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Abstract

Fetal hypoxia is one of the most common consequences of complicated
pregnancies worldwide. It has been demonstrated that prenatal hypoxia leads to
intrauterine growth restriction (IUGR). Being born growth restricted is associated with a
decrease in cardiomyocyte proliferation, an increased susceptibility to cardiac
ischemia/reperfusion (I/R) injury and impaired endothelial-dependent vascular function
later in life, demonstrating that fetal environment during early development is important
for cardiovascular health. Both I/R injury and endothelial dysfunction in hypoxic-induced
IUGR offspring have been associated with an increase in the production of reactive oxygen
species. Moreover, TNF-related weak inducer of apoptosis (TWEAK) induces
cardiomyocyte proliferation through activation of the fibroblast growth factor-inducible
molecule 14 (Fn-14) receptor. The TWEAK/Fn-14 pathway has not being studied in
hypoxia-induced IUGR offspring. Early interventions are needed to ultimately reduce
later life risk for cardiovascular disease. We tested whether aerobic exercise prevents the
development of cardiovascular diseases in hypoxic-induced IUGR offspring. In addition,
we tested whether the TWEAK/Fn-14 pathway play a role in cardiomyocyte
proliferation, and this is associated with an increase susceptibility to cardiac I/R injury.
Pregnant Sprague Dawley rats were exposed to control (21% oxygen) or hypoxia (11%
oxygen) conditions from gestational day 15 to 21. Male and female offspring from
normoxic (control) and hypoxic (IUGR) pregnancies were randomized at 10 weeks of
age to either an exercise-trained or sedentary group. After acclimatization, rats ran on a
treadmill for 6 weeks; 5 days/week, 30 min/day at 20 m/min. Twenty-four hours after
the last bout of exercise, animals were euthanized and concentration response curves to

phenylephrine and methylcholine were performed in second order mesenteric and
ii



gastrocnemius muscle arteries, in the presence or absence of L-NAME (100 uM),
MnTBAP (10 uM), apamin (0.1 uM) and TRAM-34 (10 uM), or indomethacin (5 uM). On
the same experimental day, ex vivo cardiac function was determined using a working
heart preparation. Hearts were perfused for 10 min in retrograde Langendorff mode,
and then switched to working heart mode. Global, normothermic flow ischemia was
induced for 10 min. Following ischemia, hearts were reperfused for 40 min. Superoxide
production in cardiac tissue was assessed. In a second set of experiments, ventricular
cardiomyocytes were isolated at postnatal day one. Proliferation and protein expression
of Fn-14 were determined. Cardiomyocyte proliferation was also assessed in the
presence or absence of TWEAK. Aerobic exercise training improved endothelium-
derived hyperpolarization-mediated vasodilation only in IUGR male offspring.
Moreover, aerobic exercise training improved baseline cardiac performance and
decreased superoxide generation in male control offspring while in hypoxic-induced
IUGR offspring the opposite effect was observed. There was no effect of TUGR or
exercise on cardiac or vascular function in female offspring. Being born growth restricted
was not associated with differences in the Fn-14 protein expression or cardiomyocyte
proliferation. After being in culture for 72-hours, cardiomyocytes from IUGR male offspring had
a decreased proliferation compared to controls. Our findings demonstrated that in ITUGR
populations, a common preventive strategy such as aerobic exercise may represent a
secondary stressor to the cardiovascular physiology. The results from the present study
also highlight that when examining the mechanisms by which exercise impacts the
cardiovascular system in a susceptible population, sexual dimorphism must be

considered.
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General introduction

Every year, nearly eight million women have a pregnancy-related complicationt
that leads to suboptimal conditions in utero, affecting the growth of the fetus.2 A fetus
who has not achieved its genetic growth potential for its gestational age is considered
growth restricted.3 According to the Society of Obstetricians and Gynecologists of
Canada, “a fetus with an estimated fetal weight < 10th percentile on ultrasound that,
because of a pathologic process, has not attained its biologically determined growth
potential is considered growth restricted.”# It has been estimated that intrauterine
growth restriction (IUGR) affects approximately five million newborns per year in
developed countries, while this rate is six times higher in developing countries.5 It is also
known that at least two percent of neonatal deaths can be attributed to IUGR.¢ Although
IUGR has a vast impact early in life; an increasing body of evidence published within the
last three decades has demonstrated that IUGR can have long-term consequences on the
cardiovascular system.7-9 More importantly, since cardiovascular diseases (CVD), are
considered to be the leading cause of mortality worldwide,© a therapeutic approach to
reduce the healthcare burden of being born growth restricted is needed. In order to
understand the mechanisms underlying the pathophysiology of this phenomenon, a

review of the cardiovascular system and how it is affected by IUGR is presented here.

1.1 The developmental origins of adult health and disease and the

cardiovascular disease pandemic

Among non-communicable diseases, CVD are the leading cause of mortality.1©

Although populations from low and middle-income countries, especially those coming



from rural areas, have a lower risk factor for CVD compared to high-income countries,!
mortality following a cardiovascular event remains higher in low and middle-income
countries.” In Canada, the economic impact from these diseases has been estimated to

cost around $21 billion in 2000.12

Ischemic heart events (angina and myocardial infarction) are major components
of CVDs. In developed countries such as the United States, it has been estimated that
every 40 seconds a person will have a myocardial infarction.’3 According to the
INTERHEART study, ischemic heart events are associated with nine risk factors
including smoking, abnormal lipid profile, hypertension, diabetes, abdominal obesity,
psychosocial factors, regular alcohol consumption, low consumption of vegetables and
fruits and a lack of regular physical activity.14 The World Health Organization has
recognized that up to 25% of the global burden of disease is due to an erroneous lifestyle

and behaviour.15

Although CVDs are attributed to the risk accumulation throughout an individual
lifetime,¢ a strong association between a low birth weight and the development of CVD
such as ischemic heart disease,” insulin resistance,’” and hypertension® has led to the
theory that adverse influences early in development can result in changes in the
structure and physiology of key organs, which result in an increased risk of chronic
disease in adulthood. Since the first associations between prenatal growth and the later
risk of developing CVD were made by Dr. Barker;79 multiple epidemiological studies
have been conducted to determine the role of fetal programming in the development of
other non-communicable diseases.’® Due to the reproducibility of these data, the validity

of these findings is generally accepted. Together these findings have raised important
2



considerations for addressing IUGR as a risk factor in the development of CVD later in
life; especially in countries where pregnancy-related complications are common?6 and in
countries where modification of lifestyle to a Westernized lifestyle is also rapidly

increasing.!5

1.2 Etiology of intrauterine growth restriction

The etiology of IUGR is multifactorial, exemplified by the fact that many of the
potential risk factors likely interact with each other because the growth of the fetus in
utero reflects a balance between the fetus, the mother and the placenta,9 alterations in

any of which could lead to IUGR.

1.2.1 Fetal causes of intrauterine growth restriction

Fetal causes of IUGR account for ten to twenty percent of the total number of
IUGR babies.20 The fetal genome is a crucial determinant of growth in early life.2! Fetal
disorders associated with IUGR include chromosomal abnormalities (i.e. trisomy 13, 18,
21, and 22);21-24 perinatal infections from viral or protozoan origin (i.e. cytomegalovirus,
rubella, parvovirus, herpes virus, toxoplasmosis, and malaria);25-26 multiple gestations;27
and fetal malformation (congenital heart disease, congenital diaphragmatic hernia,

abdominal wall defects and anencephaly).28

The mechanisms associated with the fetal causes of IUGR are varied and often
interrelated. It is likely that a compromised karyotype impairs normal cell division
leading to a reduction in cell number and fetal growth.2: Moreover, IUGR can be both
the result and/or a reaction to the presence of malformations.28 Whereas, in the
presence of an infection, the mechanisms associated with the development of IUGR

3



include not only apoptosis and delayed cell division in the fetus,9 but also placental
alterations such as necrotic avascular villi, edema and leukocyte infiltration, and

trophoblast necrosis.29:30

1.2.2 Maternal and placental causes of intrauterine growth restriction

During pregnancy, maternal cardiovascular adaptations, such as an increase in
cardiac output and arterial compliance, alongside a decrease in total vascular
resistance,3! must occur concurrently with the migration of extravillous trophoblast cells
from the villi to the uterine stroma, where they invade and transform the spiral
arterioles32 in order to provide an adequate uterine perfusion that meets the needs of
the growing fetus. Maternal and placental causes of IUGR are associated with a reduced
uteroplacental blood flow or a diffusion limitation (oxygen, nutrients);33 representing an

environmental challenge to the growing fetus.

Placental causes of IUGR include abnormal trophoblast invasion,34 placental
infarcts,34 placenta previa3s and umbilical-placental vascular anomalies (i.e. an isolated
single umbilical artery).3¢ On the other hand, the maternal causes of IUGR include
nutritional causes (poor pregnancy weight gain; maternal nutritional deprivation);37
hypoxic causes (moderate-severe asthma,38 cyanotic heart disease,39 sickle cell
disease4°); vascular causes (chronic hypertension,4! preeclampsia,4> type I diabetes43);
renal causes (chronic glomerulonephritis or tubulointerstitial disease);44 environmental
causes (high altitude,45 smoking,4¢ substance abuse [alcohol,47 heroin,48 cocaine49]); and

poor obstetric history (previous stillbirth,5° recurrent miscarriages! and IUGR history

52),



1.3 Animal models of intrauterine growth restriction

Large epidemiological studies have demonstrated that there is an association
between being born growth restricted and the development of CVD later in life.7-9.17.18 A
variety of animal models have been developed to manipulate the environment of the
dam in order to assess different outcomes in a feasible timeline. Thus, these animal
models are useful tools to elucidate the mechanisms by which the fetal environment is

linked to the development of diseases later in life.53.54

Different strategies have been used in order to reproduce an IUGR phenotype,
including the following. 1) Nutritional interventions: these models are based on the fact
that maternal nutrition is an important determinant of fetal outcome. Pregnant dams
are subjected to either a restriction in the intake of the total amount of calories,55
proteins5¢ or iron;57 or subjected to over nutrition.58 2) Fetal overexposure to
glucocorticoids: maternal stress or exogenous administration of glucocorticoids will
initiate tissue differentiation prematurely, thus, in utero alterations of fetal homeostasis
will occur. These in utero adaptations are no longer needed after birth, thus a mismatch
between the fetal adaptations and their postnatal environment will predispose these
offspring to CVD later in life.59 3) Fetal infections: inducing growth restriction by
infecting the placenta with viruses such as cytomegalovirus. 4) Hypoxic intervention:
Since the fetus has limited reserves to compensate for a reduced oxygen supply, hypoxia
is one of the most common insults in pregnancy complications.® Moreover, hypoxia is a
common denominator in many conditions that challenge fetal development. For

instance, placental infarcts,34 sickle cell disease,4© chronic hypertension,4 and



moderate-severe asthma,38 all involve a reduced oxygen supply to the fetus. Hence, this

thesis will focus on the impact of prenatal hypoxia on later-life CVD in offspring.

1.4 Models of hypoxic-induced intrauterine growth restriction

Inducing hypoxia as a method to develop adverse uterine conditions can be
achieved through a variety of approaches including the use of a hypoxic chamber to
reduce the fraction of maternal inspired oxygen, or by surgically altering utero-placental
perfusion. The latter, however, also induces a reduction in the nutrient delivery to the
fetus.®2 In the following sections, a brief overview of each of the hypoxia-induced IUGR

animal models will be discussed.

1.4.1 Mechanical reduction of blood flow

1.4.1.1 Bilateral uterine artery ligation

Bilateral uterine artery ligation is the most commonly used surgical model in
rabbits, rats or mice.®3 This model causes an ~20% decrease in fetal weight compared to
controls, while litter size remains the same in both groups.54 However, a maternal or
fetal demise in addition to variability in the fetal weight within the same litter (fetuses
closest to the ligation are lighter compared to others in the same horn) is also observed.
These complications raise concerns regarding the variability of the data that could be

obtained within the same litter.64

1.4.1.2 Single umbilical artery ligation

A method used in both sheep% and guinea pigs®® is ligation of one of the two

umbilical arteries. This is a model for ITUGR and also preterm labor. The method



comprises of the ligation of one umbilical artery close to the fetal abdomen; following
which, a partial infarction occurs in the placenta and subsequently its function is

compromised.

1.4.1.3 Reduced uterine perfusion pressure

This method is used as a model of preeclampsia in rabbits,5” sheep,8 guinea
pigs,% nonhuman primates7° and rats.7»72 The development of IUGR, however, has also
been associated with this animal model.72 The reduction in uterine perfusions is
achieved by clipping the abdominal aorta and for some animals (e.g. rat) due to the
compensatory flow to the placenta by an increase in ovarian flow, it also involves

clipping of both left and right ovarian arteries.73

1.4.2 Uteroplacental embolization

The pregnant sheep has been used extensively as an animal model of pregnancy
complications because of its many similarities to human pregnancies (e.g. organogenesis
occurs during early gestation, similarity of the vascular tree in the placenta, non litter
bearing) and its accessibility to surgical instrumentation.53 In sheep, a method to reduce
the placental surface area of nutrient and oxygen exchange was developed. It mimics
late gestation onset IUGR, by injecting microspheres (15-30 um) into the maternal
placental bed via the descending aorta or the fetal placental bed via the fetal umbilical

veln.53-54

1.4.3 Carunclectomy

Sheep have a cotyledonary placenta. Thus, multiple areas of placental attachment

are formed. The fetal portions are known as cotyledons whereas the maternal contact
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sites are known as caruncles, and are visible in the non-pregnant uterus. Carunclectomy
is a surgical procedure in sheep that involves the excision of the caruncles prior to
mating; reducing the growth of the placenta. With the fetuses becoming hypoxic and

hypoglycemic.74

1.4.4 Hypoxic chamber

Pregnant animals (sheep,”5 rodents,76-109 or rabbits!©) are placed in chambers in
which the partial fraction of oxygen inspired by the dam is controlled at a value between
6.5-14%. The advantages of using this technique include that the level of oxygen,
duration and timing of the insult can be manipulated. Moreover, it can be used to cause
both acute and chronic hypoxic insults. One of the major limitations of this model is that
the dam also becomes hypoxic, which represent another stressor to the pregnancy itself.
In response to the low oxygen levels, some dams demonstrate a reduced food intake
under hypoxic conditions.9:103 Since activity levels are also reduced in hypoxic
conditions, however, it is likely that nutrient supply is appropriately matched to

metabolic demand.

1.5 Cardiovascular consequences of being born growth restricted

following a hypoxic insult

In response to hypoxia, a series of fetal cardiovascular adaptations occur to
maintain perfusion to major organs (brain, heart, and adrenal glands) that includes:
redistribution of cardiac output, bradycardia, and increased arterial blood pressure.:
Increased blood supply to the brain, heart and adrenal glands occurs at the expense of

supply to other organs (e.g. the gastrointestinal track, kidneys, and muscle); as



demonstrated by a decreased blood flow velocity and an increased flow resistance
observed in the descending aorta.12 Moreover, other responses such as hypoglycemia,13
increased cortisol'4 and noradrenalines3 also occur. These adaptations and responses to
an abnormal fetal environment, however, may induce permanent programming and,
when they are no longer needed in the neonatal period, represent a mismatched
condition in neonatal life thereby increasing the risk of later morbidity.1*5s For the
purpose of this thesis, I will focus on the effects of hypoxia on the cardiovascular system

of the offspring.

1.5.1 Heart development

The development of the heart is a complex morphological process that
encompasses the formation of a 4-chamber organ from a singular tubular structure. In
rats, this process starts at gestational day (GD) 911¢ and ends at postnatal day (PND)
21.17 During fetal life, the heart enlarges through a process of hyperplasia, whereas
during postnatal life myocardial cell growth and maturation arises in three phases: a)
PND-1 to PND-4 myocardial growth is due to hyperplasia and most of the cells are
mononucleated; b) PND-6 to PND-14 there is a transitional phase where both
hyperplasia and hypertrophy are observed and a rapid transition from mono to
binucleated cells (terminally differentiated cells) occurs; and finally ¢) PND-14 and older
where myocardial growth is secondary to hypertrophy.7 Cardiomyocyte proliferation
during fetal life can be regulated by hemodynamic forces® and/or circulating factors
such as angiotensin II (Ang II),129 cortisol*2¢ and insulin-like growth factor-1 (IGF-1).12t

Interestingly, the above-mentioned factors are also altered in IUGR offspring.



1.5.1.1 Hemodynamic forces altering cardiomyocyte proliferation and maturation in

intrauterine growth restricted offspring

The fetal circulation is designed to deliver most of its oxygenated blood to the
myocardium and the brain. This is achieved by the presence of intra- and extra-cardiac
shunts which makes the fetal circulation parallel.:22 During hypoxia, the fetal circulation
adapts to increased blood flow resistance in the maternal compartment.123 An increase
in the right ventricle afterload with a decrease in the left ventricle afterload guarantees
redistribution of the cardiac output.:23 Alterations in fetal hemodynamics following
IUGR are associated with cardiac remodeling.:24 It has been shown that increased wall
stress induces cardiomyocyte proliferation in the developing heart.:25 The increase in
blood volume, and therefore in shear stress, in the developing heart caused by hypoxia
has been associated with an increase in heart weight;126 suggesting an increase either in
cardiomyocyte proliferation or size. Bae et al. showed that fetal cardiomyocytes (GD 21)
from Sprague Dawley dams exposed to hypoxia (10.5% O.) during the last third of
pregnancy had an increased proportion of binucleated cardiomyocytes (indicative of
terminally differentiated cells), and an increase in the size of the binucleated cells (an

early marker of hypertrophy).o:

1.5.1.2 The role of circulating factors on cardiomyocyte proliferation and maturation

in intrauterine growth restricted offspring

Multiple locally generated circulating factors, acting in an autocrine or a
paracrine fashion, can play a role in cardiomyocyte proliferation and maturation.2” The
role of these factors, however, in hypoxic-induced IUGR offspring is less understood.

For instance, Ang II is known to promote cell proliferation of cardiac fibroblasts,28

10



vascular smooth muscle cells (VSMC),29 and mononucleated cardiomyocytes from
sheep;119 whereas in rodents it promotes cardiomyocyte hypertrophy through the
activation of the Ang II receptor 1 (AT,).128 The renin-angiotensin system (RAS) exists in
various tissues and organs that function independently. There is a wide range of
alterations of the RAS in rodent hypoxic IUGR offspring, including: a) an increase in
renal renin and angiotensinogen mRNA;3° b) an increase in renal AT;,» mRNA in male
offspring;3t and c) an increase cardiac protein expression of the AT, receptor in female
offspring and an increase in the cardiac protein expression of the AT, receptor in male
offspring.92 These findings suggest that being born following a hypoxic insult will have a

dichotomous effect on cardiomyocyte proliferation in male vs. female offspring.

Another factor associated with cardiomyocyte proliferation is activation of the
IGF-1 receptor.132 Previous findings from a maternal fasting animal model33 and after
uterine artery ligation134 suggest that being born growth restricted is associated with a
decrease in serum levels of IGF-1. Interestingly, in hypoxic-induced IUGR offspring,

there is no difference in IGF-1 serum levels.93

Finally, an alternative factor that has been implicated in cardiomyocyte
proliferation is endothelin-1 (ET-1). Paradis et al. have shown that in vivo newborn
anoxia decreased cardiomyocyte proliferation and increased ET-1 production in the
heart.135 The blockade of ET-1 receptor A (ETa) restored cardiomyocyte proliferation.:3s
Moreover, in hypoxic IUGR offspring, ET-1 was shown to stimulate binucleation and
inhibit proliferation of fetal cardiomyocytes; which denotes a premature transition of
mononucleated cells to binucleated cells (terminally differentiated cells).94 These events

were reverted by using a non-selective ET-1 receptor antagonist,94 suggesting that the
11



mechanisms by which hypoxic IUGR offspring impacted cardiomyocyte proliferation

and binucleation are ETa-mediated.

1.5.1.3 TNF-related weak inducer of apoptosis (TWEAK) and its potential role in

cardiomyocyte proliferation in intrauterine growth restricted offspring

As previously described, regulation of cardiomyocyte proliferation is a process
that can be altered by numerous factors that are interrelated. In response to mitotic
stimuli (e.g. ET-1, Ang II, IGF-1), Cyclin D and cyclin-dependent kinase 2 (CDK-2)
accumulate in the nuclei, enabling cell cycle progression from the first G, phase to the S
phase.13¢ The progression of the cell cycle from S to G, phase requires the sequestration

of p21 and p27 (inhibitors of CDK) by Cyclin D to allow activity of Cyclin A and E.136

Conflicting evidence suggests that there might be other pathways involved in the
development of cardiac tissues in IUGR offspring. Novoyatleva et al. found that the
TNF-related weak inducer of apoptosis (TWEAK) was also associated with neonatal
cardiomyocyte proliferation.3” TWEAK, a member of the TNF factor family, is a type II
transmembrane protein that can be further processed into a soluble cytokine (s-
TWEAK) by of furin.138 TWEAK is considered to be a multifunctional cytokine and has
been extensively associated with cell migration, survival, differentiation, in addition to
death and proliferation of different cell types such as smooth muscle cells, epithelial
cells, myoblasts and astrocytes.’39 In neonatal cardiomyocytes isolated from Sprague
Dawley rats, binding of either TWEAK or s-TWEAK with its receptor (protein fibroblast
growth factor-inducible 14 [Fn-14]), has been shown to activate extracellular signal-
regulated kinase (ERK 1/2) and phosphatidylinositol 3-kinase (PI3K), as well as

phosphorylate glycogen synthase kinase-3 (GSK-3B), causing cardiomyocyte
12



proliferation (Figure 1.1). This phenomenon was only found to be active during the early
stages in life since the TWEAK/Fn-14 pathway becomes quiescent after PND-10

following a down-regulation of Fn-14 expression in cardiomyocytes with age.137
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Figure 1.1 Signaling pathways involved in cardiomyocyte proliferation.

Ang IT: Angiotensin; AT1: Ang II receptor 1; CDK 2: Cyclin-dependent kinase 2; ERK: extracellular
signal-regulated kinase; ET-1: endothelin-1; ETa: ET-1 receptor A; Fn-14: protein fibroblast growth
factor-inducible 14; GSK-3p: glycogen synthase kinase-3[3; IGF-1: insulin growth factor-1; IGF-1
R: insulin growth factor-1 receptor; m-TWEAK: membrane bound TNF-related weak inducer of
apoptosis; PI3K: phosphatidylinositol 3-kinase; s-TWEAK: soluble TNF-related weak inducer of
apoptosis. Modified from Botting et al. 136.
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1.5.2 Heart structure

The heart consists of several cell types (cardiomyocytes, fibroblasts, endothelial
cells, epicardial cells, smooth muscle cells, and pacemaker cells); which confer its
structural, biochemical, mechanical and electrical properties. These cells are arranged in
an cardiac extracellular matrix (ECM) which is a convoluted network of matrix proteins,
signalling molecules, proteases and other cell types involved in tissue remodelling.4°
The ECM not only provides cardiac structural support, but also facilitates mechanical,
electrical and chemical signalling during physiological or pathological stimuli.14© An
equilibrium between activity of the matrix metalloproteinases (MMPs; degrades
collagen, elastin) and activity of their inhibitors (tissue inhibitor of MMPs (TIMPs)) is

essential in cardiac remodelling,4t and may be altered by prenatal hypoxia.

1.5.2.1 Cardiac remodelling in hypoxic-induced intrauterine growth restricted
offspring

Hypoxic-induced IUGR offspring display an increase in both absolute heart
weight and heart-to-body weight ratio. 88.90.91,95103 This phenomenon could reflect either
increased cardiomyocyte hypertrophy or fibrosis resulting from alterations in the
expression of different components of ECM. Tong et al. found that neonatal hearts from
hypoxic-induced IUGR offspring had an increased collagen I content with an increase in
MMP-1 and -13 expression and an increase in the activity of TIMP-3 and -4.96 These
changes demonstrate a state where collagen I deposition exceeds its degradation. Soon
after birth, the heart needs to adapt to changes in pressure and volume,22 thus a

continuous process of cardiac remodelling during postnatal development is necessary.
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In alignment with the findings of Tong et al., Xu et al. found that hypoxic IUGR adult
offspring have an increase in cardiac collagen I and III deposition while MMP-2
expression was decreased.89 Moreover, the ratio of f/a myosin heavy chain was
increased in hypoxic IUGR adult offspring indicating ventricular remodelling and/or

heart dysfunction.89

1.5.3 Physiology of postnatal cardiac function

It is necessary to understand cardiac physiology to comprehend the pathological
implications of IUGR. The heart functions as a pump in the circulatory system. The right
heart ejects blood through the pulmonary circulation to the lungs in order to oxygenate
blood. The left heart ejects blood through the aorta and then the peripheral circulation
throughout the body to supply organs and tissues with oxygen and nutrients. To do this,
the heart combines mechanical and electrical stimuli to generate a cardiac cycle. Each
cycle is initiated by the generation of an action potential in the sino-atrial (SA) node that
travels through both atria and then through the atrioventricular (AV) bundle into the

ventricles; allowing the atria to contract ahead of ventricular contraction.142

Changes in the polarization of the resting membrane of cardiomyocytes leads to
cardiac contraction. In cardiac muscle, opening of fast sodium (Na+*) channels and
voltage-activated calcium (Ca2+)-Na+ channels initiates an action potential. Following
this event, voltage-gated potassium (K+) channels slowly open, thus flow of Ca2+* into the
cell in combination with outflow of K+ maintains a prolonged period of depolarization. A
rapid loss of K+ and closing of voltage-activated Ca2*-Na+ channels restores the

membrane potential (repolarization). Subsequently, Ca2+ is released from the
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sarcoplasmic reticulum. Intracellular Ca2+ then interacts with troponin to initiate cross-

bridge formation and contraction.42

The cardiac cycle consists of a period of relaxation (diastole) followed by a period
of contraction (systole). The cardiac cycle can be divided into 4 phases. Phase I (period
of filling): there are three periods of filling during diastole. The first period consists of a
rapid filling of the ventricles, blood flows from the veins to the atria, and about 80% of
blood flows directly from the atria into the ventricles. In the second period, only small
amount of blood flows into the ventricles. In the third period, the remaining 20% of
blood is directed into the ventricles by contraction of the atria. Thus, in humans, the
ventricular volume increases from 50 mL (blood that remains in the ventricle from the
previous heartbeat, called end-systolic volume) to 120 mL (end-diastolic volume). Phase
IT (period of isovolumetric contraction): in this period contraction occurs in the
ventricles but with no emptying, instead the pressure inside the ventricles increases
(from 7 mmHg to 80 mmHg in the left ventricle and above 8 mmHg in the right
ventricle) to close the atrioventricular valves and open the semilunar valves (aortic and
pulmonary). Phase III (period of ejection): there are also three periods of systole. The
first period is fast and about 70% of blood volume is ejected whereas in the last two
periods the remaining 30% of the volume is ejected slowly. Phase IV (period of
isovolumetric relaxation): at the end of systole, ventricular relaxation begins and allows
the intraventricular pressure to decrease. The ventricular muscle relaxes with no
changes in volume (period of isometric relaxation). The ventricles return to its starting

point.142
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The volume pump by the heart is regulated by the autonomic nervous system
through chronotropism and inotropism. Parasympathetic nervous control of the heart
comes from the Vagus nerve. Preganglionic efferent nerves fibers extend to the heart
and synapse with ganglia located near the SA and AV nodes in the heart. Acetylcholine
(ACh) is released and binds to nicotinic receptors and activates postganglionic efferent
nerves. These fiber synapses with muscarinic receptors in the SA and AV nodes.143
Sympathetic nervous control of the heart arises from the upper thoracic region of the
spinal cord. Preganglionic efferent nerve fibers enter the paravertebral chains of ganglia
(located on either side of the spinal column), and synapse with postganglionic
sympathetic fibers and release ACh, which binds to nicotinic receptors. Sympathetic
efferent fibers extend to the SA and AV nodes in the heart, releasing norepinephrine

(NE) at synapses with - adrenergic receptors.

1.5.3.1 Cardiac function in hypoxic-induced intrauterine growth restricted offspring

The functional implication of cardiac remodelling following a hypoxic pregnancy
has also been assessed in the offspring of these pregnancies. Rueda-Clausen et al. used
echocardiography to assess cardiac function in vivo and found that hypoxic IUGR male
and female offspring had normal cardiac function in early adulthood. Once these
animals aged, however, they found that both male and female offspring displayed signs
of left ventricular diastolic dysfunction including increased isovolumetric relaxation
time as well as an increased Tei index,38 with no alterations in systolic function;
suggesting that cardiac remodeling and stiffening impaired cardiac relaxation during
diastole. Further, analyses of heart rate variability (HRV) in male hypoxic-induced

IUGR offspring showed that there was an autonomic imbalance in these offspring where
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there was a predominance of sympathetic over parasympathetic tone.9” In addition, an
increase in baroreflex gain was observed without any changes in basal heart rate or

blood pressure.97

Cardiac function has also been assessed ex vivo. Using a modified Langendorff
technique,9298-102,144,145 an aortic cannula is inserted into the ascending aorta and a
perfusion solution is delivered to the heart in a retrograde manner via this cannula with
subsequent perfusion of the coronary arteries.46 Alternately, an isolated working heart
preparation88.89.107 has been used where the left atrium is cannulated and the perfusion
solution passes from the atrium to the left ventricle where it is ejected via the aortic
cannula. The coronary arteries are perfused (anterograde manner) in the course of
ventricular ejection.’47 Discriminating by age, with these techniques, it has been
determined that a) chick hypoxic IUGR embryos have a decreased left ventricular
developed pressure (LVDP), a decreased myocardial contractility, decreased myocardial
distensibility, and an increased left ventricular-end diastolic pressure (LVEDP).144
Likewise, compared to controls, hearts from fetal ITUGR sheep had an increased
maximum rate of contraction and relaxation.45 b) During early adulthood, there was
either an increased myocardial contractility,9® decreased LVDP and increased LVEDP in
male hypoxic-induced IUGR offspring89 or normal cardiac function.9299-102 Finally, c)
with ageing, both male and female hypoxic-induced IUGR offspring had an increased
LVEDP.88 These findings suggest that cardiac function is impaired in hypoxic-induced
IUGR offspring (alterations in cardiac contraction/relaxation, and presumably

increased systemic vascular resistance with a reduction in stroke volume).
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1.5.4 Physiology of vascular function

In order to understand the pathophysiological implications of IUGR in the
vasculature, it is important to firstly demarcate the normal physiology of blood vessels.
An artery is an elastic tube consisting of three layers: an intimal endothelial cell layer, a
medial smooth muscle cell layer and an adventitial layer,48 its main function is to
deliver blood to different organs. Adequate tissue perfusion is attained by regulation of
arterial tone; thus, arteries will vasodilate or vasoconstrict depending on tissue oxygen
and nutrient demands. The regulation of these vascular responses comprises nervous
mechanisms, together with endothelium-dependent, myogenic and humoral

mechanisms, which vary among vascular beds.49

It has been determined that both sympathetic and parasympathetic neurons play
a role in the regulation of vascular tone.48-152 Upon sympathetic nerve stimulation, NE
is released activating the a-adrenoceptors 1 and 2 in the VSMC and causing arterial
vasoconstriction.1’5° Other co-transmitters such as neuropeptide Y (NPY) and adenosine
triphosphate (ATP) are vasoconstrictor molecules that are released together with NE.
ATP activates P2 purinergic receptors, whereas NPY activates Y1 receptors in the

VSMC.150

Since parasympathetic innervation of most peripheral resistance arteries is
limited, the contribution of the parasympathetic nervous system to the regulation of
vascular tone and hemodynamics is small. 48 It is important to note, however, that after

a parasympathetic stimulus, ACh (one of the parasympathetic neurotransmitters)
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triggers muscarinic receptors on either the VSMC (generating a vasoconstrictor

response) or on endothelial cells (generating a vasodilator response).152

1.5.4.1 Endothelium-dependent vascular tone regulation

A delicate balance between vasodilator and vasoconstrictor mechanisms is
needed in order to control vascular tone. Both vasodilation and vasoconstriction begin
by the activation of one or multiple receptor-mediated pathways within the cell or by
changes in intracellular Ca2+ concentration in the endothelial cells (vasodilation53), or

in the VSMC (vasoconstriction54).

Vasodilator mechanisms

Multiple stimuli are known to initiate a vasodilator response including: shear
stress, ACh, histamine, thrombin, serotonin, substance P, and bradykinin.53
Endothelium-dependent vasodilation is primarily mediated via NO,55 prostaglandin 12
(prostacyclin, PGI.),’5¢ and endothelium-dependent hyperpolarization (EDH).157 The
relative contribution of each vasoactive agent depends on the species and strain of the
experimental animal, its age and sex, its health status and the vascular bed examined

(Figure 1.2).149

NO is a soluble gas synthesized from L-arginine and molecular oxygen by NO
synthase (NOS) enzymes. The catalysis of L-arginine and O. requires a number of
cofactors such as nicotinamide adenine dinucleotide phosphate (NADPH), flavin
mononucleotide (FMN), flavin adenine dinucleotide (FAD), tetrahydrobiopterin, and
calmodulin.’58 There are three NOS isoforms (endothelial [eNOS], neuronal [nNNOS] and

inducible [iNOS]).159 Both shear stress and/or the activation of receptors by any of the
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substances mentioned above (e.g. ACh, bradykinin) will increase intracellular Caz2+
augmenting calmodulin binding to eNOS and increasing eNOS activity.16¢ Following its
production, NO is released by the endothelial cells and diffuses to the VSMC where it
stimulates soluble guanylyl cyclase, producing cyclic guanosine monophosphate
(cGMP). cGMP subsequently activates protein kinase G and leads to a decrease in the
VSMC intracellular Ca2+ by phosphorylating phospholamban (PLB), activating large
conductance Ca+2-activated K+ channels (BKca) to release K+ out of the cell, decreasing
the inflow of Ca2+ through L-type Ca2*+ channels (LTCC), and activating myosin light-

chain phosphatase (MLCP).161

An increase in endothelial intracellular Ca2+following a mechanical stress on the
endothelial layer, such as shear stress, could also activate EDH-mediated vasodilation.
EDH can be induced by multiple mechanisms including: molecules (epoxyeicosatrienoic
acids (ETTs), hydrogen peroxide, C-type natriuretic peptide); activation of endothelial
channels (small conductance Caz2t-activated K+ channels (SKca), intermediate
conductance Ca2*-activated K+ channels (IKca)); or activation of VSMC channels
(Na+/K+ ATPase, inward-rectifying K+ channels (Kir), voltage-gated K+ channels (Kv),

BKCa)-162

Activation of SKca and IKca channels occurs secondary to an increased
endothelial intracellular Ca2*, initiating a K+ efflux to the extracellular space and
resulting in hyperpolarization of the endothelial cell. Hyperpolarization of the VSMC is
facilitated by myoendothelial gap junctions (MEGJ).163 Certain EDH factors (ETTs,
hydrogen peroxide and C-type natriuretic peptide) can also activate VSMC K+ channels

(BKca, Nat/K+ ATPase, Kir, and Karp) without endothelial hyperpolarization.63
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Prostaglandins (PG) have a dual effect on vascular function, producing either
vasodilation or vasoconstriction; thus, a special mention of the role of PGs needs to be
made. The metabolism of arachidonic acid by the action of prostaglandin H synthase 1-
and 2 (also referred to as cyclooxygenase (COX-1 and COX-2), which have both COX
and peroxidase activity), produces multiple prostanoids including PGs and
thromboxane A2 (TXA,).164 COX-1 and COX-2 first produce PGG,, (an unstable
intermediate) and then enable further reduction to PGH..1%5 PGH. is a precursor for
other PGs (PGD., F,, I.) and TXA,, via the action of different synthases (PGD, PGF, PGI,
and thromboxane synthase). The interaction of PGs with their specific receptors will
generate different actions on the target cell.1¢6 Stimulation of the TP receptor promotes
VSMC contraction. It is important to note that while TXA. is the preferential ligand for
this receptor, other PGs can also activate the TP receptor.1®7 Remarkably, PGI. can

activate both the TP and IP receptor, with a greater affinity for the latter.168

PGIL, is the principle metabolite of arachidonic acid.®9 PGI. is released by
endothelial cells and activates the IP receptor in the VSMC, which is coupled to a Gs-
protein.7 This interaction activates cyclic adenosine monophosphate (cAMP) and
protein kinase A, resulting in activation of plasmalemmal and sarcoplasmic reticulum
Ca2t-ATPases (SERCA). Moreover, PGI, could cause inhibition of Rho kinase!7* and
could also activate K+ channels (large conductance Ca2*-dependent K+ channel [BKc,,
MaxiK]; SKca, ATP-sensitive K+ channel [Karp] Ky72-74) leading to VSMC
hyperpolarization. All of these events will subsequently result in decreased VSMC

intracellular Ca2+ causing vasodilation (Figure 1.2).
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Endothelial-dependent vasoconstrictor mechanisms

The most potent endothelial vasoconstrictor is ET-1.175 The production of ET-1
involves enzymatic cleavage of its precursor prepro ET-1 to pro ET-1 and then big ET-
1.76 Big ET-1 is then cleaved to ET-1 by the action of endothelin converting enzyme
(ECE)'77, chymase78 and MMP-2.179 ET-1 exerts its actions via activation of its ET4 and
ETg receptors. Stimulation of ETa receptor coupled to Gio/i3 in the VSMC induces
phosphorylation of myosin light chain activating myosin light-chain kinase (MLCK).76
Whereas stimulation of ETa receptor coupled to Gq in the VSMC induces the activation
of phospholipase C (PLC) to form inositol 1,4,5-triphosphate (IP;) which binds to its
receptor (IP;R) in the sarcoplasmic reticulum to release Ca2+. Moreover, stimulation of
ETa receptor coupled to Gq in the VSMC increases Ca2+ influx via activation of store-
operated and receptor-operated Ca2+ channels7¢ as well as LTCC.175 Ca2*+ binds to
calmodulin thereby activating MLCK. This complex phosphorylates myosin at the 20-
kDa myosin regulatory light chain leading to myosin-actin interactions and,
consequently, vasoconstriction.’54 On the other hand, activation of ET; receptor in the
endothelial cells leads to an increase in intracellular Ca2+ inducing the activation of
eNOS80 and Ca2*-dependent induction of COX-2.18t Moreover, the release of the Ggy
subunit is associated with activation of PI3K/AKT resulting in the production of NO

(Figure 1.2).176
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Figure 1.2. Vasodilator and vasoconstrictor pathways.

Summary of the vasodilator and vasoconstriction pathways. ATP: adenosine triphosphate; big ET-1:
big endothelin-1; Ca2*: calcium; cAMP: cyclic adenosine monophosphate; cGMP: cyclic guanosine
monophosphate; COX 1-2: cyclooxygenase-1, and -2; EDH: endothelium-dependent
hyperpolarization; ECE: ET-1 converting enzyme; eNOS: endothelial nitric oxide synthase; ET-1:
endothelin-1; ETa.5: ET-1 receptor A,B; GC: guanylyl cyclase; GTP: guanosine triphosphate; IKc,:
intermediate conductance Caz+-activated potassium (K+) channels; IEL: internal elastic lamina; IP5:
inositol 1,4,5-triphosphate; IP;R: IP, receptor; Kir. inward-rectifying K+ channels; Ky: voltage-gated
K+ channels; L-arg: L-arginine; MEGJ: myoendothelial gap junction; MMP-2: matrix
metalloproteinase-2; MLC: myosin light chain; MLCK: myosin light-chain kinase; MLCP: myosin
light-chain phosphatase; Na/K: Na+/K+ ATPase; NO: nitric oxide; PGH.: prostaglandin H,; PGL:
prostaglandin I, (prostacyclin); PKA: protein kinase A, PKG: protein kinase G, PLB:
phospholamban; PLC: phospholipase C; SERCA: sarcoendoplasmic reticulum Caz+-ATPase; SKca:
small conductance Ca2+-activated K+ channels; SR: sarcoplasmic reticulum; TXA.,: thromboxane A..
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1.5.4.2 Myogenic regulation of vascular tone

A myogenic response is defined as the ability of the VSMC to constrict or dilate in
response to an increase or decrease in intravascular pressure respectively.82 The
development of a myogenic response starts with depolarization of VSMCs by an influx of
Na+, K*, and Ca2* through stretch-activated channels. Subsequently, an influx of
extracellular Ca2+ to the VSMC through voltage-dependent Ca2+ channels will initiate
Ca2+-dependent activation of myosin light chain and further constriction.183 In addition,
it has been shown that another mechanism initiated by stretch is the activation of PLC
leading to the formation of IP; and diacylglycerol (DAG). Activation of this pathway will
increase intracellular Ca2+ concentration via release of Ca2* from the sarcoplasmic

reticulum.183

1.5.4.3 Vascular dysfunction in hypoxic-induced intrauterine growth restricted
offspring

Being born growth restricted has been associated with vascular dysfunction in a

variety of vascular beds, affecting both male and female offspring. Vascular dysfunction

is a broad term used to outline a group of pathological events (vascular remodelling,

smooth muscle or endothelial dysfunction) that will lead to impaired tissue perfusion.

Endothelial dysfunction per se is an early predictor of CVD.184

Findings during fetal life have shown that male hypoxic IUGR fetuses have an
increased thoracic aortic wall thickness with an increase in VSMC nuclei, suggesting

hyperplasia of the VSMC.103 Interestingly Giussani et al. also found that hypoxic IUGR
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fetuses have an increased thoracic aortic wall thickness, while in adulthood the aortic

wall thickness was not different when compared to control animals.98

Functional experiments in aortic rings showed that hypoxic-induced TUGR
fetuses demonstrated increased Ang II-mediated vasoconstriction that was mediated via
the AT, receptor.1o9 Additionally, in the same vascular bed Camm et al. found an
increased sensitivity to potassium chloride (KCI), with no changes in the sensitivity or
maximal response to phenylephrine (PE) or vasodilator agents (methylcholine [MCh] or
sodium nitroprusside [SNP]).103 Conversely, Kim et al. found that prenatal exposure to
hypoxia was associated with an increased maximal response to PE and increased basal
production of NO in femoral arteries from sheep fetuses.85 Since the authors did not
explore agonist-mediated mechanisms of vasodilation in these arteries, conclusions

regarding NO contribution to vasodilation cannot be drawn.

In addition, it has been shown that at PND-1 in hypoxic-induced IUGR offspring
there was an enhanced femoral vasoconstrictor response to PE while this response in
carotid arteries was decreased; demonstrating that neonatal vascular adaptations

following a hypoxic insult are vascular bed specific.9°

In adulthood, femoral arteries from male hypoxic-induced IUGR offspring had a
decreased maximal vasodilation to MCh in one study;84 and a decreased maximal
vasodilation to both MCh and SNP in another study with a decreased contribution of NO
compared to controls.’8 In the renal vascular bed, Tang et al. found that renal interlobar
arteries from young adult male hypoxic-induced IUGR rat offspring have decreased

ACh-mediated vasodilation in association with an increased PE-mediated
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vasoconstriction. VSMC intracellular Ca2+ was increased, in association with an increase
in the activity and expression of LTCC whereas K+ currents, the activity of BKc. and the
expression of MaxiK were all decreased.8 In both male and female hypoxic-induced
IUGR rat offspring, the contribution of NO to mesenteric artery vasodilation was
reduced.s86:87.104 Interestingly, young and aged female hypoxic-induced ITUGR rat
offspring demonstrated an enhanced MEGJ/EDH-mediated vasodilation in mesenteric
arteries as a possible compensatory mechanism to maintain vascular function.8¢
Furthermore, Morton et al. found that the contribution of NO to flow-mediated
mesenteric artery vasodilation was reduced in male and female hypoxic-induced IUGR
offspring at a young age and this was sustained with ageing, while the EDH-mediated
vasodilation was maintained in both groups but to a lesser extent in the aged female

hypoxic IUGR offspring.87

Myogenic response of mesenteric arteries in male and female hypoxic-induced
IUGR was not different from controls at 4-months of age.’°5 Myogenic responses,
however, were increased in male, but not female, hypoxic-induced IUGR offspring at 77
months.1o5 These differences could be explained by a decreased modulation of the
myogenic response by NO and prostaglandins in males and an increased modulation of

myogenic responses by NO and prostaglandins in females.105

Bourque et al. found that although the vasoconstriction response of mesenteric
arteries to ET-1 was not different in aged male and female hypoxic-induced IUGR
offspring compared to controls.106 Male, but not female hypoxic-induced IUGR
offspring, however, had an increased conversion of big-ET-1 (precursor) to ET-1.106

(Table 1.1).
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1.5.5 Cardiovascular susceptibility to secondary stressors

The cardiovascular alterations that occur in hypoxic-induced IUGR offspring
predispose them to an increased susceptibility to secondary stressors. There is a wide
range of stressors that have been used to assess the impact of IUGR on the
cardiovascular system, one of which is the in vivo pharmacological stimulation of the
heart and/or vasculature with isoprenaline and carbachol ( adrenoreceptor and
cholinergic agonists, respectively);98.144 PE and SNP (a;-adrenergic receptor agonist and
NO-releasing drug, respectively).97 In addition, it has been demonstrated that IUGR was
associated with an early ageing vascular phenotype.18¢ Moreover, the combination of
IUGR and ageing has been shown to worsen cardiac and vascular function outcomes.86-
88 Lastly, exposing hypoxic-induced IUGR offspring to diets that mimic the Western diet
have shown that male hypoxic IUGR offspring have an increased susceptibility of
developing metabolic syndrome and both male and female hypoxic-induced TUGR
offspring have an increased susceptibility to cardiac ischemia/reperfusion (I/R)

injury.187.188

The high prevalence of myocardial infarction in the population (approximately
one person will have a myocardial infarction every 42 seconds in the United States)s
demonstrates the far-reaching impact of IUGR on cardiovascular health. In the
following section, we are going to focus on the susceptibility to cardiac I/R injury in

hypoxic-induced IUGR offspring.
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1.5.5.1 Cardiac ischemia/reperfusion injury

Cardiac I/R injury refers to the damage that occurs to the myocardial tissue after
the restoration of blood flow following a myocardial infarction. The pathophysiology of
I/R injury encompasses a complex variety of mechanisms that are interrelated. It has
been suggested that an exaggerated production of reactive oxygen species (ROS)89 and
intracellular Ca2+ overload9° are key factors associated with I/R injury. These events

will promote cellular injury and subsequent cardiomyocyte death.

One of the most remarkable features of the hypoxia-induced IUGR phenotype is
an increased susceptibility of these animals to cardiac I/R injury.89.92:99-102,107 Using the
formerly mentioned ex vivo preparations (Langendorff system and the isolated working
heart system), the heart can be subjected to a global ischemia followed by reperfusion
period (30-180 min). Although the periods of ischemia vary among groups investigating
the phenomenon (10-25 min), it has been shown that young adult hypoxic IUGR

offspring had poorer cardiac function compared to their controls.

Li et al. and Xue et al. have shown that during reperfusion, hearts from male
hypoxic-induced IUGR offspring had a decreased heart rate, LVDP and contractility
with an increased LVEDP compared to controls.92100.101 Moreover, they found that
hypoxic-induced IUGR offspring had an increased infarct size and an increase in the
release of lactate dehydrogenase (LDH) in coronary effluent during the reperfusion
period. In contrast, Xue et al. found that female hypoxic-induced IUGR offspring were
not different from their counterparts in any ex vivo parameters measured.o! This study
also demonstrated that male offspring exposed to prenatal hypoxia had a decrease in

cardiac levels of protein kinase C epsilon (PKCe) that was associated with the increased
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the susceptibility of male offspring to myocardial damage while female offspring appear

to be cardioprotected.1o1

Using a working heart system, Xu et al. found that during reperfusion, hearts
from male hypoxic-induced IUGR offspring developed a reduced peak systolic pressure,
cardiac output, and coronary flow compared to controls.89 Moreover, the percent
recovery of cardiac work developed during the reperfusion time was decreased in male
hypoxic-induced IUGR offspring compared to controls.89 Rueda-Clausen et al
confirmed that male hypoxic-induced IUGR offspring had a worse outcome after an I/R
injury compared to controls; demonstrated by a decreased cardiac power developed
during the reperfusion period.1°7 However, in contrast to the study of Xue et al.,o1
female hypoxic-induced IUGR offspring also had a worse outcome after an I/R injury
compared to controls. In addition, during reperfusion, hearts from both male and
female hypoxic-exposed offspring had impairment in their glucose metabolism during
reperfusion with a subsequent increase in proton (H+) production reflecting a decreased

myocardial energy efficiency compared to controls.107 (Table 1.2).

To date there is no data regarding the effects of I/R injury in an in vivo model of
hypoxic-induced IUGR offspring. Thus, the repercussions of an ischemic event on
cardiac function and later life morbidity and mortality are still unknown in this animal

model.
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Table 1.1. Vascular dysfunction in hypoxic-induced intrauterine growth restricted offspring.

Author Age Sex Findings Vals)(:(lilar Species
A Wall thickness
Camm et al.03 Fetuses Male N VSMC nuclei T}:())l;iglc Wistar rat
N Sensitivity to KCl
N Wall thickness .
Giussani et al.9® Fetuses Male Tho§c1c Wistar rat
N Expression of nitrotyrosine aorta
) Ang IT-mediated vasoconstriction, Thoracic Sprague
Zhueet al.0 Fetuses NS r mediated via the AT, receptor aorta Dawley rat
N Maximal response to PE
Kim et al.185 Fetuses NS F(:'tmo.ral Sheep
N Basal production of NO arteries
N Vasoconstrictor response to PE Femo.ral
. arteries Sprague
Williams et al.9° Neonates NS Dawl
. Carotid awley rat
7 Vasoconstrictor response to PE .
arteries
Allison et al.84 Adult Male | W Maximal vasodilation to MCh Femo.ral Sy
arteries Dawley rat
Giussani et al.o8 Adult Male | € Wall thickness was not _dlfferent when Thoracic Wistar rat
compared to control animals aorta
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Maximal vasodilation to MCh and SNP

7
Femoral
¥ Contribution of NO to vasodilation arteries
compared to controls
N7 ACh-mediated vasodilation
A PE-mediated vasoconstriction
- - Renal
Tang et al.o8 Adult Male r WL el o interlobar DSaI\),\l;ﬁg %u:at
A Activity and expression of LTCC arteries
¥ Activity and expression of BKCa and
MaxiK
Adult N7 Contribution of NO to vasodilation
(Young)
Williams et al. 104 Male SOD modulation of MCh-mediated Mesenfcerlc Sprague
N dilation at 1 q £MCh arteries Dawley rat
Adult (Aged) vasodilation at lower doses o
7 Contribution of NO to vasodilation
7 Contribution of NO to vasodilation
Adult ]
(Young) Eemale : P
N MEGJ/EDH-mediated vasodilation
Morton et al.86 7 Contribution of NO to vasodilation M;;i?;:;w Dsgﬁ gureat
Adult (Aged) Female y
N MEGJ/EDH-mediated vasodilation
Adult (Aged) Male 7 Contribution of NO to vasodilation
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Adult

Contribution of NO to flow-mediated

(Young) Female v vasodilation
Morton et al.é Adult (Aged) v EDH-mediated flow vasodilation Mesenteric Sprague
: Adult (Aged) arteries Dawley rat
Male | ¥ Contribution of NO to flow-mediated
Adult vasodilation
(Young)
(ég;ﬁt ) Female | €=>
& Myogenic response was not different from
controls
Adult Male | €=>
(Young) _
vt o L Tt of _ - Mesenteric ~ Sprague
ekl (Gees) sl | () Modulation of myogenic responses by NO arteries Dawley rat
and prostaglandins
Myogenic response due to a decreased
Adult (Aged) Male | A modulation of the myogenic response by
NO and prostaglandins
Adult (Aged) Male A Conversion of big-ET-1to ET-1
Bourque et al.106 _ . Mesenteric ~ Sprague
Adult (Aged) Female | € Conversion of big-ET-1 to ET-1 was not arteries Dawley rat

different compared to controls

NS: not specified. A\ increased, V. decreased; €= : no changes.
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Table 1.2. Cardiac dysfunction after an ischemic event in hypoxic-induced intrauterine growth restricted offspring.

Author Sex Age Time O.f Findings
ischemia
v Heart rate, LVDP and contractility compared to controls
Li et al.1o0 Male 6 n(lﬁgth_ 25 min N LVEDP compared to controls
N Infarct size
v Peak systolic pressure compared to controls
v Cardiac output compared to controls
4 month-
Xu et al.89 Male old and 7 20 min v Coronary flow compared to controls
month-old _
) LDH release during reperfusion
v Percent recovery of cardiac work developed during reperfusion
v LVDP and contractility compared to controls
N LVEDP compared to controls
Male
Xue et al. ot 3 month- 20 min N Infarct size
old
) LDH release during reperfusion
Female €= | Not different from their counterparts
v LVDP compared to controls
Xue et al.9 Male 3 mc1>(r11th- 20 min
0 ) LVEDP compared to controls
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) Infarct size
) LDH release during reperfusion
Rueda- Male 4 month- 7 Percent recovery of cardiac work developed during reperfusion
Clausen et old and 12 10 min
al.o7 Female  month-old v Percent recovery of cardiac work developed during reperfusion
\” LVDP and contractility compared to controls
Z?’Slerson et Male 3 H(lﬁgth_ 20 min ) LVEDP compared to controls
) LDH release during reperfusion
\” LVDP and contractility compared to controls
Patterson et 3 month- .
al10 Male old 20 min ) LVEDP compared to controls
<)

LDH release during reperfusion

A: increased, W: decreased; €= : no changes
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1.6 Mechanisms by which intrauterine growth restriction exerts its

effects on the cardiovascular system

There are multiple mechanisms that can contribute to the etiology of fetal
programming of CVD.192 We will, however, focus on ones that might be

associated with the development of CVD in later life after a hypoxic insult.

1.6.1 Oxidative stress and cardiovascular function

Reactive nitrogen species (RNS) and ROS are free radicals involved in
cellular homeostasis (Table 1.3). Under pathological states, however, there is an
increased production of ROS and RNS that exceeds the cell’s capacity to
metabolise/degrade these reactive species. In turn, increased production of ROS
and RNS can disrupt cell function by causing lipid peroxidation and oxidation of
proteins and DNA.193 This is known as oxidative stress. An increasing body of
evidence suggests that there is a link between oxidative stress and fetal

programming of CVD later in life.
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Table 1.3. Reactive oxygen and nitrogen species.

Reactive species Symbol

Reactive oxygen species

Superoxide 0.~

Hydroxyl radical "OH
Hydrogen peroxide H>0.
Singlet oxygen 10,

Reactive nitrogen species

Nitric oxide NO
Peroxynitrite ONOO-

The O, - radical is a product of oxygen reduction by plasmalemmal and
mitochondrial-associated NADPH oxidases, xanthine oxidase, and mitochondrial
respiration;193 and it is converted to H.O. by the actions of superoxide dismutase
enzymes (SOD).194 The most important RNS are NO and ONOO-. The toxicity of
NO is secondary to its combination with O, - to produce the highly reactive
product, ONOO-.195 Remarkably, the reaction rate for the production of ONOO-
from O, - is six times faster than the reaction rate of scavenging of O, - by
SOD.195 The stability of ONOO- permits a greater opportunity for it to diffuse,

conferring it’s high toxicity properties to the cell.195

There are three SOD isoforms, two of which are located within the cell;

SOD-1 (copper-zinc SOD [Cu-ZnSOD], located in the cytosol and mitochondrial
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intermembrane space) and SOD-2 (manganese SOD [MnSOD], located in the
mitochondrial matrix). SOD-3 is located in the extracellular space.194 H,O. can
either react with ferrous salts to produce ‘OH (Fenton reaction);9¢ or H.O.can
be reduced to water by the enzymes catalase (CAT) or glutathione peroxidase
(GPx).197 GPx reduces H.O. and in the process reduced glutathione (GSH) is
oxidized to oxidized glutathione (GSSG). While glutathione reductase (GRx)
reverses the process and regenerates GSH from GSSG.198 Although GPx and CAT
share common substrates, CAT has a lower affinity for H.0..199 There is also a
second line of antioxidants, the non-enzymatic antioxidants which are either
produced metabolically and are thus endogenous (i.e. glutathione, melatonin) or

are derived from exogenous sources (i.e. vitamin C, E).198

Accumulated evidence suggests that oxidative stress is involved in the
pathogenesis of cardiac dysfunction. For instance, ROS and RNS are both
associated with cardiac hypertrophy.20c Hypertrophic cardiomyocyte growth is
characterized by the re-expression of fetal genes (B-myosin heavy chain, a-
skeletal muscle, a-smooth muscle actin and atrial natriuretic factor) following a
period of senescence after birth. In addition, cardiomyocyte growth is associated
with the induction of genes such as c-Fos, c-Jun, and Erg-1; with a subsequent
increase in mRNA, rRNA, and protein synthesis.20t Ang II, NE, ET-1, interleukin
1B and 6, TNF, and fibroblast growth factor can elicit cardiomyocyte hypertrophy
by activating multiple signal transduction pathways including tyrosine kinases
(src, focal adhesion kinase), ERK1,2,5, p38, c-Jun N-terminal kinase (JNK)),

protein kinase C (PKC), calcineurin, and PI3K/Akt.202 The interactions of ROS
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and RNS with these pathways (e.g. activation, disruption of protein-protein
interactions) in combination with direct interaction with Ang II, NE, and ET-1,

subsequently culminate in cardiomyocyte hypertrophy.

ROS and RNS also play a role in the pathophysiology of cardiac
arrhythmia.203 Cardiac arrhythmias are characterized by alterations in the
cardiac action potential. Prolongation of the action potential (due to increased
depolarization of the membrane via inflow of Na+ and decreased repolarization of
the membrane via K+ outflow, leading to the activation of L-type Ca2+ channels
and increased intracellular Ca2+) as well as abnormal Ca2* handling can trigger an
arrhythmia.2e4 ROS are known to have effects on both decreasing K+ outflow=05
and increasing Na+ inflow.206 Moreover, ROS inhibit SERCA (decreasing Caz2+
uptake into the sarcoplasmic reticulum), and stimulate RyRs (activating Ca2+
release from the sarcoplasmic reticulumz207), thus increasing intracellular Ca2+

and causing repolarization abnormalities that may lead to cardiac arrhythmias.

Finally, ROS and RNS have been shown to be involved in the
pathophysiology of cardiac I/R injury.208 During cardiac I/R injury, a disruption
of the blood flow from the coronary arteries to the myocardium reduces oxygen
supply to a level that is inadequate to maintain steady state metabolism.209
Depending on the intensity of ischemia, a wide range of cellular changes occur
following a reduction in oxygen availability. These cellular alterations include
switching to anaerobic metabolism, a reduction of mitochondrial activity,
accumulation of protons (decreasing pH), increased intracellular osmolality

(increased Na+ inflow [Na+/H+ exchanger]), Ca2+ overload (reduction of active
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Ca2+ outflow, limitation of Ca2+ reuptake by the sarcoplasmic reticulum),

increased mitochondrial O, - formation, cell death, and tissue necrosis.209-211

Conversely, blood flow restoration is associated with normalization of the
osmolality, normalization of the tissue pH (intracellular excess of H+* is removed
by activation of the Na+/H+ exchanger, the bicarbonate/Na+ symporter and the
Na+ pump);212 reestablishment of aerobic metabolism,208 and generation of ROS
and RNS (0. -, 'OH, NO and ONOO-208,213), The main sources of ROS and RNS
during reperfusion are the mitochondria, xanthine oxidase, NADPH oxidase and
uncoupled eNOS.214 Moreover, during reperfusion, reestablishment of aerobic
metabolism increases O. - to a point which exceeds the cardiomyocyte
antioxidant capacity.2:4 The increased concentration of ROS and RNS cause lipid
peroxidation of the mitochondrial and sarcolemmal membranes resulting in
mitochondrial matrix swelling and apoptosis.2’5 ROS and RNS activate
inflammatory cascades and adhesive molecule generation thus interfering with
capillary flow.214 In addition, ROS and RNS can modify Ca2+ transporters leading
to an increase in intracellular Ca2+, which will further promote ROS and RNS
generation.26 ROS regulate LTCC, Na*/Ca2+ exchangers (NCX), plasma
membrane Ca2* pumps (PMCA) in the sarcolemma and transverse tubules, and
RyR and SERCA in the sarcoplasmic reticulum.27 It is known that O, -, "OH and
H.O. inactivate PMCA.2:8 Moreover, O. - and H.O. enhance the activity of
NCX.219 Moreover, it has been shown that exogenous H.O. increases the
mitochondrial production of O, - via an increase in Ca2* inflow to the cell from

the LTCC channels.220 (Figure 1.3).
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Figure 1.3. Crosstalk between ROS and RNS with calcium signalling during
cardiac reperfusion.

Ca2+ calcium; CAT: catalase; eNOS: endothelial nitric oxide synthase; GHS: reduced
glutathione; GPx: glutathione peroxidase; GRx: glutathione reductase; GSSG: oxidized
glutathione; H.O: water; H,O,: hydrogen peroxide; IP;R: inositol 1,4,5-triphosphate
receptor; L-arg: L-arginine; LTCC: L-type Ca2+ channel; MLCK: myosin light-chain kinase;
MLCP: myosin light-chain phosphatase; NCX: Na+*/Ca2* exchanger; nNOS: neuronal nitric
oxide synthase; NADPH oxidase: nicotinamide adenine dinucleotide phosphate-oxidase;
NO: nitric oxide; O, - superoxide; ONOO-: peroxynitrite; OH: hydroxyl radical; PLB:
phospholamban; PMCA: plasma membrane Caz* pump; RyR: ryanodine receptor; SERCA:
sarcoendoplasmic reticulum Ca2+-ATPase; SOD: superoxide dismutase; SR: sarcoplasmic
reticulum; XO: xanthine oxidase. Modified from Zhang et al.,2v.
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In addition, oxidative stress participates in the disruption of vascular
function by multiple mechanisms including the following. 1) decreased NO
bioavailability: increased O. - production will lead to an increase in ONOO-
formation which is known to inhibit PGI synthase,22! inhibit guanylyl cyclase222
and cause eNOS uncoupling which leads to further production of O, - and
reduced NO bioavailability.223 2) Increase and/or potentiation of vasoconstrictor
pathways: O, -and H.O- elevate pre-ET-1 mRNA and big-ET-1 synthesis, as well
as ET-1 promoter activity.224 In addition, ET- 1 activates NADPH oxidase in
human endothelial cells.225 Moreover, O, - stimulates the release of Ca2* from the
sarcoplasmic reticulum226 by inhibiting SERCA, or by activating IP;R and
ryanodine receptors (RyR).227? Exogenous H,0O. activates COX228 thereby
increasing the production of vasoconstrictor prostanoids. This is particularly
relevant in the context of ageing, where there is an increase in oxidative stress
along with an increased COX expression and enhanced COX-dependent
contractions.229 In addition, increased PG-mediated vasoconstriction has been
associated with conditions of vascular pathologies such as hypertension23° and
diabetes.23t Further, ROS and RNS are known to activate and stabilize the TP

receptor.232 (Figure 1.4).
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Figure 1.4. Effect of reactive oxygen and reactive nitrogen species on
vasodilator and vasoconstrictor pathways.

AA: arachidonic acid; Ang II: Angiotensin II; ATP: adenosine triphosphate; AT1: Ang II
receptor 1; big ET-1: big endothelin-1; Ca2+: calcium; CAT: catalase; cGMP: cyclic guanosine
monophosphate; COX-1,-2: cyclooxygenase-1,2; ECE: endothelin converting enzyme; eNOS:
endothelial nitric oxide synthase; ET-1: endothelin-1; ET,5: ET-1 receptor A,B; GC: guanylyl
cyclase; GHS: reduced glutathione; GPx: glutathione peroxidase; GRx: glutathione
reductase; GSSG: oxidized glutathione; GTP: guanosine triphosphate; H,O: water; H.O.:
hydrogen peroxide; IEL: internal elastic lamina; IP5: inositol 1,4,5-triphosphate; IP;R: 1P,
receptor; L-arg: L-arginine; MMP-2: matrix metalloproteinase-2; MLCK: myosin light-
chain kinase; MLCP: myosin light-chain phosphatase; NADPH oxidase: nicotinamide
adenine dinucleotide phosphate-oxidase; NO: nitric oxide; O, - superoxide; ONOO-:
peroxynitrite; "OH: hydroxyl radical; PGH,: prostaglandin H,; PGL: prostaglandin L,
(prostacyclin); PLB: phospholamban; PLC: phospholipase C; RyR: ryanodine receptor;
SERCA: sarcoendoplasmic reticulum Ca2+-ATPase; SR: sarcoplasmic reticulum; TXA.:
thromboxane A..
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1.6.1.1 Role of oxidative stress in the cardiovascular function of hypoxic-

induced intrauterine growth restricted offspring

It has been established that in hypoxic-induced IUGR offspring there is an
upregulated expression of genes related with oxidative stress and metabolism in
the heart.®t Moreover, using a metabolomics approach, it has been shown that
carotid arteries from newborn sheep born from hypoxic ewes have increased
levels of malate, fumarate, GSH, GSSG, nicotinamide, nicotinamide
mononucleotide (NMN), nicotinamide adenine dinucleotide (NAD+), and
nicotinamide adenine dinucleotide hydrate (NADH); suggesting not only an
increased oxidative stress with hypoxia but also a compensatory upregulation of
key pathways to overcome the hypoxic insult.233 Moreover, the ratio of GSH to
GSSG in the myocardium as well as levels of cardiac MDA were higher in aged,
male hypoxic-induced IUGR offspring compared to controls.234 In addition, there
is enhanced cardiac expression of heat shock protein-70 (HSP-70, an oxidative
stress marker) as well as an increased aortic expression of nitrotyrosine (a

footprint of ONOO-generation).98

Thoracic aortas from hypoxic-induced IUGR fetuses have an increase in
O, - production concomitant with a decrease in SOD-1 mRNA and protein
expression, and elevation of the NADPH oxidase isoform 4. Further, incubating
thoracic aortas with apocynin (an NADPH oxidase inhibitor) and tempol (an SOD
mimetic) inhibited the maximal vasoconstrictor response to Ang II only in
hypoxic-induced IUGR fetuses.’o9 Williams et al. found that incubating
mesenteric arteries from aged, male hypoxic-induced IUGR offspring with
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exogenous SOD enhanced MCh-mediated vasodilation at lower doses of MCh,

suggesting that local O, - could influence endothelial dependent vasodilation.104

1.6.1.2 Effect of antioxidant treatment on the cardiovascular system of

hypoxic-induced intrauterine growth restricted offspring

Based on the fact that oxidative stress has a potential role in the
pathophysiology of fetal programming of the heart and vascular function, a
growing body of evidence has demonstrated the effects of antioxidant treatment
in the cardiovascular system of hypoxic-induced IUGR offspring. Itani et al.
showed in the chick embryo that melatonin increased CAT and GPX cardiac
expression, restored cardiac dysfunction (increased LVDP and restored
myocardial contractility and distensibility) and repaired femoral vasodilation to
ACh by enhancing NO-dependent and -independent mechanisms.44 Moreover,
Giussani et al. found that in Wistar rats, maternal treatment with vitamin C
decreased the cardiac protein expression of HSP-70 and the aortic expression of

nitrotyrosine from hypoxic-induced IUGR fetuses.98

Interestingly, treatment of the dam also had consequences in young and
aged offspring. Vitamin C treatment improved cardiac contractility as well as
enhanced vasodilation of femoral arteries to MCh through increasing NO-
independent mechanisms of vasodilation.98 Kane et al. found that vitamin C
treatment recovered the predominance of sympathetic tone and decreased the
baroreflex gain in these animals to control levels.9” In addition, treating dams

exposed to hypoxia during pregnancy with NAC decreased susceptibility to I/R
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injury (during reperfusion: improved LVDP, decreased LVDEP, and decreased
myocardial LDH release) of male hypoxic-induced IUGR offspring.:02 Moreover,
aged hypoxic-induced IUGR offspring born from dams treated with allopurinol
had better femoral artery vasodilation to MCh compared to non-treated hypoxic

IUGR offspring.84

1.7 Prevention of the development of cardiovascular diseases in

populations affected by fetal programming

An increasing body of evidence has shown that oxidative stress is involved
in the pathophysiology of the cardiovascular phenotype of hypoxic-induced IUGR
offspring. Thus, until now research has focused on providing antioxidant
treatments to the dam in order to prevent the development of CVD in the
offspring. Although this strategy has shown improvements in offspring vascular
and cardiac function, replicating these results in humans has proven difficult. For
example, antioxidant treatment with vitamin C and E during pregnancy did not
show a reduction in the risk of preeclampsia and other serious complications in
pregnancy (preterm birth, ITUGR).235 It is important to note that the equivalent
doses of antioxidants needed to replicate the data in humans are very high and
may be deleterious for pregnant women.23¢ Moreover, interventions during
pregnancy present major ethical challenges.237 Hence, it is necessary to consider
treating the offspring instead. As previously stated, CVDs are a result of risk
accumulation throughout an individual’s lifetime® and timely interventions in
early life can improve health outcomes later in life.238 Thus, preventive strategy

approaches during youth are needed. Multiple approaches could be taken to
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develop a preventive intervention, however, as with pregnant women, research in
children also presents major ethical challenges.239 Therefore, interventions that
do not involve the intake of medications or biological products are more feasible.
Taking into consideration that a lack of regular physical activity in the general
population is a risk factor to develop CVD,# and that worldwide polices which
include physical activity have been implemented to decrease the burden of CVD
at all ages,24° we decided to test whether aerobic exercise training could be used
as a therapeutic strategy to prevent the development of CVD in hypoxic-induced

IUGR offspring later in life .

1.7.1 Aerobic exercise training as a potential treatment of

cardiovascular diseases

Physical activity is the movement of muscles that results in energy
expenditure. When this activity is planned and includes repetition of movements
it is considered exercise.24! Exercise can be defined as either aerobic or resistance
depending on the number of muscles involved in the activity, the increase in
heart rate, energy expenditure and the resultant increase in muscular strength.242
Aerobic exercise training (AET) is an activity that involves the dynamic
movement of large muscle groups resulting in substantial increases in heart rate

and energy expenditure.242

Although many strategies have been proposed to prevent CVD, AET is one
of the most practical and effective preventive treatments that has been found to

date.243 The American College of Sport Medicine guidelines for exercise testing
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and prescription recommends 150 minsweek! of moderate intensity aerobic
activity to delay premature mortality and reduce the risk of chronic diseases.244
AET has been associated with the improvement of dyslipidemia, high blood
pressure and glucose impairment (risk factors to develop CVD).245.246 Therefore,
AET has been used in both primary and secondary prevention to reduce
premature death from CVD.247 The molecular mechanisms associated with the
improvement of cardiac and vascular function are discussed in the following

sections.

1.7.1.1 Cardiac structural and functional adaptations following aerobic

exercise training

During acute bouts of exercise, the cardiovascular system needs to
increase muscle blood flow to match the oxygen demands. This is achieved by
increasing the heart rate, stroke volume, systolic blood pressure and myocardial
contractility while decreasing the systemic vascular resistance.248 To guarantee
maximal levels of aerobic performance, the cardiovascular system experiences a
series of adaptations following repeated bouts of exercise. The effects of AET
upon the cardiac structure and function are dependent on the exercise-training
paradigm (frequency, intensity and duration).249 The cardiac adaptations
following AET include: 1) a reduction in resting and submaximal heart rate;250.251
2) an increase in left and right ventricle mass in association with an increase in
end-diastolic volume with minimal changes in wall thickness;252253.254 3) an
increase stroke volume;253255 4) an increase in cardiac output;255256 and 5)

enhance myocardial lipid and glucose oxidation.257.258 The mechanisms
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implicated in the above-mentioned changes have been extensively studied. An
increase in hemodynamic load and mechanical stress, as well as an increase in
sympathetic activity and the release of hormones and growth factors (i.e. growth
hormone, thyroid hormone, IGF-1, vascular endothelial growth factor)259 lead to
the activation of different signalling pathways involved in cardiomyocyte
hypertrophy,2¢0.261  angiogenesis,202 mitochondrial biogenesis263-265  and
cardiomyocyte contractility.266-268 These adaptations will either maintain or

improve cardiac function. 259

1.7.1.2 Role of aerobic exercise training in ischemia/reperfusion injury

There are several mechanisms by which AET could potentially confer
cardioprotection after I/R injury, such as: 1) increased levels of heat shock
proteins which will increase the protein levels and activity of SOD-2 in the
heart;269 2) improved NO signalling by altering phosphorylation of eNOS with a
subsequent increase in NO bioavailability;270 3) enhanced calcium handling;271-273
and 4) reduction of oxidative stress.274 Indeed, a reduction in oxidative stress is
one of the main mechanisms by which AET may confer cardioprotection. Several
studies have shown that SOD-1, SOD-2, catalase and GPx protein expression
and/or activity are all upregulated following aerobic exercise training.274
Moreover, AET has been associated with an improvement of oxidative stress in
cardiovascular diseases such as heart failure, hypertension and myocardial
infarction.275 In addition, AET has been associated with an increase in the protein
expression of SERCA-2a and unaltered PLB protein expression, suggesting an

increase in SERCA-2a activity.271:272 Furthermore, AET is associated with the
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prevention of calpain activation;273 which is a calcium-dependent, cytosolic
cysteine protease27¢ that degrades both SERCA-2a and PLB. Taken together,
these data suggest that AET may confer cardioprotection by improving

cardiomyocyte calcium handling.

1.7.1.3 Role of aerobic exercise training in endothelial vascular function

One of the major benefits related to AET is an increase in vascular NO
concentration.277 This increase can be explained by: 1) an increase in shear stress
secondary to an increase in pulse pressure and pulsatility accompanied by an
increase in heart rate;278 2) an increase in the expression of eNOS in the
vasculature;279 and 3) an increase in tetrahydrobiopterin concentration, which is
associated with an improvement of eNOS coupling.28° Moreover, AET has been
associated with an increase in NO-mediated vasodilation28: and with a
modulation of ROS by either increasing the expression of antioxidant enzymes
such as SOD-1 in the vasculature,282 or by reducing the expression and activity of
their sources, such as NADPH oxidase.283 AET has also been associated with an
improvement of vascular function by increasing EDH-mediated vasodilation,284

reducing plasma ET-1,285 and decreasing expression of the AT, receptor.283

1.7.2 Aerobic exercise training in compromised populations

Conflictingly, however, there also exists considerable evidence
contradicting the effects of AET in improving both vascular function and
cardioprotection. These differences in the results demonstrate the large variety of

training paradigms, controls, animal models, and diseased-animal models that
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have been used; complicating the comparison of the studies. Thus, instead of
adopting one of the possible mechanisms as a dogma, and thereby negating the
others, we should assume that interactions between all of the factors involved can
exist and that more research needs to be carried out to pinpoint specific details of
the role of AET in cardiovascular function. This issue is particularly relevant in
compromised populations. For instance, in the case of oxidative stress,
compromised populations (e.g. with heart failure, hypertension) may have an
excessive formation of ROS in response to exercise, which would lower the
availability of NO and potentially cause cellular damage following AET.286
Interestingly, in streptozocin-diabetic rats intensive exercise did not improve
endothelium-dependent vasodilation in the thoracic aorta.287 In addition,
exercise did not improve vascular function as assessed by brachial artery flow-
mediated dilation in subjects with type 2 diabetes and peripheral artery
disease.288 Likewise, in humans exercise has been shown to cause transient
myocardial damage289 and atrial fibrillation.29© Moreover, Laher et al. found that
in 8 month old obesogenic/diabetic db/db mice, AET increased myocardial
oxidative stress, did not upregulate any SOD isoforms or catalase, and negatively
altered glutathione homeostasis.29* Thus, previous findings suggest that
improving vascular function or achieving cardioprotection through exercise in
diseased populations is uncertain and further investigation is required to

determine the effects of AET in a susceptible population such as IUGR offspring.
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1.7.2.1 Aerobic exercise training in intrauterine growth restricted populations

The effect of AET in IUGR populations is impacted by the severity of
growth restriction and it depends on additional factors such as the propensity to
exercise, exercise ability and physiological responses to exercise.292 It has been
established that extremely low birth weight is associated with a decreased
exercise capacity293 and reduced participation in physical activity.294 Recent
reports have shown that young males born with low birth weight can develop
exercise-induced hypertension29% and exercise-induced cardiac fatigue.29¢ Both
conditions could be associated with an increase in sympathetic tone in IUGR, and
demonstrate that the impact of AET in IUGR offspring health should be further
determined. In growth-restricted animal models (such as models of protein
restriction or placental insufficiency following uterine artery ligation), evidence
has shown that AET reduces body weight and body fat mass,297-299 improves
metabolic function by increasing insulin sensitivity,3°° and results in increased
relative islet surface area and B-cell mass.299 Moreover, AET increases muscle
mitochondrial biogenesis and mitochondrial function.298 The impact of AET on
cardiovascular function, however, has been less studied and is, therefore, less
understood. Regarding vascular function, using an animal model of protein
restriction Oliveira et al. found that AET in male offspring decreased Ang II-
dependent vasoconstriction in aortic rings by increasing SOD-2 protein
expression, upregulating AT. protein expression and decreasing protein
expression of a NADPH oxidase subunit.301 Conversely, AET was associated with

an increase in heart mass (total heart weight) that was likely due to an increased
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AKT protein expression and phosphorylation.302 Cardiac function following AET,
however, has not yet been assessed. Moreover, whether AET could be used as a
preventive therapeutic approach in hypoxic-induced IUGR offspring has not been

determined.

In summary, being born growth restricted after a hypoxic insult is
associated with early onset CVD characterized by: 1) cardiac hypertrophy, 2)
endothelial dysfunction and 3) increased susceptibility to cardiac I/R injury. One
of the possible pathophysiological mechanisms associated with the development
of CVD in hypoxic-induced IUGR offspring is an increase in ROS and RNS in the
endothelium and the myocardium. To date, no therapeutic approaches during
early life to prevent the early onset of CVD in hypoxic-induced IUGR offspring
have been assessed. AET has been associated with an improvement of endothelial
dysfunction and cardioprotection by improving oxidative stress and calcium
handling. The effects of AET on the cardiovascular health of hypoxic-induced
IUGR offspring, however, have not been defined. Moreover, it is unknown
whether AET would be beneficial or would rather be a secondary stressor in an
already susceptible population. Therefore, we will test whether AET could be
used as a preventive therapy to improve vascular endothelial function and to
decrease susceptibility to cardiac I/R injury using a hypoxic-induced IUGR rat

model.
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1.8 Hypotheses

Cardiac development and function

e Hypoxic-induced IUGR offspring have a decrease in cardiomyocyte
proliferation and an increase in cardiomyocyte binucleation at PND-1
secondary to a decreased expression of Fn-14.

e Alterations in the TWEAK/Fn-14 pathway and, therefore, cardiac
development could be associated with an increased susceptibility to
cardiac I/R injury in hypoxic-induced IUGR offspring.

e Adult hypoxic-induced IUGR offspring are susceptible to cardiac I/R
injury because of an increase in cardiac oxidative stress.

e AET will confer cardioprotection to hypoxic-induced IUGR offspring by

improving cardiac oxidative stress and calcium handling.

Endothelial vascular function

e Adult hypoxic-induced IUGR offspring have endothelial dysfunction
because of an increase in vascular oxidative stress.

e AET will improve vascular endothelial function in hypoxic-induced IUGR
offspring by decreasing ROS and RNS and, therefore, increasing NO

bioavailability.
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1.9 Objectives

To determine whether hypoxic-induced IUGR offspring have a decreased
cardiomyocyte proliferation and an increased cardiomyocyte binucleation
at PND-1 secondary to a decreased expression of Fn-14.

To assess whether the serum concentration of s-TWEAK and the cardiac
protein expression of Fn-14 is altered in young hypoxic-induced ITUGR
offspring.

To test whether AET could improve NO-induced vasodilation in IUGR
offspring by modulating the ROS contribution to vasodilation in
mesenteric arteries from hypoxic-induced IUGR offspring.

To evaluate whether AET could improve cardiac performance after I/R
injury in hypoxic-induced IUGR offspring by increasing the cardiac
protein expression of antioxidant enzymes such as SOD-1, SOD-2, CAT

and GPx.
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2 Aerobic exercise training protocol development and phenotypic
characteristics in the hypoxic-induced intrauterine growth

restricted animal model1

2.1 Introduction

As previously mentioned in Chapter 1, during a compromised pregnancy the
in utero environment can affect fetal growth and development resulting in IUGR,;
which has been associated with an increased risk of chronic disease in adulthood,
such us ischemic heart disease, insulin resistance, diabetes and stroke.717:303
Prenatal hypoxia is a critical insult causing IUGR in many pregnancy
complications.32 We have previously shown in a rat model that a prenatal hypoxic
insult leads to decreased cardiac performance after ischemia,8889 endothelial
dysfunction86.87:104,106 and increased susceptibility to secondary stressors (e.g.
aging or a high fat diet) in adult offspring.88.187 Thus, offspring who are at an
increased risk of cardiovascular disease due to their prenatal environment are

more likely to require prevention or treatment options.

The American Heart Association (AHA) has developed the concept of an

ideal cardiovascular health; which encompasses the simultaneous presence of

1 A portion of this Chapter was published in a peer reviewed journal:

Reyes LM, Morton JS, Kirschenman R, DeLorey DS, Davidge ST. Vascular effects of aerobic
exercise training in rat adult offspring exposed to hypoxia-induced intrauterine growth
restriction. J Physiol. 2015 Apr 15;593(8):1913-209.

Reyes LM: Contribution: Data collection: 80%, data analyses: 100%, manuscript writer: 100%,
paper submission: 100%.

Kirschenman R Contribution: Data collection.

DeLorey DS Contribution: Input on experimental design, critical review of the manuscript.
Morton JS and Davidge ST Contribution: Critical review of the manuscript.
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healthy behaviors such as abstinence of smoking, normal body mass index,
physical activity and having a healthy diet in addition to the absence of
dyslipidemia, high blood pressure and glucose impairment.3°4 Aerobic exercise
training (AET) has been associated with improvement of the aforementioned
health conditions.245:246 Moreover, although many strategies have been proposed
to prevent cardiovascular diseases, AET is one of the most practical and effective

preventive treatments that has been found to date.243

It is important to note, however, that extremely low birth weight has been
associated with a decreased exercise capacity293 and reduced participation in
physical activity.294 Moreover, an increasing body of evidence suggests that the
cardiovascular benefits following AET in compromised populations are
debatable;287.288,291 thus, further investigation is required to determine the effects

of AET in a susceptible population such as IUGR offspring.

Evidence has shown that AET in growth-restricted animal models (such as
models of protein restriction or placental insufficiency following uterine artery
ligation) reduces body weight and body fat mass297-299 and improves metabolic
function.299:300 AET, however, has also been suggested to chronically activate
stress responses in rodents.305.306 Moreover, being born growth restricted has
been associated with increased mineralocorticoid mRNA expression in the
hippocampus and increased free corticosterone in plasma after a 30-min
restraint stress test.307 Thus, whether AET as an intervention could be a

secondary stressor in an already susceptible IUGR population is unknown.
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2.2 Objectives

This study is divided into two parts. In the first part, our objective was to
determine whether aerobic exercise capacity was different in control and TUGR
offspring and to then choose an exercise training paradigm aligned with the
American College of Sport Medicine guidelines for exercise testing and
prescription to prevent cardiovascular diseases. In the second part of the study,
our objectives were to evaluate the impact of AET on food consumption, body
weight and body composition in IUGR offspring. Furthermore, we aimed to
establish whether AET was associated with any modifications in serum

corticosterone levels (e.g. an indicator of a stress response) in IUGR offspring.

2.3 Methods
2.3.1 Animal model used for Chapters 2, 3 and 4

2.3.1.1 Dams

Three month-old Sprague Dawley rats (Charles River, Wilmington, MA),
were housed in the University of Alberta animal facility where room conditions
were as follows: 35% humidity, 10:14 hour light:dark cycle, and fed ad libitum
with standard rodent chow. After an acclimatization period of one week, rats
were mated overnight. Upon confirmation of pregnancy (presence of sperm in a
vaginal smear designated as gestational day (GD) o), female rats were single
housed and then exposed to control (room air) or hypoxic (11% oxygen)
conditions from GD 15 to 21. We chose this hypoxic treatment, since the last third
of pregnancy is characterized by the largest increase in weight gain by the

offspring; moreover, data from our lab have previously shown that the use of
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hypoxia during pregnancy stopped the normal offspring growth trajectory with
subsequent brain sparing;88.90 thus, throughout my thesis, offspring born from
dams exposed to hypoxia are referred to as IUGR offspring and offspring from

dams exposed to normoxia are referred to as control offspring.

2.3.1.2 Offspring

At the time of birth (GD 22), anthropometric parameters such as body
weight, crown to rump length and abdominal girth were measured. Litters were
randomly reduced to eight pups (four males and four females) to control access
to maternal nutrition. Offspring were weaned at three weeks and at ten weeks of
age two males and two females from each litter where randomly allocated to the
exercise training group while two males and two females where assigned to a
sedentary group. All procedures in this study were approved by the University of
Alberta Animal Welfare Committee, and were in accordance with the guidelines

of the Canadian Council on Animal Care.

2.3.1.3 Animal model used for Chapter 5

For Chapter 5, a different subset of animals was generated using the same
hypoxia-induced animal model described above. A total of 22 dams (12 in the
control group, and 10 in the IUGR group) were used. Anthropometric parameters
of the offspring, such as body weight, crown to rump length, abdominal girth and
heart weight, were measured at PND- 1. Four to six female and four to six male
pups from each litter were used for cardiomyocyte isolation. The details of the

cardiomyocyte isolation protocol will be presented in Chapter 5.
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2.3.2 Exercise tolerance test

At ten weeks of age, a subset of offspring (three/group: control and IUGR;
male and female) were familiarized with running on a motor-driven treadmill
(Animal treadmill: Exer 3/6 Columbus Instruments, OH, USA) for 10 min at 25
m min; 10° grade; on four consecutive days. After familiarization, each rat
performed a progressive, incremental exercise test to fatigue. Testing began at a
speed of 25 m min? and 10° grade for three min, treadmill speed was then
increased to 40 m min' with the grade held constant for three min.
Subsequently, treadmill speed was increased progressively by five m min-! every
minute until rats were not able to continue running. Total exercise time, maximal
treadmill speed and total distance run were recorded for each rat to determine

maximal exercise capacity.

2.3.3 Exercise intervention

At ten weeks of age, offspring were progressively habituated to motor-
driven treadmill running during five consecutive days and then exercised for 30
min at 20 m min?; five’ grade; five days week-!; for six weeks. This exercise
protocol was adapted from Jendzjowsky et al.3°8 Rats were encouraged to run
with a jet of air applied to the hindquarters. Offspring in the sedentary group
were exposed to the same room environment for the same period of time as the

training group.

2.3.4 Food intake, body weight, body composition analysis
Food intake and body weight were calculated weekly from ten to 16 weeks

of age. Food consumption was determined by the provision of a weighed (approx.
61



400 grams) portion of chow and subsequent weighing of the food remnants. At 15
weeks of age, whole body composition was measured in conscious offspring using
echoMRI™ (Houston, TX, USA) that is housed in the Cardiovascular Research
Centre core facility at the University of Alberta. The percentage of fat and lean

tissue relative to body weight was calculated for each animal.

2.3.5 Corticosterone assay

At 16 weeks of age, and 24 hours after the last bout of exercise, offspring
were anesthetized with a single dose (1.5 mL in a four litre chamber) of inhaled
isoflurane, a blood sample was collected by venipuncture of the inferior vena cava
and then the animals were euthanized by exsanguination. Serum was separated
by centrifugation at 3000 rpm for 15 min and then frozen at -80 °C and stored
until analysis. Serum corticosterone levels were determined according to the
manufacturer’s instructions using a commercially available, colorimetric
competitive enzyme immunoassay (Enzo Life Sciences, Inc., Farmingdale, NY,
USA). The concentration of corticosterone was determined by interpolation from
the standard curve. The inter- and intra-assay coefficients of variation obtained

were 5.8 % and 4.3 %, respectively.

2.3.6 Statistical analyses

Data were presented as mean + standard error of the mean (SEM). The
Shapiro-Wilk test was used to assess normality of continuous data. Body weights,
crown-rump length, abdominal girth, total exercise time, maximal treadmill
speed and total distance run were analyzed using two-sample t-tests or a Mann-

Whitney test when data were not normally distributed. Male and female offspring
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were analyzed separately due to their phenotypic differences. This study had a
two-way ANOVA design where the effect of being born growth restricted and the
effect of AET were determined for each sex. Therefore, food intake, body weight,
body composition and corticosterone levels were tested using a two-way ANOVA
followed by a Bonferroni post-hoc test. All data were analyzed using GraphPad
Prism 6 statistical software (GraphPad Software, USA). A p < 0.05 value was

considered statistically significant.

2.4 Results

2.4.1 Animal model

At the time of birth, both male and female offspring from dams exposed to
hypoxia had a lower body weight and reduced abdominal girth than offspring
from dams in normoxic conditions. In addition, the crown-rump length to
abdominal girth ratio was increased in male IUGR offspring suggesting an

asymmetric growth restriction phenotype (Table 2.1).
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Table 2.1. Morphological characteristics at birth of male and female
offspring born from normoxic dams (control) or dams exposed to

hypoxia (IUGR).
Parameter Control IUGR
Male offspring
Body weight (g) 7.2 £ 0.1 6.2 + 0.2%¥**
Crown-rump length (mm) 45.2+ 0.5 44.1+ 0.5
Abdominal girth (mm) 47.7 £ 0.5 44.8 £0.7 **
CRL ABG-ratio 0.94 + 0.006 0.97 £0.007**

Female offspring

Body weight (g) 6.7 £ 0.1
Crown-rump length (mm) 44.1£0.6
Abdominal girth (mm) 46.4 +£ 0.6
CRL ABG-ratio 0.94 + 0.006

5.9 £ 0.1%%*¥
43.1+£ 0.5
44.2 £ 0.8

0.95 + 0.01

Data presented as mean + SEM. CRL: crown-rump length; ABG: abdominal girth. *
P<0.05, ** p<0.01 and ****p<0.0001 compared to control offspring.

2.4.2 Exercise tolerance test

There were no differences regarding time, speed reached at the end of the

exercise tolerance test or distance run between control and IUGR offspring in

either male (Figure 2.1 A-C) or female (Figure 2.1 D-F) offspring. Given the

similar exercise capacity in all groups, the experimental exercise training

intervention performed represented the same absolute work rate and relative

exercise intensity in both control and ITUGR groups.
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Figure 2.1. Male and female, control and IUGR offspring’s time, speed
reached and distance run during an exercise tolerance test.

Panel A- Time running before exhaustion during an exercise tolerance test, summary data
from male control (n=3) and IUGR (n=3) offspring. Panel B- Distance run during an
exercise tolerance test, summary data from male control (n=3) and IUGR (n=3) offspring.
Panel C- Speed reach during an exercise tolerance test, summary data from male control
(n=3) and IUGR (n=3) offspring. Panel D- Time running before exhaustion during an
exercise tolerance test, summary data from female control (n=3) and IUGR (n=3) offspring.
Panel E- Distance run during an exercise tolerance test, summary data from female control
(n=3) and IUGR (n=3) offspring. Panel F- Speed reach during an exercise tolerance test,
summary data from female control (n=3) and IUGR (n=3) offspring. Data are summarized
and presented as mean + SEM.
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2.4.3 Food intake, body weight and body composition

During the entire six weeks of the experimental protocol, control male
offspring had a lower food consumption compared to IUGR male offspring
(p<0.0001). Aerobic exercise, however, did not have an effect on food
consumption in either male control or IUGR offspring (Figure 2.2 A). During the
six weeks of AET, body weight was not different between male control and IUGR,
sedentary or exercised offspring (Figure 2.2 B). Interestingly, while AET
decreased the percentage of fat tissue in only the male control offspring (Figure
2.2 C, p=0.01); it did not change the percentage of lean tissue in any of the

offspring (Figure 2.2 D).

In female offspring, there were no differences regarding food consumption
or body weight gain during the experimental period (Figure 2.3 A, 2.3 B). Being
born growth restricted, however, was associated with an increased percentage of
fat tissue (Figure 2.3 C, p=0.02) and AET increased the percentage of lean tissue

in both control and IUGR offspring (Figure 2.3 D, p=0.03).
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Figure 2.2. Food intake, body weight, and percentage of fat and lean tissue
from male control and IUGR, sedentary and exercised offspring.

Panel A- Summary data of weekly food consumption. Groups include: control sedentary
offspring (n=6); control exercised offspring (n=6); IUGR sedentary offspring (n=6) and
TUGR exercised offspring (n=6). * p<0.0001 group effect control vs. IUGR offspring. Panel
B- Summary data of body weight during the 6 weeks of exercise training. Groups include:
control sedentary offspring (n=6); control exercised offspring (n=6); IUGR sedentary
offspring (n=6) and IUGR exercised offspring (n=6). Panel C- Summary data of percentage
of fat tissue after 6 weeks of exercise training; n=6-8. Data are summarized and presented as
mean + SEM. T p<0.05 after a Bonferroni post hoc test control sedentary vs. control
exercised. Panel D- Summary data of percentage of lean tissue after 6 weeks of exercise
training; n=6-8. Data are summarized and presented as mean + SEM.
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Figure 2.3. Food intake, body weight, and percentage of fat and lean tissue
from female control and IUGR, sedentary and exercised offspring.

Panel A- Summary data of weekly food consumption. Groups include: control sedentary
offspring (n=7); control exercised offspring (n=7); IUGR sedentary offspring (n=7) and
IUGR exercised offspring (n=7). Panel B- Summary data of body weight during the 6 weeks
of exercise training. Groups include: control sedentary offspring (n=7); control exercised
offspring (n=7); IUGR sedentary offspring (n=7) and IUGR exercised offspring (n=7). Panel
C- Summary data of percentage of fat tissue after 6 weeks of exercise training; n=8-10. Data
are summarized and presented as mean + SEM. * p < 0.05 group effect control vs. ITUGR
offspring. Panel D- Summary data of percentage of lean tissue after 6 weeks of exercise
training; n=6-8. Data are summarized and presented as mean + SEM. * p < 0.05 group
effect sedentary vs. exercised offspring.
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2.4.4 Serum corticosterone concentration

A two-way ANOVA analysis showed that being born growth restricted did not
alter serum corticosterone levels in male offspring (61.6 + 6.8 ng mL-! sedentary control
vs. 58.4 £ 7.6 ng mL* sedentary IUGR; p=0.67). In addition, there was a group effect of
AET, with decreased serum corticosterone levels in both control and IUGR male
offspring (45.4 + 8.2 ng mL-! exercised control and 41.9 + 8.8 ng mL exercised IUGR;

p=0.05).

In female offspring, neither being born growth restricted nor performing AET had
an effect on serum corticosterone levels (60.7 + 7.9 ng mL sedentary control; 55.7 + 6.3
ng mL1 exercised control; 58.0 + 7.7 ng mL! sedentary IUGR; 59.7 + 4.7 ng mL

exercised IUGR).

2.5 Discussion

AET is a universally accepted strategy in the prevention of cardiovascular
diseases. This strategy, however, has not been assessed in a model of growth restriction
such as hypoxic-induced IUGR offspring. Moreover, since being born growth restricted
has been associated with a decreased exercise capacity and an increased susceptibility to
secondary insults, it was necessary to develop a reliable aerobic exercise protocol that
would ensure that if differences were found among the groups in any of the parameters

assessed, these differences were not associated with the protocol per se.

A variety of training paradigms (voluntary vs. forced exercise; frequency;
intensity and time) have been utilized to investigate physiological adaptations to

exercise. Our protocol was based on findings from Jendzjowsky et al., where the authors
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calculated that the given exercise protocol corresponded to approximately 50% of
maximal exercise tolerance in rodents.308 Moreover, the chosen training paradigm was
in alignment with the American College of Sport Medicine guidelines for exercise testing
and prescription244 which recommend 150 mineweek-! of moderate intensity aerobic
activity to delay premature mortality and reduce the risk of chronic diseases (including

cardiovascular diseases).

Since there was a possibility that exercise capacity could be altered by IUGR in
our model, we carried out a pilot study to assess exercise capacity in both ITUGR and
control offspring prior to setting the experimental exercise protocol. In the present
study, exercise tolerance was not different between control and IUGR offspring and,
therefore, exercise training was completed at the same absolute work rate and relative
intensity in all groups. Thus, group and sex differences in any of the parameters that we
assessed throughout my thesis were not attributable to differences in the training

stimulus.

Being born growth restricted has been associated with either an increase in basal
levels of serum corticosterones3?? or an increase in serum corticosterone levels following
a restraint stress test.307:31° In the present study we found that neither exposure to
hypoxia in utero nor AET was associated with changes in corticosterone levels in female
offspring, while AET decreased corticosterone levels in male control and IUGR offspring.
These findings are in accordance with Boaventura et al., who found that after 5 months
of running in a motorized wheel, male ITUGR offspring had lower corticosterone levels

compared to sedentary IUGR offspring.3t Moreover, these results suggest that AET does
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not evoke a stress response when used as an intervention in a hypoxia-induced ITUGR

animal model.

Our findings have demonstrated that hypoxia during the last third of pregnancy
reduces offspring birth weight and abdominal girth. It is possible that the reduced pup
size was due to preterm birth, however, we noticed that the dams exposed to hypoxia
delivered their litters later than the control dams, suggesting that exposing the dams to
hypoxic conditions is not associated with preterm delivery. Since this is only an
observation, further investigation regarding the effects of hypoxia in the initiation of
parturition should be considered. In addition, IUGR offspring underwent a rapid growth
phase postnatally and their body weights were not different compared to control
offspring by the beginning of the aerobic exercise intervention at ten weeks of age.
Interestingly, our findings regarding body composition and body weight suggest that, in
contrast to control offspring, AET has no effect on the percentage of fat mass in either
male or female IUGR offspring. Thus, AET in an IUGR population may not be effective
in decreasing fat accumulation or in the prevention of obesity. In accordance with
previous studies,312313 our findings show that male IUGR offspring had increased food
consumption. Moreover, we found a disparity between increased food consumption and
weight gain in male control and IUGR offspring. As noted, fat tissue accumulation was
not different among the groups; suggesting that in male IUGR offspring there could be
metabolic alterations associated with this phenomenon. It has already been established
that IUGR is associated with a reduction in proteins associated with nutrient absorption
and transport (albumin and transferrin) as well as energy metabolism (ubiquinol-

cytochrome c reductase, mitochondrial succinate dehydrogenase complex subunit A and
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phosphoenolpyruvate carboxykinase 2) in the fetal gut, predisposing the gut to
metabolic defects during gestation and neonatal periods.34 These alterations might
make them prone to obesity later in life. Although in our model of IUGR offspring, total
body weight was not increased compared to control offspring, we have previously
described that IUGR offspring have an increased susceptibility to develop intra-
abdominal fat deposition, insulin resistance, impaired glucose tolerance and
dyslipidemia with a high fat diet compared to control offspring.:87 Since female IUGR
offspring had a higher percentage of fat tissue compared to female control offspring we
suggest that the catch-up growth observed in female offspring was due to fat tissue

accumulation; suggesting a greater metabolic efficiency.

In conclusion, AET capacity was similar in control and IUGR offspring for both
sexes. Using previously established protocols for exercise training, we did not observe
increased corticosterone levels suggesting that this intervention did not evoke a stress
response. Thus we used this approach to test the hypothesis that exercise training could
be a preventive strategy to decrease the cardiovascular burden of being born growth

restricted.
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3 Vascular effects of aerobic exercise training in hypoxic-induced

intrauterine growth restricted adult offspring?2

3.1 Introduction

After we had established that being born growth restricted did not compromise
aerobic exercise capacity and, therefore, that group and sex differences in any of the
responses assessed were not attributable to the training stimulus (Chapter 2), we next

evaluated the impact of AET on vascular function in IUGR offspring.

Being born growth restricted has been associated with vascular dysfunction in a
variety of vascular beds, affecting both male and female offspring and characterized by:
increased arterial wall stiffness, reduced arterial diameter, altered collagen deposition,
increased  vasoconstrictor  capacity, decreased EDH- and NO-mediated

vasodilation.86.87,106,315,316

As previously discussed in Chapter 1, oxidative stress has been proposed as a
mechanism for vascular dysfunction in IUGR.%2 Being born from a hypoxic pregnancy,

independent of IUGR, has been associated with increased aortic nitrotyrosine levels;98

2 A version of this Chapter was published in a peer reviewed journal:

Reyes LM, Morton JS, Kirschenman R, DeLorey DS, Davidge ST. Vascular effects of aerobic exercise
training in rat adult offspring exposed to hypoxia-induced intrauterine growth restriction. J Physiol. 2015
Apr 15;593(8):1913-29.

Reyes LM: Contribution: Data collection: 80%, data analyses: 100%, manuscript writer: 100%, paper
submission: 100%.

Morton JS Contribution: Data collection (mounted all the vessels in the wire myography) and critical
review of the manuscript.

Kirschenman R Contribution: Handle the animals in the exercise protocol.

DeLorey DS Contribution: Input on experimental design, critical review of the manuscript.

Davidge ST Contribution: Critical review of the manuscript.
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which is a footprint of ONOO-, a powerful oxidant produced by the reaction of NO with
O, -.195 Further, maternal treatment with antioxidants during a hypoxic pregnancy was
shown to rescue endothelial dysfunction in the offspring at adulthood.98 Several other
studies have shown that a vascular oxidant tone affecting NO bioavailability is functional
in fetal life and that it can be modified by hypoxic conditions and by exposure to
antioxidants or to agents that increase NO bioavailability in the maternal and fetal

circulation.317-319

AET has been shown to improve vascular function, and thus has been proposed as
an intervention to prevent cardiovascular diseases. Exercise has been associated with an
improvement of vascular function by increasing EDH-mediated vasodilation in
gastrocnemius muscle arteries from spontaneously hypertensive rats;284 increasing the
expression of eNOS in the aorta;279 increasing NO-mediated vasodilation in epicardial
coronary arteries;28! reducing plasma ET-1,285 and decreasing ROS generation in aortic
endothelial cells.282 Interestingly, however, it also has been shown that exercise did not
improve vascular function in Streptozotocin-diabetic rats287 or in subjects with type-2
diabetes and peripheral artery disease.288 Thus, exercise training may not be beneficial

in conditions with a susceptible vascular pathology.

Although there has been an increase in the amount of research focused on the
physiologic effects of AET in IUGR populations, this research has mainly encompassed
the metabolic effects of exercise training.297-300 Using a protein restriction animal model
of IUGR, Oliviera et al.,, found that in male offspring, AET was associated with a
decrease in Ang II-dependent vasoconstriction in the thoracic aorta, and was associated

with an increased expression of SOD-2 and a decreased expression of the p47 phox
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subunit of the NADPH oxidase.30t These findings suggest that AET can improve vascular
function in IUGR populations. Thus, the aim of our study was to determine whether AET
could be used as an early intervention strategy to improve vascular function by

improving the mechanisms of vasodilation in hypoxic-induced IUGR adult offspring.

3.2 Objectives

Our primary question in any vascular bed, when considering endothelial
dysfunction as an outcome, is to address the main mechanisms of vasodilation. We have
previously shown that mesenteric arteries from IUGR offspring have a reduced NO
component of vasodilation while maintaining EDH, with no contribution of
prostaglandins to vasodilation. Therefore, our first objective was to test whether AET
could improve NO-induced vasodilation in IUGR offspring. Further, we investigated
whether AET could modulate the ROS contribution to vasodilation in mesenteric arteries
from IUGR offspring. The second objective of our study was to determine the role of AET
in the mechanisms of vasodilation in the gastrocnemius muscle artery (a vascular
segment from a muscle group recruited during treadmill exercise training) from

hypoxic-induced IUGR offspring.

3.3 Methods

3.3.1 Vascular Function

At 16 weeks of age, and 24 hours after the last bout of exercise, offspring were
anesthetized with a single dose (1.5 mL in a 4 litre chamber) of inhaled isoflurane and
euthanized by exsanguination. Vascular function was assessed using wire myography

from sedentary and exercised, control and IUGR, male and female offspring. Second
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order mesenteric arteries and first or second order arteries from the medial head of the
gastrocnemius muscle (defined as the first or second branches of the feed artery that
traverses the superficial portion of the muscle) were isolated and dissected in ice-cold
physiological saline solution (in mM: 10 HEPES, 5.5 glucose, 1.56 CaCl,, 4.7 KCl, 142

NacCl, 1.17 MgSO,, 1.18 KH.PO,, pH 7.4).

Arteries were mounted on two 40 um wires attached to a wire myograph (DMT,
Copenhagen, Denmark) to allow isometric tension recordings. Vessels were normalized
to their optimal resting tension (set to 0.8 x IC,00 [the internal circumference equivalent
to a transmural pressure of 100 mmHg]) by increasing their diameter in a stepwise
manner. Following a 30 min equilibration period, functional endothelial and smooth
muscle integrity were checked by exposing the vessels twice to a single dose of PE
(1ouM) and then a single dose of MCh (3 uM). A cumulative concentration response
curve (CCRC) to PE (0.001 to 100 uM for mesenteric arteries and 0.01 nM to 100uM for
gastrocnemius muscle arteries) was performed to determine the ECsg, dose [the
concentration producing 80% of the maximum response (Emax) for the vasoconstrictor].
Responses were normalized to artery length. For both vascular beds assessed, the
maximum contractile response of smooth muscle cells was tested using a high potassium
solution at the end of the experimental protocol (in mM: 10 HEPES, 5.5 glucose, 4.9

CaCl,, 124 KCl, 24 NaCl, 2.4 MgS0O,, 1.18 KH,PO,, pH 7.4).

To investigate vascular responses to the endothelium-dependent vasodilator,
MCh (0.01 nM to 3 uM), a CCRC was performed following preconstriction with the ECgo
concentration of PE. CCRCs to MCh and PE were performed in mesenteric arteries with

separate baths used to incubate the arteries with the following inhibitors: N,-Nitro-L-
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arginine methyl ester hydrochloride (L-NAME; 100 uM) to inhibit NOS activity, or
Mn(IIDtetrakis(4-benzoic acid)porphyrin chloride (MnTBAP; 10 uM) to scavenge

ONOQO-.320

Moreover, CCRCs to MCh and PE were performed in gastrocnemius muscle
arteries with separate baths used to incubate the arteries with the following inhibitors:
L-NAME (100 uM), a combination of Apamin (0.1 uM) and TRAM-34 (10 uM) to block

SKca and IKca channels, or indomethacin, a cyclooxygenase inhibitor (5 uM).

3.3.2 Statistical analyses

Data were presented as mean + SEM. The Shapiro-Wilk test was used to assess
normality of continuous data. This study had a two-way ANOVA design where the effect
of being born growth restricted and the effect of AET were determined. The effect of L-
NAME, MnTBAP, Apamin + TRAM-34 or indomethacin on vasoconstriction and
vasodilation was compared within each study group using a one-way ANOVA followed
by a Dunnett’s post-hoc test analysis of pECs, (the negative log of the effective

concentration producing 50% of the maximum response) or Enax data.

The contribution of NO, ROS, EDH or prostaglandins to vasodilation was further
compared between study groups by assessment of the delta of the vasodilation area
under the curve (AUC) with or without inhibitors. The effect of being born growth
restricted and the effect of AET were tested using a two-way ANOVA followed by a

Bonferroni post-hoc test.
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Female and male offspring data were analyzed separately due to phenotypical
differences. Statistical significance was defined as p<0.05. All data were analyzed using

GraphPad Prism 6 statistical software (GraphPad Software, USA).

3.4 Results

3.4.1 Mesenteric arteries vascular function

3.4.1.1 Phenylephrine-induced vasoconstriction

Compared to controls, being born growth restricted did not modify PE-induced
vasoconstriction in either male (p=0.07) or female (p=0.6) offspring. In addition,
compared to sedentary animals, AET had no effect on maximal vasoconstriction to PE:
male control offspring (Emax: 9.9 £ 0.4 mN mm- sedentary vs. 10.8 + 0.7 mN mm-!
exercised), male IUGR offspring (Emax: 9.1 £ 0.7 mN mm-! sedentary vs. 9.4 + 0.7 mN
mm-! exercised), female control offspring (Emax: 7.4 + 0.4 mN mm- sedentary vs. 8.1 +
0.6 mN mm-! exercised) or female ITUGR offspring (Emax: 7.5 £ 0.3 mN mm- sedentary

vs. 8.4 + 0.5 mN mm-! exercised).

In males, there were no changes regarding maximal vasoconstriction to PE in the
presence or absence of L-NAME or MnTBAP in any of the groups (Table 3-1). In females,
the presence of L-NAME increased maximal PE-induced vasoconstriction only in control
sedentary offspring (Table 3.1). Vascular sensitivity to PE, however, was unchanged
following the addition of L-NAME or MnTBAP to mesenteric arteries from all groups

(Figure 3.1).
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Table 3.1. Mesenteric artery, phenylephrine-induced vasoconstriction in the
presence or absence of L-NAME or MnTBAP from male and female, control
and IUGR, sedentary and exercised offspring.

No

inhibitors L-NAME MnTBAP

Male offspring (Emax; mN mm)

Control Sedentary offspring 9.87 + 0.37 9.91+ 0.4 10.1 + 0.89
Control Exercised offspring 10.76 £ 0.68 11.63 + 0.86  10.41+0.81
IUGR Sedentary offspring 8.41+ 0.6 9.27 + 0.54 8.34+0.6

IUGR Exercised offspring 9.35 + 0.72 10.13 + 0.97 10.740.46

Female offspring (Emax: mN mm)

Control Sedentary offspring 7.37 + 0.42 9.33+0.38**  8.08+0.47

Control Exercised offspring 8.1+ 0.6 9.38+0.55 8.45+0.43
IUGR Sedentary offspring 7.55 £ 0.33 8.15+0.45 6.81+0.39
IUGR Exercised offspring 8.37 £ 0.46 9.43+0.68 8.07+0.49

Data presented as mean + SEM.** p<0.01 compared to no inhibitors and MnTBAP after a one-way
ANOVA followed by a Dunnett’s post-hoc comparison.

3.4.1.2 Vasoconstriction to high potassium solution
In both male and female offspring, neither IUGR nor AET affected the maximum

vasoconstriction to high potassium solution; male control offspring (9.4 + 0.3 mN mm-!

sedentary vs. 9.6 + 0.9 mN mm-! exercised), male IUGR offspring (8.9 + 0.5 mN mm-!
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sedentary vs. 9 + 0.4 mN mm- exercised); female control offspring (8.2 + 0.4 mN mm-!
sedentary vs. 9.2 + 0.6 mN mm-! exercised) or female IUGR offspring (7.7 £ 0.2 mN mm-

tsedentary vs. 8.5 + 0.4 mN mm- exercised).

(3 [
Male offspring Female offspring
Control IUGR Control IUGR
0.0 0.07
I .
5 8 -5.0x107 8 -5.0%x1077
o )
&0 ]
z E -1.0x107 peeeeee S -Loxi0®]
. 2 2
A é -1.5%1070 ._.‘S -1.5x107%
) o}
= [=}
-2.0x107%- -2.0x10%-
B 1.5%x10707 D
Q
2 bo 1A5x1()'6’
f 1.0x107%
== o %
] @) -6-|
8 1.0X10
b= s -
: 2 5.0x107 ED
%‘ & 5.0x107
> 2 &
0.0 e P % 0.0
Control A

-5.0x107~

HEl Sedentary B Exercised

Figure 3.1. Mesenteric artery sensitivity to phenylephrine-induced
vasoconstriction in the presence or absence of L-NAME or MnTBAP from male and
female, control and IUGR, sedentary and exercised offspring.

Panel A- Delta change in the phenylephrine pEC;, following addition of L-NAME in males
(n=10-13); Panel B- Delta change in the phenylephrine pEC;, following addition of MnTBAP in
males (n=7-9). Panel C- Delta change in the phenylephrine pEC;, following addition of L-NAME
in females (n=11-15); Panel D- Delta change in the phenylephrine pEC;, following addition of
MnTBAP in females (n=7-10). Groups include: sedentary offspring (solid) and exercised offspring
(hatched). Data are presented as mean + SEM.
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3.4.1.3 Methylcholine-induced vasodilation in male offspring
In male offspring, there was an interaction effect (p<0.04) between prenatal
environment and activity status on MCh-induced vasodilation, whereby exercise

increased vasodilation in control but decreased responses in IUGR offspring (Figure 3.2

A).
A Male offspring B Female offspring
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Figure 3.2. Cumulative concentration response curves to methylcholine in
mesenteric arteries from male and female, control and IUGR, sedentary and
exercised offspring.

Percent vasodilation to methylcholine (MCh) in mesenteric arteries from Panel A- males (n=8-13)
and Panel B- females (n=8-13). Groups include: control sedentary offspring (solid lines, closed
squares), control exercised offspring (dashed lines, open squares), IUGR sedentary offspring (solid
lines, closed triangles) and IUGR exercised offspring (dashed lines, open triangles). Data are
presented as mean + SEM and summarized as pEC;, in the inset bar graph figures: sedentary
offspring (solid) and exercised offspring (hatched). * p < 0.05 for a statistically significant interaction
between aerobic exercise training and IUGR in male offspring.

L-NAME decreased mesenteric artery sensitivity to MCh (Figure 3.3 A; Table
3.2); demonstrating that there was an NO contribution to vasodilation in all male
groups. Maximal vasodilation was also decreased in the presence of L-NAME in control

sedentary and IUGR exercised offspring (Figure 3.3 A; Table 3.2). Based on analysis of
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the delta AUC for all male groups, neither being born IUGR nor exercise affected the NO

contribution to vasodilation in male offspring (Figure 3.3 B).

The addition of MnTBAP did not affect sensitivity or maximal vasodilation of
mesenteric arteries to MCh in any of the groups (Figure 3.3 A; Table 3.2). Moreover,
analysis of delta AUC did not show a significant group effect of either phenotype or

exercise on MnTBAP treatment (Figure 3.3 B).
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Figure 3.3. Cumulative concentration response curves to methylcholine in
mesenteric arteries from male control and IUGR, sedentary and exercised
offspring in the presence or absence of L-NAME or MnTBAP.

Panel A- Percent vasodilation to MCh in mesenteric arteries from males (n=7-13). Responses to
methylcholine in control and IUGR animals in sedentary or exercised groups are shown in the
absence of inhibitors (open circles); in the presence of L-NAME (closed circles); or in the presence of
MnTBAP (open triangles). Panel B- Summary data of the delta AUC in vessels incubated with no
inhibitor or L-NAME, equivalent to the contribution of NO to the vasodilator response to MCh; and
in vessels incubated with no inhibitor or MnTBAP equivalent to the contribution of ROS to the
vasodilator response to MCh. Data are presented as mean + SEM.
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Table 3.2. Mesenteric artery summary data (pEC;, and Enm.x ) of vasodilation to
methylcholine from male control and IUGR, sedentary and exercised offspring.

No inhibitors L-NAME MnTBAP

PECso
Control sedentary offspring 7.3240.08 6.8+0.14** 7.36+0.08
Control exercised offspring 7.56+0.06 7.01£0.1%% 7.47+0.2
IUGR sedentary offspring 7.56+0.09 6.76+£0.15%**  7.43+0.11
IUGR exercised offspring 7.45+0.06 6.98+0.11**  7.504+0.09
Emax (%)

Control sedentary offspring 93.16+1.76 68.04+8.28%** 94.24+2.40
Control exercised offspring 06.26+1.39 82.27+5.96 99.03+0.44
IUGR sedentary offspring 93.76+2.08 86.54+4.25 97.73+0.81
IUGR exercised offspring 08.01+2.56 82.87+6.15% 96.81+1.58

Data presented as mean + SEM.*: ¥¥. ¥¥* p<(.05, p<0.01, p<0.001 vs. artery with no inhibitor
after Dunnett’s post-hoc test.

3.4.1.4 Methylcholine-induced vasodilation in female offspring

Neither phenotype nor AET had an effect on vasodilator responses to MCh in

female offspring (Figure 3.2 B).

In female offspring, a significant reduction in sensitivity to MCh following the
addition of L-NAME occurred in control sedentary and exercised offspring as well as
IUGR exercised offspring (Figure 3.4 A, Table 3.3). Maximal vasodilation, however, was
not reduced in the presence of L-NAME in any female group (Table 3.3). Analysis of the

delta AUC demonstrated that there was a significant interaction of phenotype and
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exercise suggesting that AET only improved NO-mediated vasodilation in control

offspring (p=0.03; Figure 3.4 B).

MnTBAP did not affect vascular sensitivity to MCh or maximal vasodilation in
either sedentary or exercised, control or IUGR female offspring (Figure 3.4 B; Table 3.3).
Delta AUC analysis demonstrated that neither AET nor being born IUGR had an effect

on the contribution of ROS to vasodilation (Figure 3.4 B).
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Figure 3.4. Cumulative concentration response curves to methylcholine in
mesenteric arteries from female control and IUGR, sedentary and exercised
offspring in the presence or absence of L-NAME or MnTBAP.

Panel A- Percent vasodilation to MCh in mesenteric arteries from females (n=7-13). Responses to
methylcholine in control and IUGR animals in sedentary or exercised groups are shown in the
absence of inhibitors (open circles); in the presence of L-NAME (closed circles); or in the presence of
MnTBAP (open triangles). Panel B- Summary data of the delta AUC in vessels incubated with no
inhibitor or L-NAME, equivalent to the contribution of NO to the vasodilator response to MCh; and
in vessels incubated with no inhibitor or MnTBAP equivalent to the contribution of ROS to the
vasodilator response to MCh. Data are presented as mean + SEM. ** p < 0.01 for a statistically
significant interaction between aerobic exercise training and IUGR in the presence of L-NAME.
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Table 3.3. Mesenteric artery summary data (pEC;, and Enm.x ) of vasodilation to
methylcholine from female, control and IUGR, sedentary and exercised offspring.

No inhibitors L-NAME MnTBAP
PECso
Control sedentary offspring 7.2840.09 6.76+0.06*  7.49+0.26
Control exercised offspring 7.37+0.14 6.55+0.12***  7.55+0.09
IUGR sedentary offspring 7.37+0.08 6.39+0.51 7.49+0.14
IUGR exercised offspring 7.57+0.06 6.88+0.16**  7.38+0.12
Emax (%)

Control sedentary offspring 91.29+3.31 86.09+5.07 98.92+0.83
Control exercised offspring 96.47+1.81 82.57+6.24 99.11+£0.39
IUGR sedentary offspring 90.75+3.13 71.7549.07  96.06+2.51
IUGR exercised offspring 03.64+2.26 83.19+7.21  97.26+1.28

Data presented as mean + SEM.* ** *** p<0.05, p<0.01, p<0.001 vs. artery with no inhibitor after
Dunnett’s post-hoc test.

3.4.2 Gastrocnemius muscle arteries vascular function

3.4.2.1 Phenylephrine-induced vasoconstriction

There were no changes regarding sensitivity to PE or maximal PE-induced
vasoconstriction in the presence or absence of L-NAME, indomethacin or Apamin +
TRAM-34 in any of the groups (male and female, control and IUGR, sedentary and

exercised; Table 3.4).

3.4.2.2 Vasoconstriction to high potassium solution

As was observed in mesenteric arteries, in both male and female offspring neither

IUGR nor AET affected maximum vasoconstriction to high potassium solution; male
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control offspring (10.6 + 0.9 mN mm-! sedentary vs. 9.7 + 1.2 mN mm- exercised), male
IUGR offspring (12.1 + 0.8 mN mm™ sedentary vs. 11.6 + 0.8 mN mm- exercised);
female control offspring (10.3 + 0.7 mN mm- sedentary vs. 8.9 + 0.5 mN mm-
exercised) or female IUGR offspring (8.9 + 0.5 mN mm™ sedentary vs. 9.6 + 0.7 mN

mm-! exercised).
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Table 3.4. Gastrocnemius muscle arteries phenylephrine-induced vasoconstriction in the presence or absence of L-
NAME, Apamin + TRAM-34 and indomethacin, from male and female, control and IUGR, sedentary and exercised

offspring.

.« peps Apamin + .

No inhibitors L-NAME TRAM-34 Indomethacin

Male offspring (Emax; mN mm)
Control Sedentary offspring 12.72 + 0.47 11.33 + 1.28 9.57 £+ 1.09 12.22 + 0.79
Control Exercised offspring 12.47 + 0.80 9.97 £ 1.24 11.33 + 1.32 10.69 + 0.38
IUGR Sedentary offspring 12.20 + 1 11.68 £ 2.2 10.29 + 0.64 11.47 + 1.68
IUGR Exercised offspring 11.4 + 1.5 8.82 + 0.99 11.03 + 1.08 11.63 + 1.27
Female offspring (Emax; mN mm)
Control Sedentary offspring 11.9 £+ 0.64 12.49 + 1.17 9.76 £ 0.53 10.99 + 0.76
Control Exercised offspring 10.94 + 0.64 10.94 + 1.8 9.95 + 0.72 9.23 + 0.69
IUGR Sedentary offspring 11.9 + 0.58 8.39 + 1.63 8.66 + 0.37 10.2 + 0.68
IUGR Exercised offspring 10.25 + 1.14 9.28 + 1.87 8.42 + 0.62 10 + 0.95

Data presented as mean + SEM.
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3.4.2.3 Methylcholine-induced vasodilation in male offspring

In male offspring, there was an interaction between being born IUGR and AET
(p=0.04) whereby maximal vasodilation to MCh tended to be increased following
exercise only in IUGR offspring (Emax; 76 + 4.9% sedentary control vs. 61.9 + 9.2%

exercised control; 71.22 + 8.1% sedentary IUGR vs. 89.9 + 6.8% exercised IUGR).

Following the addition of L-NAME, a decrease in the MCh Emnax demonstrated
that NO contributed to vasodilation in gastrocnemius muscle arteries from control
sedentary offspring, but not IUGR sedentary offspring. The variability in the IUGR
offspring data, however, was greater and thus careful interpretation of the data is
required (Figure 3.5, Table 3.5). Interestingly, NO significantly contributed to
vasodilation in both control and IUGR groups following exercise (p<0.01 and
p<0.001; Table 3.5). In addition, we found that EDH contributed to vasodilation in
gastrocnemius muscle arteries from control sedentary offspring (p<0.05) as well as
IUGR exercised offspring (p<0.001, Table 3.5). There was no significant contribution
of prostaglandins to vasodilation in any male group. Further, sensitivity to MCh was
unaltered by any inhibitor in control or IUGR, sedentary or exercised offspring (Table

3.5).

Analysis of the delta AUC demonstrated that neither phenotype nor AET had
an effect on either NO-mediated vasodilation (Figure 3.6 A) or prostaglandin-
mediated vascular responses (Figure 3.6 C). Further, EDH-mediated vasodilation was

increased only in IUGR exercised male offspring (Figure 3.6 B).
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Figure 3.5. Cumulative concentration response curves to methylcholine of
gastrocnemius muscle arteries from male, control and IUGR, sedentary and
exercised offspring in the presence or absence of L-NAME, Apamin+TRAM-34 or

indomethacin.

Percent vasodilation to MCh in gastrocnemius muscle arteries from male offspring (n=4-8).
Responses to methylcholine in control and IUGR animals in sedentary or exercised groups are
shown in the absence of inhibitors (open circles); in the presence of L-NAME (closed circles); in
the presence of Apamin+TRAM-34 (closed squares); or in the presence of indomethacin (open
squares). Data are presented as mean + SEM.
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Table 3.5. Gastrocnemius muscle artery summary data (pEC;, and Enax) of vasodilation to methylcholine from male
control and IUGR, sedentary and exercised offspring.

No inhibitors L-NAME ‘%mgz Indomethacin
PEC;so
Control Sedentary offspring 7.51+£0.16 7.73+0.63 7.52+0.09 7.37+0.18
Control Exercised offspring 7.73+£0.26 7.73+0.6 7.44+0.15 7.05+0.23
IUGR Sedentary offspring 7.60£0.14 8.04+0.61 7.63+0.14 7.21£0.08
IUGR Exercised offspring 7.37+0.09 7.19+0.17 7.57+0.13
Emax (%)
Control Sedentary offspring 76.03+4.89 20.09+6.48***  55.06+3.19% 80.25+7.66
Control Exercised offspring 58.88+10.68 17.724+6.25%* 39.16+6.72 67.17+9.63
IUGR Sedentary offspring 71.2248.12 36.6+21.65 67.65+0.81 87.17+5.28
IUGR Exercised offspring 80.92+6.82 46.06+4.87%** 42.03+7.13%** 86.63+4.17

Data presented as mean + SEM.*, ** **¥ p<0.05, p<0.01, p<0.001 vs. artery with no inhibitor after Dunnett’s post-hoc test.
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Figure 3.6. Nitric oxide, EDH and prostaglandin contribution to gastrocnemius
muscle artery vasodilation in male control and IUGR, sedentary and exercised
offspring.

Summary data of vasodilator responses to MCh in gastrocnemius muscle arteries (n=4-8). Panel
A- Summary data of the delta AUC in vessels incubated with no inhibitor or with L-NAME,;
equivalent to the contribution of NO to vasodilator responses to MCh. Panel B- Summary data of
the delta AUC in vessels incubated with no inhibitor or with Apamin+TRAM-34; equivalent to the
contribution of EDH to vasodilation. Panel C- Summary data of the delta AUC in vessels
incubated with no inhibitor or with indomethacin; equivalent to the contribution of
prostaglandins (PG) to vasodilation. Data are presented as mean + SEM; sedentary offspring
(closed bars); exercised offspring (hatched bars). ** p < 0.01 for a statistically significant exercise
effect. T p < 0.05 vs. sedentary IUGR offspring after a Bonferroni post-hoc test.
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3.4.2.4 Methylcholine -induced vasodilation in female offspring

Being born growth restricted impaired maximal vasodilation to MCh in female
offspring (Emax; 93.1 £ 0.3% control vs. 84.3 + 4.2% IUGR, p=0.02). Performing
aerobic exercise did not improve vasodilation in either control (Emax; 93.1 £ 0.3%
sedentary vs. 92.8 + 5.5% exercised) or IUGR female offspring (Emax; 84.3 + 4.2%

sedentary vs. 70. £ 10.9% exercised).

In control sedentary females, NO contributed to vasodilation (Figure 3.7,
ApECs50 p<0.05, AEmax p<0.001; Table 3.6). Following exercise, a contribution of NO
to vasodilation was still observed in control offspring (AEmax p<0.001; Table 3.6).
While neither EDH nor prostaglandins were found to significantly contribute to
vasodilation in either sedentary or exercised control offspring, the variability of the
data may have precluded the detection of more minor contributions of these
vasodilator pathways. In IUGR sedentary or exercised female offspring, there were no
significant changes in sensitivity to MCh or maximal vasodilation after the addition of
any inhibitor (Figure 3.7; Table 3.6). As observed in arteries from male ITUGR
offspring, however, the variability of the data was greater than in control groups,

complicating the interpretation.

Analysis of the delta AUC demonstrated that being born growth restricted was
associated with a reduced NO vasodilator component (p=0.007, Figure 3.8 A), an
increased involvement of prostaglandin-mediated vasoconstriction (p=0.002, Figure

3.8 C) and had no effect on EDH-mediated vasodilation (Figure 3.8 B).
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Figure 3.7. Cumulative concentration response curves to methylcholine of
gastrocnemius muscle arteries from female, control and IUGR, sedentary and
exercised offspring in the presence or absence of L-NAME, Apamin+TRAM-34 or
indomethacin.

Percent vasodilation to MCh in gastrocnemius muscle arteries from female offspring (n=4-7).
Responses to methylcholine in control and TUGR animals in sedentary or exercised groups are
shown in the absence of inhibitors (open circles); in the presence of L-NAME (closed circles); in
the presence of Apamin+TRAM-34 (closed squares); or in the presence of indomethacin (open
squares). Data are presented as mean + SEM.
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Table 3.6. Gastrocnemius muscle artery summary data (pEC;, and Em.x) of vasodilation to methylcholine from
female, control and IUGR, sedentary and exercised offspring.

Apamin +

No inhibitors L-NAME TRAM-34 Indomethacin
PECso
Control Sedentary offspring 7.61+£0.07 7.11+0.18% 7.45+0.08 7.2340.08
Control Exercised offspring 7.53+0.12 7.50+0.42 7.204+0.13 6.87+0.34
IUGR Sedentary offspring 7.20+0.11 7.2240.19 7.1+£0.1 7.43+0.08
IUGR Exercised offspring 7.56+0.13 7.21+£0.30 7.2840.11 8.1+0.22
Emax (%)

Control Sedentary offspring 93.4+3.47 32.61+12.25%**  70.13+6.33 83.84+5.67
Control Exercised offspring 92.8+5.49 36.85+16.61** 72.10+£3.97 70.04+7.17
IUGR Sedentary offspring 84.34+4.15 51.39+17.62 55.16+9.54 92.81+4.24
IUGR Exercised offspring 70.79+10.87 39.26+15.26 69.3+6.24 092.11+2.48

Data presented as mean + SEM.*, ** **¥ p<0.05, p<0.01, p<0.001 vs. artery with no inhibitor after Dunnett’spost-hoc test.
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Figure 3.8. Nitric oxide, EDH and prostaglandin contribution to gastrocnemius
muscle artery vasodilation in female, control and IUGR, sedentary and exercised
offspring.

Summary data of vasodilator responses to MCh in gastrocnemius muscle arteries (n=4-7). Panel
A- Summary data of the delta AUC in vessels incubated with no inhibitor or with L-NAME;
equivalent to the contribution of NO to the vasodilator responses to MCh. Panel B- Summary data
of the delta AUC in vessels incubated with no inhibitor or with Apamin+TRAM-34; equivalent to
the contribution of EDH to vasodilation. Panel C- Summary data of the delta AUC in vessels
incubated with no inhibitor or with indomethacin; equivalent to the contribution of
prostaglandins (PG) to vasodilation. Data are presented as mean + SEM; sedentary offspring
(closed bars); exercised offspring (hatched bars). Being born growth restricted was associated
with a reduced NO vasodilator component, an increased involvement of prostaglandin-mediated
vasoconstriction, and had no effect on EDH-mediated vasodilation. ** p < 0.01 for a statistically
significant TUGR effect.
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3.5 Discussion

Using a hypoxia-induced IUGR model, we found that female IUGR offspring had
reduced NO-mediated vasodilation in both mesenteric and gastrocnemius muscle
arteries; while in male TUGR offspring NO-mediated vasodilation was reduced only in
the gastrocnemius muscle arteries. Furthermore, we demonstrated that female ITUGR
offspring had a decreased vasodilator response in gastrocnemius muscle arteries and
there was an increase in prostaglandin-mediated vasoconstriction. Interestingly,
while in control offspring AET increased vasodilator responses in mesenteric arteries
from males and enhanced NO-modulation in mesenteric arteries from females in
IUGR offspring, AET only improved EDH-mediated vasodilation in gastrocnemius

muscle arteries from males.

Previous studies have also associated a hypoxic insult during the last third of
pregnancy with vascular dysfunction in the offspring. Prenatal hypoxia in rats has
been associated with increased fetal aortic thickness,98:103 and with increased vascular
ONOO- generation,% which can lead to endothelial dysfunction. In addition, it has
been shown in neonatal rats that there was an enhanced femoral vasoconstrictor
response to PE while this response in carotid arteries was decreased; demonstrating
that neonatal vascular adaptations following a hypoxic insult are vascular bed specific
and may be pivotal in increasing blood flow to vital organs such as the brain while
reducing blood flow to other organs.s In both male and female IUGR offspring as
adults, the contribution of NO to mesenteric artery vasodilation was reduced.86.87.98,104
In one previous study, only female IUGR offspring demonstrated an enhanced

MEGJ/EDH-mediated vasodilation in mesenteric arteries as a possible compensatory
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mechanism to maintain vascular function.8¢ In the current study, however, EDH-
mediated vasodilation was not significantly enhanced in gastrocnemius muscle

arteries from either male or female IUGR offspring.

The present study also demonstrated that exposure to hypoxia in utero was
associated with an enhanced PG-mediated vasoconstriction in the gastrocnemius
muscle arteries in IUGR female offspring. Mechanisms that have been associated with
increased prostaglandin-mediated vasoconstriction include: upregulation of COX-1
and 2; activation of COX-1 and 2 by ROS and enhanced activation of thromboxane
receptors. Interestingly, increased PG-mediated vasoconstriction has been associated
with conditions of vascular pathologies such as hypertension23¢ and diabetes23! as well
as aging.32t The increased PGHS-dependent constriction observed in our study of
young female adults exposed to prenatal hypoxia suggests the development of

vascular pathology prior to overt disease.

Our data suggest that the mechanisms which lead to endothelial dysfunction in
IUGR offspring differ according to sex; with a greater negative impact on female
IUGR offspring compared to male IUGR offspring. Contrary to our findings, Ozaki et
al. found that both hypertension and vascular dysfunction in the offspring of protein-
restricted dams was predominant among male offspring.322 In a model of
uteroplacental insufficiency fetal programming, however, female offspring exhibited
increased arterial wall stiffness in uterine and renal arteries in the absence of altered
vascular reactivity in either mesenteric or femoral vascular beds.323 Further, previous
findings from our laboratory have determined that in aged female ITUGR offspring

NO-mediated, flow-induced vasodilation was reduced and there was a predominant
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EDH-mediated vasodilator component compared to male IUGR offspring.87 In
addition, with aging the mechanisms involved in preserving EDH-mediated
vasodilation were different between sexes; a decrease in the contribution of MEGJ to
vasodilation has been found in aged male IUGR offspring compared to aged female
IUGR offspring.8¢ It has also been reported that a hypoxic insult during pregnancy
increased myogenic tone in mesenteric arteries in only male ITUGR offspring.105 We
can conclude that the type and severity of the insult that create a phenotype, the
vascular bed assessed, as well as the sex of the offspring all play a role in the

presentation of vascular dysfunction later in life following a compromised pregnancy.

AET has been shown to improve vascular function by increasing NO
bioavailability278 and by reducing ROS.275 Our findings in control female offspring
showed that AET enhanced NO-mediated vasodilation without affecting total
vasodilation responses in mesenteric arteries. This could be due to a reduction in
other vasodilatory pathways such as EDH or PG; however, it is also possible that there

is the potential for redundancy of vasodilator mechanisms.

Our results regarding ROS did not demonstrate improved vasodilation with a
ONOO- scavenger. The impairment of NO-mediated vasodilation observed in female
IUGR offspring, therefore, was not likely to be secondary to a reduction in NO
bioavailability via scavenging by O. -and might instead be due to a decrease in NO

production. Further experiments are needed in order to assess this observation.

In accordance with our findings, it has previously been demonstrated that

exercise training was associated with an increase in EDH-mediated vasodilation in
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animal models of disease such as hypertension284.324 and diabetes.325 The mechanism
by which this improvement may occur is not completely understood and remains
under investigation. Exercise training, however, has been shown to increase whole cell
K+ current activation and improve functional gating of K., channels without affecting
protein expression in coronary arteries from diabetic dislipidemic pigs.32¢ In addition,
Milkau et al. determined that EDH-mediated vasodilation was crucial for active
hyperemia, and was mediated through the activation of endothelial SK., and spread
along the vascular wall via connexin 40 endo-endo and myo-endo gap junctions.327
Upregulation of SKca and connexin 40 or improvement of their function could,
therefore, be involved in the beneficial effect of AET in the vasculature observed in

male ITUGR offspring.

In conclusion, exposure to hypoxia in utero was associated with decreased NO-
mediated vasodilation in female offspring in both mesenteric and gastrocnemius
muscle arteries. An increase in PG-mediated vasoconstriction in gastrocnemius
muscle arteries was also observed in female IUGR offspring. Our data suggest that
exercise enhanced NO-mediated vasodilation in female control offspring but not
IUGR offspring. Furthermore, exercise improved EDH-mediated vasodilation only in
male IUGR offspring. Results from the present study highlight that understanding the
mechanisms by which exercise impacts specific vascular beds in a susceptible
population is essential. Exercise may not prove to be a beneficial instrument for
specific vascular pathways affected by prenatal hypoxia, particularly in female

offspring.
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4 Aerobic exercise training reduces cardiac function in adult male

offspring exposed to prenatal hypoxia3

4.1 Introduction

Intrauterine growth restriction following a hypoxic insult has been associated with
specific cardiac structural changes from early stages in development. It has been
established that chronic exposure to hypoxia during pregnancy is associated with a
decrease in fetal and neonatal cardiomyocyte proliferation and an increase in
cardiomyocyte apoptosis.919¢ Furthermore, an increase in collagen deposition soon after
birth9¢ and later in life89 has been found in offspring exposed to hypoxia in utero.
Moreover, cardiovascular functional changes in offspring born from hypoxic pregnancies
have also been reported. Kane et al.97 found that chronic exposure to hypoxia during
pregnancy leads to an increased sympathetic output and increase in baroreflex gain in
adult offspring. In addition, hypoxia-induced TUGR has been associated with an
increased oxidized/reduced glutathione ratio in the myocardium; demonstrating an
increase in oxidative stress.234 Moreover, adult offspring born from hypoxic pregnancies

have an increased susceptibility to cardiac I/R injury.89:100,101,107

3 A version of this Chapter was published in a peer reviewed journal:

Reyes LM, Kirschenman R, Quon A, Morton JS, Shah A, Davidge ST. Aerobic exercise training reduces
cardiac function in adult male offspring exposed to prenatal hypoxia. Am J Physiol Regul Integr Comp
Physiol. 2015; 309: R489-98.

Reyes LM: Contribution: Data collection: 80%, data analyses: 100%, manuscript writer: 100%,, paper
submission: 100%..

Kirschenman R Contribution: Handle the animals in the exercise protocol.

Quon A Contribution: Prepared the samples and performed the western blots.

Shah A Contribution: Data collection.

Morton JS and Davidge ST Contribution: Critical review of the manuscript.
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As previously addressed in Chapter 1, there are several mechanisms by which AET
could potentially improve cardiac outcomes; however, a reduction in ROS is one of the
main mechanisms by which AET may confer cardioprotection. AET has been shown to
improve the antioxidant capacity of cardiomyocytes; several studies have shown that
SOD-1, SOD-2, CAT and GPx protein expression and/or activity are upregulated
following AET.274 Exercise, nonetheless, has also been shown to cause transient
myocardial damage 289 and atrial fibrillation.2%¢ Likewise, AET was shown to negatively
impact ROS modulation in an animal model of obesity and diabetes.29* Thus, whether
cardioprotection can be achieved through exercise in compromised populations is
debatable and further investigation is required to determine the effects of AET in a
susceptible population such as IUGR offspring. We have shown (Chapter 3, 328) that AET
had a beneficial vascular effect in only male IUGR offspring; where an enhanced EDH -
mediated vasodilation in gastrocnemius muscle arteries was found. The impact of AET

on cardiac performance in IUGR offspring, however, remains unknown.

4.2 Objectives

The present study encompasses three objectives. The first aim was to evaluate
whether AET could alter cardiac structure. The second aim was to determine whether
AET could improve cardiac performance after I/R injury in IUGR offspring. Finally, we
wanted to assess the role of ROS in the pathophysiology of I/R injury in IUGR offspring.
Thus, the third aim was to investigate whether AET improved cardiac protein expression
of antioxidant enzymes such as SOD-1, SOD-2 and CAT, and reduced cardiac O -

production.
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4.3 Methods

4.3.1 In vivo Echocardiography

At 15 weeks of age, rats (control and IUGR, sedentary and exercised, male and
female) were anesthetized with inhaled isoflurane (2% mixed with 1.5 L/min 19.5% O..
for the initial induction, and thereafter 1.5% after the loss of consciousness). Rats were
immobilized on a heating platform in a supine position and their extremities were fixed
to electrodes on the heating platform surface. Electrocardiogram electrodes continuously
monitored heart rate and respiratory rate. Body temperature was monitored using a
rectal probe. After depilating the chest area, a transthoracic echocardiography was
performed using the Vevo 2100 digital imaging platform (VisualSonics, Canada) with a
13-23 MHz transducer. M-mode images from the parasternal short and long axis views,
as well as pulse-wave Doppler images were taken. Animals from the exercised groups did
not perform the exercise protocol on the day of echocardiographic assessment. The
following formulas were used to calculate echocardiogram parameters; left ventricular
internal diameter in diastole (LVIDgias); left ventricular internal diameter in systole
(LVIDgys), left ventricular volume in diastole (LVVa4ias) and left ventricular volume in

systole (LVVsys).

Left ventricular volume; diastole = (7.0/(2.4 + LVIDgias)) * LVIDgias3

Left ventricular volume; systole = (7.0/(2.4 + LVIDsys)) * LVIDgys3

% Ejection fraction = 100 * ((LVVdias — LVVsys) / LVVaias)

% Fractional shortening = 100 * ((LVIDgias — LVIDsys) / LVIDgias)
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Left ventricular mass = 1.053 * ((LVIDgias + LVPWaias + IVSaias)3 — LVIDgias3)

4.3.2 Ex vivo Ischemia/Reperfusion protocol

At 16 weeks of age, and 24 hours after the last bout of exercise, offspring were
anesthetized with a single dose (1.5 mL in a 4 litre chamber) of inhaled isoflurane. When
the pedal reflex was absent, hearts were rapidly excised and the aortas were fixed to a
cannula and perfused in a retrograde Langendorff mode with Krebs—Henseleit solution
[in mmol/L: 120 NaCl, 25 NaHCOs, 5.5 glucose, 4.7 KCl, 1.2 KH.PO,, 1.2 MgSO, and 2.5
CaCl, (pH 7.4 gassed with 95% O, and 5% CO.)]. The left atrium was cannulated and
hearts were subsequently perfused in an anterograde working heart mode. Hearts were
paced at 300 b.p.m. The working heart protocol included 30 min of baseline (pre-
ischemia), followed by 10 min of global, no-flow ischemia and 40 min of reperfusion.
This protocol was based on previous data where isolated heart experiments were carried
out in young and aged offspring.107.187 Measurements of cardiac function were obtained
every 10 min. Signals from all sensors (flow, pressure, temperature, ECG) were acquired
using an interface and recorded using the Isoheart Software (Harvard Apparatus, USA).
Cardiac performance during the I/R protocol was determined as previously
described07:329 by calculating cardiac power [peak systolic pressure (mmHg) — maximal

preload (mmHg) * cardiac output (mL/ min) * 0.13] / heart dry weight (g).

4.3.3 Western blot analyses in non-perfused hearts

Non-perfused heart tissue was homogenized in a lysis buffer containing [in
mmol/L: 20 Tris (pH 7.4), 5 EDTA, 10 sodium pyrophosphate tetrabasic, 100 sodium
fluoride, and 1% NP-40, and Protease Inhibitor Cocktail (1X Halt™ protease inhibitor,

Thermo scientific, USA)]. Protein concentrations were determined by bicinchoninic acid
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assay (Pierce). A total of 100 pg of protein was loaded and subsequent sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting were
performed. Membranes were blocked with blocking buffer for fluorescent western
blotting (Rockland Immunochemicals Inc., USA) and they were incubated with anti-
SOD-1 C-17 (1:1,000; Santa Cruz Biotechnology, USA), anti-SOD-2 FL (1:2,000; Santa
Cruz Biotechnology, USA), anti-CAT (1:1,000; Abcam, UK), or anti-GPx (1:5,000;
Abcam, UK) and re-probed with anti-a-tubulin (1:2,500; Abcam, UK) for protein loading
control. Finally, membranes were probed with the following secondary antibodies
(1:10,000; IRDye 800 donkey and 1:10,000; IRDye 680 donkey; USA). Imaging was
performed on a Li-Cor Odyssey system. Protein bands were quantified with
corresponding software (Li-Cor Biosciences, Canada). Results were normalized to o-

tubulin.

4.3.4 Superoxide detection in cardiac tissue

A piece of non-perfused left ventricle was embedded in optimal cutting medium
(OCT) and snap-frozen in liquid nitrogen and stored at -80 °C until use. Sections were
cut at 20 um using a cryostat. O, - generation was measured by staining the tissues with
dihydroethidium (DHE). DHE is a cell permeable compound which reacts with
intracellular and extracellular O, - to produce ethidium. Fluorescence is generated when
ethidium then binds to nuclear DNA. Four slides with four sections (one from each
group: control sedentary, control exercised, IUGR sedentary, and IUGR exercised) were
prepared for male and female offspring. This allowed measurements for each tissue to be
replicated four times. Slides were thawed, washed three times with Hanks’ balanced salt

solution (HBSS), and incubated for 10 min at 37 °C. After removal of HBSS, fresh DHE
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(200 umol/L) was added and the slides were incubated for 30 min at 37 °C. After
removal of DHE and washes with HBSS, slides were immediately viewed using a
fluorescence microscope (IX81 Olympus, Japan) and images were obtained with
cellSense (Olympus, Japan). All samples were analyzed within 1 hour of staining. Images

are presented at 20X magnification.

4.3.5 Statistical analyses

The data are presented as mean + SEM. This study had a two-way ANOVA design
where the effect of being born growth restricted and the effect of AET were determined.
Female and male offspring data were analyzed separately due to differences in their
phenotype. All the variables were tested using a two-way ANOVA followed by a
Bonferroni post hoc test. To determine cardiac performance after ischemia, a mean of
the baseline cardiac power in each group was estimated and then the percentage
recovery of cardiac power was calculated. For western blot analyses, comparisons
between the groups were performed by normalizing to the sedentary control group and
then assessing the percent change in the other groups (control exercised, IUGR
sedentary and IUGR exercised). For DHE analyses, the mean intensity of the staining
was normalized to the number of nuclei/picture using ImageJ software (National
Institutes of Health, USA), and an average of the four pictures was calculated.
Comparisons between the groups were performed by normalizing to the sedentary
control group and then assessing the percent change in the other groups (control
exercised, IUGR sedentary and IUGR exercised). Statistical significance was defined as
p<0.05. All data were analyzed using GraphPad Prism 6 statistical software (GraphPad

Software, USA).
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4.4 Results

4.4.1 Echocardiography

In male offspring, neither being born from a hypoxic environment nor AET
affected left ventricular wall dimensions or heart function variables such as ejection
fraction, fractional shortening or stroke volume (Table 4.1). No changes in the aortic or
pulmonary valve flow were found and mitral valve function was preserved in all groups

(Table 4.2).

In female offspring, there were no differences among the groups regarding left
ventricular wall dimensions and systolic function (ejection fraction, fractional
shortening and stroke volume, Table 4.3). Moreover, we found that compared to control
sedentary female offspring, pulmonary valve peak velocity was increased in IUGR
sedentary female offspring (control 910.3+49.5 ms vs. IUGR 1028.3+74.8 ms; p<0.05,
Table 4.4). There were no differences among the groups regarding diastolic function

(mitral valve function, Table 4.4).
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Table 4.1. Echocardiographic data obtained from male control and IUGR,
sedentary and exercised offspring.

Control Control IUGR IUGR

Sedentary Exercised Sedentary Exercised
Morphologic parameters
IVS; diastole (mm) 1.21+0.08 1.02+0.03 1.18+£0.06 1.22+0.08
IVS; systole (mm) 1.69+0.12 1.50£0.10 1.68+0.05 1.76+0.13
LVAW; diastole (mm) 2.16+0.07 2.20+0.15 2.31+0.16 1.9740.10
LVAW; systole (mm) 3.55+0.10 3.794+0.22 3.70+0.19 3.46+0.12
LVID; diastole (mm) 8.34+0.28 7.99+0.28 8.05+0.24 8.34+0.09
LVID; systole (mm) 4.4940.36 4.45+0.16 4.4440.25 4.5740.16
LVPW; diastole (mm) 2.44+0.14 2.46+0.18 2.2440.06 2.20+0.08
LVPW; systole (mm) 3.70+0.21 3.44+0.20 3.52+0.11 3.39+0.15
LV mass (mg) 1211.30+61.74 996.81+82.03 1053.42443.95 1101.02+50.63
%;igr;lg)s s/body weight 1.89+0.12 1.70£0.10 1.71£0.06 1.86+0.07
Volume parameters
LV volume; diastole (ulL) 383.38+27.46 346.95+27.62 352.21+23.41 378.70+9.10
LV volume; systole (uL) 100.29+16.85 91.08+7.81 93.11+11.67 96.72+7.63

Systolic function

Stroke volume (uL) 206.43+18.98 289.74+21.94 286.18+13.33 312.20+16.19
Ejection fraction (%) 82.74+1.81 82.52+1.51 80.04+1.43 80.29+1.61
Fractional shortening (%) 53.96+1.98 53.29+1.76 50.66£1.39 50.95+1.69
Cardiac output (mL/min) 01.16+6.96 102.73411.09 88.30+6.26 111.96+10.37

Data are presented as mean + SEM. IVS: inter ventricular septum; LVAW: left ventricular anterior wall;
LVID: left ventricular internal diameter; LVPW: left ventricular posterior wall; LV: left ventricle.
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Table 4.2. Pulse-wave Doppler data obtained from male control and IUGR, sedentary and exercised offspring.

Control Control IUGR IUGR

Sedentary Exercised Sedentary Exercised
Aortic valve flow
Ejection time (ms) 89.54+9.57 75.45%4.21 76.18+3.39 74.69+3.04
Outflow maximum ejection velocity (mm/s) 1024.37+40.64 1139.50+114.36 985.09+47.14 984.36+90.97
Peak pressure gradient (mmHg) 4.26+0.33 5.40+1.00 4.094+0.42 4.07+0.80
Pulmonary valve flow
Acceleration time [PAT] (ms) 36.89+1.35 34.64+4.36 35.26+2.02 35.07+3.00
Ejection time [PET] (ms) 77.7842.34 74.084+2.48 78.57+2.96 77.38+1.98
Valve peak velocity (ms) 874.85+60.73 921.75+22.41 052.33+42.96  933.88+78.85
PAT/PET 0.48£0.02 0.474£0.06 0.45+0.02 0.45+0.03
Peak pressure gradient (mmHg) 3.214+0.50 3.41+0.16 3.60+0.34 3.64+0.63
Mitral valve
Ejection time (ms) 55.38+3.90 54.47+3.29 54.05+3.05 55.38+3.76
IVCT (ms) 26.55+1.96 22.71+£3.02 26.49+3.05 21.97+2.57
IVRT (ms) 25.68+1.48 25.99+1.89 26.52+1.10 209.22+2.82
E velocity (mm/s) 795.12+41.65 763.14+51.55 706.50+38.09 754.74+54.62
A velocity (mm/s) 599.07+58.06 533.14+31.68 539.39+44.99  557.08+49.02
E/A ratio 1.40+0.12 1.44+0.06 1.34+0.06 1.3740.07
Tei index 0.99+0.09 0.93+0.13 1.02+0.11 0.96+0.11

Data are presented as mean + SEM. IVCT: isovolumetric contraction time; IVRT: isovolumetric relaxation time.
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Table 4.3. Echocardiographic data obtained from female control and IUGR,
sedentary and exercised offspring.

Control Control IUGR IUGR

Sedentary Exercised Sedentary Exercised
Morphologic parameters
IVS; diastole (mm) 0.95+0.08 0.9740.05 1.10+0.12 1.08+0.10
IVS; systole (mm) 1.58+0.05 1.4340.12 1.88+0.33 1.74+0.15
Diastolic diameter (mm) 7.1340.19 6.95+0.36 6.75+0.28 7.22+0.15
Systolic diameter (mm) 3.26+0.17 3.43+0.33 2.754+0.32 3.23+0.19
LVAW,; diastole (mm) 1.68+0.08 1.78+0.11 1.7040.14 2.03+0.13
LVAW; systole (mm) 3.19+0.08 2.95+0.13 3.12+0.30 3.47+0.14
LVID; diastole (mm) 7.204+0.22 7.094+0.39 6.90+0.26 7.18+0.14
LVID; systole (mm) 3.63+0.21 3.77+0.33 3.05+0.36 3.59+0.21
LVPW; diastole (mm) 1.88+0.08 1.86+0.19 1.85+0.10 1.83+0.08
LVPW; systole (mm) 3.01+£0.10 3.09+0.22 3.234+0.15 3.0440.06
LV mass (mg) 703.04+29.53 656.44+68.82 673.80+63.43 696.42+53.64
%ng}lga)ss/ body weight 2.04+0.14 1.99+0.27 2.09+0.14 1.94+0.14
Volume parameters
LV volume; diastole (ulL) 275.14+18.21 267.77£33.27  249.96+20.27 270.90+12.02
LV volume; systole (uL) 57.92+6.82 64.43+13.42 41.48+10.61 55.70+7.81
Systolic function
Stroke volume (uL) 224.404+13.14  204.12+20.28 206.45+14.41 231.42+9.95
Ejection fraction (%) 83.56+1.67 80.73+2.40 87.54+2.37 84.40+1.71
Fractional shortening (%) 54.42+2.17 51.13+2.48 59.80+3.38 55.32+2.15
Cardiac output (mL/min) 76.91+4.24 69.31+7.71 68.09+6.01 72.02+6.13

Data are presented as mean + SEM. IVS: inter ventricular septum; LVAW: left ventricular anterior wall; LVID: left
ventricular internal diameter; LVPW: left ventricular posterior wall; LV: left ventricle.

111



Table 4.4. Pulse-wave Doppler data obtained from female control and IUGR, sedentary and exercised offspring.

Control Control IUGR IUGR

Sedentary Exercised Sedentary Exercised
Aortic valve flow
Ejection time (ms) 69.85+2.74 74.32+3.70 70.80+4.52 69.98+3.91
Outflow maximum ejection 0972.32449.29 795.91+38 908.58+44.41 030.93+61.80
velocity (mm/s)
Peak pressure gradient (mmHg) 3.85+0.38 2.56+0.24 3.35+0.33 3.56+0.48
Pulmonary valve flow
Acceleration time [PAT] (ms) 31.93+2.49 36.41+4.41 32.20+2.57 27.7543.30
Ejection time [PET] (ms) 80.16+2.51 77.32+6.58 82.92+2.82 77.20+5.59
Valve peak velocity (ms) 910.26+49.47 809.86+42.15 1028.34+74.82 904.50+87.32
PAT/PET 0.40+0.03 0.47£0.03 0.39+0.03 0.37+0.04
Peak pressure gradient (mmHg) 3.39+0.40 2.66+0.29 4.36+0.63 3.46+0.69
Mitral valve
Ejection time (ms) 51.26+3.08 54.15+5.36 56.01+3.76 55.97+3.76
IVCT (ms) 25.78+2.30 27.24+2.88 21.97+2.92 23.75+4.49
IVRT (ms) 24.57+1.90 26.01+2.51 23.47+0.44 24.40+1.36
E velocity (mm/s) 798.09+29.84 719.75+53.43 744.31+£47.03 771.69+48.54
A velocity (mm/s) 533.35+27.13 542.25+27.43 523.06+47.29 602.02479.17
E/A ratio 1.52+0.09 1.334£0.10 1.46+0.12 1.35+0.12
Tei index 1.03+0.10 1.03+0.11 0.86+0.14 0.92+0.17

Data are presented as mean + SEM.
ANOVA IUGR effect.

IVCT: isovolumetric contraction time; IVRT: isovolumetric relaxation time. Underline indicates a two-way
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4.4.2 Ischemia/Reperfusion protocol

In male offspring, cardiac performance was similar in control and IUGR
sedentary groups during the pre-ischemia period (p>0.05; Figure 4.1 A, 4.1 B). A
Bonferroni post hoc reveled that AET increased baseline cardiac performance in control
offspring, while cardiac performance in male IUGR offspring was reduced (Figure 4.1 A,
4.1 B). During reperfusion, being born growth restricted was associated with a decrease
in cardiac power (p=0.03; Figure 4.1 C). Moreover, being born growth restricted was
associated with a decrease in the percent recovery following the ischemic insult (p=0.04;

Figure 4.1 D).

In female offspring, there were no differences in cardiac performance between
control and IUGR sedentary offspring during the pre-ischemia period (Figure 4.2 A, 4.2
B). Interestingly, and contrary to our observations in male offspring, AET did not affect
pre- or post-ischemic cardiac performance in either control or IUGR female offspring
(Figure 4.2 A, 4.2 B, 4.2 C). Consequently, the percent recovery of cardiac power

following the ischemic event was also similar in all groups (Figure 4.2 D).
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Figure 4.1. Male cardiac performance during ischemia/reperfusion protocol.

Panel A- A baseline cardiac performance of 30 min was obtained, followed by 10 min of global, no-
flow ischemia and 40 min of reperfusion. Groups include: control sedentary offspring (solid line,
closed squares, n=7); control exercised offspring (dashed line, open squares, n=6); IUGR sedentary
offspring (solid line, closed triangles, n=9) and IUGR exercised offspring (dashed line, open
triangles, n=8). Panel B- Summary data of cardiac performance during pre-ischemia. Panel C-
Summary data of cardiac power during reperfusion. Panel D - Summary data of percent recovery of
cardiac power after the ischemic event. Data are summarized and presented as mean + SEM.
Sedentary male offspring (closed bars); exercised male offspring (hatched bars). Data were analyzed
by 2-way ANOVA; # p=0.03, T p=0.04: group effect control vs. IUGR; * p<0.05 Bonferroni post hoc
test control exercised vs. ITUGR exercised.
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Figure 4.2. Female cardiac performance during ischemia/reperfusion protocol.

Panel A- A baseline cardiac performance of 30 min was obtained, followed by 10 min of global, no-
flow ischemia and 40 min of reperfusion. Groups include: control sedentary offspring (solid line,
closed squares, n=6); control exercised offspring (dashed line, open squares, n=8); IUGR sedentary
offspring (solid line, closed triangles, n=7) and ITUGR exercised offspring (dashed line, open
triangles, n=8). Panel B - Summary data of cardiac performance during pre-ischemia. Panel C-
Summary data of cardiac power during reperfusion. Panel D - Summary data of percent recovery of
cardiac power after the ischemic event. Data are summarized and presented as mean + SEM and
were analyzed by 2-way ANOVA. Sedentary female offspring (closed bars); exercised female
offspring (hatched bars).
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4.4.3 Protein expression of antioxidant enzymes in non-perfused hearts

In male offspring, cardiac protein expression of SOD-1 (Figure 4.3 A), SOD-2
(Figure 4.3 B), catalase (Figure 4.3 C) and glutathione peroxidase (control sedentary
100+24.0% vs. exercised 112.4+15.3%; and IUGR sedentary 131.4+38.9% vs. exercised

103.6+£25.5%) was not different among the groups.

Conversely in female offspring, AET increased cardiac protein expression of SOD-
1in both control offspring (sedentary 100+15.3% vs. exercised 272.7+86.4%); and IUGR
offspring (sedentary 163.8+33.6% vs. exercised 231.2+65.0%; p<0.05; Figure 4.4 A).
Cardiac protein expression of SOD-2 (Figure 4.4 B), catalase (Figure 4.4 C) and
glutathione peroxidase (control sedentary 100+13.9% vs. exercised 82.2+9%; and ITUGR
sedentary offspring 129.9+24.2% vs. exercised 109.6+22.4%) were not different among

the groups.

4.4.4 Superoxide production in non-perfused hearts

In male offspring, AET decreased O, -generation in control offspring while in
IUGR offspring; AET had the opposite effect (control sedentary 100+15.9% vs. exercised
62.9+6.9%; and IUGR sedentary 74.3+16.5% vs. exercised 93.1+10.5%; interaction effect

p=0.05; Figure 4.5 A-4.5 F).

In female offspring, neither IUGR nor AET had an effect on O, - production

(Figure 4.6 A- 4.6 F).
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Figure 4.3. Cardiac protein expression of antioxidant enzymes in male control and
IUGR, sedentary and exercised offspring.

Protein expression in non-perfused cardiac tissue of antioxidant enzymes in male sedentary
offspring (closed bars, n=9) and male exercised offspring (hatched bars, n=7). All data are presented
as a ratio of the protein of interest to a-tubulin. The sedentary control group was normalized to 100%
and then the percent change of the other groups (control exercised, IUGR sedentary and IUGR
exercised) was assessed. Panel A - Representative image of a western blot membrane probed for
SOD-1, a-tubulin and summary data of SOD-1 protein expression. Panel B - Representative image of
a western blot membrane probed for SOD-2, -tubulin and summary data of SOD-2 protein
expression. Panel C - Representative image of a western blot membrane probed for catalase, a-
tubulin and summary data of catalase protein expression. Data are summarized and presented as
mean + SEM and were analyzed by 2-way ANOVA.
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Figure 4.4. Cardiac protein expression of antioxidant enzymes in female control
and IUGR, sedentary and exercised offspring.

Protein expression in non-perfused heart tissues of antioxidant enzymes in female sedentary
offspring (closed bars, n=9) and female exercised offspring (hatched bars, n=7-9). All data are
presented as a ratio of the protein of interest to a-tubulin. The sedentary control group was
normalized to 100% and then the percent change of the other groups (control exercise, IUGR
sedentary and IUGR exercise) was assessed. Panel A - Representative image of a western blot
membrane probed for SOD-1, a-tubulin and summary data of SOD-1 protein expression. Panel B -
Representative image of a western blot membrane probed for SOD-2 , a-tubulin and summary data
of SOD-2 protein expression. Panel C - Representative image of a western blot membrane probed for
catalase, a-tubulin and summary data of catalase protein expression. Data are summarized and
presented as mean + SEM and were analyzed by 2-way ANOVA; * p<0.05: group effect sedentary vs.
exercised.
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Figure 4.5. DHE staining in non-perfused hearts from male control and IUGR,
sedentary and exercised offspring.

O, - production as assessed by DHE staining in non-perfused hearts. The sedentary control group
was normalized to 100% and then the percent change of the other groups (control exercised, IUGR
sedentary and IUGR exercised) was assessed. Representative images of Panel A - male control
sedentary Panel B - male control exercised, Panel C - male IUGR sedentary, Panel D - male ITUGR
exercised and Panel E - negative control for DHE staining. Panel F- Summary data of male sedentary
offspring (closed bars, n=4-5) and male exercised offspring (hatched bars, n=4-5). Data are
summarized and presented as mean + SEM and were analyzed by 2-way ANOVA.
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Figure 4.6. DHE staining in non-perfused hearts from female control and IUGR,
sedentary and exercised offspring.

O, - production as assessed by DHE staining in non-perfused hearts. The sedentary control group
was normalized to 100% and then the percent change of the other groups (control exercised, [UGR
sedentary and IUGR exercised) was assessed. Representative images of Panel A - female control
sedentary Panel B - female control exercised, Panel C - female IUGR sedentary, Panel D - female
IUGR exercised and Panel E - negative control for DHE staining. Panel F - Summary data of female
sedentary offspring (closed bars, n=3-6) and female exercised offspring (hatched bars, n=5). Data
are summarized and presented as mean + SEM and were analyzed by 2-way ANOVA.
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4.5 Discussion

In this study we tested aerobic exercise as an intervention to prevent susceptibility
to cardiac I/R injury in hypoxic-induced IUGR adult offspring. To the best of our
knowledge, this is the first study designed to determine the impact of AET on cardiac
function in offspring born from hypoxic pregnancies. As expected, in male control
offspring AET improved basal cardiac performance and decreased cardiac O -
generation. In male IUGR offspring, however, the opposite was observed whereby AET
reduced cardiac performance and increased cardiac O, - generation. Recovery of cardiac
performance during the reperfusion period was not affected by AET in either control or
IUGR offspring. The interaction of growth restriction and exercise, therefore, had a
detrimental effect on cardiac function in male offspring. In females, there was no effect
of ITUGR or AET on basal cardiac performance nor did AET have an effect on the
recovery of cardiac performance during the reperfusion period. We further observed that
AET increased cardiac SOD-1 expression in both control and IUGR female offspring that
was not observed in male offspring. The female sex, therefore, appeared to be protected
against the detrimental effects of a compromised in utero environment on cardiac
function and this may have been due to an improved antioxidant status. In males,
exercise was found to have a differential effect on the levels of oxidative stress, as
assessed by O.'- levels, dependent on the in utero condition experienced by the
offspring. Since the expression levels of antioxidants measured in this study were found
to be unaltered, this might be due to differential expression of pro-oxidants or

differential activity levels of either pro- or antioxidants.
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Our findings in male IUGR exercised offspring imply a basal cardiac maladaptation
to AET in this group. Altered cardiac function in male IUGR exercised offspring could be
secondary to an increase in sympathetic tone following exercise. Being born small for a
given gestational age at term has been associated with reduced HRV33° and an increase
in plasma NE;33t which suggests that IUGR is associated with an imbalance in autonomic
tone. In a swine model of myocardial infarction, Duncker et al.,332 found that during
exercise swine had an exaggerated withdrawal of cardiac parasympathetic tone,
increased plasma levels of NE and epinephrine, and a blunted B-adrenergic cardiac
response while B-adrenergic vasodilation in the coronary vasculature was maintained;
suggesting cardiac specific p-adrenergic desensitization. Thus, in our animal model, a
preexisting autonomic imbalance could lead to a state of B-adrenergic desensitization,
which would be detrimental only under stress conditions such as aerobic exercise and
would impair the normal cardiac adaptations to AET. Moreover, we also found that AET
in male offspring decreased cardiac O, - generation in controls while the opposite effect
occurred in IUGR offspring; with no changes in the protein expression of any of the
antioxidant enzymes studied. Since it has been previously shown that vagal nerve
stimulation modulates cardiac redox status and adrenergic drive in mice with chronic
heart failure,333 an association between an increased sympathetic tone, and the increase

in ROS in IUGR exercised offspring could be made.

In female offspring, despite preserved ex vivo cardiac function, we demonstrated
that IUGR offspring had an increase in pulmonary valve peak velocity in vivo. It has
been previously described that female ITUGR offspring exhibited signs of pulmonary

hypertension only with aging.88 Changes in the pulmonary valve peak velocity in our
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young female offspring suggest that cardiac remodeling could be occurring in the
absence of overt signs of cardiac dysfunction either ex vivo or in vivo; AET did not alter
any other echocardiogram functional or morphological parameters in either control or
IUGR offspring. Morphological adaptations of the heart, however, may be modest unless
comparing well trained and untrained populations,334 or severe pathological states.335
Regarding the antioxidant balance in female offspring, AET increased SOD-1 while it had
no effect on either the protein expression of the other antioxidant enzymes measured or
O, - production. These results are in accordance with McDonald et al.336 who found that
in Streptozotocin-diabetic rats SOD-1, but not SOD-2, was upregulated after 6 weeks of
AET on a treadmill. An increased antioxidant capacity might go some way to explaining

the preserved cardiac function observed in this sex.

In conclusion, a decrease in cardiac performance before ischemia in association with
an increase in ROS, demonstrated that the impact of AET on cardiac function in male
IUGR offspring was greater than in the female IUGR offspring. Interestingly, our
previous findings in littermates demonstrated a more pronounced vascular dysfunction
associated with AET in female compared to male offspring.86.328 Since it has been
previously shown that being born IUGR secondary to a hypoxic pregnancy was
associated with an increased cardiovascular and metabolic susceptibility to secondary
stressors such as aging and a high-fat diet;86.88.106,107.187 we could interpret that AET may
represent a secondary stressor to cardiac function that is not well tolerated in male
hypoxic-induced IUGR offspring. Our data support the fact that the impact of any insult

during fetal development is crucial to cardiovascular development. Moreover, well-
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established preventive strategies to decrease the risk of cardiovascular diseases later in

life may be detrimental in this susceptible population by further increasing risk.
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5 The role of TWEAK in IUGR offspring cardiomyocyte proliferation

5.1 Introduction

As previously discussed in Chapter 1, cardiac development in in early fetal
life is associated with cardiomyocyte hyperplasia, whereas in late fetal and early
postnatal life it is associated with cardiomyocyte hypertrophy.33” Bae S et al.
showed that hypoxic-induced IUGR fetal cardiomyocytes at GD 21 in rats had an
increased proportion of binucleated cardiomyocytes (indicative of terminally
differentiated cells) with an increase in the size of binucleated cells (an early
marker of hypertrophy).9t Moreover, compared to cardiomyocytes from normoxic
dams, cardiomyocytes from hypoxic-induced IUGR offspring had an increased
rate of apoptosis.9? In addition, it has been shown that compared to
cardiomyocytes in offspring born from normoxic dams, cardiomyocytes from
hypoxic-induced IUGR offspring proliferate less.94 Taken together, these data
suggest that cardiomyocytes from hypoxic-induced IUGR offspring have
decreased cardiomyocyte proliferation and an increase in cardiac hypertrophy

and fibrosis.

Heart development and cardiomyocyte proliferation are complex processes
regulated by neurohormonal stimuli (i.e. Ang II, IGF-1, ET-1) as well as
hemodynamic stimulus, finishing soon after birth.125 Cardiomyocyte proliferation
in adulthood, however, is a limited.338 Novoyatleva et al.,’37 conversely, found
that TWEAK was associated with both neonatal and adult cardiomyocyte

proliferation. In neonatal cardiomyocytes isolated from Sprague Dawley rats,
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binding of TWEAK with its receptor (Fn-14) causes cardiomyocyte proliferation.
This phenomenon was physiologically relevant during the early stages in life
since the TWEAK/Fn-14 pathway becomes quiescent after the completion of
cardiac development at approximately PND-10 due to a down-regulation of Fn-14
expression in cardiomyocytes with age.137 Interestingly, overexpression of Fn-14

resulted in adult cardiomyocyte proliferation.:37

The role of TWEAK/Fn-14 pathway in cardiomyocyte proliferation has not
been studied in offspring born growth restricted after a hypoxic insult (IUGR
offspring). Moreover, it has been demonstrated that after a myocardial infarction,
Fn-14 protein expression is upregulated.339340 Suggesting a potential link
between the increased susceptibility to I/R injury in IUGR offspring and

TWEAK/Fn-14 alterations in 4-month old offspring.

5.2 Objectives

The aims of this project in early postnatal life (PND-1) were: a) to determine
whether being born growth restricted is associated with a decrease in
cardiomyocyte proliferation and an increase in cardiomyocyte binucleation; b) to
assess whether a decreased expression of Fn-14 in neonatal cardiomyocytes is
associated with a decrease in cardiomyocyte proliferation in IUGR offspring; and
c) to evaluate whether cardiomyocyte proliferation in response to recombinant
TWEAK is different between control and IUGR offspring. Finally, the aims of this

project in adult offspring (4-month old) were: a) to assess whether the serum
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concentration of s-TWEAK and b) the cardiac protein expression of Fn-14 in 4-

month old offspring is altered in IUGR offspring.

5.3 Methods

5.3.1 Cardiomyocyte isolation

As stated in section 2.3.2 from Chapter 2, a subset of dams was used for
this set of experiments. On PND-1, four to six female and four to six male pups
from each litter were used for cardiomyocyte isolation. After euthanasia,
ventricles were dissected in a dissociation buffer (in mM: 116 NaCl, 20 HEPES,
0.8 Na2HPOg4, 5.6 glucose, 5.4 KCIl, 0.8 MgSO4, pH 7.35). Multiple enzymatic
digestions with a dissociation buffer containing collagenase type II (0.4 mg/mL)
and pancreatin (0.6 mg/mL) were performed at 37°C. Following this procedure,
the digested solution was filtered through a 70 pm filter and spun at 1300 g.
Cardiomyocytes were counted using the Trypan Blue exclusion test of cell
viability (Sigma, USA). Afterwards, cardiomyocytes were separated and
resuspended in different culture medias according to the experimental protocol
being performed (determination of proliferation and binucleation or stimulation
with recombinant TWEAK). Cardiomyocytes were cultured in 48-well plates and

grown in a humidified atmosphere at 37°C with 5% CO2/ 95% air.

5.3.2 Determination of proliferation and binucleation

Approximately 30% of isolated cardiomyocytes were resuspended in

medium-199 (Gibco, Life Technologies, USA) supplemented with 2% albumin
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(Sigma, USA), 2 mM L-carnitine (Sigma, USA), 5 mM creatine (Sigma, USA), 5

mM taurine (Sigma, USA) and penicillin-streptomycin (Life Technologies, USA).

Twenty-four hours after isolation, cardiomyocytes were fixed in methanol.
Cell proliferation and binucleation were determined by immunofluorescence
using an overnight incubation with anti-Ki-67 antibody (ab16667; 1:50; Abcam,
Canada) and anti-heavy chain cardiac myosin antibody (ab50967; 1:150, Abcam,
Canada). Cardiomyocytes were then incubated with Alexa Fluor 488-conjugated
goat anti-rabbit and Alexa Fluor 546-conjugated anti-mouse secondary
antibodies (1:200; Abcam, Canada) for 40 min in the dark. Nuclei were
subsequently stained with DAPI (300 nM; Thermo scientific, USA). To determine
cardiomyocyte proliferation and binucleation, three replicate wells were stained
and pictures of four random fields per well were taken for each of the control and
IUGR, male and female offspring groups. Ratios between Ki-67 positive
nuclei/total nuclei number and number of binucleated cells /total number of cells

per picture were calculated.

5.3.3 Cardiomyocyte stimulation with TWEAK

The remaining 70% of cardiomyocytes were initially incubated for 48
hours in medium-199 (Gibco, Life Technologies, USA) supplemented with 5%
horse serum, 20 mM cytosine b-D-arabinofuranoside (araC; Sigma, USA), and
penicillin-streptomycin (Life Technologies, USA) to prevent the proliferation of
non-myocyte cells. Subsequently, cardiomyocytes were washed and culture in

medium-199 supplemented with 2% albumin with or without TWEAK
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recombinant protein (r-TWEAK, 100 ng/mL; Biolegend, USA). A combination of
r-TWEAK and a Fn-14 receptor antibody (100 pg/mL; Abcam, Canada); a Fn-14
receptor antibody alone and finally, medium-199 supplemented without albumin.
After the cardiomyocytes were stimulated for 72 hours with r-TWEAK, cells were
fixed in methanol and proliferation was determined as previously described.
Cardiomyocytes were visualized under an Olympus IX81 fluorescent microscope
(Carson Scientific Imaging Group, Canada), using Cellsense imaging software

(Olympus, Japan). All images presented are in the original (10X) magnification.

5.3.4 TWEAK receptor protein expression in PND-1 and 4-month old

offspring hearts

Heart tissue from the remaining pups collected at PND-1 and from 4-
month old non-perfused, sedentary animals previously generated for Chapters 2,
3 and 4 was used to determine the protein expression of Fn-14. Tissue
preparation was performed as described previously in section 4.3.3 from Chapter
4, with an additional step in which the membranes were incubated with anti-
TWEAK receptor (1:100; Abcam, Canada) and re-probed with anti-o-tubulin (1:
50 000; Abcam, Canada) as a protein loading control. Finally, membranes were
probed with the following secondary antibodies: IRDye 800CW donkey anti-
rabbit IgG and IRDye 680RD donkey anti-mouse IgG secondary antibodies
(1:10000; Li-Cor Biosciences, Lincoln NE USA). The protein bands were imaged
using the Li-Cor Odyssey Imaging Systems v3.0. Densitometry analysis was
performed using ImageStudio v.5.2.5. (LI-COR Biosciences, Lincoln NE USA).

Data were normalized to the o-tubulin loading control.
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5.3.5 Soluble TWEAK in serum

Serum from 4-month old male and female control and IUGR offspring
previously generated for Chapters 2, 3 and 4 were used to determine s-TWEAK
levels using a commercially available, standard sandwich enzyme-linked
immunosorbent assay (LifeSpan Biosciences, Inc., USA) according to the
manufacturer’s instructions. The concentration of s-TWEAK was calculated by
interpolation of the results from the standard curve. The inter- and intra-assay

coefficients of variation obtained were 6.45% and less than 11% respectively.

5.3.6 Statistical analyses

Data were presented as mean + SEM. The Shapiro-Wilk test was used to
assess normality of continuous data. Data were analyzed using two-sample t-tests
or a Mann-Whitney test when data were not normally distributed. The effect of
the addition of r-TWEAK on cardiomyocyte proliferation was analyzed using a
two-way ANOVA followed by a Bonferroni post-hoc test. Comparisons between
the groups were performed by normalizing the control offspring to 100% and
then assessing the percent change of the IUGR offspring. Female and male
offspring data were analyzed separately due to differences in their phenotype.
Statistical significance was defined as p<o0.05. All data were analyzed using

GraphPad Prism 7 statistical software (GraphPad Software, USA).
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5.4 Results

5.4.1 Animal model

Morphological characteristics of male and female offspring from normoxic
and hypoxic pregnancies are provided in Table 5.1. At PND-1; both male and
female offspring from dams exposed to hypoxia had a reduced crown-rump
length. Compared to male offspring from dams in normoxic conditions, male
offspring exposed to hypoxia also had a reduced abdominal girth. The percentage
of stillbirths was higher in dams exposed to hypoxia compared to control dams

(11.7% vs. 1.9%; p<0.0001). The litter size, however, was not different among the

groups (14 vs. 15; p=0.14).
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Table 5.1. Morphological characteristics at PND-1 of male and female
offspring born from normoxic dams (Control) or dams exposed to
hypoxia (IUGR).

Control IUGR
Parameter
(n=9) (n=8)

Male offspring
Body weight (g) 7.8 £ 0.2 7.4 £ 0.2
Crown-rump length (mm) 45.3 + 0.4 43.2 + 0.5%*
Abdominal girth (mm) 49.4 + 0.7 46.9 +0.8 *
CRL.ABG-1ratio 0.92 + 0.01 0.92 £0.01
Heart weight (mg) 41.6 + 1.5 39.8 £+ 2.2
Heart weight/body weight -1 ratio 5.1+ 0.2 5.3+ 0.2
Female offspring
Body weight (g) 7.3+ 0.2 6.9 £ 0.2
Crown-rump length (mm) 44.3 £ 0.5 42 + 0.5%*
Abdominal girth (mm) 47 £ 0.7 45.6 £ 0.8
CRL.ABG-1ratio 0.94 + 0.02 0.92 + 0.01
Heart weight (mg) 40.3 + 1.2 38.2+2.2
Heart weight/body weight -1 ratio 5.2 +0.1 5.6 £ 0.3

Data presented as mean + SEM. CRL: crown-rump length; ABG: abdominal girth. *
P<0.05, **p<0.01 compared to control offspring.
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5.4.2 Fn-14 protein expression in postnatal day 1 offspring
No differences among the groups were found regarding cardiomyocyte Fn-

14 protein expression in either male (Figure 5.1 A and B) or female offspring at

PND-1 (Figure 5.1 A and C).
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Figure 5.1. PND-1 cardiac tissue Fn-14 protein expression in control and
IUGR, male and female offspring.

All data are presented as a ratio of Fn-14 to a-tubulin. The control group was normalized
to 100% and then the percent change of the IUGR group was assessed. Panel A-
Representative image of a western blot membrane probed for Fn-14 and a-tubulin in
male and female control and IUGR offspring. Panel B- Summary data of Fn-14 protein
expression in male control offspring (open bars, n=5) and IUGR offspring (closed bars,
n=6). Panel C- Summary data of Fn-14 protein expression in female control offspring
(open bars, n=6) and IUGR offspring (closed bars, n=6). Data are summarized and
presented as mean + SEM.
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5.4.3 Proliferation and binucleation of cardiomyocytes at PND-1

There were no differences among the groups regarding the proliferation or

binucleation of cardiomyocytes at PND-1 (Figure 5.2).
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Figure 5.2. PND-1 cardiomyocyte proliferation and binucleation in control
and IUGR, male and female offspring.

Panel A- Cardiomyocyte proliferation was determined by the percentage of ki-67 positive
nuclei in control (n=8) or IUGR (n=7) male offspring. Panel B- The ratio between the
total number of binucleated to mononucleated cardiomyocytes was determined in
control (n=8) or IUGR (n=7) male offspring. Panel C- Cardiomyocyte proliferation was
determined by the percentage of ki-67 positive nuclei in control (n=9) or IUGR (n=6)
female offspring. Panel D- The ratio between the total number of binucleated to
mononucleated cardiomyocytes was determined in control (n=9) or IUGR (n=6) female
offspring. Non-normally distributed data are presented as median and 5-95% confidence
interval. If data are normally distributed; they are summarized and presented as mean +
SEM.
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5.4.4 Cardiomyocyte stimulation with recombinant TWEAK

In male offspring, being born growth restricted was associated with a
decreased cardiomyocyte proliferation after being in culture for 72 hours. The
addition of r-TWEAK increased cardiomyocyte proliferation to the same extent in
control and IUGR male offspring (Figure 5.3 A, B). The addition of r-TWEAK in
the presence of the Fn-14 receptor blocker decreased cardiomyocyte proliferation
in both control male offspring [2.1+0.3 (r-TWEAK) vs. 0.6+0.2 (r-TWEAK+ Fn-
14 receptor blocker) % Ki-67 (+) cardiomyocytes; p=0.005], and IUGR male
offspring [1.7+£0.3 (r-TWEAK) vs. 0.4+0.1 (r-TWEAK+ Fn-14 receptor blocker) %
Ki-67 (+) cardiomyocytes; p=0.0003]. The Fn-14 receptor antibody alone had no
effect on cardiomyocyte proliferation in control male offspring [1.1+0.3 (medium-
199 supplemented with 2% albumin) vs. 0.7+0.5 (Fn-14 receptor blocker) % Ki-
67 (+) cardiomyocytes; p=0.57], or IUGR male offspring [0.8+0.1 (medium-199
supplemented with 2% albumin) vs. 0.7+0.2 (Fn-14 receptor blocker) % Ki-67 (+)
cardiomyocytes; p=0.71]. Cardiomyocyte proliferation was lower in the presence
of albumin free medium compared to medium-199 supplemented with 2%
albumin in control male offspring [1.1+0.3 (medium-199 supplemented with 2%
albumin) vs. 0.03+0.0 (medium-199 without albumin) % Ki-67 (+)
cardiomyocytes; p=0.04], but not IUGR male offspring [0.8+0.1 (medium-199
supplemented with 2% albumin) vs. 0.4+0.1 (medium-199 without albumin) %

Ki-67 (+) cardiomyocytes; p=0.07].

In contrast, in female offspring there were no differences in cardiomyocyte
proliferation between control and IUGR offspring; and the addition of r-TWEAK
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increased proliferation in both control and IUGR offspring (Figure 5-3 C, D). The
addition of r-TWEAK in the presence of the Fn-14 receptor blocker decreased
cardiomyocyte proliferation in both control female offspring [2.4+0.3 (r-
TWEAK) vs. 0.9+0.2 (r-TWEAK+ Fn-14 receptor blocker) % Ki-67 (+)
cardiomyocytes; p=0.02], and IUGR female offspring [2.8+0.7 (r-TWEAK) vs.
0.4+0.1 (r-TWEAK+ Fn-14 receptor blocker) % Ki-67 (+) cardiomyocytes;
p=0.009]. The Fn-14 receptor antibody alone had no effect on cardiomyocyte
proliferation in control female offspring [1.1£0.3 (medium-199 supplemented
with 2% albumin) vs. 0.8+0.7 (Fn-14 receptor blocker) % Ki-67 (+)
cardiomyocytes; p=0.67], or IUGR female offspring [0.8+0.2 (medium-199
supplemented with 2% albumin) vs. 0.2+0.1 (Fn-14 receptor blocker) % Ki-67 (+)
cardiomyocytes; p=0.17]. Cardiomyocyte proliferation was lower in the presence
of albumin free medium compared to medium-199 supplemented with 2%
albumin in control female offspring [1.1£0.3 (medium-199 supplemented with
2% albumin) vs. 0.3+0.3 (medium-199 without albumin) % Ki-67 (+)
cardiomyocytes; p=0.04], and IUGR male offspring [0.8+0.2 (medium-199
supplemented with 2% albumin) vs. 0.1£0.01 (medium-199 without albumin) %

Ki-67 (+) cardiomyocytes; p=0.04].
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Figure 5.3. Proliferation of PND-1 cardiomyocytes exposed to recombinant TWEAK
in control and IUGR, male and female offspring.

Cardiomyocyte proliferation was determined by the percentage of ki-67 positive nuclei in control
and IUGR, male and female offspring. A two-way ANOVA analysis was performed to determine
the effect of being born growth restricted and/or the addition of recombinant TWEAK on
cardiomyocyte proliferation. Data was normalized to 100% of the control offspring and then, the
percentage of change in IUGR offspring was assessed. Panel A- Summarized data of male control
offspring (open bars; n=3) and male IUGR offspring (closed bars; n=3). Panel B- Delta change in
proliferation (Ki-67 positive nuclei) in control and IUGR male offspring. Panel C- Summarized
data of female control offspring (open bars; n=3) and female IUGR offspring (closed bars; n=3).
Panel D- Delta change in proliferation (Ki-67 positive nuclei) in control and IUGR female
offspring. Panel E- Representative immunofluorescence images of proliferating cardiomyocytes.
(Red channel: anti-heavy chain cardiac myosin; Green channel: anti-Ki-67). Panel F-
Representative immunofluorescence images of proliferating cardiomyocytes. (Red channel: anti-

heavy chain cardiac myosin; Green channel: anti-Ki-67). Data are summarized and presented as
mean + SEM.
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5.4.5 Serum levels of TWEAK

A series of serum dilutions (1:100; 1:10; 1:2 and neat serum) were tested to
determine the serum concentration of s-TWEAK in the experimental groups at
PND-1. Despite this, the values of s-TWEAK were lower than the kit’s sensitivity

range (10 pg/mL) and, therefore, remained non-detectable.

5.4.6 Fn-14 protein expression in 4-month old offspring
Protein expression of the Fn-14 receptor remained quiescent in cardiac
tissues from control and IUGR, male and female 4 month old offspring (Figure

5.4).

Female offspring Male offapring
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Figure 5.4. Cardiac tissue Fn-14 protein expression in 4-month old control
and IUGR, male and female offspring.

Panel A- Representative image of a western blot membrane probed for Fn-14 and a-
tubulin in male control (n=6) and IUGR offspring (n=6); and female control (n=6) and
IUGR (n=6) offspring. Human umbilical vein endothelial cell (HUVECSs) lysates were
used as a positive control.
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5.5 Discussion

TWEAK is a multifunctional cytokine that has recently gained attention
because of its involvement in cardiomyopathy339-342, and neonatal cardiomyocyte
proliferation.’37 To the best of our knowledge, this is the first time that the role of
the TWEAK/Fn-14 pathway in the susceptibility of IUGR offspring to
cardiovascular diseases has been assessed. We found that being born growth
restricted was not associated with differences in Fn-14 protein expression or
cardiomyocyte proliferation at PND-1 in either male or female offspring.
However, after being in culture for 72-hours, IUGR male offspring had a
decreased cardiomyocyte proliferation compared to controls. The addition of r-
TWEAK, however, increased proliferation in both groups to the same extent. In
addition, in female offspring, cardiomyocyte proliferation in culture was not
reduced in IUGR offspring and the addition of r-TWEAK increased proliferation
to the same extent in both control and IUGR offspring. Cardiomyocyte
proliferation among all groups was inhibited by the Fn-14 receptor blocking

antibody.

In this subset of animals, hypoxia during pregnancy was associated with a
decreased CRL but not ABG or body weight in IUGR female offspring; while male
IUGR offspring had a decreased CRL and ABG. It is important to note, however,
that for the purpose of this study the litter was handled, and measurements
taken, 24-hours following birth. Thus, milk consumption during this initial 24-

hour period may have affected the body weight of offspring by the time the
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measurements were collected. Nonetheless, our findings suggest that hypoxia

induced a stronger phenotype in male offspring.

Heart development is an active process which occurs both prenatally and
during early postnatal life.17 The fact that there were no differences in the
percentage of binucleation of cardiomyocytes at PND-1 implies that there is still
opportunity for growth and differentiation in these cells. Importantly, although
we could not find any differences in cardiomyocyte proliferation in our hypoxic-
induced IUGR offspring at PND-1; cardiomyocytes from male IUGR offspring
proliferated less than controls when in culture for 72-hours. These findings
suggest that cardiomyocyte proliferation capacity could be compromised, as
shown previously by Tong et al.9¢ at other time points (GD 21 and PND-7).
Further, a large variation in the proliferation of cardiomyocytes was observed in
the control group for both male and female offspring, which reduced the power of
our study. However, ex vivo cardiomyocytes showed consistently less
proliferation in IUGR offspring compared to controls; suggesting a potential

susceptibility to impaired cardiac development.

We hypothesized that the differences in cardiomyocyte proliferation could
be attributed to a decrease in cardiac protein expression of Fn-14. Since it has
been shown that both TWEAK and its receptor are highly upregulated after a
myocardial infarction,339:340 we hypothesized that these differences would remain
in adult life and would be associated with the increased susceptibility to CVD
observed in our hypoxic-induced IUGR model. In addition, it has been

demonstrated that genetic manipulation of TWEAK, its downstream targets or
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the induction of its receptor all result in dilated cardiomyopathy, cardiomyocyte
hypertrophy and ECM remodelling in adult rodents.341.342 Furthermore, mice
treated with adenovirus expressing soluble murine TWEAK had a decreased
expression of peroxisome proliferator-activated receptor gamma coactivator 1-a
(PGC1-qa, the master regulator of mitochondrial biogenesis.343 Decreased PGC1-a
expression has been associated with decreased mitochondrial biogenesis and
cardiac I/R injury.344 However, in the current study cardiac protein expression of
Fn-14 at PND-1 was not different among the groups. Moreover, the Fn-14 cardiac
protein receptor remained quiescent and s-TWEAK serum concentrations were
undetectable; thus, it can only be surmised that other mechanisms may be

involved in the development of cardiac diseases later in life in IUGR offspring.

In conclusion, activation of the TWEAK/Fn-14 pathway leads to increased
proliferation but does not appear to contribute to the reduced cardiomyocyte
proliferation capacity observed in the prenatal hypoxic-exposed male offspring.
Interestingly, reduced cardiomyocyte proliferation capacity was compromised in
male, but not female, IUGR offspring. Previous studies from our laboratory8s.107
as well as data shown in Chapter 4, have shown that male IUGR offspring appear
to have a greater cardiac dysfunction phenotype compared to females and it could
be speculated that this reduced proliferative capacity may have a role to play in
the susceptibility of male offspring to cardiovascular disease. Finally, other
mechanisms involved in cardiomyocyte proliferation likely have an important
role in the long-term consequences of being born growth restricted, and,
therefore, further studies are needed.
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6 General discussion and future directions

It is well-established that being born growth restricted has long-term
cardiovascular consequences.”-9:17:18,345 Of the many in utero stressors that a fetus
can be subjected to, hypoxia is one of the most clinically relevant since there are
limited reserves to compensate for a reduced oxygen supply.® Therefore, I used
hypoxia as a method to develop adverse uterine conditions and to create an IUGR
animal model that would develop CVD later in life. As stated throughout my
thesis, many strategies have been proposed to prevent CVD; however, and despite
large volumes of research that have attempted to discover cardiovascular
protective mechanisms, exercise is one of the most practical and effective
preventive treatments that has been found to date.243 This strategy, however, had
not been assessed in a model of growth restriction such as hypoxic-induced IUGR
offspring. Therefore, we tested the hypothesis that AET could be used as a
preventive strategy to decrease the impact of IUGR on later life cardiovascular
health. In addition, since an early influence on the development of CVD later in
life in hypoxic-induced IUGR offspring could involve altered cardiac morphology,
we also wanted to explore the potential role of the TWEAK/Fn-14 pathway in

cardiomyocyte proliferation.
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6.1 Summary of the most significant findings

6.1.1 Changes in the cardiovascular function of hypoxic-induced

IUGR offspring

We found that exposing rat dams to hypoxia during the last third of their
pregnancy impacted not only offspring growth, but also impacted their
cardiovascular health later in life. In terms of the vascular pathophysiology of
adult TUGR offspring, females had reduced NO-mediated vasodilation in both
mesenteric and gastrocnemius muscle arteries, while in male IUGR offspring
NO-mediated vasodilation was reduced in only the gastrocnemius muscle
arteries. Furthermore, we demonstrated that female IUGR offspring had a
decreased total vasodilator response in gastrocnemius muscle arteries and there

was an increase in prostaglandin-mediated vasoconstriction.

Echocardiographic assessments showed that there were no changes in
cardiac function in vivo in hypoxic-induced IUGR offspring. However, male
IUGR offspring but not female IUGR offspring had an increased susceptibility to
cardiac I/R injury. It has been previously established that both male and female
hypoxic-induced IUGR offspring have an increased proton production during
reperfusion, in addition to a decrease in the relative proportion of ATP derived
from fatty acid oxidation and a relative increase in the proportion of ATP derived
from both the catabolism of carbohydrates and glycolysis.?o7 It has been
previously determined that the presence of high levels of circulatory fatty acids

during reperfusion is detrimental to cardiac recovery.346 Moreover, Bartkevics et
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al., found that hemodynamic recovery of hearts perfused using Krebs buffer
supplemented with 1.2 mM palmitate was lower compared to hearts perfused
without palmitate.34” We used a palmitate-free Krebs buffer in our preparations.
Thus, it would be expected that cardiac recovery from I/R injury of both controls
and IUGR offspring would be greater compared to previous studies derived from
our lab which used palmitate-supplemented buffer,89.107 without compromising
the hypoxic-induced IUGR phenotype. Interestingly, that was not the case for

female IUGR offspring, suggesting that they may be cardioprotected.

Finally, since hypoxic-induced IUGR offspring display a cardiac
remodelling phenotype,8 we investigated the potential role of the TWEAK/Fn-14
pathway in cardiomyocyte proliferation in neonatal offspring. Cardiomyocytes
from male TUGR offspring but not female IUGR offspring had less ability to
proliferate compared to controls after being in culture for 72-hours;
demonstrating again that hypoxia sequelae are worse in male offspring compared
to female offspring. There were no differences in cardiac Fn-14 protein

expression at PND-1 in either sex.

6.1.2 The role of aerobic exercise training in the prevention of
cardiovascular diseases of hypoxic-induced IUGR offspring

To our knowledge this is the first time that AET has been used

therapeutically in a hypoxic-induced TUGR animal model. Since being born

growth restricted has been associated with a decreased capacity for exercise293.294

and an increased susceptibility to secondary insults,86-188 our first aim was to
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develop a reliable exercise protocol that did not evoke a stress response in IUGR
offspring so that we could be confident that the differences among the groups
were not associated with the protocol per se. Consequently, assessment of
vascular function in mesenteric and gastrocnemius muscle arteries in hypoxic-
induced TUGR offspring showed that AET in IUGR offspring enhanced EDH
contribution to vasodilation in gastrocnemius muscle arteries without any major
improvements in overall vasodilation in males. In contrast, in male IUGR
offspring AET reduced basal cardiac performance ex vivo and increased cardiac
O, - generation with no alteration of any antioxidant enzyme assessed.
Conversely, in female IUGR offspring AET did not affect cardiac performance ex
vivo, while there was an increased cardiac SOD-1 expression with no changes in
O, - generation. These findings suggest that AET improved EDH-mediated
vasodilation in gastrocnemius muscle arteries in male IUGR offspring (perhaps
as a compensatory mechanism), while it had a detrimental effect on cardiac
function in male IUGR offspring and had no effect on female IUGR

cardiovascular function.

6.2 Significance of my results

Contrary to my findings in the hypoxic-induced IUGR model, evidence has
shown that AET in other animal models of IUGR improved the metabolic profile
and reduced Ang II-dependent vasoconstriction of IUGR offspring.297-300.302 AET
can confer a cardiovascular protective phenotype by triggering a transient
increase in the production of ROS.348 This transient increase of ROS can

upregulate the protein expression and function of multiple antioxidant enzymes,
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thereby increasing the antioxidant capacity of the system.349 It has been well-
established that these processes depend on the mode, intensity and duration of
exercise.35° In 1992, The HERITAGE Family Study was funded to assess the
individual differences in the response to regular exercise training in a sedentary
population; and to determine the role of the genotype in the cardiovascular and
metabolic responses to AET. Approximately, 750 individuals were recruited and
were subjected to 20 weeks of supervised AET. One of the many publications
derived from this multicenter project found that AET was associated with
minimal changes in body composition, lipid profile, glucose tolerance and resting
blood pressure. After stratification of the data by the response to the AET
(measured by the improvement in their personal VO.max), body weight and the
percentage of fat mass loss was greater in the people who had a better response to
the AET. The magnitude of these changes was relatively small. Therefore, the
variation of the response of each individual to an exercise intervention must be

considered.35!

Evidence from compromised populations (e.g. diabetes, obesity, myocardial
infarction), however, has shown that AET may be detrimental;287-29t1 and one of
the possible mechanisms associated with this phenomenon is increased oxidative
stress.29t Therefore, we could speculate that in hypoxic-induced IUGR offspring
there is either a cellular state where there is an excessive production of ROS to
begin with; or that the AET paradigm used in my studies exceeded the threshold

for the hormetic effect of exercise in this particular population.
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The plasticity of the cardiovascular system declines with age; moreover,
with ageing there is an increased risk of developing inadequate responses to new
environmental challenges.352 We started the AET protocol when offspring were
2.5-months old, during adolescence.353 It has to be considered, however, that
IUGR is associated with an early ageing vascular phenotype.18¢ Thus, it is
plausible that because of the exaggerated ageing phenotype, a hypoxic-induced
IUGR phenotype may have already been established and, therefore, AET was

unable to prevent the ongoing progression of CVD.

Findings from my thesis showed that consideration of sexual dimorphism is
essential. Female IUGR offspring had endothelial dysfunction with normal
cardiac function whereas male IUGR offspring showed an increased susceptibility
to cardiac I/R injury without overt signs of endothelial dysfunction. Since the
cardiovascular system is integrated, it is possible that the establishment of
dysfunction in one of the organs (i.e. endothelial dysfunction) will trigger
compensatory mechanisms to protect the other organ (i.e. the heart) or vice
versa. Previous studies have demonstrated a potential role for PKCe in mediating
cardioprotective mechanisms in females. Male hypoxic-induced IUGR offspring
were shown to have a decreased cardiac mRNA and protein expression of PKCe
secondary to an increased methylation of the PKCe promoter region at the early
growth response factor-1 (Egr-1) binding site.354 Moreover, it has been
demonstrated that there is an increase in the cardiac protein expression of

estrogen receptors in female offspring,191.354 and that estrogen receptors can bind
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to the promoter regions of PKCe91354 conferring female hypoxic-induced IUGR

offspring cardioprotection against I/R injury.

We assessed the TWEAK/Fn-14 pathway in cardiomyocyte proliferation
because it is known that IUGR is associated with a decrease in cardiomyocyte
proliferation.94 The mechanisms that support this association, however, are not
fully understood. Multiple locally generated factors acting in an autocrine or
paracrine fashion are associated with cardiomyocyte proliferation and
maturation (e.g. Ang II, cortisol, IGF-1, ET-1). These factors, or the receptors by
which they exert their function, are altered in IUGR offspring; therefore, results
derived from them would be difficult to interpret. Interestingly, the TWEAK/Fn-
14 pathway, which has recently been shown to have a role in cardiomyocyte
proliferation,3” has never been studied in IUGR offspring. However, we did not
find any differences in cardiac Fn-14 protein expression or in the response of
cardiomyocytes from hypoxic-induced IUGR offspring to s-TWEAK. Likewise, we
assessed the TWEAK/Fn-14 pathway in adult offspring since previous studies
have suggested that the increased susceptibility to I/R injury in hypoxic-induced
IUGR offspring is programmed during cardiac development02 and genetic
manipulation of the TWEAK/Fn-14 pathway has been shown to result in
cardiomyopathy and ECM remodelling.341342 Furthermore, alterations in the
TWEAK/Fn-14 pathway have been associated with a decreased expression of
PGCi1-a;343 which is known to be decreased in cardiac I/R injury.344 Therefore,
the TWEAK/Fn-14 pathway was considered to be a good candidate as the link
between prenatal hypoxia and increased susceptibility to CVD later in life.
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Contrary to our hypothesis, Fn-14 cardiac protein expression was quiescent in
adult TUGR offspring, and thus, likely not a primary pathway affecting

cardiovascular development.

6.3 Future directions

The results from my research need to be interpreted carefully. Since our
studies were designed as a proof-of-principle of the role of aerobic exercise in
ameliorating CVD in hypoxic-induced IUGR offspring. Hence, we cannot suggest
that young adults born growth restricted should not enroll in physical activity or
AET. It is important to note, however, that our studies raised a concern that the
benefits of AET may differ between populations. We suggest that the dogma that
is currently applied to healthy populations should not be arbitrarily applied to
other specific populations (e.g. hypoxic-induced IUGR offspring) without
increasing the amount of research and spanning the current knowledge gap. For
example, different training paradigms should be assessed in order to find a
protocol that provides favourable vascular and cardiac outcomes. Considering
that it has previously been shown that young males born with a low birth weight
can develop exercise-induced hypertension295 and exercise-induced cardiac
fatigue,29¢ a comparison of multiple exercise training paradigms is needed; such
as reducing the intensity of exercise but changing the duration of the exercise to
achieve cardiovascular improvement. Moreover, it is important to acknowledge
that in the current study there may have been an existing, but asymptomatic,
cardiovascular pathology when the AET protocol was applied at 2.5 months of

age in the rat; thus compromising the ability of AET to effectively prevent the
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progression of CVD in this model. In this case, starting aerobic exercise earlier in
life (after weaning) or using AET during pregnancy could be a better approach to
prevent the development of CVD in offspring; however, the translation of these

approaches to human populations would not be straightforward.

Evidence has shown that performing AET during pregnancy decreases the
risk of preeclampsia and gestational hypertension,355 gestational diabetes,35¢ and
excessive weight gain,357 without impacting offspring growth or development.358
Remarkably, all of these pregnancy complications are associated with fetal
programming of CVD later in life. Hence, AET has been assessed during
complicated pregnancies to determine if it improves both maternal and offspring
outcomes. Vega et al. showed that, in an animal model of maternal obesity, the
maternal serum concentration of triglycerides, cholesterol, and insulin returned
to normal levels after AET. Interestingly, female offspring of obese dams had no
metabolic alterations, while male offspring had increased serum levels of
triglycerides and leptin in addition to an increased fat deposition. Male offspring
from obese exercised dams had a reduction to control levels of serum
triglycerides, and a decrease in serum leptin levels compared to male offspring of
non-exercised obese dams.359 Volpato et al., however, found that diabetic
pregnant rats exposed to swimming during pregnancy had increased plasma
levels of malondialdehyde, with decreased levels of glutathione peroxidase and
elevated O, - activity compared to non-diabetic pregnant dams.3% Fetuses from
these exercised diabetic rats had a lower body weight and placental weight
compared to non-exercised diabetic rats.360 These findings suggest that special
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considerations have to be made in the case of treating pregnant dams exposed to

hypoxia with AET.

Regarding vascular function, our studies focused on the contribution of
ROS to endothelial dysfunction. To do so, we assessed mesenteric arteries in the
presence or absence of an ONOO- scavenger (MnTBAP); however, O,'-
production and SOD function and expression were not determined. Thus, based
on our current studies we cannot rule out the role of ROS in endothelial
dysfunction and/or the role of AET in the amelioration of oxidative stress in
hypoxic-induced IUGR offspring. Our data suggest that there was no beneficial
effect of AET on either mesenteric or GMA artery function in female hypoxic-
induced IUGR offspring. The absence of this effect in these particular vascular
beds does not exclude that other vascular adaptations to AET may have occurred.
It is important to note that neither conduit artery function nor flow-mediated
vasodilation have been assessed following AET in this animal model. Increased
shear stress is one of the main mechanisms by which aerobic exercise improves
vascular function.278 Therefore, assessment of flow-mediated vasodilation in vivo
or ex vivo will provide additional evidence on how AET impacts vascular function
in hypoxic-induced IUGR offspring. Moreover, it has been established that AET
reduces central sympathetic outflow in healthy36: and diseased populations (e.g.
heart failure).362 AET also enhances arterial baroreflex sensitivity,363 which plays
a critical role in the acute regulation of blood pressure by changing the autonomic
nervous activity in the vasculature or in the heart.364 Findings from previous
studies in our laboratory suggest that autonomic nervous system function may be
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impaired in hypoxic-induced IUGR restricted offspring.88 Thus, it would be
helpful to first determine the baseline autonomic nervous system function in our
animal model in order to later determine whether aerobic exercise can influence

autonomic nervous system function in hypoxic-induced IUGR offspring.

In addition, in the cardiac studies we quantified the protein expression of
SOD-1,-2 and catalase in combination with O, - production. In male hypoxic-
induced IUGR offspring, AET was associated with an increase in O, - production,
with no changes in the main cardiac antioxidant enzymes. It would have been
useful to also know the activity of these enzymes in order to understand better
how AET impacted the ROS production- scavenging balance. Our findings
showed that AET deteriorated cardiac function ex vivo in male hypoxic-induced
IUGR offspring without compromising cardiac function in vivo. The
cardioprotective role of AET, however, has not been assessed using an in vivo I/R
protocol. AET has been shown to reduce myocardial infarction area size,365 and
improves cardiac function during3® and afters¢” ischemia. Using an in vivo I/R
protocol would allow determination of whether AET improves cardiac function
after an ischemic event, or whether AET decreases the risk of developing heart
failure after an infarction. Moreover, in an in vivo I/R model one can assess the
input of the systemic circulation, and the autonomic nervous system during the
ischemic and reperfusion phase.3¢8 This is important because following an
ischemic event, there is an inflammatory reaction that is required for scar
formation.3¢9 This process is modulated by the ECM,37° and is also associated
with angiogenesis.37t Thus, an in vivo I/R model can provide a systemic approach
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to understand the impact of AET in the recovery of myocardial injury. In
addition, an in vivo cardiac I/R injury model would allow assessment of the role
of the TWEAK/Fn-14 pathway in I/R injury or EMC remodelling after an
ischemic event. It has been previously determined that Fn-14 is upregulated 28
days after the induction of myocardial infarction in CD-1 mice.34° Thus, although
TWEAK was shown to be quiescent in adult ITUGR offspring, the increased
susceptibility to CVD later in life places adult IUGR offspring at risk of
overexpressing the TWEAK/Fn-14 pathway and, therefore, to have worsened

cardiac function after a myocardial infarction than control offspring.

Regarding heart development, our findings suggest that cardiomyocyte
proliferation is compromised in male IUGR offspring. Our study was designed to
determine whether cardiomyocyte proliferation was impaired in IUGR offspring
at a specific time point (PND-1). Heart development, however, is an active
process that terminates early in postnatal life in rats (PND-21).17 Hence, in order
to fully understand how hypoxia impacts cardiac development, assessments of
cardiomyocyte proliferation and binucleation at different time-points are needed.
Moreover, determining the size of the cardiomyocytes, and the presence of
alterations in the ECM composition or assessment of whether there is a
functional change that can be measured by echocardiography, would complement
these data. Our findings also indicate that the TWEAK/Fn-14 pathway was not
associated with cardiomyocyte proliferation, denoting that alternative pathways

involved in cardiomyocyte proliferation should be assessed in our animal model.
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6.4 Study limitations

There are some study limitations that need to be considered. Regarding the
AET protocol per se, one of the limitations of this study is that AET was forced
and not voluntary. Forced exercise is associated with a loss of control over the
animal activity pattern, especially when the exercise training occurs during the
daylight cycle, causing both stress and disruption of the normal rodent circadian
rhythm.372 Moreover, previous evidence has shown that forced exercise increases
serum corticosterone levels,305.306.373 and increases anxiety-like behaviour in open
field testes.30¢ Our data, however, suggest that in our animal model AET did not
evoke a stress response when used as an intervention in a hypoxia-induced IUGR

animal model.

The results derived from these projects are partially translational since they
were conducted in an animal model. We designed these experiments, however, to
provide a proof of principle. Given the nature of this project, the execution of a
prospective cohort including children born IUGR and with a subsequent
treatment and follow up structure would be perhaps more clinically relevant;
however, at the current time this type of study is not feasible because CVD have

an extend subclinical phase, and therefore, is not cost-effective.

Finally, our findings regarding the role of TWEAK/Fn-14 pathway in
cardiomyocyte proliferation need to be interpreted carefully. For this set of
experiments, in some groups we have a low n number, which reflects the
variability of the data. Moreover, we used ki-67 as a marker of proliferation. ki-67

is a nuclear protein expressed in all phases of the cell cycle, excluding resting cells
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in Go.374 Thus, it could be arguable that using this marker, the proliferation effect
could be either under or overestimated, as compare to other markers that target
the cardiomyocytes in their S-phase (DNA synthesis), such as bromodeoxyuridine
(BrdU),375 or proliferating cell nuclear antigen (PCNA).376 We used ki-67 as a
proliferation marker, however, based on the fact that cells can enter a quiescent
state even after DNA synthesis completion,377 thus, a proliferation marker is
actually an indicative of the proliferation potential of the cell rather than a
predictor of proliferation.378 In addition, it has been established that PCNA does

not work well in very slow proliferative cells in S-phase.37¢

6.5 Conclusion

The impact of IUGR on cardiovascular health later in life is far reaching.
Notably, IUGR is now considered as a risk factor to develop CVD later in life.
Given the burden of CVD to public health, it is imperative that we create and
evaluate strategies to prevent the development of CVD, especially in populations
at increased risk. Our research demonstrated that aerobic exercise, which is a
well-established strategy for primary and secondary prevention of CVD, had a
detrimental effect on cardiac function from male hypoxic-induced IUGR
offspring. An IUGR population can be considered to have a cardiovascular
physiology that has altered to promote survival of the fetus in an adverse uterine
environment, and once born these cardiovascular adaptations are maintained
unnecessarily and may, in this respect, cause a mismatch in development vs.
environment. Our findings demonstrated that in populations at risk, such as

these IUGR populations, a common preventive strategy such as aerobic exercise
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may represent a secondary stressor to the cardiovascular physiology. Hence,
more research is needed in order to establish an exercise paradigm that does not
impact cardiac function, but instead exerts cardiovascular benefits. Our results
highlight the fact that cardiovascular adaptations to IUGR and AET are sex-
dependent and, therefore, findings from male and female populations should not
be extrapolated to the other sex. Finally, in the long term, individualization of
health care in populations at risk may give better results than adopting health

policies suggested for the general population.
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