.92 £3.70 42.01 +6.04 46.35 +5.34
RI 0.43 +£0.02 0.44 £ 0.05 0.51 +0.04 0.44 +0.04

PSV: Peak systolic velocity, EDV: End diastolic velocity, RI: Resistance index. Mean £ SEM, n=3-6 *p<0.05, when effect of
genotype (Gen), administration of 2-Methoxyestradiol (2-ME) or their interaction (Int) was evaluated by two-way ANOVA.

#p<0.05, Bonferroni post-hoc test indicating differences within genotypes in placebo groups.
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Table 3-4: Effect of resveratrol on maternal blood pressure and heart rate
on GD 10.5 and 17.5 in C57BL/6J, eNOS” and COMT™ mice.

GD C57BL6J C57BL6J eNOS™ eNOS” coOMT” coMmT”
+CD +RD +CD +RD +CD + RD

SBP, 105 127+6 132+7 142+8 134 +4 141+3 128+4
mmHg
DBP, 105 83+6 92+6 95+5 89+4 94+5  87+5
mmHg
HR, 105 480+16 544+36 549+31 502+18 484+30 490+ 28
bpm
SBP, 175 133%2 134+4  131+4 118+3 131+7 138+5
mmHg
DBP, 175 98+6 85+ 8 87+3 75+4 89+8 96+5
mmHg
HR, 175 470+14 469+24 473+23 477+14 488+25 503+ 26
bpm

GD: Gestational day, CD: Control diet, RD: Resveratrol diet, SBP: Systolic
blood pressure, DBP: Diastolic blood pressure. Mean + SEM, n=6-11, two-
way ANOVA.
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Table 3-5: Hemodynamic parameters of uterine and umbilical vasculature evaluated by ultrasound biomicroscopy at GD

11.5

C57BL6/J eNOS™ coMT”

Control diet Res diet Control diet Res diet Control diet  Res diet
Maternal Heart rate (bpm) | 595.6 +42.3 5919+ 17.1 618.6 £ 4.8 607.4 £25.0 |601.1%+22 593.9+18.8
Fetal heart rate (bpm) 189.5+4.6 210.4 £15.08 |182.04+159 177.5+10.6 211.8+ 151 196.6 £ 22.3
Uterine Artery
PSV (mm/s) 324.86 +5.87 319.10 +£32.19 | 277.78 £ 14.23 285.76 £ 36.33 | 297.95 +5.07 325.27 £9.61
EDV (mm/s) 197.34+£7.76 180.97 +21.05|121.74+16.90 147.85+25.16 | 135.93+3.07 151.94 +6.12
RI 0.39+0.01 0.43+0.01 0.56 £ 0.05 0.48 +0.05 0.54+0.01 0.52 +0.03
Umbilical Artery
PSV (mm/s) 45.20 £2.99 54.14 + 7.99 43.28 £ 4.31 56.59 + 3.47 46.66 £ 12.79 51.29 +4.83
EDV (mm/s) 3.73+0.97 454 +1.58 2.29+0.19 3.56 £0.18 432.£1.06 4.58+0.87
RI 0.91+0.01 0.92 +0.02 0.94 +0.09 0.93+0.06 0.88 £ 0.03 0.91+0.01
Umbilical Vein
PSV (mm/s) 28.35+4.42 30.94+1.09 26.72 £ 3.41 31.36 + 2.18 32.33+2.18 29.18 +3.82
EDV (mm/s) 1654+239 13.72+1.30 13.08 + 2.38 16.42 +2.24 15.14+1.47 13.99 £ 3.65
RI 0.40 £ 0.04 0.42 +0.01 0.38£0.01 0.44 +0.02 0.36 £0.01 0.40+0.01
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PSV: Peak systolic velocity, EDV: End diastolic velocity, RI: Resistance index, RES: Resveratrol, Mean + SEM, n=6-11, two-
way ANOVA.

97



Table 3-6: Hemodynamic parameters of uterine and umbilical vasculature evaluated by ultrasound biomicroscopy on GD

175
C57BL6/J eNOS™” comT™” ANOVA
Ge
Control diet Res diet Control diet Res diet Control diet Res diet Int n Res
Maternal Heart
rate (bpm) 585.5 +15.9 565.6 + 14.7 608.6 + 10.71 501.4 +14.2 588.3 + 10.1 577.8+11.9
Fetal heart rate
(bpm) 2271+7.2 229.6 +12.9 253.8+7.3 229.7 + 3.6 243 + 10.7 249 +14.0
Uterine Artery
PSV (mm/s) 569.13 +32.39 554.61 +36.76 | 396.89 + 41.87# 500.96 +42.23 | 430.69 + 35.60# 604.57 +17.72 * O+
EDV (mm/s) 27552 +14.06 278.32 +21.65|175.19+21.61# 231.91+31.31 |195.00+21.98# 276.76 2255 * *
RI 0.51 +0.02 0.49 +0.01 0.56 + 0.02 0.52 + 0.06 0.55+ 0.02 0.53+0.03
Umbilical
Artery
PSV (mm/s) 145.01 £11.81 11959 +4.83 103.47 +11.22 129.22 £+ 19.55 | 119.77 +7.37 150.96 £ 22.00
EDV (mm/s) 9.22+0.94 10.27 + 1.58 12.86 + 1.95 0.58+1.12 8.47 +1.26 13.82 +4.63
RI 0.93 +0.007 0.92 + 0.008 0.86 + 0.03 0.92 + 0.009 0.92 +0.01 0.91+0.01
Umbilical Vein
PSV (mm/s) 70.08 +£5.09 63.70 £ 5.80 57.33+7.45 50.64 +1.91 63.43 + 3.86 95.62 + 23.81
EDV (mm/s) 41.62 +2.70 37.81+2.36 35.44 +4.76 28.16 + 0.52 40.05+1.82 45.84 +5.58
RI 0.40+0.01 0.40 +£0.02 0.38+0.01 0.44 +0.02 0.36 +0.01 0.40+0.01

PSV: Peak systolic velocity, EDV: End diastolic velocity, RI: Resistance index. *p<0.05, **p<0.01, ***p<0.001 when effect of
genotype (Gen), administration of resveratrol (Res) or their interaction (Int) was evaluated by two-way ANOVA. #p<0.05,
Bonferroni post-hoc test indicating differences in control diet.
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Figure 3-1: Proteinuria in C57BL/6J and COMT™ mice on day 18.5 of
gestation.

The albumin: creatinine ratio was significantly elevated in the COMT” mice;
this was normalized following treatment with 2-ME. Mean + SEM, n=4-6,
**p<0.01, *p<0.05, two-way ANOVA, #p<0.05, Bonferroni post-hoc test

indicating differences compared with COMT™"mice on olive oil.
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Figure 3-2: Abnormal umbilical artery Doppler waveform was
normalized following 2-ME administration in the COMT” mice on day
17.5 of gestation.

A) Umbilical artery maximum velocity was not different between among the
groups. B) Umbilical artery minimum velocity was significantly decreased and
resistance index (C) was increased in COMT™" mice; this was normalized
following 2-ME administration. D) Example of umbilical artery Doppler
waveform from C57BL6/J and COMT™ mice + 2-ME. Reverse end diastolic
blood flow velocity (arrow) observed in COMT™ mice was normalized by 2-
ME. Mean £ SEM, n=3-6, *p<0.05, two-way ANOVA, #p<0.05, Bonferroni

post-hoc test indicating differences compared with COMT™ mice on olive oil.
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Figure 3-3: Fetal outcome between C57BL/6J and COMT™ mice on day
18.5 of gestation.

There were no significant differences between fetal body weight (A), crown-
rump length (B) and abdominal circumference (C) among the groups. In
addition, 2-ME did not have any effect on these parameters. Mean + SEM,

n=5 each, two-way ANOVA.
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Figure 3-4: Placental outcome and pup weight: placental weight ratio
between C57BL/6J and COMT " mice on day 18.5 of gestation.

There were no significant differences between wet placental weight (A), dry
placental weight (B) or body weight: placental weight ratio (C) among the

groups.
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Figure 3-5: Response curves and EC50 concentrations of uterine arteries
from C57BL/6J and COMT™ mice to cumulative concentrations of
phenylephrine and methacholine.

A and B: There was no effect of genotype or treatment on phenylephrine
induced vasoconstriction of the uterine arteries in either of the groups. C and
D: There were no significant differences between relaxation responses to
methacholine in COMT™" compared to C57BL/6J mice. Mean + SEM, n=3-4,

two-way ANOVA.
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Figure 3-6: Response curves of uterine arteries from C57BL/6J and
COMT” mice to cumulative concentrations of SNP.

A) There was no significant difference between relaxation responses to SNP in
C57BL/6J and COMT" mice. B) ECs concentrations were not different among

the groups. Mean £ SEM, n=3-4, two-way ANOVA.
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Figure 3-7: Serum 2-ME concentrations reached control levels in COMT"
" mice treated with 2-ME on day 18.5 of gestation.

Administration of 2-ME increased circulating levels of this molecule in
COMT™" mice such that they were comparable to C57BL/6J mice. Mean +
SEM, n=6 each, one-way ANOVA, #p<0.05, Bonferroni post-hoc test

indicating significant difference.
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Figure 3-8: Urinary albumin and creatinine ratio on C57BL/6J, eNOS™ and
COMT” mice on day 18.5 of gestation.

There was a significant effect of genotype on albumin: creatinine ratio. This was
significantly elevated in the eNOS™ mice. There was however no effect of
resveratrol treatment in this measure. Mean + SEM, n=5-7, ***p<0.001 two-way
ANOVA, #p<0.05, Bonferroni post-hoc test indicating differences within

genotypes in control diet.
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Figure 3-9: Effect of genotype and resveratrol treatment in uterine artery
Doppler indices on day 17.5 of gestation.

There was a significant effect of genotype on both maximum (A) and minimum
(B) uterine artery blood flow velocity. Resveratrol treatment significantly
increased both maximum and minimum uterine artery blood flow velocity in
COMT” mice. A significant interaction of genotype and treatment on maximum
uterine artery blood flow velocity (p<0.05, two-way ANOVA) was observed. (C)
Example uterine artery Doppler waveforms from C57BL6/J, eNOS™ and COMT™
mice * Resveratrol. Mean + SEM, n=6-10, *p<0.05, two-way ANOVA, #p<0.05,
Bonferroni post-hoc test indicating differences within genotypes in control diet.
+p<0.05 Bonferroni post-hoc test indicating differences between control and

resveratrol diet within the same genotype.
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Figure 3-10: Effect of genotype and resveratrol treatment on fetal growth
parameters.

A) Fetal body weight was significantly affected by both genotype and treatment.
A significant reduction in fetal weight in eNOS™ mice was observed. There was a
significant increase in fetal body weight in COMT™" mice following resveratrol
administration. B) Resveratrol treatment leads to significant increase in crown-
rump length only in the COMT™ group. C) Resveratrol treatment leads to
significant increase in abdominal circumference in eNOS™ mice. Mean + SEM,
n=7-11, ***p<0.001, *p<0.05, two-way ANOVA, #p<0.05, Bonferroni post-hoc
test indicating differences within genotypes in control diet. $p<0.05 Bonferroni
post-hoc test indicating differences between control and resveratrol diet within

same genotype.
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Figure 3-11: Placental outcome and fetal body weight: placental weight ratio
between C57BL/6J, eNOS™”, COMT" mice on day 18.5 of gestation.

There were no significant differences between wet placental weight (A), dry
placental weight (B) or fetal body weight: placental weight ratio (C) among the

groups. Mean + SEM, n=7-11, two-way ANOVA.
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from C57BL/6J, eNOS™, COMT" mice to cumulative concentrations of
phenylephrine.
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A and B: There was no effect of genotype or treatment on phenylephrine induced
vasoconstriction of the uterine arteries in either of the groups. Mean = SEM, n=5-

6, two-way ANOVA.
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Figure 3-13: Response curves, EC50 concentrations and contribution of NO
to total relaxation in uterine arteries from C57BL/6J, eNOS"', COMT” mice
to cumulative concentrations of methacholine.

A and B) There was a significant decrease in percent relaxation induced by
methacholine in eNOS™ compared to C57BL6/J mice. Methacholine ECso
concentration was significantly elevated in eNOS™ mice. (C) Summary graph
showing NO contribution to total relaxation in C57BL/6J, eNOS” and COMT™""
mice. NO contribution was calculated as the difference between maximal MCh-
induced relaxation and the maximal MCh-induced relaxation in the presence of L-
NAME and expressed as percent of maximal MCh-induced relaxation. Mean £
SEM, n=5-6, two-way ANOVA. #p<0.05, Bonferroni post-hoc test indicating

differences within genotypes in control diet.
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C57BL/6J, eNOS™ and COMT™ mice. B) ECs; concentrations were not different

among the groups. Mean + SEM, n=3-4, two-way ANOVA.
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