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ABSTRACT

Cardiovascular and metabolic diseases are still the primary cause of
death and disability in modern society. Although genetic factors play a
fundamental role in the development of these chronic conditions, the
remarkable variability in an individual’s susceptibility to develop these
pathologies cannot be completely explained by genetics. The early
programming of adult diseases theory became established in the 1980’s, and
is now supported by a growing body of evidence demonstrating that
exposure to suboptimal environmental conditions during crucial periods of
time can predispose an individual to the development of chronic conditions

(including cardiovascular and metabolic diseases) later in life.

Among the multitude of factors that can cause early programming, we
have focused on the study of pregnancy complications leading to fetal
hypoxia and causing intrauterine growth restriction (IUGR). To this end, we
have used an animal model in which pregnant Sprague Dawley rats were
exposed to either normal (~21% 02) or hypoxic (~11.5% O2) conditions
during the last third of pregnancy. We then followed and studied the

cardiovascular and metabolic characteristics of the offspring later in life.

The studies presented in this thesis demonstrate that hypoxic prenatal
insults have long-term consequences on cardiac structure, function and
susceptibility to ischemia. We also demonstrated that programmed
susceptibility to myocardial ischemia was associated with changes in cardiac

energy metabolism and increased levels of myocardial oxidative stress.



Moreover, we described the interaction between prenatal hypoxic insults,
aging and sex differences in the later development of cardiovascular

conditions.

Additional studies presented in this thesis demonstrate that offspring
born IUGR are more susceptible to develop most components of the
metabolic syndrome when exposed to a high-fat (HF) diet. Furthermore, we
also demonstrated that the exacerbated deleterious response to a HF diet
described in offspring born IUGR can be prevented by postnatal
administration of Resveratrol, which is a natural compound with anti-

oxidant and anti-aging properties.

In conclusion, the results presented in this thesis are an important
contribution to the understanding of the long-term cardiovascular and
metabolic effects of prenatal hypoxic insults causing [UGR and provide
evidence regarding possible mechanisms and treatment alternatives that

could be considered.
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CHAPTER 1 GENERAL INTRODUCTION*

1.1 Overview

The classic pathophysiological conception of many chronic diseases
considers the interaction of two key elements: genetic predisposition and
environmental factors.! Interestingly, a growing body of evidence has proven
that among subjects with similar or identical genetic background, substantial
differences can be observed in their susceptibility to develop adverse health
outcomes such as cardiovascular diseases (CVDs) when exposed to similar
environmental conditions.?”” These results suggest that there could be other

elements influencing the development of health conditions.

In the late 1980’s, a number of epidemiological observations linking
low birth-weight and increased risk of developing chronic diseases later in
life popularized the hypothesis that today is known as the “developmental
origins of adulthood heath and disease (DOHaD)” or “the early programming
theory”.8-12 This theory constitutes an interesting scientific proposal, not only
because it could explain why some subjects are more susceptible to develop
certain pathological conditions (regardless of their genetics), but also
because it opens the door to a completely new approach for prophylactic and
therapeutic alternatives aiming to reduce the prevalence and severity of

chronic diseases.

* Components of this chapter have previously been published in (or submitted to) peer-review

journals including:

*  “Rueda-Clausen CF, Morton JS and Davidge ST. The Early Origins of Cardiovascular Health
and Disease: Who, When and How. Submitted to: Seminars in Reproductive Medicine
in-press 2011”(Review).

*  “Davidge ST, Morton JS and Rueda-Clausen CF. Oxygen and perinatal origins of adulthood
diseases: is oxidative stress the unifying element? Hypertension. 2008;52:808-810.
(Editorial comment)

Contribution: Rueda-Clausen CF. wrote the first draft of the articles (including all the figures)

and coordinated with the other authors in compiling the final version of the manuscript.



In the last couple of decades, a growing body of basic fundamental,
clinical and epidemiological evidence has linked the early programming
theory to many chronic conditions including the most prevalent and relevant
cardiovascular!3-1¢ and metabolic diseases.17-22 However, limitations in the
models used to study this phenomenon, as well as a lack of clear
pathophysiological mechanisms, make the early programming theory a very
polemic and controversial subject. Moreover, these gaps in knowledge
constitute a fundamental barrier limiting the translation of this
pathophysiological model to clinical scenarios. Therefore, understanding this
phenomenon constitutes a promising area of research that could have many
implications for the prevention and management of highly prevalent

diseases.

1.2 The early programming theory

After Charles Darwin’s Origin of the Species theory was published in
1854, most evolutive /adaptative responses were attributed to a process of
natural selection in which random phenotypical variations occur sporadically
in all species. According to this model, environmental conditions play a role
by selecting and perpetuating the “strongest” phenotype. However, the
environment itself was thought to have little or no direct influence on

initially changing the phenotype of the species.?3

Interestingly, by the time Darwin’s hypothesis became popular,
reports had been published describing a group of organisms (mainly insects)
in which environmental conditions played a fundamental role in regulating
their phenotypical characteristics.2* However, these organisms were initially
considered oddities and treated as exceptions to the evolutionary rule.2> The
further development of population genetics in the 1920’s and 1930’s
demonstrated that Mendelian genetics were compatible with the natural

selection and gradual evolution model initially proposed by Darwin, and



established foundations for the Modern Evolutionary Synthesis approach

that is now widely accepted by the scientific community.26

More recent evidence suggests that contrary to the slow, permanent
and random evolutive model, species evolution and adaptation is more likely
to occur in a cyclic fashion in which periods with significant changes in the
environment trigger the accelerated apparition of phenotypical variations.?”
Interestingly, and supporting this theory, some groups have published
evidence that highlights the influence of environmental conditions during
early development and suggests that the animal genome responds to certain
environmental conditions by inducing specific phenotypical changes.?”
Consequently, the consensus of opinion has itself evolved to conclude that
the interaction between genes and the environment during development is
not as unusual as initially thought and appears to be the rule rather than the

exception.28

1.2.1 The origins of the early programming theory

The recognition of species growth and development as a dynamic
phenomenon that can be modulated by surrounding environmental
conditions has now been around for more than a century.2° In the previous
decades, a number of authors have made interesting contributions to the
understanding of this phenomena that has been identified by a variety of
names such as early origins, developmental origins, in utero programming,
the thrifty phenotype hypothesis, fetal programming and the Barker
hypothesis, among others.30 However, for the purposes of this thesis we will

refer to it as the early programming phenomenon.

The primordial origins of this theory are spread throughout history
and can be traced back for centuries depending on how previous publications
and quotes are interpreted. Probably the earliest references to a
programming phenomenon can be extracted from popular expressions

imbedded in many ancient cultures, such as an ancient Greek quote, which



said “healthy mother, healthy baby”. However, the first epidemiological
evidence supporting the clinical relevance of this observation resulted from
the work of Kermack et al. in 193431 who analyzed demographic information
from England and Wales from 1845, Scotland from 1860 and Sweden from
1751, these being the earliest periods from which reliable demographic data
was available. Based on their observations, the authors suggested that the
death rates of adolescents and adults depended on the constitution acquired

during the first 15 years or so of life.

Following the same line of thinking but thirty years later, Rose et al.3?
reported the association between rates of infant mortality and rates of
ischemic heart disease some decades later in subjects with the same genetic
background. A few years later, in 1976, Ravelli et al.33 published a paper
demonstrating an association between nutritional restriction during
pregnancy and the later development of obesity. This was followed by a
paper by Forsdahl34 reporting that the incidence of atherosclerotic heart
disease in a certain age group could be correlated with the infant mortality

rate of the same population many years before.

Regardless of the implicit references to the programming
phenomenon made in the past, it is well accepted that the early programming
concept was popularized when David Barker and collaborators brought what
they called “the developmental origins theory” to the fore in the mid

1980’s.12.:35

Barker’s initial and most popular studies of the early programming
phenomenon focused on documenting the long-term health outcomes in a
population from England and Wales; some of whom were in utero during
starvation conditions in World War II and from whom extensive and accurate
postnatal medical records were available.8-11 Using this valuable information,
Barker and collaborators demonstrated that birth weight, as well as other
postnatal conditions such as breast feeding and certain anthropometric

parameters at one year of age, were strongly associated with the later



development of diseases such as hypertension,3¢ chronic bronchitis'? and
coronary heart disease3” among others. Barker’s work constitutes, without
question, the most influential contribution and one of the cornerstones

supporting the early programming phenomenon.3>

1.2.2 Proposed pathophysiological models of early programming

The precise mechanisms by which environmental conditions can
modulate the phenotypical manifestations associated with health or disease
in humans are still elusive. However, multiple candidates have been

proposed.38

1.2.2.1 The impaired genesis model

Some organs such as the heart, kidney and brain undergo an intense
replication and differentiation process during fetal and early life stages while
organogenesis occurs.3° The impaired genesis model suggests that once this
developmental period is over, the replication and differentiation potential of
the cells from these organs is minimal. Therefore, the exposure of a
developing organism to external stressors during these critical periods of
rapid replication and differentiation could delay and reduce the amount
and/or quality of these long-lasting cells and, in that manner, reduce
tolerance to external stressors affecting these particular groups of cells later

in life.

One observation that illustrates this particular model has been
described in renal development and the effect of maternal protein restriction
during the development of the kidney; which constitutes one of the
foundations of the Brenner hypothesis.** Human nephron development
starts around the 5t week of fetal development and, about 30 weeks later,
nephrogenesis comes to a halt when the final number of nephrons an
individual will have is set.#! Throughout the normal aging process, the
number and function of nephrons declines gradually and by the 8th decade of

life, a normal healthy person has lost 40% of total kidney mass and close to



80% of renal function (in terms of creatinine clearance).*? If external
stressors impair nephrogenesis during high replication/differentiation
periods, the final number of functional nephrons that a person will have (and
consequently his/her renal reserve) will be reduced. Therefore, it is probable
that these subjects may be more susceptible to develop premature renal
failure as their renal function declines later in life.43 A similar phenomenon
has been described in the myocardium.# 45 During fetal development, heart
growth occurs initially via hyperplasia of mononucleated cardiomyocytes.4®
Throughout pregnancy there is a transition from hyperplasic to hypertrophic
growth as increasing numbers of cardiomyocytes become bi-nucleated and
are terminally differentiated to mature cells.*” At term, the fetal heart
contains almost the full number of cardiomyocytes that it will have for the
rest of its life and 90% of these cells are bi-nucleated. Given the relative
maturity and limited ability for regeneration of the myocardium after birth,8
environmental factors affecting the proliferation and differentiation of
cardiomyocytes during gestation are likely to have long-lasting consequences
for heart growth and function.*? Similar conditions have been described in

other cells with a low turnover during adulthood such as neurons.50

1.2.2.2 The neuroendocrine model

One of the best-recognized models of neuroendocrine programming in
mammals is described in sexual differentiation. The reproductive
neuroendocrine axis is sexually differentiated through exposure of the
fetus/neonate to male steroid hormones.>! This process seems not only to be
mediated by the effects of hormones on the network of neurons that regulate
Gonadotropin Releasing Hormone (GnRH) secretion from the
hypothalamus,>2 but also to be susceptible to environmental conditions
affecting the availability of hormonal stimuli during crucial periods of
development. In lambs, for instance, this sexual differentiation process
extends from approximately day 30-90 of gestation. Treatment of female

lambs with testosterone during this critical period results in long-term



changes in the offspring including birth weight, infertility, insulin resistance,
impairment of hypothalamic sensitivity to steroid negative feedback,
pituitary sensitivity to GnRH and marked advancement of the timing of
puberty later in life; probably due to long-term changes in the sensitivity of

the neuroendocrine axis to the physiological feedback of sexual hormones.>3

Another well-studied model of neuroendocrine programming is that
resulting from chronic exposure to glucocorticoids and its effects on the
hypothalamic-pituitary-adrenal (HPA) axis. Maternal corticoids levels can be
increased physiologically as part of the normal response to stress,>* 55
experimentally by direct administration to the mother,% 57 or pathologically
as a result of other conditions affecting the corticoids production such as
polycystic ovary diseases, pituitary and adrenal tumors.>8 Animal studies
have demonstrated that an increase in the maternal circulating
glucocorticoids can cross the placenta and affect the fetal HPA development,
resulting in changes in function that persist throughout life. These changes
appear to be modulated at the level of glucocorticoid and mineralocorticoid
receptors in the brain and pituitary gland. 5%-62 Interestingly, these early-
programmed changes in neuroendocrine function are also influenced by sex
and age.®3 %4 Moreover, these potential long-term changes in the HPA axis
have also been proposed to be involved in the etiology of many long-term
programming complications such as hypertension,®> 66 obesity®’” and type 2

diabetes mellitus (T2DM).68

In humans, the most relevant example of neuroendocrine
programming was initially described in pregnant women with classical 21-
hydroxylase deficiencies in which fetuses are exposed to high concentrations
of testosterone, leading to ambiguous genitalia, progressive virilization,
menstrual irregularities, reduced fertility and aggressive behavior of the
female offspring.6® Interestingly, little is known about the potential effects of

neuroendocrine programming on the development of CVDs. However, the



clearly described effects of hormones in the pathophysiology of CVDs”°

suggests that this mechanism could play a relevant role.

1.2.2.3 The environment-endocrine interaction model

The examples that better illustrate this programming model have been
described in vertebrates such as reptiles’! and some birds,”? in which the
environmental temperature can modulate the sex of the embryo by activating
an aromatase capable of converting testosterone into estrogen and, thereby,
modulate sexual differentiation.”3 The relevance of this particular model in
mammals still needs to be studied. However, it has been described that in
mammals, early exposure to specific environmental conditions such as
nutritional restriction can modulate the expression (either increased or
decreased) of hormonally active agents such as leptin, insulin and

estrogens.’477

1.2.2.4 The premature aging model

Aging is an unavoidable degenerative process that is inherent in all
living organisms and is characterized by a gradual increase in oxidative
stress, decreased cell turnover and function and accumulative
deoxyribonucleic acid (DNA) damage,’8 79 that can eventually progress to
pathological states such as hypertension, T2DM, obesity, heart failure and
dementia.8%-82 [nterestingly, most of these pathological states that are
characteristic in an aging population have also been associated with early
programming. Moreover, a growing group of authors have proposed that
early programming is mediated by the same mechanisms that cause

premature aging.83-85

Besides the aforementioned mechanisms that could affect the
expression of aging-related molecules,8% 87 two other major potential
pathways have been proposed to link early programming and premature
aging. One is a reduction in the number, development, function and longevity

of stem cells and consequent impairment of the mechanisms that mediate



cellular turnover and tissue regeneration in the adult offspring.88 The second
proposed mechanism, which may be more relevant for CVDs, suggests that
early programming induces multiple mediators affecting the stability and
regeneration of DNA or reducing the normal defense mechanisms used by
the cell to protect the integrity of DNA exposed to normal external and
internal stressors.8? Studies in rodents conducted by our group, have shown
that hypoxia-induced fetal growth restriction causes an increased
susceptibility to myocardial ischemia/reperfusion (I/R) injury that emulates
the effect of aging.?? Additionally, studies in pregnant ewes have shown that a
short cycle of dexamethaxone given at the end of pregnancy can produce a
long-term increase in the myocardial production of reactive oxygen species
(ROS) similar to that associated with aging.°! Telomerase length, a cellular
marker of DNA integrity that has been inversely associated with aging and
the risk of developing CVDs®? have shown to be reduced in babies born small

relative to normal weight newborns.?3

1.2.2.5 The transcriptional model

The potential capacity of environmental conditions to regulate DNA
modifications constitutes a more recently described mechanism of early
programming that may have more relevance in mammals.”® The
transcriptional model is based on epigenetics and implies that environmental
agents can affect the transcriptional capabilities of genes either by altering
their histone methylation or demethylation patterns’® or by causing a direct
methylation of promoter sites;?* which result in a long-term phenotypic
change in the offspring. Advances in the understanding of epigenetic
influences during normal development have evolved substantially in the last

decades and have been extensively reviewed by other authors.?5-97

Despite the number of described mechanisms to explain the early
programming phenomenon, there is still no consensus regarding which
mechanisms are more relevant or better candidates for prophylactic or

therapeutic interventions. Moreover, it is possible that different



organs/species have multiple and/or different mechanisms of early
programming, or that some of these mechanisms have a certain degree of
overlap and synergism in inducing long-term changes in phenotypical

manifestations.

1.2.3 Models for the study of the early programming phenomenon

Throughout the years, several groups have used different models to
study the pathophysiolgy of the early programming phenomenon. These
models can, broadly speaking, be divided in two main groups: clinical and
epidemiological models (involving human subjects) and experimental models
(involving animals). Among the clinical and epidemiological approaches, the
most popular ones are the historical cohort studies in populations with
different birth weights and perinatal complications (such as those used by
Barker et al. in the early 1980’s).12.35 Other clinical models that have been
used in the past include the study of fetal and early development using
cadaveric specimens®8 and, more recently, prospective cohort studies in
children born from pregnancies complicated by intrauterine growth
restriction (IUGR)%? 190 or twins with differential growth patterns.”- 101,102
The use of clinical and epidemiological approaches to the study of the
programming phenomenon has several limitations; including high cost,
ethical considerations, presence of confounding factors and long periods of
time between exposure to the programming insult and development of

strong clinical outcomes.103-105

Despite the fact that no animal model of pregnancy can fully mimic the
human,1% 196 methodological challenges inherent to clinical research in the
early programming area has encouraged the development of several animal
models.19 Indeed, experimental models of early programming have been
created using a wide variety of species including bird embryos107.108 small
rodents (such as mice,1%? rats!19 and guinea pigs!!! 112), larger mammals

(such as sheep!!? and llamas!!4) and, to a lesser extent, non-human primates
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like the baboon.115 116 From these models, those developed in small rodents
offer multiple benefits including short pregnancy length and life span of the
offspring, convenient litter size, a relatively low cost and the possibility of
using genetically modified animals. Experimental models, on the other hand,
have their own problems such as species differences and the limited
translation of results to clinical scenarios.19° One of the limitations of using
rodent models for studying early programming is that these are a polytocous
species and, as a consequence, experimental approaches need to be adjusted

for the effect of variation in litter sizes.

1.2.3.1 Timing of insults used to study early programming

During fetal and early childhood development, periods of increased
replication and differentiation can differ from one organ or tissue to another.
Therefore, there could be different and specific time windows in which every
cell, organ or system is more or less susceptible to early programming.
Consequently, the length and timing of the exposure to a programming-
inducing insult can have substantial consequences on the programming
outcome and need to be considered when interpreting the results obtained
by each model used to study early programming. In addition, special
considerations need to be made when making comparisons across multiple
animal models of early programming given that different species have
different lengths of gestation, levels of fetal maturity at birth and
characteristics of postnatal development that could compromise the
interpretation and extrapolation of the results. Figure 1-1 presents a
summary of the estimated periods of rapid replication and differentiation of
different organs across species relative to common milestones of

development.
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Figure 1-1 Summarized data showing periods of rapid replication and
differentiation among species commonly used to study the early
programming phenomenon

G: gestational age (days), D: postnatal age (days).

1.2.3.2 Common types of prenatal insults used to induce early programming in

experimental models

In terms of the type of insult used to induce programming, approaches
have changed with the identification of numerous elements as potential
programming inducers.!l” From an experimental perspective, the insults that
are more commonly used are characterized by conditions of deficiency, such
as macro!!® and micronutrient restriction,'1° anemia, 2% hypoxial?1.122 or

feto/placental blood flow restriction.!?3 This last can be achieved through a
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number of mechanisms: including ligation of uterine and/or ovarian blood
vessels,123 injection of microspheres into the placental circulation24 or

manipulation of the materno/placental interface (carunculectomy).125

All of these deficiency models are attractive because they emulate
either adverse environmental conditions during pregnancy (such as famine,
high altitude pregnancy, maternal anemia, smoking or pulmonary disease) or
pathological conditions affecting the normal development and function of the
placenta (such as pregnancy induced hypertension, gestational diabetes,

maternal anemia or placental insufficiency, among many others).

From this variety of programming-inducing insults, those causing a
prenatal restriction of fetal oxygen availability (also known as fetal hypoxia)
are particularly interesting and clinically relevant.13.126-128 Fetal hypoxia can
result from either conditions restricting the maternal intake of oxygen
(including heavy smoking, living at high altitude!2° 130 and severe pulmonary
diseases!17.131) or conditions reducing the placental ability to allow gaseous
interchange between the fetal and the maternal circulation. This second
group of prenatal conditions constitute the most common causes of perinatal
morbidity and mortality!32 133 and include a broad spectrum of common
obstetric conditions (such as gestational diabetes, placental insufficiency,
preeclampsia and anemia) as well as environmental /social factors like

cocaine use.134

1.2.4 Intrauterine growth restriction (IUGR) and early programming

One common characteristic in many clinically relevant insults that
produce early programming, is that they cause some degree of intrauterine
growth restriction (IUGR). This term refers to a pathological condition of
pregnancy in which the developing fetus does not reach its growth potential
for any given gestational age.135 As correct and broad as this definition of
IUGR is, it is also clinically imprecise since the specific growth potential for

any given fetus at any given point during pregnancy is very difficult to
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determine.13¢ In practicality, clinicians and researchers have been using
surrogate outcomes such as body weight below the 10t percentile.117 Babies
with body weights below this cutoff point are also known as babies born
small for their gestational age (SGA) and, from a clinical perspective, are

considered to have some degree of IUGR.13>

1.2.4.1 Prevalence of IUGR

Despite having a clear and well accepted criteria to diagnose IUGR, the
prevalence of this condition is still elusive and has tremendous variability
(between 3.2 to 26%) from one study to another.13” One recent study
including all singleton births documented in the United States from 1995 to
2004 (excluding those born in California), reported that from 19,768,411
births occurring during this window of observation, 3,203,346 (16.18%) had
birth weights that were below the 10t percentile (according to the normal

growth charts that have been validated for that population).138

1.2.4.2 Hypoxia and IUGR

The etiology of [UGR is variable, however, in most instances fetal
growth is ultimately constrained by a limitation of oxygen and nutrient
delivery.13° As mentioned in Section 1.2.3.2 of this thesis, prenatal insults
limiting oxygen availability are highly relevant and strongly associated with
both IUGR and early programming. Fetuses have several mechanisms to
compensate for an acute nutritional restriction while they have very limited
reserves to compensate for oxygen insufficiency.!% Hence, even small
variations in the availability of oxygen are unlikely to be compensated for by
alternative metabolic pathways and are, therefore, very likely to affect fetal
growth.128 Pregnancies that occur at high altitude constitute an interesting
condition that illustrates the fundamental effect of oxygen deprivation on
fetal growth. Observational studies conducted in populations born at high
altitude show that, independent of diet and genotype, the decrease in oxygen

availability associated with high altitude is directly correlated with changes
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in average birth weight,136.141-143 gnd inversely related to neonatal mortality

and morbidity.129 144

1.3 Early programming and the increased risk of developing chronic

medical conditions

From the long list of chronic conditions that have been linked to the
early programming phenomenon, cardiovascular and metabolic pathologies
have received particular attention. This is due not only to their high
prevalence, but also to the cost they represent to the health care system.
Consequently, and for the purposes of this thesis, we have centered our
attention on the potential effects of early programming in these areas.
Specifically, we have focused on the long-term effects of hypoxia-induced
IUGR on two specific areas: i) cardiac function, structure and response to
ischemic insults (Section 1.3.1) and ii) susceptibility to develop components
of the metabolic syndrome (MetS) such as obesity, dyslipidemia and insulin

resistance (Section 1.3.2).
1.3.1 Early programming of cardiovascular diseases

1.3.1.1 The global burden of cardiovascular diseases

Despite a general public awareness regarding the magnitude of the
CVD epidemic, the growing interest of the scientific community and the
implementation of several public health strategies during recent decades,
CVDs are still the leading cause of death and disability in the world.14>
According to a recent report published by the World Health Organization
(WHO), an estimated 17.1 million people die from CVDs in the world each
year. This represents 29% of all deaths and affects men and women almost
equally.1#6 In Canada, CVDs account for more deaths than any other disease:
over 72,000 people die of CVDs every year, accounting for 31% of male
deaths and 33% of female deaths and causing an estimated cost to the

Canadian economy of about $18 billion over the same period of time.14?
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Even more dramatic than the mortality rates is the fact that a far larger
proportion of individuals have asymptomatic disease and other organ
damage secondary to the presence of undetected cardiovascular risk factors
such as high blood pressure, hyperlipidemia, obesity and T2DM.148 Current
estimates show that the global burden of CVDs far exceeds that of its death
rates, affecting an estimated 128 million people, or nearly eight times the
number of casualties attributable to it.14° In the United States alone, 71.3
million adults (around 30% of the population) have at least one type of
CVD.148 Thus, the greater burden of CVDs and the majority of costs to the
health care system are not only due to mortality but also to non-fatal
cardiovascular events, their respective long-term disability and

complications such as post-ischemic cardiac arrhythmias and heart failure.14?

A recent report made by the American Heart Association (AHA)
showed that the mortality rates of a first cardiovascular event have
decreased in the last 20 years, and consequently, the number of patients
discharged from hospital with chronic CVDs and heart failure is increasing.148
Moreover, this report also mentioned that these subjects are living longer
and requiring more resources from the health care system.148 Furthermore,
populations from several developing countries are undergoing a period of
epidemiological transition in which life expectancy is increasing and
mortality causes are changing toward non communicable and chronic

diseases (Figure 1-2).
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Figure 1-2 Worldwide actual and estimated shifts towards non-
communicable and chronic diseases as causes of death

Extracted from “The world health report 2008: primary health care, now more than ever”.150

As the world's population gets older and the lifestyles of developing
societies emulate the nutritional models described in developed countries,
the global prevalence of CVDs is expected to increase in the years to come.145
147 In fact, it has been estimated that if the current trends continue, the
number of casualties attributable to CVDs by 2020 will be around 25 million

per year.148

Since Barker and his group published their work linking birth weight
and cardiovascular outcomes!? (see Section 1.2.1 for details), several authors
have focused on the early programming of cardiovascular pathologies such as
cardiac hypertrophy,1°1. 152 heart failure,153 hypertension?® 105, 118,152,154 gpd
endothelial dysfunction!53.155-157 among others. As a result, a substantial
body of evidence has been collected to prove that early exposure to
programming-inducing conditions increases the risk of presenting several
classic cardiovascular risk factors such as dyslipidemia, hypertension and
T2DM,1>4 Interestingly, the increased risk of developing CVDs in subjects

born IUGR cannot be fully explained by differences in the prevalence of other
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cardiovascular risk factors; as shown by Stein and collaborators>8 who used
an epidemiological approach to demonstrate that the long-term
cardiovascular deleterious effects associated with being born IUGR are
clearly independent of the presence of other cardiovascular risk factors. So
far, the specific mechanisms leading to an increased risk of CVDs in subjects
born IUGR are still elusive. However, special attention has been given to a

number of cardiac pathophysiological mechanisms that could be involved.

1.3.1.2 Impaired myocardiogenesis

This pathophysiological mechanism follows the same principle of the
impaired genesis model for early programming (Section 1.2.2.1). The
mammalian heart is one of the first organs to form during embryogenesis.1>?
During early embryogenesis, growth of this organ occurs initially via
hyperplasia of mononucleated cardiomyocytes.*¢ Throughout pregnancy,
myocardial growth undergoes a progressive transition from hyperplasic to
hypertrophic growth as increasing numbers of cardiomyocytes become bi-
nucleated and are terminally differentiated to mature cells.#” At term, the
heart of a human fetus contains almost the complete number of
cardiomyocytes that it will have for the rest of its life and 90% of its cells are
bi-nucleated (similar levels of binucleated myocardial cells are reached in
rodents by around five days of life).160 Using a sheep model of IUGR induced
by uterine caruncle resection, it has been demonstrated that offspring with
IUGR due to a placental deficiency exhibit an increased proportion of
mononucleated cardiomyocytes relative to controls#>, which suggests that
prenatal hypoxic insults could have a direct effect on cardiac development
and maturation. Given the limited ability for regeneration of the myocardium
after birth,*8 environmental factors affecting the proliferation and
differentiation of cardiomyocytes during gestation are likely to have long-
lasting consequences for heart growth and function.#® Therefore, the
potential effect of different perinatal insults on cardiac genesis and

maturation is likely to be involved in the cardiac programming
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phenomenon.'* Animal models of chronic fetal hypoxia or protein intake
reduction, for instance, have shown that both newborn as well as adult
offspring born under these conditions exhibit changes in their number of
cardiomyocytes.#4 161 This due to decreased cell replication and increased

levels of apoptosis in the myocardium during early stages of life.4% 161

1.3.1.3 Fibrosis, cardiac remodeling and early programming

The extracellular matrix (ECM) is a very organized structure of
collagen, proteoglycans, glycoproteins, and other bioactive molecules.162 This
component of the myocardium plays a fundamental role in integrating the
individual sarcomeric contractile components, transferring the kinetic
energy and determining the passive viscoelastic properties of the heart.163
The ECM is also a very dynamic element of the myocardium and its turnover
is tightly controlled by coordinated degradation and synthesis of its
components.164 Several pathological conditions of the myocardium (such as
cardiac hypertrophy, heart failure and diastolic dysfunction) are
characterized by a disorganized proliferation/degradation of some
components of the ECM leading to changes in structural and viscoelastic
properties of the myocardium and decreased mechanical efficiency of the

heart.165

Studies performed in rodent models demonstrated that the heart of
offspring born IUGR, as a result of a maternal nutritional restriction, exhibit a
15% increase in the amount of myocardial interstitial fibrosis compared to
controls.16¢ Additionally, studies performed by our group using a hypoxia-
induced IUGR model, demonstrated that in rats, this kind of prenatal insult
produced changes in the cardiac ECM composition during adulthood;

characterized by increased deposition of type I and type III collagen fibers.?0

Among the mechanisms that regulate ECM synthesis and degradation,
a family of zinc-dependent matrix metalloproteinase (MMPs), together with

their tissue inhibitors (TIMPs), are key regulators.16” Interestingly, our
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previous results also showed that adult offspring, which were prenatally
exposed to hypoxia, exhibit decreased myocardial activity of MMP-2.90
Altogether, these results suggest that pathways involved in the modulation of
myocardial remodeling and ECM turnover could be involved in the
development of the cardiac phenotype observed in adult rats exposed to

prenatal hypoxia.

1.3.1.4 Early programming and increased myocardial susceptibility to

ischemia/reperfusion injury

Ischemia refers to a condition in which tissue blood flow (and
consequently nutrient and oxygen availability) is reduced to a level that is
below physiological requirements. Reperfusion injury refers to the tissue
damage that occurs when blood flow is restored after a sustained ischemic
period.168 The particularly deleterious effects of /R injury, and the fact that
I/R can be more deleterious than ischemia alone, were observations initially
described by Jennings in the 1960’s.169 It took, however, 20 years of research
before some of the molecular and cellular events leading to /R injury could

be elucidated.

The pathophysiological mechanisms involved in /R injury are very
complex and may be mediated by the interaction of several pathways,
including ion accumulation,’% mitochondrial dysfunction,!’! free radical
production,!’2 apoptosis and autophagy induction,!”3 endothelial
dysfunction,174 platelet aggregation and immune activation among others.17>
Interestingly, the relevance of each one of these specific pathways in human

disease and response to I/R injury are still controversial.

Although I/R injury cannot be used to evaluate the susceptibility to
develop a cardiovascular event, it is very useful to evaluate the cardiac
response to a prolonged ischemic period. Therefore, this model emulates the
kind of heart injury that is observed after intraoperatory cardioplegia or

emergency coronary revascularizations.176
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Different rodent models have been used to study the effects of
prenatal insults and early programming on myocardial susceptibility to I/R
injury. Fetal exposure to cocaine, for instance, is known to have a deleterious
effect on myocardial sensitivity to I/R injury in adult rat offspring.177 This
may be due to a decreased expression of cardioprotective factors such as
protein kinase C epsilon (PKC-¢).178 It is still, however, unclear whether the
long-term effects generated by early exposure to cocaine are due to direct
effects of the alkaloid on the adult myocardium, or if they are secondary to
other common effects of this compound in pregnancy (such as fetal hypoxia

or increased levels of sympathetic neurotransmitters).

Our laboratory®? and others!?2 179 have shown that adult rat offspring

(at four and seven months of age) born IUGR secondary to a prenatal hypoxic
insult, have an increased predisposition to I/R injury. Interestingly, other
authors did not observe this particular phenotype when studying animals
exposed to similar prenatal insults at two months of age.122 Although there
were small differences in the protocols used by these authors, the results
suggest that, in this particular model, the increased vulnerability to I/R injury
is not a congenital condition associated with hypoxic prenatal insults but

rather a phenotype that depends on an aging effect to manifest.

1.3.1.5 Cardiac energy metabolism and early programming

Among the constellation of factors that could be involved in the
cardiac phenotype described in adult offspring born IUGR, potential changes
in cardiac energy metabolism constitute an interesting and relevant area that
requires to be studied in more detail. The heart is an organ with high energy
requirements. Its intracellular content of adenosine triphosphate (ATP),
however, is very limited. The heart, therefore, depends on its ability to
continuously produce large amounts of ATP to guarantee its proper function

and viability.180
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Under aerobic conditions, the main pathways used by the heart to
produce ATP include the oxidative phosphorylation of pyruvate, lactate and
fatty acids, which are the sources of more that 95% of all the ATP produced
by the heart. The remaining ATP production results from other metabolic
pathways such as glycolysis or guanosine triphosphate (GTP) derived from
the tricarboxylic acid cycle (TCA).181 The substrate used to produce ATP
through oxidative phosphorylation in the mitochondria, has important
implications for cardiac energetic efficiency.!82 In the healthy myocardium,
~60% of the energy obtained by oxidative phosphorylation comes from free
fatty acid (FFA) oxidation, while the remaining ~40% comes from the
oxidation of carbohydrates.!83 Interestingly, the mechanisms that regulate
the myocardial uptake of both carbohydrates and FFAs (and consequently
determine the predominance of the substrate used to produce energy) are
strongly related to each other.183 In a well-perfused heart, for instance, an
elevation of circulating and intra-myocardial levels of FFAs produces a
reduction in the rate of glucose oxidation. Moreover, inhibition of fatty acid
[-oxidation produces an increase in the rate of glucose oxidation.!8* This
phenomenon is also known as the “glucose-fatty acid cycle” or “Randle cycle”,

in honor of Philip Randle who first described it in the 1960’s.18>

The relevance of the glucose-fatty acid cycle, with respect to
myocardial susceptibility to [/R injury, relies on the fact that changes in the
substrate used by the heart to produce energy can affect the “oxygen
efficiency” of the myocardium (determined as the amount of work performed
by the heart for a given amount of oxygen consumed). Studies performed in
dogs, for instance, have shown that increasing the rate of myocardial FFA
oxidation can affect the performance of the heart by reducing its oxygen

efficiency by about 25%.186

One factor that can explain why an increase in the utilization of fat as
an energetic substrate affects the oxygen efficiency of the heart is the

decreased phosphate/oxygen (P/0) ratio of fat metabolism. The P/O ratio
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represents the amount of ATP that can be produced by the mitochondria per
unit of oxygen'8” and depends on the substrate used to produce ATP. Each
mol of palmitate, which is a common FFA used by the myocardium to
produce energy, requires 46 mols of oxygen to undergo complete
mitochondrial oxidation and produces 105 mols of ATP. On the other hand,
one mol of glucose requires 12 mols of oxygen to be catabolized by the
mitochondria and in the process produces 31 mols of ATP. By adjusting the
amount of ATP produced by the amount of oxygen required for the
metabolism of each one of these substrates, it is evident that a myocardial
cell using 100% fat as energetic substrate is ~12% less “oxygen efficient”

than a cell using 100% glucose as substrate.

Palmitate oxygen efficiency relative to glucose oxygen efficiency:

=Palmitate (ATP prod/0:zreq)/Glucose (ATP prod/0;req)
=(105 /46)/(31/12)

=(2.28)/(2.58)

=(0.88)

prod: produced, req: required

The selection of the substrates utilized to produce energy is under
very complex control and is regulated by a number of mechanisms including
the availability of substrate, the energy demands of the heart, the availability
of oxygen and intra-mitochondrial regulatory mechanisms.188-191
Interestingly, all of these mechanisms that govern energy substrate selection
in the myocardium are known to be key elements affecting glucose
metabolism coupling, cardiac aerobic performance and cardiac tolerance to
[/R injury.192-194 In fact, it has been demonstrated that interventions
modulating cardiac selection of energy substrates can have a beneficial
impact by improving cardiac function in a failing heart195 196 and cardiac

function recovery after ischemic challenges.193.197
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Additionally, sub-products derived from glucose metabolism
uncoupling constitute another factor that could affect the myocardial
susceptibility to ischemia. Under ischemic or hypoxic conditions, when
myocardial oxygen availability is reduced, the oxidative phosphorylation
capacity of the mitochondria is limited and anaerobic glycolysis takes over to
maintain a modest production of ATP that partially compensates for the
energy depleted myocardium.1°8 A sustained increase in the glycolytic rate in
the presence of a reduced pyruvate oxidation capacity (glucose metabolism
uncoupling), however, results in the accumulation of other metabolites such
as protons (H*), lactate and sugar phosphates.182 The production of these by-
products can adversely affect cardiac energetic efficiency and may outweigh

the benefits of ATP produced from anaerobic mechanisms.199

Despite the proven effects of cardiac energy metabolism modulators
on cardiac function and susceptibility to ischemia,?00-203 the potential role of
these metabolic pathways in mediating some of the long-term cardiac effects

due to early programming are still unknown.

1.3.1.6 Early programming, oxidative stress and cardiac function

Oxidative stress refers to a state of imbalance between the production
of ROS and antioxidant mechanisms,?%# leading to toxic effects through the
production of peroxides and free radicals that damage the structure and
function of several components of the cell; including proteins, lipids and DNA.
Generally speaking, ROS are not one but a group of atoms or molecules which
readily gain (reducing factors) or lose (oxidizing factors) electrons.2% Due to
their electrochemical properties these compounds are “highly reactive” with
other molecules. Among ROS some of the most common include superoxide
anions (02-), peroxide ions (022°) and hydrogen peroxide (H202). The
production of ROS can be mediated by enzymatic processes and constitutes a
fundamental part of many physiological processes such as mitochondrial

respiration (Figure 1-3), cell signaling and immune system function.
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Figure 1-3 Schematic diagram of reactive oxigen species produced by
the electron-transport chain during mitochondrial respiration

Schematic of the mitochondrial membrane, showing complexes I-1V of the electron transport
chain. Arrows identify superoxide anions (02*-) produced from complexes I and III. Cyt.c:
cytochrome c.

Since ROS are so prone to react and interact with other molecules,
organisms have developed antioxidant defenses to limit the activity of these

molecules; such as glutathione, vitamin C, and vitamin E and enzymes such as

catalase, superoxide dismutase and various peroxidases.206

In humans, oxidative stress has been shown to be involved in many
cardiovascular diseases including atherosclerosis,2% heart failure” and
myocardial infarction.28 Moreover, several mechanisms involved in aging
and the development of cardiac dysfunction are associated with an increased

oxidative stress in the myocardium.206, 209-212

Some studies suggest that oxidative stress may play a role in the
development of the cardiovascular phenotype observed in animals exposed
to particular prenatal insults leading to early programming. Studies in sheep
exposed to corticoids in utero, for instance, have identified that the

production of ROS was increased in the coronary arteries of programmed
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animals;?13 probably due to an increased mitochondrial production of H20;
despite the presence of increased levels of antioxidants such as catalase.”T A
set of studies made by Elmes et al., demonstrated that postnatal
enhancement of the antioxidant status (by administering N-acetylcysteine or
diethylmaleate) can revert the increased susceptibility to I/R that is present
in adult offspring born from dams exposed to protein restriction during
pregnancy.214 215 However, the role of oxidative stress in the development of
the cardiac phenotype described in animals exposed to hypoxia-induced

early programming has not been explored.

1.3.1.7 Iron metabolism and its potential role in early cardiac programming

Iron (Fe) is an essential molecule involved in many physiological
processes including oxygen transport (as a component of hemoglobin and
myoglobin molecules), cellular respiration (as a component of cytochrome
enzymes in the mitochondria) and cellular signaling (as a component of
enzymes such as nitric oxide synthase, NOS).216.217 The total amount of iron
in the body of a healthy person is 3-4 g, from which approximately two thirds
are found as hemoglobin either in erythrocytes, the bone marrow or the
reticulo-endothelial system. The remaining iron is distributed in tissue

stores, mainly in the liver, spleen and skeletal muscle.?18

Iron’s fundamental role in several metabolic processes relies on its
high reduction-oxidation potential, which also makes it potentially
deleterious for the redox balance.?1? For instance, the addition of a single
electron to H202 results in the generation of the hydroxyl radical (OH-), one of
the most deleterious oxidants. This process can occur in the presence of free

iron in a chemical process known as the Haber-Weiss-Fenton reaction.220
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Haber-Weiss-Fenton reaction:

First step Fe3* + 0, — Fe?* + 0;
Second step (Fenton reaction): Fe?* + H,0; — Fe3* + OH +*°0OH
Net reaction: *O2 + H20; —°0H + OH +0;

Some pathological conditions characterized by exaggerated iron
accumulation (such as primary hemochromatosis or secondary iron overload), are
also characterized by a multisystem failure secondary to the deleterious effects of
iron deposition in several organs including brain, pancreas, liver, kidney and

221-223 Iron accumulation in the heart is also known as cardiac siderosis and

heart.
constitutes the most common cause of death in people with chronic iron
intoxication.””> Other common conditions caused by iron overload include iron
toxicosis,?2¢ iron-overload cardiomyopathy,?!! Friedreich-ataxia associated
cardiomyopathy,??7 iron-overload endocrinopathies,?28 and increased

susceptibility to myocardial [/R injury?2°-231 among others.

Because of its toxic properties, iron uptake, transport and storage are
highly regulated processes.?3? Iron absorption occurs principally in the
duodenum through a coordinated series of protein interactions.”>> Once inside the
enterocytes, it either binds to ferritin and turns into an iron storage molecule, or
moves to the basolateral membrane to be transported into the circulation by the

. . . - . g
23 In the circulation, ferrous iron (Fe*") is oxidized

transporter ferroportin (FPN).
to its trivalent state as ferric iron (Fe’") by a number of enzymes. Fe’" is the only
form of Fe that can bind to transferrin (Tf) for safe transport of iron in the

circulation.”®

Transferrin is an 80 kDa glycoprotein synthesized mainly by the
liver,220 that can be present in the circulation in its apo, monoferric or diferric
forms depending on the plasma concentrations of iron.23¢ Plasma levels of Tf
are regulated at multiple levels by multiple transcription factors including

iron response elements (IRE) and hypoxia-inducible factor-1 alpha (HIF-1a);
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which may be important for iron mobilization during hypoxic conditions.237
Typically, Tf remains 20-50% saturated with iron, providing a buffer range
for acute increases in plasma iron levels. Therefore, Tf acts as both an iron
donor and acceptor, depending on supply and demand.?33 Absorption of Tf-
bound iron occurs via one of two Tf receptors that have been identified; TfR1

and TfR2.

Peripheral storage of iron depends on Ferritin, which is a water
soluble protein that consists of 24 subunits and is capable of binding several
thousand atoms of iron.238 Ferritin synthesis is regulated by the presence of
iron via IRE.?3% Despite being predominantly distributed in intracellular
compartments, plasma levels of Ferritin are closely correlated with
intracellular levels240 and constitute the most commonly used parameter to

evaluate iron metabolism in clinical scenarios.236

The acute effects of different environmental conditions on iron
homeostasis in adult subjects have been well described using different
animal models.241-245> Both, hypoxic insults and acute infections, for instance,
can enhance iron absorption by the intestinal mucosa and increase the
mobilization of this element from hepatic stores into the circulation.236 244, 246
Moreover, deficiency of iron or other oligo-elements during pregnancy is
known to cause early cardiovascular programming.120.247. 248 However, the
potential effects of prenatal insults (such a hypoxia) leading to early

programming in the later regulation of iron metabolism remain unexplored.

In addition to its direct association with several cardiovascular
conditions (as previously mentioned), the early programming phenomenon
has also been linked to an increased cardiovascular risk by inducing or
favoring the development of pathological metabolic conditions. These
conditions include obesity, insulin resistance and dyslipidemia; all of which
are associated with an increased risk of developing CVDs and constitute

relevant health outcomes.

28



1.3.2 Early programming and metabolic diseases

As previously mentioned, a strong association between cardiovascular
pathologies and cardiometabolic risk factors has been clearly established.?4°
In fact, it is estimated that up to 50% of all cardiovascular events could be
prevented by reducing the prevalence and severity of a number of

cardiovascular and metabolic risk factors.249-251

Interestingly, the early programming phenomenon has also been
demonstrated to be involved in the etiology of many cardiovascular and
metabolic risk factors.248 252-254 Gjven the close interaction and relevance of
these three elements (early programming, cardiovascular and metabolic
pathologies), we have developed a particular interest in the study of other
cardiometabolic factors that could influence the future development of
cardiovascular health outcomes and could be associated with the antecedent

of being born from complicated pregnancies.

1.3.2.1 The metabolic syndrome

Since preventive strategies have proven to be the most cost-effective
approach to reduce morbidity-mortality attributable to CVDs,255 256 much
effort has been directed toward the identification, classification,
understanding and prevention of different cardiovascular risk factors.257-259
In this process, several terms have been coined to integrate the multifactorial
nature of CVDs and facilitate cardiovascular risk assessment in clinical
scenarios.260-262 Of these terms, metabolic syndrome (MetS) is among the

most commonly used.263-265

By definition, the MetS constitutes a cluster of the most relevant
cardiovascular risk factors which coexist more frequently than would be
expected by chance alone.263 The specific clinical criteria that define MetS
have been the subject of controversy in the last decades.266-268 A recent joint
interim statement, however, made by the most prominent organizations

interested in the study of the MetS,%4° proposed that the presence of three
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abnormal findings out of five (which include: T2DM or insulin resistance,
abdominal obesity, hypertriglyceridemia, low plasma levels of high density
lipoprotein cholesterol (HDL-C) and high blood pressure) are required to

diagnose a person with this entity (Table 1-1).24°

Table 1-1  Criteria for the clinical diagnosis of metabolic syndrome

Measure Categorical Cutoff Points
Population-specific definitions.
For United States and Canada
>102 cm in males
>88 cm in females

Elevated waist circumference

Elevated triglycerides (drug treatment for elevated
triglycerides is an alternate indicator)*

>150 mg/dL (1.7 mmol/L)

Reduced HDL-C (drug treatment for reduced HDL-C is an <40 mg/dL (1.0 mmol/L) in males;
alternate indicator)* <50 mg/dL (1.3 mmol/L) in females

Elevated blood pressure (antihypertensive drug
treatment in a patient with a history of hypertension is an alternate

Systolic blood pressure >130 and/or
indicator) Diastolic blood pressure >85 mmHg
Elevated fasting glucose (drug treatment for elevated
glucose is an alternate indicator)

>100 mg/dL

Extracted from Alberti et al. Circulation 2009.24° HDL-C indicates high-density lipoprotein
cholesterol. * The most commonly used drugs for elevated triglycerides and reduced HDL-C
are fibrates and nicotinic acid. A patient taking any of these drugs can be presumed to have
high triglycerides and low HDL-C.

Based on these recently introduced diagnostic criteria, it was
determined that in 2004 the prevalence of MetS among subjects over 20

years old in the United States was around 40.1% and that this prevalence is

very similar in men (41%) and women (39%).24

Even though the identification of this cluster of cardiovascular risk
factors as a “syndrome” is questionable,?%° it provides a widely accepted tool
to identify subjects at risk of developing other cardiovascular risk factors as
well as CVDs.266.270 [t has been estimated that people with MetS are twice as
likely to die from CVDs and three times more likely to have a cardiovascular

event than people without it.148
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1.3.2.2 Obesity and metabolic syndrome

Obesity is a medical condition in which excess body fat has
accumulated to the extent that it may have an adverse effect on health.2’1 A
recent Canadian study showed that ~50% of all cases of T2DM, ~25% of all
cancers and ~22% of all CVDs, as well as some co-morbidities, are considered
to be directly attributable to obesity.2’! For ease of diagnosis, simplified
criteria such as body mass index (BMI), defined as weight (Kg)/second
power of height (m?), have been widely incorporated into clinical practice.
The use of this specific parameter, however, to diagnose obesity is
controversial since several epidemiological and clinical studies have shown
that not all fat deposits are identical and that it is intra-abdominal fat (central
adiposity) which is more strongly associated with cardiovascular risk factors
and the development of adverse cardiometabolic outcomes.249 253,272-274 [
fact, many authors consider that central obesity is the most important
element in the MetS since it is strongly associated and involved in the

etiology and pathophysiology of all other components of this syndrome.263.

269,275

Several pathways have been identified as potential mechanisms by
which central obesity is associated with other cardiovascular and metabolic
conditions. An increase in the intra-abdominal fat content has been
associated with adipose tissue dysfunction,?’¢ which is characterized by a
number of morphological and physiological changes. These changes include:
increased adipocyte size, adipocyte hypoxia and increased plasma
concentrations of inflammatory, atherogenic, and diabetogenic adipokines,
increased circulating levels of triglycerides (TG) and FFA, ectopic fat

accumulation and impaired peripheral insulin sensitivity.276-278

1.3.2.3 Early onset of obesity and metabolic syndrome

Relative to adults, there is a less-clear diagnostic criteria of obesity or
MetS in the pediatric population.27?.280 Moreover, the actual diagnostic

criteria for pediatric obesity likely underestimate the prevalence of this
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condition.?81 Despite these limitations, it is estimated that close to 20% of
children between 2 and 18 years old are overweight or obese and close to
50% of these children have some other metabolic condition associated with
obesity such as dyslipidemia, insulin resistance and non-alcoholic fatty

liver.282-284

A sustained and dramatic rise in the prevalence of obesity and its
metabolic complications among children has occurred during the last three
decades and is considered to be one of the most alarming and challenging
public health problems.282 285 [n fact, it has been suggested that for the first
time in two centuries, the current generation of children in America may
have shorter life expectancies than their parents by as much as five years,
mainly due to the increase in obesity and other obesity-associated co-
morbidities.?86 Therefore, particular attention has been given to novel
interventions leading to a reduction in the prevalence, delay in the onset and
decrease in the severity of each one of the elements of this “syndrome”,

particularly during the early stages of life.287

1.3.2.4 Early programming of obesity and other components of the metabolic

syndrome

The amount of data supporting the association between certain
prenatal insults and the later susceptibility to develop obesity (using both
clinical and animal models) is extensive.252 288-293 Most of these studies,
however, focus on the long-term effects of macro and micronutrients (either
deficit289 294,295 or excess296-298) as program-inducing insults. Generally,
prenatal insults characterized by nutritional deficit lead to a decrease in the
maternal weight-gain during pregnancy and a decreased birth weight in the
offspring.289 299 Additionally, most nutrient deficiency models are
characterized by exaggerated postnatal weight gain of the offspring; this
phenomenon is also known as catch-up growth.300.301 This particular
postnatal growth pattern seems to be mediated by a postnatal up-regulation

in appetite control signaling and has been recognized as a strong driving
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force in the obesity early programming phenomenon.199.302 [n fact, postnatal
nutritional intervention, designed to decrease the exaggerated weight gain in
offspring born small, has been shown to ameliorate the susceptibility to

develop obesity and other components of the MetS later in life.100,303

In the case of animal models using maternal obesity to examine the
programming effects of this prenatal condition, offspring do not exhibit
decreased birth weight or exaggerated catch-up after birth.288 Adult offspring
from most of these excess nutritional models, however, have a phenotype
that closely resembles the MetS; including abnormal glucose homeostasis,
increased blood pressure, abnormal serum lipid profiles, increased adiposity
and endothelial dysfunction.304 305 [nterestingly, this particular model of
early programming also exhibits long-term changes in the hypothalamus and

endocrine mechanisms related to appetite regulation (such as leptin).22 306

Other animal models using non-nutritional insults (such as maternal
stress or maternal infection) have also been employed to study the early
programming of obesity. The information available from these models,
however, is very limited.288 Finally, there is one recently published paper
showing the association of prenatal hypoxia and insulin intolerance later in
life.307 The results presented in this manuscript also suggest that prenatal
hypoxic insults leading to [IUGR cause a long-term impairment in the insulin
signaling pathway of organs such as liver and muscle. Interestingly, there are
no studies designed to identify the potential long-term effects of prenatal
hypoxia on the later susceptibility to develop components of the MetS such as

obesity, dyslipidemia and hypertension.

1.3.2.5 Resveratrol for the treatment of early programmed obesity and

metabolic syndrome

Regardless of our understanding of the etiology and pathophysiology

of components of the MetS, the management and prevention of these
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cardiovascular risk factors still constitutes a clinical challenge. Since the MetS
is mainly mediated by increased energy intake and decreased energy
expenditure, agents that mimic caloric restriction may offer a new
therapeutic approach to prevent the early onset of these conditions in

susceptible populations.

Resveratrol (3, 4', 5 trihydroxystilbene) is a polyphenol that is
naturally synthesized by plants in response to attacks by certain
pathogens.3%8 This molecule is known to be present in relatively high
amounts (0.1-14.3 mg/L) in red wine3%° and has been associated with the
cardioprotective effects of red wine consumption.310 Interest in this
particular molecule has increased substantially in the last decade due to its
diverse beneficial effects demonstrated in a variety of animal models.311. 312
Previous studies, for instance, have shown that administration of Resveratrol
improves insulin sensitivity and vascular function,313.314 inhibits tumor
formation,3!> and ameliorates the early mortality associated with a high-fat

diet in mice.316

The exact mechanisms by which Resveratrol produces its beneficial
effects are not fully understood. Many of the beneficial effects of this
molecule, however, are attributed to its ability to upregulate the SIRT1 gene
which decodes the protein Sirtuin1.317 Sirtuin1 down-regulates p53 activity,
increasing lifespan and cell survival; it also deacetylates peroxisome
proliferator-activated receptor-gamma (PPARy) and its coactivator lalpha
(PGC-1a), promoting fat mobilization, increasing mitochondrial size and

number, and positively regulating insulin secretion.31”

Caloric restriction is a non-pharmacological intervention that is
capable of increasing lifespan and decreasing most elements of the MetS.
Caloric restriction is also known to cause activation of Sirtuin1 and for that
reason pharmacological agents capable of activating Sirtuin1 are known as
nutrition restriction mimetics.318 Since Resveratrol is a very powerful up-

regulator of Sirtuin1 it is plausible that its administration may have

34



beneficial effects on the treatment or prevention of obesity and other co-
morbidities of the MetS. Among the multiple effects of Resveratrol, the Akt-
induced facilitation of nitric oxide production and activity and the protection
from oxidative stress seem to be among the most important and could
constitute a key pathway connecting the vascular and metabolic beneficial

effects of this natural compound.31?

1.4 Early programming and increased susceptibility to a “second

insult”

One interesting characteristic that is shared by most models (both
clinical and experimental) of early programming, is that offspring exposed to
programming-inducing insults do not exhibit a well-established pathological
phenotype during early stages in life; after recovering from the acute
perinatal effects of being exposed to hypoxia in utero (i.e. IUGR, increase in
relative cardiac weight, etc). In fact, most young offspring born from
complicated pregnancies tend to be healthy during the initial stages of life.1%
109 However, as they age or are exposed to new challenges such as stress or
unhealthy diets, pathological phenotypes rapidly become evident and

demonstrate an accelerated progression.13. 16,320,321

These observations raise the “second insult” concept; this postulates
that programming-inducing insults affect individuals by decreasing their
physiological reserve, (through any of the mechanisms described in Section
1.2.2) and decreasing their capacity to respond/adapt when exposed to a
“second insult”. A complicating factor is that each “second insult” could have
different pathways to cause pathological conditions, and each programming-
inducing insult could have different effects on multiple organs and
homeostatic systems. For the purposes of this thesis we have, therefore,
focused on two specific “second insults” that are highly prevalent and

relevant; aging and diet-induced obesity.
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1.4.1 Aging as a “second insult”

Aging is an unavoidable process characterized by progressive organ
function loss, decreased physiological cellular replication, decreased
metabolic rates, impaired immunological function and increased oxidative
stress.322.323 The normal aging process is also characterized by an increased
incidence and prevalence of several pathological conditions such as
hypertension,321.324 renal failure,?® T2DM,320 obesity,325 coronary heart
disease,’>3 and heart failure.32¢ Interestingly, most of these aging-associated
conditions are also known to appear earlier and/or with more severity in

subjects born from pregnancies complicated by IUGR.41 98,100,153

Since aging is an unavoidable consequence of life, and considering that
the life expectancy in developed and developing societies is reaching record
values,327-329 the study of early programming and its effects on the aging

process are extremely relevant.

1.4.2 Diet-induced obesity as a “second insult”

Reaching a minimal nutritional intake is a very basic and intuitive
behavior for any organism. Exceeding the nutritional requirements of energy
intake, however, doesn’t necessarily imply a benefit for health or survival. In
fact, nutritional caloric restriction is the only intervention conclusively
shown to slow aging and maintain health and vitality in mammals.330 At the
other extreme, lifestyles and experimental interventions characterized by
high-energy intake and decreased energy expenditure are associated with a

higher risk of developing several chronic diseases.331-334

Although chronic cardiovascular and metabolic diseases have a
complex pathophysiology, characterized by a strong influence of inherited
factors335, the strong association between diet, obesity and cardiovascular
and metabolic diseases has been well documented.336 337 Moreover, the
nutritional habits of populations from both developed and developing

societies have suffered a dramatic change in recent years, moving toward
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western models of food consumption.250.338 These nutritional behaviors are
characterized by an increased caloric intake rich in saturated fat, sodium and
refined sugars339-341 and constitute one of the most relevant and prevalent

modifiable risk factors for several cardiovascular and metabolic diseases.

Actual trends in the prevalence of obesity have caused a general
awareness and concern regarding an imminent epidemic of obesity.146.274 342,
343 This problem is of particular concern in young adult and pediatric
populations in which the proportion of subjects who are overweight or obese
has exhibited a 10 fold increase during the last twenty years.284 344-347 Among
the number of elements that have been associated with an increased
susceptibility to becoming obese,?84 343,345 prenatal factors appear to play a
fundamental role.103.348-350 Therefore, understanding the interactions
between early programming and susceptibility to diet-induced obesity (DIO)
is highly relevant; especially when considering the social, economical and

health consequences of the early onset of obesity.

1.5 Sex differences in early programming

Despite the notable amount of epidemiological evidence illustrating
differences in the pathophysiology of chronic diseases between men and
women, there is an enormous paucity of information regarding sex
differences in the early programming phenomenon. Several experimental
models have shown that, in addition to their effect on the differentiation of
primary sexual characteristics, sex hormones also play a fundamental role in
the regulation of fetal growth and development throughout pregnancy and
early infancy.351 Moreover, hormonal influences may also modulate the long-
term effects of insults inducing early programming; this may result in
different phenotypic manifestations in male and female offspring exposed to

similar insults early in life.

Depending on the model used and the outcomes evaluated, different

authors have described either sex-dependent programming protection, sex-
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independent programming effects or a sexually dimorphic, deleterious long-

term response to prenatal insults.

Studies performed in various animal models indicate that relative to
females, male fetuses are more likely to exhibit long-term changes in vascular
function3>2 and cardiac susceptibility to ischemial’® when exposed to
hypoxia, nutritional restriction or glucocorticoids3?3 in utero. Moreover,
models using maternal stress to induce programming suggest that male
offspring may also be more susceptible to maladaptive behavioral stress
responses relative to female offspring.3>4 Further studies designed to
understand the influence of hormones on programming mechanisms have
determined that programming of blood pressure regulation appears to be
mediated, at least in part, by testosterone. In male rats in which fetal growth
restriction was induced by a reduction of uterine perfusion during the last
third of pregnancy, castration at 10 weeks of age abolished the increase in
blood pressure that was normally observed in these animals.3>> Estrogens, on
the other hand, may play a protective role against early programming of
specific conditions. It has been described that in offspring born small, the
induction of an estrogen deficit by ovariectomy can accelerate the
development of hypertension; an effect that can be reversed by estrogen
supplementation or pharmacological blockade of the renin-angiotensin

system.356

Importantly, not all studies suggest that female offspring are protected
against all kinds of programming insults. In fact, relative to their male
counterparts, female offspring seem to be more susceptible to develop
hypertension when exposed to a high-fat diet during pregnancy357 and
alterations in the hypothalamo-lactotroph axis when exposed to
glucocorticoids in utero.3>8 Moreover, not all kinds, intensities or timing of
programming insults have differential effects depending on the sex of the
offspring and most interactions seem to depend partly on the species

involved.359
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All together, these observations illustrate the complexity of the
programming/aging/sex interactions and suggest that programming-
inducing mechanisms associated with each of the described pathological

outcomes could be different.
1.6 General objectives and hypotheses

1.6.1 General objectives

Given the high prevalence of perinatal insults that can induce early
programming, and the potential influence of these conditions in the later
development of clinically relevant health outcomes, it is crucial to pursue a
better understanding of the mechanisms behind this fascinating
phenomenon and the potential preventive and therapeutic alternatives for

this segment of the population.

As discussed in Section 1.2.3.2 of this introductory chapter, many
different perinatal conditions have been linked to the early programming of
several chronic diseases. Interestingly, a significant body of evidence
suggests that there could be substantial differences in the specific
mechanisms that cause early programming depending on the nature of the

insult affecting the developing organism.19 22,104, 360-365

The objective of this thesis, therefore, was to study the long-term
effects of prenatal hypoxic insults, which constitutes one of the most
prevalent causes of IUGR in developed countries like Canada.3%® Moreover, in
consideration of both the actual perinatal epidemiological profile as well as
the global burden of cardiovascular and metabolic diseases (Sections 1.3.1.1
and 1.3.2.1), this thesis focused on how hypoxic prenatal insults (causing
IUGR) may increase the offspring’s susceptibility to develop cardiovascular
and metabolic outcomes in response to common “second insults” such as

aging and DIO.
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Despite well-described differences between males and females in the
pathophysiology of chronic cardiovascular and metabolic diseases,367-368 and
the availability of some evidence demonstrating the effect of sex-differences
in the early programming of health and diseases (Section 1.5), most basic
fundamental approaches to study the early programming phenomenon have
been conducted exclusively in male animals. Therefore, potential differences
and/or interactions between sex and programming-inducing conditions
remain to be explored and have been incorporated as a secondary objective

of this thesis.

1.6.2 General hypotheses

The specific cardiac and metabolic changes leading to the phenotype
described in offspring born from pregnancies complicated by hypoxia-
induced IUGR are not fully known. We, therefore, approached the following

four general hypotheses:

1. In addition to the previously described increased
susceptibility to cardiac I/R injury, adult offspring born IUGR
would also exhibit changes in the in vivo cardiac function,
and those phenotypical differences would be exacerbated by

the effect of aging.

2. The increased susceptibility to cardiac I/R injury observed in
offspring born IUGR would be associated with the presence

of long-term changes in cardiac energy metabolism.

3. Prenatal hypoxic insults causing IUGR would produce long-
term changes in the mechanisms that regulate iron
homeostasis in adult offspring, leading to chronic myocardial

siderosis and increased cardiac oxidative stress.

4. Offspring born IUGR due to prenatal hypoxic insults would
exhibit an increased susceptibility to develop components of

the MetS when exposed to a high-fat diet, and those
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deleterious metabolic effects of prenatal hypoxia could be
reversed by the administration of a caloric-restriction

mimetic such as Resveratrol.
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CHAPTER 2 ANIMAL MODELS AND EXPERIMENTAL METHODS*

All procedures used in this thesis were approved by the University of
Alberta Animal Welfare Committee (Protocol number 301/11/07/D), and are
in accordance with the guidelines of the Canadian Council on Animal Care
and the Guide for the Care and Use of Laboratory Animals published by the

US National Institutes of Health.'
2.1 Animal experimental models

2.1.1 Hypoxia-induced IUGR model

Female Sprague Dawley rats were obtained at three months of age
(body weight 260+30 g) from Charles River, Quebec, Canada; acclimatized for
one week at the animal facilities of the University of Alberta and then mated
with a young male rat by leaving them together in a standard rat cage for a
12-hour period during the dark cycle. A vaginal smear obtained the following
morning was examined under light microscopy to determine the presence of
sperm, which signified day 0 of pregnancy (term = 21 days). Throughout

pregnancy, rats were housed in standard rat cages (one animal per cage)

1 All methods described in this chapter have been published in (or submitted to) one or more
peer-review journals including:

*  “Rueda-Clausen CF, Morton JS and Davidge ST. Effects of hypoxia-induced intrauterine
growth restriction on cardiopulmonary structure and function during adulthood.
Cardiovascular Research 2009;81:713-722.

*  “Rueda-Clausen CF, Morton JS, Lopaschuk GD and Davidge ST. Long-term effects of
intrauterine growth restriction on cardiac metabolism and susceptibility to ischemia
reperfusion. In press, Cardiovascular Research 2010.”

*  “Rueda-Clausen CF, Dolinsky VW, Morton JS, Dyck JRB and Davidge ST. Intrauterine
growth restriction increases the susceptibility of rats to high-fat diet-induced metabolic
syndrome. in press, Diabetes 2011”

*  “Dolinsky VW, Rueda-Clausen CF, Morton JS, Dyck JRB and Davidge ST. Resveratrol
reverts the susceptibility of high-fat diet-induced metabolic syndrome in rats born growth
restricted. In preparation for: Diabetes 2011”

Contribution: Glucose metabolism studies, lipid determinations and all western blots were

performed by Dolinsky VW. Unless otherwise stated, all other methods described in this

chapter were performed by Rueda-Clausen CF.

76



with ad libitum access to water and standard laboratory rat chow LabDiet®

Ref 5001 (see Table 2-1 for details on diet composition).

Table 2-1  Detailed composition of standard laboratory rat chow

Caloric content (4.07 Kcal/g)
Composition g% Kcal %
Fat 4.5 13.4
Soybean 0il 4.5 6.5
Lard 0 -
Carbohydrate 62 57.9
Corn starch 319 33
Maltodextrin 10 - -
Sucrose 3.7 3.5
Cellulose 5.1 0
Protein 23 28.5
Casein

L-Cysteine 0.31 0.36
Mineral mix 0.97 -

On gestational day (G) 15, rats were randomly allocated to either
standard housing with an oxygen concentration of 21% (control) or maternal
hypoxia with an oxygen concentration of ~11.5% (IUGR). Rats assigned to the
maternal hypoxia group were placed inside a sealed acrylic chamber (Animal
Chamber for Disease Modeling type A, Biospherix. Lacona, NY U.S.A.)
controlled by an oxygen sensor (ProOx Oxygen Controller, Biospherix.
Lacona, NY U.S.A.). This system performed a continuous evaluation of the gas
composition inside the chamber and maintained an internal concentration of
oxygen at 11.5+x0.3% by regulating the flow of nitrogen infused into the
chamber. In the lower level of the chamber a plastic tray was placed with 250
g of soda lime (J.T. Baker, Phillipsburg, NJ U.S.A. catalog #3448-05) to
scavenge excess COz inside the chamber. After three days inside the chamber
(G18) rats were given clean cages and fresh food and water during a rapid

cage change. 24

After replacing cages, the oxygen concentration in the chamber

returned to hypoxia levels within five minutes. Throughout experiments, the
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oxygen level in the chamber was continuously monitored and recorded every
10 minutes by a computer connected to the ProOx Oxygen Controller.
Previous studies have shown that exposure to re-oxygenation following
hypoxia can itself induce deleterious effects on both placental and fetal
tissues, probably due to induction of oxidative stress.2-* Although the
exposure to room air during cage changing was very short relative to the full
length of the hypoxic insult, it is plausible that this short period of re-
oxygenation may have an effect on the fetal response to hypoxia and should
be considered among the limitations of the study. At day 21 of pregnancy, 6
to 12 hours before birth, all dams were placed in clean cages with fresh food
and water and dams randomized to the IUGR group were returned to normal

housing conditions (21% oxygen).

Postnatal protocols for the management and assessment of control
and IUGR offspring varied depending on the objectives of the particular

study. Further details are provided in the following sections:

2.1.1.1 Fetal hypoxia and fetal growth assessment protocol

A specific set of experiments was performed to evaluate the effect of
maternal hypoxia on fetal oxygen availability and determine the effect of this
prenatal intervention on fetal biometry and placental weight just before
birth. On G20.5 of pregnancy, dams allocated to hypoxia or control groups
received an intraperitoneal (IP) injection of either 60 mg/Kg of Pimonidazole
previously conjugated with fluorescein-isothiocyanate-conjugated IgG1
mouse monoclonal antibody (Hypoxyprobe 1 Plus, HPI Inc. Burlington, MA
U.S.A.), or an equivalent volume of vehicle. After injection, Pimonidazole
distributes to all tissues and adducts to thiol containing proteins only in
those cells that have an oxygen concentration less than 14 mmol/L
(equivalent to a partial oxygen pressure (p0Oz) =10 mmHg at 37°C).>6 When

injected IP, the mean life of Pimonidazole is four hours.
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To avoid post-mortem binding of Pimonidazole to fetal tissues, dams
were euthanized six hours after Pimonidazole injection and before the
beginning of parturition. Dams were anesthetized using inhaled isoflourane
and euthanized by exsanguination laparotomy and hysterectomy was rapidly
performed and all fetuses were counted and sexed. Both fetuses and
placentas were gently dried with gauze and weighed. A minimum of three
male offspring were randomly selected from each litter and euthanized with
sodium thiopental (0.05 mL IP). Heart, liver and placenta from these fetuses
were rapidly excised, embedded in medium for frozen tissue specimens
(Tissue-tek, Sakura. Torrance, CA U.S.A.) and snap frozen. In at least six
offspring from each litter (three males and three females) the right tibia was

dissected and measured.

Remaining fetal tissues from male fetuses were frozen or fixed in
buffered neutral formalin 10% (VWR, West Chester, PA U.S.A.) for 24 hours,
dehydrated with increasing concentrations of methanol and embedded in
paraffin. Histological preparations of samples were performed by the
Histology Core of the Alberta Diabetes Institute (Edmonton, AB Canada).
Tissue levels of Pimonidazole were determined in placenta, liver and heart
tissue by immunostaining and following the protocol provided by the

manufacturer.

Additional experiments were performed in a different set of animals
using similar procedures but a different hypoxia marker. At G19.5 of
pregnancy both control and dams exposed to hypoxia were injected with 60
mg/Kg IP of Hypoxyprobe F6 (Hypoxyprobe TM-F6/CCI-103F, HPI Inc.
Burlington, MA U.S.A.). After injection, Hypoxiprobe F6 behaves similar to
Pimonidazole but has a longer mean life (12-17 hours). Dams were
euthanized 24 hours after injection and before the beginning of parturition.
Maternal and fetal tissues were collected and preserved as previously
mentioned. Levels of Hypoxyprobe F6 in the offspring’s liver were determined

by immunostaining and following the protocol provided by the manufacturer.
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In the same set of animals, liver levels of HIF-1o were measured by
immunostaining to determine whether maternal hypoxia was causing fetal
activation of hypoxia-induced signaling. For that end a rabbit polyclonal
antibody (1:500, catalog # NB100-134, Novus Biologicals. Littleton, CO
U.S.A.) was used.

2.1.1.2 Hypoxia-induced IUGR/aging interaction model

In a different set of animals and immediately after parturition,
stillborn were removed, counted and sexed. Viable offspring were then
counted, sexed, weighed and the litter was reduced to eight viable pups (four
males and four females) in order to control the postnatal environment and
competition for milk. Immediately after litter reduction, excess offspring
were sexed, weighed and euthanized by exsanguination. The hearts from

these pups were rapidly extracted, gently dried and weighed.

During lactation, pups and dams were weighed and cages were
changed bi-weekly. All offspring were weaned at three weeks of age and
placed in standard rat cages (four rats of the same sex per cage from week
three to week six and thereafter two rats of the same sex per cage).
Throughout experiments, all rats were housed at the animal facilities of the
University of Alberta in a room with 60% humidity, a 12 hour light: 12 hour
darkness light cycle and ad libitum access to water and standard rat chow
(LabDiet Ref 5001 distributed by Canadian Lab Diets, Inc. Leduc, AB Canada;
see Table 2-1 for details on diet composition). If individual body weight
exceeded 800 g, or signs of violence/stress were detected, animals were
separated and singly housed until the experimental day. To evaluate the
interaction between hypoxia induced-IUGR and the normal aging process,
experiments were performed at 4 and 12 months of age, time points when

rats were considered young adults and aging adults respectively (Figure 2-1).
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Figure 2-1 Schematic of the hypoxia-induced IUGR/aging interaction
model

2.1.1.3 Hypoxia-induced IUGR/diet interaction model

In a separate set of animals and following parturition, stillborn pups
were removed, counted and sexed. Viable offspring were then counted,
sexed, weighed and the litter was reduced to eight viable male pups in order
to control the postnatal environment and competition for milk. In cases
where litters contained less than eight viable male pups, the groups were
reduced to eight offspring with as many males as possible. At weaning,
however, female offspring were euthanized and only male offspring were
used for experimental purposes. At the same time point (three weeks of age),
animals from each experimental group (IUGR and control) were randomly
allocated to receive either a purified standardized low-fat diet (LF; 10% fat,
ResDiets D12450B distributed by Canadian Lab Diets, Inc. Leduc, AB Canada)
or a purified standardized high-fat diet (HF; 45% fat, ResDiets D12451,
Research Diets, Inc. New Brunswick, NJ U.S.A). Detailed composition of these

diets is presented in Table 2-2.
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Table 2-2  Detailed characteristics of special diets

LF diet HF diet
ResDiets D12450B ResDiets D12451

Caloric content (3.85 Kcal/g) (4.73 Kcal/g)
gr% Kcal% Gr% Kcal%

Fat 4.3 10 24 45
Soybean Oil 2.3 5.55 291 5.55
Lard 1.9 4.44 20.7 39.4
Carbohydrate 67.3 68 41 35
Corn starch 29.8 31 8.4 7.1
Maltodextrin 10 3.3 3.4 11.6 9.8
Sucrose 33.2 34.5 20.1 17
Cellulose 4.74 0 5.83 0
Protein 19.2 20 24 20
Casein 18.9 19.7 233 19.7
L-Cysteine 0.28 0.3 0.35 0.3
Mineral mix 0.95 - 1.17 -

During nutritional intervention periods, rats were given ad libitum
access to water and either diet for four or nine weeks; following which

experimental protocols were performed (Figure 2-2).
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Figure 2-2 Schematic of the hypoxia-induced IUGR/diet interaction
model
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2.1.1.4 Hypoxia-induced IUGR plus high-fat diet /Resveratrol interaction

model
Additional experiments were conducted in a different group of
animals to evaluate the potential usefulness of Resveratrol (3,5,4'-
trihydroxy-trans-stilbene) in the prevention of long-term deleterious effects

of being born from pregnancies complicated by hypoxia-induced IUGR.

In order to approach this research question, a variation of the
hypoxia-induced [UGR/diet interaction model presented in Section 2.1.1.3
was used. In this case, both experimental groups (control and [UGR) were
randomized to receive either a HF diet alone (HF; 45% fat, ResDiets D12451,
Research Diets, Inc. New Brunswick, NJ U.S.A) or HF diet supplemented with
Resveratrol 4 g/Kg (Figure 2-3). The dose of Resveratrol added to the diet
was chosen based on previous studies showing beneficial effects of
nutritional supplementation with Resveratrol.” The bioavailability of
Resveratrol administered in the diet is actually quite low, mainly due to
intestinal breakdown, absorption and a high level of first pass clearance in
phase one metabolism by the liver. Therefore, the final plasma concentration
of Resveratrol achieved with this dose was within the expected therapeutic

values (in the ug/L range).8

In this particular set of experiments, offspring were evaluated only at
12 weeks of age based on previous results showing no significant differences

between experimental groups at seven weeks of age.
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Figure 2-3 Schematic of the hypoxia-induced IUGR plus high-fat
diet/Resveratrol interaction model

2.2 Experimental methods for the evaluation of cardiovascular

parameters

2.2.1 Invivo cardiac function and structure evaluation using ultrasound

biomicroscopy

To evaluate in vivo cardiac structure and function, adult offspring were
anesthetized using sodium thiopental 60 mg/Kg IP and placed in a supine
position on a temperature controlled heating pad. The chest and abdomen
were shaved and the extremities were gently fixed to electrodes on the pad
surface using tape and a highly conductive electrode gel. A single channel
electrocardiogram signal and respiratory rate were continuously recorded
on the imaging system and body temperature was monitored using a rectal
probe. Echocardiographic evaluations were performed using a high-
resolution ultrasound biomicroscopy (UBM) system Vevo-770 (by
Visualsonics Inc. Toronto, ON Canada) with a real-time micro visualization
scan head of 17.5 Mhz and following the guidelines of the American Society of

Echocardiography.?

Images and videos were recorded and analyzed in triplicate and data

was extracted using a form designed for such purposes (Appendix 10.1). M-
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mode bi-dimensional (2D) echocardiography images were obtained in the

parasternal long- and short-axes (Figure 2-4).

Figure 2-4 Standard ultrasound biomicroscopy set-up for adult rats
and illustration of long- and short-axis views in B-mode

Anatomical position of the rat during UBM studies before (A) and after (B) hair removal and
position of the scan-probe (C). Panels D and F illustrate the perspectives of long and short
cardiac axes respectively. Panels E and G present actual images obtained using B-mode UBM
in the long and short cardiac axes respectively.

The dimensions of the left ventricle (LV) diameter and wall thickness
were measured using a left parasternal long-axis view of the heart with the
M-mode beam positioned just beyond the mitral valve tips; perpendicular to
the long-axis of the ventricle and centered in the short-axis. The LV posterior
wall endocardium was identified in the M-mode image as the most intense
continuous line with the steepest systolic motion. The posterior wall

epicardium was identified as the echo reflection immediately anterior to the

posterior pericardium. The septal endocardium was identified as the steepest

85



motion in systole with a continuous reflection throughout the cycle (Figure

2-5).
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Figure 2-5 Representation of the cardiac long-axis view in B-mode
(mono-ventricular view) and its respective projection in M-mode
obtained by ultrasound biomicroscopy

Colored lines represent the different structures of the heart in both B-mode (top) and M-
mode (bottom). Including left ventricle anterior wall (yellow), left ventricle internal
diameter (red) and left ventricle posterior wall (green). S: systole D: diastole.

The LV volumes were estimated using the ‘cubed’ formula, which
assumes that the long-axis of the LV is equal to twice the short-axis diameter.
The volume of the LV at any given moment can then be approximated from a
single, short-axis measurement as Volume=Diameter3. Cardiac images were
obtained using a variation of the short-axis view in which the scan head was
located on the right thoracic wall pointed almost horizontal toward the
contra-lateral chest wall. This view is also known as bi-ventricular short-axis

view (Figure 2-6).
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Figure 2-6 Representation of the cardiac short-axis (bi-ventricular
view) in B-mode and its respective projection in M-mode obtained by
ultrasound biomicroscopy

Colored lines represent the different structures of the heart in both the B-mode (top) and the
M-mode (bottom). Including right ventricle free wall (green), right ventricle internal

diameter (yellow), inter-ventricular septum (blue), left ventricle internal diameter (purple)
and left ventricle posterior wall (red). S: systole D: diastole

To estimate ventricular mass, the following formula was applied using

images obtained in the bi-ventricular view and using M-mode UBM.

LVmass = 1.04 * ((LVIDaias+PW+IVS)3-LVIDd3)*0.8

Were LVmass = LV mass (g), LVIDgias = LV internal diameter in diastole
(mm), IVS= interventricular septum thickness (mm) and PW = posterior wall

thickness (mm).

Aortic outflow velocity/time integral (mmHg), aortic peak ejection
velocity (cm/s) and aortic ejection time (ms) were determined using a

Doppler signal of the ascending aorta that was recorded in a variation of the
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long-axis view (aortic outlet view) in which the scan head was pointed 30

degrees cephalocaudal (Figure 2-7).
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Figure 2-7 Representative images of the cardiac modified long-axis
(aortic outlet view) in B-mode and the respective Doppler signal of the
aortic flow obtained by ultrasound biomicroscopy

The blue arrow indicates the flow direction of the ascending aorta recorded in B-mode (top
right). Colored lines represent the different parameters determined by Doppler imaging (top
left and bottom) of the aortic flow including: aortic outflow velocity/time integral (pink),
aortic peak ejection velocity (green) and aortic ejection time (red).

Aortic root and left atrium diameters were determined by M-mode
imaging using a modified long-axis view (transversal aortic view) with the

scan head on the long-axis and the beam parallel to the axis of the aortic

valve (Figure 2-8).
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Figure 2-8 Representation of the cardiac modified long-axis
(transversal aortic view) and images obtained by ultrasound
biomicroscopy in B- and M-mode visualizing the aortic root and right
atrium

Colored lines represent the different structures that can be identified in both the B-mode
(top right) and M-mode projections (Bottom) including: right ventricle internal diameter
(blue), aortic internal diameter (red) and right atrium internal diameters (yellow). S: systole,
D: diastole.

LV function was evaluated by estimating ejection fraction, shortening
fraction and cardiac output from images obtained in M-mode of the LV long-

axis.

Ventricular diastolic function was assessed using both the transmitral
Doppler and mitral tissue Doppler signals. E and A wave velocities and
gradients were measured in a modified parasternal long-axis (mitral view)
with the beam placed on the tip of the mitral leaflet. E/A index, mitral
deceleration time and myocardial performance index (Tei index)1? were

calculated using the following formula:
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E/A = Emax/Amax

Tei index = (IVRT+IVCT)/ET

Were E= passive left ventricle filling velocity, A= active left ventricle
filling velocity (atrial kick), IVRT= left ventricle isovolumetric relaxation
time, IVCT= left ventricle isovolumetric contraction time, ET= left ventricle

ejection time (Figure 2-9).
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Figure 2-9 Representative images obtained in a cardiac modified
long-axis (mitral view) in B-mode and the respective Doppler signal of
the mitral outlet obtained by ultrasound biomicroscopy

Yellow arrow represents the direction of the trans-mitral flow in a B-mode image (top right).
Colored lines represent the different parameters that can be determined from the Doppler
signal of the mitral outlet (bottom) including: E= passive left ventricle filling velocity
(vellow), A= active (atrial kick) left ventricle filling velocity (blue), IVRT= left ventricle
isovolumetric relaxation time (red), IVCT= left ventricle isovolumetric contraction time
(green), ET: left ventricle ejection time (pink).
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Pulmonary artery Doppler was measured in parasternal long-axis
orientation after B-mode identification of the pulmonary artery lateral to the
aortic root (pulmonary artery view). Pulmonary vascular resistance was

determined using the following formula:

Pulmonary vascular resistance = PAAT/RVET

Were PAAT = pulmonary artery acceleration time and RVET = right

ventricle ejection time (Figure 2-10).
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Figure 2-10 Representation of the cardiac modified long-axis
(pulmonary artery view) in B-mode and the respective Doppler signal
of the pulmonary artery atrium obtained by ultrasound biomicroscopy

Blue arrow indicates the blood flow direction in the pulmonary artery viewed in B-mode

(top right), Ao: aortic outlet, LV: left ventricle. Colored lines represent the different
parameters that can be determined using Doppler (bottom), including: PAAT: pulmonary
artery acceleration time (red), RVET: right ventricle ejection time (yellow), pulmonary artery
peak ejection velocity (green).

91




All measurements were made in triplicate and analyzed using the
cardiac imaging analysis software (Vevo Cardiac Measurements Ver.1.3.2.5)

provided by the UBM machine manufacturer.

2.2.2 Lung histology and vascular morphometry

A separate set of animals was euthanized at 12 months of age with a
lethal injection of sodium pentobarbital (100 mg/Kg IP). The trachea was
exposed in the neck and a tracheostomy performed with a metal cannula. The
lungs were then perfused using 10% formalin (12.5 cmH20 for 10 minutes).
After perfusion, the trachea was ligated and lungs were carefully extracted
from the thorax (being careful to not pinch them in the process). Lungs were
then preserved in formalin 10%. After a 72-hour fixation period, the right
antero-inferior lobe was dissected and preserved in methanol 10%.11.12 Lung
samples in methanol were then sent to the Alberta Diabetes Institute
Histology Core (Edmonton, Canada) where histopathological preparations
(by paraffin embedding) and staining with hematoxylin and eosin were
performed. Using a standard light microscope at 40X magnification, small
pulmonary arterioles (diameter 30-110 um) were identified from five cross-
sectional regions. Using a digital micrometer, internal and external diameters
were determined in all of the identified pulmonary arterioles. Percent wall

thickness from each identified artery was calculated using the following

formula:
Wall thickness ~ _  Cross sectional diameter — luminal diameter 100
(%) Cross sectional diameter

The independent values from each sample were then averaged to

determine the percent wall thickness from each animal.
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2.2.3 Isolated working heart preparations

2.2.3.1 Basic working heart set up

On the experimental day, animals were anesthetized using sodium
pentobarbital (60 mg/Kg IP). Once the animal reached an appropriate
anesthetic plane, a complete thoracotomy was performed; the heart was
rapidly excised using scissors and placed in a beaker with 100 mL of fresh,
cold (4 °C) Krebs solution. Excess blood was rinsed from the heart and the
aorta was identified, rapidly fixed to a cannula and perfused for ~10 minutes
in retrograde Langendorff mode against a constant perfusion pressure of 60
mmHg. Hearts were perfused with a Krebs-Henseleit solution (37+0.5 °C)
containing (in mmol/L) 120 NaCl, 25 NaHCOs3, 5.5 glucose, 4.7 KCl, 1.2
KH2PO4, 1.2 MgS04 and 2.5 CaCl; (pH 7.4 gassed with 95% 0Oz and 5% COz) as
previously reported.13-1> The time between the induction of a pneumothorax

and the initiation of retrograde perfusion never exceeded 30 seconds.

During this initial perfusion period, the heart was trimmed of excess
tissue and the right atrium cannulated. After an equilibration period, hearts
were then switched to anterograde working mode by clamping the aortic
inflow line from the Langendorff reservoir and opening the left atrial inflow
line. The closed, recirculating system was filled with 120 ml of modified
Krebs-Henseleit solution containing (in mmol/L) 2.5 CaCly, 5.5 glucose, 1.2
palmitate bound to bovine serum albumin (BSA) 3% (fraction V), 0.5 lactate
and 100 mU/L insulin (Novolin-GE Toronto, ON)1> and warmed by a water

jacket set at 37+0.5 °C.

Perfusate entered the cannulated left atrium at 11.5+0.5 mmHg
pressure and passed to the LV from which it was spontaneously ejected
through the aortic cannula into a compliance chamber against a pressure of
80 mmHg. During the first 10 minutes of equilibration, the pressure in the
compliance chamber was checked, the preload was adjusted and the system

was purged. Then the tip of a silver electrode was placed immediately
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posterior and a little inferior to the right atrium being careful not to restrict
the left atrium distension or forcing the position of the heart in such way that
the aortic flow was compromised. Hearts were then paced using a Stimulator
P type 201 (by HSE; Hugo Sachs Electronik - Harvard Apparatus. Hugstetten,
Germany) previously set with a monophasic (+) basic rhythm, a faradic
stimulation mode with a fixed wavelength of 0.3 to 0.5 ms and an output of
three to six Volts. Pacing rates were set at 300 beats/min (delay=200 ms) in
4 month old rats or 260 beats/min (delay =240ms) in 12 month old rats.
Pacing rates were selected based on preliminary studies showing that hearts
from 12 month old animals do not tolerate pacing at the same rates as hearts

from younger rats.

Temperature of the perfusate in the reservoir was measured
constantly by an immersed thermocouple. Preload pressure, aortic pressures
and chamber pressure were recorded using HSE Isoheart® sensors (P20 or
P100). Both cardiac output and aortic flow were measured using in-line flow
sensors (Transonic Systems. Ithaca, NY U.S.A.). Signals from all sensors were
acquired using an HSE interface and recorded by a PC using the IsoHeart
software (Ver 2.0.1.1) for windows 2000 (by HSE). Parameters that were

determined using this technique are presented in Table 2-3.16.17
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pressure (MPP)

pressure in the
system over time

PSP*1/3+EDP*2/3

Table 2-3  Parameters determined using the working heart system
Parameter Description Description/calculation Units
Differential
pressure .
Chamber pressure  developed by the Estm.lated by.a pressure mmHg
monitor sensing the
(CP) flow of gas .
pressure inside the system
through the
closed system
Pressure of the El’ld-dlaStOll(.Z inflow
: ) pressure estimated by a
fluid coming . .
Pre-load pressure pressure monitor sensing mmHg
from the . :
(PLP) . the pressure in the in-flow
oxygenator into . . . .
. line minus the end-diastolic
the left atrium
chamber pressure
. End-diastolic aortic
Minimal
. pressure measured by a
resistance . .
After-load . . pressure monitor sensing mmHg
against which .
pressure (ALP) the pressure in the out-flow
the heart has to . . . .
. line minus the end-diastolic
pump fluid.
CP
Temperature of  Determined by a
Perfusate s . o
the fluid in the thermocouple in the C
temperature (PT) : :
reservoir reservoir
Heart rate (HR) Ca.rdlac beats per Measured by Millar catheter bpm
minute or ECG electrodes
Maximum systolic aortic
Peak systolic Maximal aortic pressure meas.ured by a
! pressure monitor sensing mmHg
perfusion pressure pressure at the .
(PSP) end of systole the pressure in the out-flow
line minus the end-systolic
CP
End-diastolic aortic
End-diastolic Minimal aortic pressure meas.ured by a
. pressure monitor sensing mmHg
perfusion pressure pressure at the .
. the pressure in the out-flow
(EDP) end of diastole , . . .
line minus the end-diastolic
CP
Used to describe
Mean perfusion an average fluid mmHg
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Change in aortic

Aortic pulse pressure during ~ PSP-EDP mm#g
pressure (AoPP) )
a cardiac cycle
Volume of fluid Equi\./alent to ‘Fhe average :rlnlé// Irnniirrll
Cardiac output pumped by the flov\./ in the atrium cannula
(CO) heart in one during one minute or
. Also reported adjusted by cardiac mL/g dry wt
minute :
dry weight cm3/g dry wt
Volume of fluid CO/HR uL
Stroke volume (SV) pumped during Also reported adjusted by cardiac or
each heartbeat dry weight uL/g dry wt
Volume of fluid ) ) mL/min
Aortic flow pumped through ~ Mean aortic flow per minute or
(AOF) the aorta in one Also reported adjusted by cardiac Lemin-leo d
. dry weight mLemin-=eg dry
minute wt-1
Volume of fluid .
that circulates CO-AoF mL/min
Coronary flow —A0 _ _ or
(CF) through the Also reported adjusted by cardiac mLemin-leg dr
coronary system  dry weight 1 gary
in one minute W
. . mL/min
. Unit of cardiac «
Cardiac work function ((PSP-CP)*COmayx)/dry wt) mmHg *g dry
wt-1
, Unit of cardiac ((PSP-max preload)*CO Joulesemin-!
Cardiac power . +
function 0,13)/dry wt *g dry wtl

mmHg can be transformed to cmH;0 (multiply by 1.38) or kPa (multiply by 0.1333), dry wt:
total cardiac dry weight.

2.2.3.2 Isolated working heart left ventricle function evaluation

In a separate set of experiments, animals were anesthetized using
sodium pentobarbital (60 mg/Kg IP) and hearts were rapidly excised and set
in a working heart apparatus as described in Section 2.2.3. While in
anterograde working mode, LV pressure was continuously recorded using a
1.4 Fr micro manometer (Millar instruments. Houston, TX U.S.A.) inserted
through the left atrium cannula. Heart rate, LV pressure, first derivates of the

maximal (dP/dtmax) and minimal (dP/dtmin) pressures and acceleration in the
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LV were recorded using HSE Isoheart software for windows 2000 (Harvard
Apparatus Canada, Saint-Laurent, Quebec, Canada). Other hemodynamic

parameters determined using this technique are presented in Table 2-4.

Table 2-4  Parameters determined using the working heart system
with a Millar catheter in the left ventricle

Parameter Description Description/calculation Units
LV pressure in Pressure inside mmH
p the LV atthe end Peak SBP measured g
systole (LVESP)
of systole
LV end diastole Pressure inside Measur'ement of.the mmHg
the LV atthe end relaxation capacity of the
pressure (LVEDP) . .
of diastole ventricle
LV pressure Ventricular
amplitude (LVPA) capacity to i mmHg
or LV developed increase blood LVESP-LVEDP
pressure (LVDP) pressure
The product of
the CO and the
LV hydraulic pressure (CO/dry wt) *LVDP*0.1333  mW /g dry wt
power (LVHP) gradient y ' sary
generated by the
LV
Maximum First derivate of the
acceleration in acceleration/time curve in
LV dP/dt max pressure delta the LV, measured by the mmkg/s
inside the LV Millar catheter.
Maximum First derivate of the
LV dP/dt mn deceleration in deceleration/time curve in mmHg/s

pressure delta
inside the LV

the LV, measured by the
Millar catheter.

mmHg can be transformed to cmH,0 (multiply by 1.38) or kPa (multiply by 0.1333).
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2.2.3.3 Ischemia/reperfusion protocol

Measurements of cardiac function were carried out every 10 or 20
minutes during an 80-minute protocol that included a 30- or 40-minute
period of stabilization under aerobic conditions (pre-ischemia), 10 minutes
of no-flow ischemia and 40 minutes of reperfusion. The duration of the no-
flow ischemia insult was based on pilot data from our laboratory indicating
that in order to achieve recovery in aging, IUGR offspring, the ischemic insult
could not be longer than 10 minutes. Hearts that showed non-reversible

cardiac arrhythmia were excluded.

2.2.3.4 Cardiac energy metabolism

Myocardial production of acetyl coenzyme A (acetyl-CoA) and ATP
were calculated using a previously described and validated technique.18 1?
Glycolysis rates were determined by adding 0.1 pCi/ml of D-[5-3H(N)]
glucose to the buffer and measuring the change in levels of tritium (3H20)

released into the buffer.1®

Rates of glucose oxidation were simultaneously determined by adding
0.1 uCi/ml of D-[U14C] glucose to the buffer and measuring the amount of
radiolabeled carbon dioxide (14C0Oz) that was either released as gas in the
oxygenation chamber and contained in a hyamine hydroxide trap, or diluted
in the buffer as bicarbonate and extracted from the samples as previously

described.13

If one mol of glucose passes through glycolysis to lactate without
subsequent oxidation by the TCA a net production of two mols of H* occurs.2°
Therefore, rates of H* production derived from incomplete metabolism of
glucose were determined by calculating the difference in the rates of

glycolysis and glucose oxidation at any given point using the equation:

H* production = 2 x (glycolysis rate — glucose oxidation rate)
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and reported as umolegram-lemin-1.21 In a different set of experiments, fatty
acid and lactate oxidation rates were measured by adding both 0.1 uCi/ml of
[9,10-3H(N)] palmitic acid and 0.1 pCi/ml [14C-U] lactic acid to the buffer and

measuring the production of both 3H20 and 1*CO; as described above.

To calculate the amount of energy produced by the myocardium, it
was assumed that each mol of glucose undergoing glycolysis produces two
mols of ATP, each mol of glucose undergoing glucose oxidation produces two
mols of acetyl-CoA or 30.5 mols of ATP, each mol of palmitate undergoing
oxidation produces eight mols of acetyl-CoA or 105 mols of ATP and each mol
of lactate produces 1 acetyl-CoA or 15 mols of ATP.2! Cardiac efficiency was
determined by dividing the amount of developed cardiac work by the
estimated amount of acetyl-CoA produced at any given period of time and

reported as Joules/umol of TCA derived acetyl-CoAe102.21

Data from cardiac perfusions and metabolism studies were recorded

in a form designed for such purposes (Appendix 10.2).

2.2.3.5 Cardiac dry weight

Following perfusion, hearts were placed in dry gauze to remove excess
water, rapidly weighed and frozen by immersion in liquid nitrogen and
stored at -80 °C. Before immersion in liquid nitrogen a small sample of LV
was collected, weighed and dehydrated by placement in a conventional oven
at 50 °C for four days. Dehydrated samples were reweighed and the total dry

weight (dry wt) of the heart was calculated.
Myocardial histology
Perfused hearts were preserved in 10% formalin for 48 hours and

then transferred to 10% methanol for dehydration.

2.2.3.6 Hematoxylin-eosin and Masson’s trichrome

Following dehydration on methanol, axial myocardial samples,

including left and right ventricle, were sent to the Alberta Diabetes Institute
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Histology Core (Edmonton, Canada) for histopathological preparation (by
paraffin embedding) followed by slicing and staining (hematoxylin/eosin and
Masson's trichrome). All procedures were performed following standardized

protocols.

2.2.3.7 Prussian blue

Prussian blue staining is one of the most sensitive histochemical tests to
detect iron deposits. Following this procedure, any Fe3+ present in the tissue
combines with ferrocyanide and results in the formation of a bright blue

pigment called Prussian blue, or ferric ferrocyanide.

Prussian blue staining for the detection of iron deposits in the
myocardium was performed in slices of myocardial tissue previously fixed in

10% formalin and embedded in paraffin according to the following protocol:

1. Deparaffinize and hydrate sections with distilled water.

2. Mix equal parts of hydrochloric acid (HCI 20% in distilled water) and
potassium ferrocyanide (K4Fe(Cn)6.3H;0, FW 422.4 [Sigma Cat#
P3289] 10g in 100 ml of distilled water) immediately before use.
Immerse slides in this solution for 20 minutes.

3. Wash in distilled water three times.
4. Counterstain with nuclear fast red for five minutes.
5. Rinse twice in distilled water.

6. Dehydrate by rinsing once with 95% alcohol and twice with 100%
alcohol.

7. Clear using xylene, two rinses - three minutes each.

8. Coverslip with resinous mounting medium.
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2.2.4 Mpyocardial iron content

Myocardial samples (100-200 mg) were obtained from the free wall of
the LV of frozen myocardial specimens from both control and [UGR, 12
month old male offspring previously used for cardiac I/R protocols (Section
2.2.3.3.). Cardiac tissue samples were dried at 50 °C for four days, stored in
eppendorf vials and sent to the Trace Elements Laboratory (London, ON
Canada). Samples underwent nitric acid digestion followed by dilution and
injection into a High Resolution Sector Field Inductively Coupled Plasma
Mass Spectrometer (Element 2®, Thermo Scientific). The reported coefficient
of variation of this technique is 3-14% and the minimal detectable

concentration of iron is 0.5 ug/g.

2.2.5 Blood withdrawal and processing

Blood samples were obtained from anesthetized animals by either LV
puncture or aortic transection. Blood samples were collected in vacuum
tubes containing Ethylenediaminetetraacetic acid (EDTA), heparin or no
anticoagulant and placed on ice for 10 minutes and then centrifuged (10
minutes at 4000 rpm, 4°C). Serum and plasma were then separated into
aliquots and stored at -80°C. Lipemic or severely hemolytic samples were

discarded.

2.2.6 Blood markers of systemic iron homeostasis

Blood samples were collected from anesthetized animals (sodium
pentobarbital 60 mg/Kg IP) and preserved in vacutainer tubes with EDTA,
placed on ice and immediately sent to the Clinical Laboratory of the
University of Alberta Hospital for the determination of plasma free iron, total
iron binding capacity and iron saturation index. Ferritin plasma levels were
determined using a highly sensitive two-site enzyme linked immunoassay
(ELISA) for measuring ferritin in biological samples (Immunology

Consultants Laboratory Inc. Newberg, OR U.S.A.; Catalog number E-25F). The
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reported detection range for this test is 12.5 to 400 ng/mL.

2.2.7 Mpyocardial levels of total, oxidized and reduced glutathione

Myocardial samples (80-100 mg) were obtained from the free wall of
the LV of frozen myocardial specimens previously used for cardiac [/R
protocols (Section 2.2.3.3.) and a 10% w/v homogenate was created by
adding ice-cold 5% metaphosphoric acid (0.9 mL/100 mg tissue) and
homogenizing. The homogenates were then centrifuge at 12,000 rpm for 15
minutes at 4°C and supernatants were collected. Myocardial levels of
glutathione in its reduced (GSH) and oxidized (GSSG) states were determined
using a commercially available kit (OxiSelect™ Total Glutathione [GSSG/GSH]
Assay Kit Cat# STA-312, Cell Biolabs Inc. San Diego, CA U.S.A.) and following

the manufacturer specifications.

2.2.8 Blood pressure measurements

Prior to blood pressure determinations, rats were trained by placing
them in a plexiglass restrainer for five minutes per day on three non-
consecutive days. Non-invasive blood pressure determinations were made on
awake, pre-trained animals using a tail cuff Multi Channel Blood Pressure
System (IITC Life Sciences, Woodland Hills, CA U.S.A.). Measurements of
heart rate, systolic and diastolic blood pressure were performed five

consecutive times under basal conditions and following an air puff stress test.

2.3 Experimental methods for the evaluation of glucose metabolism

and other components of the metabolic syndrome

2.3.1 Body weight and energy intake

After weaning, body weight and energy intake were measured weekly.
To maintain a consistent follow-up of each of the animals, one of the rats
from each cage was marked on the tail using a permanent marker. Food

intake was measure by determining changes in the amount of food in both
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the cage top and food pellets pulled inside the cage and adjusted by total
body weight of the rats in the same cage. Energy intake data was reported as

calculated caloric intake per day per kilo of rat (Kcaleday-1eKg1).

Additional measurements of energy and water intake, and body
weight were performed in individual animals every day at the same time in
the morning (8:00 a.m.) during three consecutive days while performing

metabolic cage studies (refer to Section 2.3.2 for details).

2.3.2 Indirect calorimetry

One day before metabolic cage studies, rats were separated and singly
housed in standard rat cages in the animal facilities of the University of
Alberta with 60% humidity, a 12h light: 12h darkness light cycle and ad
libitum access to food and water. On the experimental day, rats were weighed
and placed in metabolic cages (Oxymax/CLAMS; Columbus Instruments.
Columbus, OH U.S.A.). After 24 hours of acclimatization in the metabolic
cages, oxygen consumption (VOz), and carbon dioxide production (VCOz)
were measured using the Comprehensive Lab Animal Monitoring System
(Columbus Instruments. Columbus, OH U.S.A.). Measurements of VOz and
VCO2 were recorded during one-minute periods every 11 minutes in an
observation window of 24 hours. For analyses purposes, averages of each
parameter during light and dark cycles were calculated separately for each

animal.

The overall oxygen consumption was calculated by measuring the
difference between the input oxygen flow (ViO2i) and the output oxygen flow

(Vo020) and reported as ml of oxygen per Kilo of weight per hour (ml*Kg-1¢h-
1)_

VO2 =V;i0z2 -V, 02

Similarly, overall carbon dioxide (CO2) Production was calculated by

measuring the difference between the CO2 output (V,CO2,) and CO; input
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(ViCOg;) carbon dioxide flows and reported as ml of carbon dioxide produced

per Kilo of weight per hour (ml*Kg-1eh-1).

VCO; = VoCO20 - Vi€CO2;i

The respiratory exchange ratio (RER) is the ratio between CO>
production and oxygen consumption that is calculated before any unit
conversion or weight correction. This value is a ratio and thus does not have

a unit.

RER = VCO2/VO0;

Metabolic cages provide valuable information regarding the amount of
substrate used for energy production as well as the amount of physical
activity performed by the experimental subjects during a determined period
of time. Following stoichiometric rules, the complete oxidation of one mol of
glucose requires 6 mols of oxygen and produces 6 mols of CO2, 6 mols of

water and 38 mols of ATP.

6 02+ CsH1206 — 6 CO2 + 6 H2O + 38 ATP

Therefore, in the hypothetical condition of using only glucose as a

substrate for oxidative phosphorylation, the RER would be = 1.

RER glucose oxidation = VCOz/V0z= 6C02/60; = 1

Alternatively, oxidation of one molecule of palmitate (a common fatty

acid) has an RER of 0.7.

230, + Ci6H320, =16 CO2 + 16 HO + 129 ATP

RER palmitate oxidation = VCOz/V0z = 16 C0z/23 02 = 0.7
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Based on this concept, measuring oxygen consumption and carbon
dioxide production during a defined period of time provides information not
only on the amount of energy that is produced by oxidative mechanisms but
also on the energetic substrates that are being used to produce this energy
(Table 2-5).

Table 2-5  Changes in the respiratory exchange ratio and heat

production per unit of oxygen according to metabolic substrate
selection

% of total O % of heat Heat produced per
consumed by the produced by the liter of O,
metabolism of metabolism of

RER Carbs Fat Carbs Fat KJouls Kcal
0.707 0 100 0 100 19.62 4.68
0.75 14.7 85.3 15.6 84.4 19.84 4.73
0.8 31.7 68.3 33.4 66.6 20.1 4.8
0.85 48.8 51.2 50.7 49.3 20.35 4.86
0.9 65.9 34.1 67.5 32.5 20.61 4.92
0.95 82.9 17.1 84 16 20.87 4.98
1 100 0 100 0 21.13 5.04

Extracted from 22, RER: respiratory exchange ratio, Carbs: Carbohydrates

This table demonstrates how the amount of energy (Kcal) that is
produced using a determined amount of oxygen depends on the substrate

used for oxidation (as also illustrated in Figure 2-11).

Eﬁ 5.4 1
=1 100% carb

g E 5.2 1 oxidation )
8= s0
50
=) S
ES s
- @ Y= (1.23*X)+3.816
g= 461 h
= 100% fat

4.4 7 oxidation

0.7 0.8 0.9 1.0

RER

Figure 2-11 Heat production per liter of oxigen consumed according to
the respiratory exchange ratio
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Therefore, the amount of energy produced by an individual (heat) can
be determined based on the caloric value (CV) of the substrate used to

produce energy and the amount of oxygen consumed (VO2).

Heat = CV x VO,
CV=3815+1.232 x RER

Heat = (3. 815 + 1. 232 x RER) x VO;

2.3.3 Physical activity assessment

Simultaneous to indirect calorimetry determinations (described in
Section 2.3.2), physical activity was monitored by dual axis detection (X, Z)
using infra-red photocell technology and reported as counts per minute.
Total physical activity was calculated by adding Z-counts (rearing or
jumping) to total counts associated with ambulatory movement and typical
behavior (grooming, scratching etc.). Measurements of physical activity were
recorded during one-minute periods every 11 minutes during an observation
window of 24 hours. For analysis purposes, averages of each parameter

during light and dark cycles were analyzed separately.

2.3.4 Invivo body composition analyses

A sub-group of non-fasted, conscious animals were carefully weighed
and placed in a plexiglass restrainer. Body composition was determined
using either a Bruker's minispec (Bruker LF 90II® Hamilton, ON Canada) or
an EchoMRI 4-in-1/1000 (Echo Medical Systems. Houston, TX U.S.A.); a
whole body composition analyzer based on time-domain nuclear magnetic
resonance (TD-NMR) technology. This equipment acquires and analyzes TD-
NMR signals from all protons in the entire sample volume and can provide

three parameters of interest: body fat, body fluid (water) and body lean
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tissue. The difference between the summary of these three components and
the total body weight constitutes the weight of elements of the body with a
very low water content such as bones and skin (referred to as ‘other’). This
technique provides a precise method for the in vivo measurement of body
composition in rodents that does not require anesthesia. The precision of this
equipment was tested using a repeated measures approach. In all
experimental domains the test-retest correlation of this technique was

>(0.995 and the bias variability was <0.1% (Figure 2-12).
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Figure 2-12 Test-retest inter-assay correlation and Bland-Altman
analysis of body composition studies

Measurements performed on the Bruker's minispec (Bruker LF 90II® Hamilton. ON Canada)
Whole Body Composition Analyzer.
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2.3.5 Intra-abdominal high-resolution computer tomography scan

A micro-computed axial tomography (CT) scanner is a piece of
equipment based on the same underlying physical principle as the CT
scanners used in clinical practice but designed for higher resolution imaging.
The micro-CT scanner produces tri-dimensional (3D) tomographic data ata
microscopic resolution (discrimination limit; 100 um?3) by recording 512
consecutive 2D projections, at four frames/projection, over a complete 360°
around the animal. The x-ray source produces a cone-shaped beam, which is
projected through the specimen with the resultant radiographic density of
the tissues projected onto a 2D detector. The multiple projections are
combined using a reconstruction method that is generally based on a filtered
back projection algorithm. The resultant micro-CT scan is a 3D matrix of
points with values proportional to the X-ray penetration coefficient of the
material within each point. Since the density of different tissues (bone, water,
fat and lean tissue) and, therefore, X-ray penetrations are different, this
technique can be used to discriminate and quantify intra-abdominal fat

content with a very standardized technique that is not operator dependent.

To perform these measurements, non-fasted rats were anesthetized
using inhaled isoflourane (~2% in compresses air) and placed into a micro
CT scanner FLEX Pre-Clinical Platform Xo-Xper-Xsper instrument (Gamma
Medica Ideas. Northridge, CA U.S.A.). The instrument gamma camera was
programmed to scan 512 projections (sum of frames = 4, voltage 60 kDP and
390 uA). The observation window was set between the diaphragmatic
membrane and the acetabulum for each animal (~91.78 mm) and the

magnification factor on the gamma camera was set to 1.29.

To calculate the intra-abdominal fat content, 3D reconstructions of the
intra-abdominal cavity were made based on axial, coronal and sagittal
projections. The intra-abdominal fat volume was calculated using the

software GMI - Amira 3.1.1. Threshold density was adjusted by internal

109



volume so that internal organs and large vessels were not counted as intra-

abdominal fat tissue and were excluded from calculations.

2.3.6 Intra-abdominal organ weight and fat content evaluation by

mechanical extraction

Animals were anesthetized using inhaled isoflourane and euthanized
by exsanguination. Different intra-abdominal fat pads (mesenteric-epiploic,
epididymal (male rats), peri-uterine (female rats), sub-diaphragmatic and
retroperitoneal) were surgically extracted and weighed. Intra-abdominal
organs including, liver, spleen, pancreas and kidneys were dissected and

weighed. Finally, the right tibia bone was dissected and measured.

Intra-abdominal fat data are presented as either total fat weight or fat
weight adjusted by body weight, lean weight or total body fat weight as
determined by TD-NMR (Section 2.3.4). The Pearson correlation between the
two methods used to determine the intra-abdominal fat content (mechanical
extraction and micro CT scan) was =0.65, p=0.002. The Bland and Altman

analysis demonstrated a bias between the techniques of -0.14 (Figure 2-13).
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Figure 2-13 Correlation of two techniques (microCT scan vs.
mechanical extraction) to determine intra-abdominal fat content

Correlation analyses performed using data from 24 rats after a nutritional intervention of
nine weeks receiving HF diet. (A) The Bland-Altman analysis estimated bias between the
techniques of -0.14. (B) Linear regression (solid line) with 95% CI (dash line) and scatter
plot for both techniques. The Pearson correlation between the two methods used to
determine the intra-abdominal fat content was =0.65, p=0.002.
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2.3.7 Glucose and insulin tolerance tests

Glucose plasma concentrations were determined using an ACCU-CHEK
Advantage® glucometer (Roche Diagnostics. NY U.S.A.) using blood collected
from the tail. The reported mean+SD of the bias of this glucometer, relative to
a reference laboratory, ranged from 5.3+3.7% to 31.5+7.5%. The reported
intra-assay variability for this equipment is <8%, making it one of the most
accurate pieces of equipment on the market.?3 To determine tolerance to a
glycemic challenge (glucose tolerance test; GTT), a set of animals in which no
other determinations or experiments were performed was used. Glucose
plasma concentrations were determined after an initial five hour fasting
period and at 15, 30, 60, 90 and 120 minutes following a glucose injection.
Rats were injected intraperitoneally with a 50% glucose solution (2 g/Kg

body weight).

Insulin tolerance tests (ITT) were performed one week later in the
same set of animals in which GTT were performed. To do these experiments,
human recombinant insulin (Novolin-GE. Toronto, ON Canada) was used to
prepare an insulin-saline solution injected intraperitoneally (1 mU/Kg body
weight) after a two hour fasting period. As described above, blood glucose
from the tail was measured at baseline and following insulin injection (at 15,

30, 60, 90 and 120 minutes).

2.3.8 Insulin concentrations and homeostatic model assessment index

Following a fasting period of greater than three hours, rats were
anesthetized using inhaled isoflourane and euthanized by exsanguination.
Circulating concentrations of insulin were determined in EDTA-preserved
plasma using either a radioimmunoassay kit for rodent insulin (Cat.# EZRMI-
13K Linco St. Charles, MO U.S.A.) or an ELISA kit for rodent insulin
determination (Cat. 80-INSRT-EO1, ALPCO diagnostics, Salem, NH, U.S.A.).
The lowest level of insulin that can be detected using any of these assays is

0.2 ng/ml (35 pM) when using a 10 pl sample. The specificity of these
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analytical tests for rat insulin is 100%. The inter- and intra-assay variability
reported for the test were <3.6 and <9.1% respectively. The insulin
resistance was determined using the homeostatic model assessment (HOMA)

index?* was determined using the following formula:

HOMA = insulin (uU/mL) x [glucose (mmol/L)/22.5]

2.3.9 Pancreas insulin content

After euthanasia by exsanguination, the pancreas was surgically
extracted, weighed, minced using fine scissors, placed in 1.0 ml of acidified
ethanol (75% ethanol, 1.5% 12 mmol/L HCI) and incubated for 24 hours
(4°C) to extract insulin from the tissue.2> Samples were then centrifuged
(8000 rpm/15 minutes) and supernatants were separated. Insulin levels
were determined in using a radioimmunoassay kit for rodent insulin (Cat.#
EZRMI-13K, Linco. St. Charles, MO U.S.A.). Refer to Section 2.3.8 for accuracy

and precision information of this technique.

2.3.10 Tissue homogenization and immunoblotting for the study of

insulin signaling

Rats were fasted overnight, injected with 1 mU/g body weight insulin
and 15 minutes later euthanized by injecting a lethal dose of pentobarbital
(100 mg/Kg). Samples of gastrocnemius muscle and liver were collected and
frozen in liquid nitrogen. Subsequently, frozen tissue homogenates were
prepared in ice-cold sucrose homogenation buffer (20 mmol/L Tris-HCI, pH
7.4 (4 °C), 50 mmol/L NaCl, 50 mmol/L NaF, 5 mmol/L Na pyrophosphate,
0.25 mmol/L sucrose).?¢ Fresh protease and phosphatase inhibitors were
added to the buffer mixture. Protein content on each homogenate was
determined using a Bradford protein assay. Equal amounts of protein were
loaded into a 10% sodium dodecyl sulfate polyacrylamide gel for
electrophoresis (SDS-PAGE) and run at 100-120 V. for one hour. Protein was

then transferred to a nitrocellulose membrane and probed with affinity-
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purified primary antibodies for Akt (1:2000), activated Akt (p-AKT S473;
1:1000), Insulin Receptor Substrate-1 (IRS-1; 1:1000), inactive IRS-1 (p-IRS
S1101; 1:500), Protein Kinase C theta (PKCO; 1:500), 5' AMP-activated
protein kinase (AMPK; 1:2000), phosphorylated AMPK (p-AMPK; 1:1000),
Peroxisome Proliferator-Activated Receptor-Coactivator 1 alpha (PGC-1a;
1:1000) and tubulin (1:5000). Primary antibodies were then detected using
goat anti-rabbit secondary antibody (1:1000-5000). Membranes were then
visualized using the Amersham Pharmacia Enhanced Chemiluminescence
Western Blotting Detection System (Little Chalfont, Buckinghamshire
England). All the secondary antibodies and primary antibodies for PGC-1a
were from Santa Cruz Biotechnology (Santa Cruz, CA U.S.A). All other primary
antibodies utilized in this study were purchased from Cell Signaling

Technology (Danvers, MA U.S.A.).

2.3.11 Adipokines plasma concentration

Plasma was collected and preserved with heparin as previously
described in Section 2.2.5 and shipped to Millipore Biomarker Services to
perform a multiple adipokine determination using the Rat Serum Adipokine
Milliplex system / Panel 5-plex (Millipore. Billerica, MA U.S.A.) on a Luminex
100 machine (Millipore. Billerica, MA U.S.A.) The reported minimal
detectable concentrations for this technique are leptin 9.7 pg/ml, adiponectin
6.1 pg/ml], Interleukin 1 beta (IL-13) 1.2 pg/mL, Interleukin-6 (IL-6) 8.8
pg/mL and Tumor Necrosis Factor alpha (TNFa) 3.2 pg/mL. The reported
intra-assay variability for these determinations was <4%. All measurements

were performed in duplicate in one single assay.

2.3.12 Lipid profile

To determine the lipid profile of experimental animals, blood samples
were collected as described in section 2.2.5 in vacutainer tubes containing
EDTA and immediately stored on ice to inhibit lipase activity without the use

of chemical inhibition. Lipids were extracted from 200 uL of plasma by the
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method of Folch.?” Triacylglycerol (TG), cholesterol, cholesterol ester (CE)
and FFA were separated and measured by fast protein liquid
chromatography (FPLC) according to the method described by Christie et

al?8

2.3.13 Determination of liver and muscle lipid levels

Following a four hours fasting period, rats were anesthetized with
isoflourane and euthanized by exsanguination. Then, samples of liver and
skeletal muscle (gastrocnemius) were extracted and homogenized. The
phospholipids in the samples were digested with phospholipase C (2h, 30°C)

and the amount of FFA, TG, cholesterol, CE were determined FPLC.26

2.3.14 Adipocyte histology and morphometry

After intra-abdominal fat extraction was completed and its weight was
determined, samples of abdominal adipose tissue from the major omentum
were collected and fixed in 10% formalin for 48 hours and then in 10%
methanol. Histopathological preparations and hematoxylin/eosin staining
were performed at the Alberta Diabetes Institute Histology Core (Edmonton,
AB. Canada) following standardized protocols. Digital images of three
representative fields were taken using a digital camera mounted on a light
microscope at 40X magnification. All images were analyzed with the Image]

software (Ver 1.43u, National Institute of Health, U.S.A.).

2.4 Statistical analyses

Data analyses were performed using the statistical software Prism 5.0c
for Mac (GraphPad Software. La Jolla, CA USA) and Stata Statistical Software
Release 10SE (StataCorp. College Station, TX U.S.A.). Data are reported as
meanzstandard error of the mean (SE), except where stated otherwise.
Before analyses, data distribution was tested using a D'Agostino and Pearson
omnibus normality test. When n values were <10, normal distribution was

assumed. In all cases, the animals included in each experimental group
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belong to different litters.

Comparisons of continuous parameters performed between two
groups were tested using a t-test or Willcoxon rank-sum test according to the
data distribution. Analyses of continuous variables measurements over time
(such as body weight, food consumption, metabolic parameters, cardiac
power, GTT, ITT, etc.) were analyzed using a two-way analysis of variance
(ANOVA) with both time and group as sources of variation. Comparisons of
single measurements performed among four groups (in a two by two
factorial design) were analyzed using a non-matched two-way ANOVA with
IUGR and the other factor of interest (either sex, age, diet or Resveratrol
supplementation) as sources of variation. A Bonferroni post-hoc analysis was
then used to compare means by group. For these analyses, overall effect of
each one of the factors included in the ANOVA, their interaction, and
Bonferroni post-hoc significance were reported only when statistical

significance was reached (Figure 2-14).
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Figure 2-14 Representation of statistical analyses in figures presenting
two-factorial analyses
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Due to the marked phenotypical differences between sexes, data
obtained from male and female adult offspring were analyzed separately. For
the analyses of categorical variables, differences in proportions among
groups were compared using a x? test. Evaluations of correlation within and
between different techniques were analyzed and reported using both

Pearson correlation and linear regression as well as Bland-Altman plots.

For most statistical analyses a p-value <0.05 was considered
statistically significant. In order to decrease the multiple comparisons effect
in the data obtained by echocardiographic studies, a p value <0.01 was

considered statistically significant when analyzing this kind of data.

116



2.5 References

1. Lopaschuk GD. Alterations in myocardial fatty acid metabolism contribute to
ischemic injury in the diabetic. Canadian Journal of Cardiology. 1989;5:315-
320.

2. Antonova OA, Loktionova SA, Romanov YA, Shustova ON, Khachikian MV,

Mazurov AV. Activation and damage of endothelial cells upon
hypoxia/reoxygenation. Effect of extracellular pH. Biochemistry (Mosc).
2009;74:605-612.

3. Hung TH, Chen SF, Li M], Yeh YL, Hsieh TT. Differential effects of concomitant
use of vitamins C and E on trophoblast apoptosis and autophagy between
normoxia and hypoxia-reoxygenation. PLoS One. 2010;5:e12202.

4, Raddatz E, Thomas AC, Sarre A, Benathan M. Differential contribution of
mitochondria, NADPH-oxidases and glycolysis to region-specific oxidant

stress in the anoxic-reoxygenated embryonic heart. Am J Physiol Heart Circ
Physiol. 2010.

5. Zampino M, Yuzhakova M, Hansen ], McKinney RD, Goldspink PH, Geenen DL,
et al. Sex-related dimorphic response of HIF-1 alpha expression in
myocardial ischemia. Am J Physiol Heart Circ Physiol. 2006;291:H957-964.

6. Dubois L, Landuyt W, Haustermans K, Dupont P, Bormans G, Vermaelen P, et
al. Evaluation of hypoxia in an experimental rat tumour model by
[(18)F]fluoromisonidazole PET and immunohistochemistry. British Journal
of Cancer.2004;91:1947-1954.

7. Lagouge M, Argmann C, Gerhart-Hines Z, Meziane H, Lerin C, Daussin F, et al.
Resveratrol improves mitochondrial function and protects against metabolic
disease by activating SIRT1 and PGC-1alpha. Cell. 2006;127:1109-1122.

8. Dolinsky VW, Chan AY, Robillard Frayne I, Light PE, Des Rosiers C, Dyck JR.
Resveratrol prevents the prohypertrophic effects of oxidative stress on
LKB1. Circulation. 2009;119:1643-1652.

9. Dittoe N, Stultz D, Schwartz BP, Hahn HS. Quantitative left ventricular
systolic function: from chamber to myocardium. Crit Care Med.
2007;35:5330-339.

117



Pellett AA, Tolar WG, Merwin DG, Kerut EK. The Tei index: methodology
and disease state values. Echocardiography. 2004;21:669-672.

Rey-Parra GJ, Archer SL, Bland RD, Albertine KH, Carlton DP, Cho SC, et al.
Blunted hypoxic pulmonary vasoconstriction in experimental neonatal
chronic lung disease. Am J Respir Crit Care Med. 2008;178:399-406.

van Haaften T, Byrne R, Bonnet S, Rochefort GY, Akabutu ], Bouchentouf M, et
al. Airway delivery of mesenchymal stem cells prevents arrested alveolar
growth in neonatal lung injury in rats. Am J Respir Crit Care Med.
2009;180:1131-1142.

Lopaschuk GD, Spafford MA, Davies NJ, Wall SR. Glucose and palmitate
oxidation in isolated working rat hearts reperfused after a period of
transient global ischemia. Circ Res. 1990;66:546-553.

Barr RL, Lopaschuk GD. Direct measurement of energy metabolism in the
isolated working rat heart. Journal of Pharmacological and Toxicological
Methods. 1997;38:11-17.

Xu 'Y, Williams SJ, O'Brien D, Davidge ST. Hypoxia or nutrient restriction
during pregnancy in rats leads to progressive cardiac remodeling and
impairs postischemic recovery in adult male offspring. Faseb ].
2006;20:1251-1253.

Xu 'Y, Clanachan AS, BI. ]. Enhanced expression of angiotensin Il type 2
receptor, inositol 1,4, 5-trisphosphate receptor, and protein kinase cepsilon
during cardioprotection induced by angiotensin II type 2 receptor blockade.
Hypertension. 2000;36:506-510.

Xu 'Y, Kumar D, Dyck JR, Ford WR, Clanachan AS, Lopaschuk GD, et al. AT(1)
and AT(2) receptor expression and blockade after acute ischemia-
reperfusion in isolated working rat hearts. Am J Physiol Heart Circ Physiol.
2002;282:H1206-1215.

Belke DD, Larsen TS, Lopaschuk GD, Severson DL. Glucose and fatty acid
metabolism in the isolated working mouse heart. Am J Physiol.
1999;277:R1210-1217.

Barr RL, Lopaschuk GD. Methodology for measuring in vitro/ex vivo cardiac
energy metabolism. Journal of Pharmacological and Toxicological Methods.
2000;43:141-152.

118



20.

21.

22.

23.

24.

25.

26.

27.

28.

Dennis SC, Gevers W, Opie LH. Protons in ischemia: where do they come
from; where do they go to? ] Mol Cell Cardiol. 1991;23:1077-1086.

Liu B, el Alaoui-Talibi Z, Clanachan AS, Schulz R, Lopaschuk GD. Uncoupling
of contractile function from mitochondrial TCA cycle activity and MV02
during reperfusion of ischemic hearts. Am J Physiol. 1996;270:H72-80.

McLean, Tobin. “Animal and Human Calorimetry”; 1987.

Li HY, Hua CH, Lin YR, Lin MS, Wei ]N. Effect of fluoride-containing tubes on
accuracy of glucometers. Diabetes Care. 2008;31:e33.

Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC.
Homeostasis model assessment: insulin resistance and beta-cell function
from fasting plasma glucose and insulin concentrations in man. Diabetologia.
1985;28:412-4109.

Suarez-Pinzon WL, Power RF, Yan Y, Wasserfall C, Atkinson M, Rabinovitch
A. Combination therapy with glucagon-like peptide-1 and gastrin restores
normoglycemia in diabetic NOD mice. Diabetes. 2008;57:3281-3288.

Koonen DP, Jacobs RL, Febbraio M, Young ME, Soltys CL, Ong H, et al.
Increased hepatic CD36 expression contributes to dyslipidemia associated
with diet-induced obesity. Diabetes. 2007;56:2863-2871.

Folch ], Lees M, Sloane Stanley GH. A simple method for the isolation and
purification of total lipides from animal tissues. ] Biol Chem. 1957;226:497-
5009.

Christie WW. Rapid separation and quantification of lipid classes by high
performance liquid chromatography and mass (light-scattering) detection. J
Lipid Res. 1985;26:507-512.

119



CHAPTER 3 PHENOTYPICAL CHARACTERISTICS OF THE HYPOXIA-
INDUCED IUGR MODEL#*

3.1 Introduction

A complete and accurate description of the perinatal characteristics of
animals exposed to hypoxia in utero is fundamental for a better
understanding and comparison of this specific animal model and prenatal
insult. The rat model of maternal hypoxia used for the studies included in this
thesis (Section 2.1.1), has previously been used by our own group!- as well
as others® 7 to study the long-term effects of being born IUGR. To ensure
consistency in reproducing the model between investigators, there are some
phenotypical characteristics that can be readily compared (such as maternal
weight gain during hypoxic insults, litter size and birth weight). Moreover,
there are some additional parameters, such as measures of fetal hypoxia, sex
distribution of the litters, fetal and placental weight that are difficult to

measure accurately due to methodology, and remain to be clarified.

One of the limitations of the hypoxia-induced IUGR protocol used in
this thesis and described in Section 2.1.1, is that obstetric and perinatal
outcomes cannot be measured very accurately for a number of reasons: for
instance, early manipulation of the offspring could stress the dam and affect
the quality of nursing, therefore, interaction with the newborn litter must be

reduced to a minimum in the first weeks of life. In addition, the timing of

# Most components of this chapter have been published in (or submitted to) one or more peer-
review journals including:

*  “Rueda-Clausen CF, Morton JS and Davidge ST. Effects of hypoxia-induced intrauterine
growth restriction on cardiopulmonary structure and function during adulthood.
Cardiovascular Research 2009;81:713-722.

*  “Rueda-Clausen CF, Morton JS, Lopaschuk GD and Davidge ST. Long-term effects of
intrauterine growth restriction on cardiac metabolism and susceptibility to ischemia
reperfusion. In press, Cardiovascular Research 2010.”

Contribution: Rueda-Clausen CF. was the project coordinator, performed all the experiments
and data analyses, wrote the first draft of the review article (including all the figures) and
coordinated with the other authors in compiling the final version of the manuscript.
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nursing and lactation of the offspring is variable among different litters. In
some cases, newborn feeding can start immediately after birth while the
parturition process could last as long as 12 hours, therefore differences in the
weight of the offspring (between the first and last born) at the end of
parturition could be very large due to differences in the length of time of
postnatal feeding. Dams also eat fetal membranes and placentas immediately
after birth, therefore, the evaluation of these organs without handling the
dam during parturition is not possible. Moreover, dams may also eat some
offspring after parturition and variability in this behavior could account for

differences in litter size and sex distribution.

Previous studies conducted in clinical models of high-altitude
pregnancy suggest that a healthy placenta is capable of adapting when
exposed to low oxygen concentrations and is able to ameliorate the effects on
fetal development by increasing its functional capacity for gaseous
exchange.® Therefore, another question that has been raised regarding this
model of [UGR is whether a maternal hypoxic insult is in fact limiting oxygen

availability to the fetuses.

3.2 Objectives

In order to deal with some of the previously described limitations and
to reach a better understanding of the animal model of hypoxia-induced IUGR
used in this thesis, an additional set of experiments were performed on a
separate set of animals to study the effects of this prenatal insult (on factors
such as fetal hypoxia, litter size, fetal weight and placenta weight)
independent of the already mentioned postnatal confounding factors. The
results presented in this chapter constitute a description of the phenotypical
characteristics of this model and apply for all consequent experiments in

which the hypoxia-induced IUGR model was used.
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3.3 Methods

Some components of this chapter refer to “prenatal” characteristics of
the hypoxia-induced IUGR model and present data obtained from fetuses
studied immediately before parturition, see experimental protocol Section
2.1.1.1. Other components of this chapter refer to “postnatal” characteristics
of the offspring and present data obtained from both newborn offspring (6 to
12 hours after birth) exposed to the prenatal hypoxia protocol (Section 2.1.1)

and offspring culled immediately after reduction of litters (Section 2.1.1.2).
3.4 Results

3.4.1 Effect of prenatal hypoxia on maternal weight gain

There were no differences in age or body weight of dams randomized
to hypoxia or control protocols either before mating or at the beginning of
the hypoxic insult (p>0.4 for both parameters). Exposure to hypoxia reduced
maternal weight gain (Figure 3-1). Post-partum, however, dams rapidly
regain weight and after one week of lactation the body weight of dams

previously exposed to hypoxia was comparable to controls (Figure 3-1).
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Figure 3-1 Effect of prenatal exposure to hypoxia on body weight
change in the dams during pregnancy and lactation periods

Open symbols represent control dams and filled symbols represent dams exposed to
hypoxia. * represents p<0.01 when compared to age-matched controls (Bonferroni post-
hoc). n=16 per group.
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3.4.2 Effect of maternal hypoxia on prenatal fetal oxygen availability

Histological sections of placentas and fetal segments of heart and liver
prepared with Pimonidazole (Figure 3-2) demonstrated that maternal
exposure to an oxygen concentration of 11.5% indeed caused a reduction in

fetal oxygen availability as shown by increased levels of Pimonidazole

staining.
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Figure 3-2 Levels of Pimonidazole in fetal tissues

Data obtained from 24 pups from eight litters (four intrauterine growth restricted; [IUGR]
and four controls) euthanized at gestational day (G) 20.75. All dams were injected with
hypoxia-reactive dye (Pimonidazole) at G20.5. Sections of (A) liver, (B) heart and (C)
placenta were obtained from male pups and analyzed by immunohistochemistry. Nuclei are
stained with DAPI (blue) and hypoxic tissue is labeled with Pimonidazole (green). Each panel
presents summary figures and representative images of Control and IUGR offspring. *
represents p<0.001 when compared to controls using an unpaired t-test.

Additional confirmation of the hypoxic status of the fetuses was
obtained using a different hypoxia marker (Hypoxyprobe F6), which has a
longer half-life (Figure 3-3). In addition, concentrations of HIF-1q, an
intracellular hypoxia-mediated signaling molecule, were found to be
increased in the livers of offspring exposed to hypoxia in utero relative to

controls (Figure 3-3).
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Figure 3-3 Effect of maternal hypoxia on fetal tissue levels of
Hypoxyprobe F6 and hypoxia inducible factor-1a

Data obtained from 18 pups from six litters (three intrauterine growth restricted; [[UGR] and
three controls) euthanized at G20.75. All dams were injected with a hypoxia-reactive dye
(Hypoxyprobe F6) at G19.5. (A) Representative images of liver sections. Nuclei are stained
with DAPI (blue) and hypoxic tissue is labeled with antibodies against either Hypoxyprobe
F6 or HIF1-a (green). Summary figures of liver levels of (B) Hypoxyprobe F6 and (C) HIF-1a
of both control and IUGR offspring are shown. * represents p<0.001 when compared to
controls using an unpaired t-test.

3.4.3 Prenatal outcomes

Just prior to birth there were no differences in litter size (Controls
17+0.7 vs. IUGR 18%0.7 pups, p=0.7) or sex distribution (proportion of male
offspring: Controls 51% vs. IUGR 47%, p=0.9) between experimental groups.
Moreover, in this group of experiments, no stillborn fetuses were observed in
utero in any of the dams used for the prenatal studies. Fetuses from dams
exposed to hypoxia exhibited a reduction not only in body weight, but also in
absolute placental size (Figure 3-4). Moreover, prenatal hypoxia caused an
increase in relative cardiac weight both in male and female fetuses.
Interestingly, no differences were observed in tibia length either in male or

female IUGR offspring relative to sex-matched controls (Figure 3-4).
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Figure 3-4 Effect of prenatal exposure to hypoxia from G15 to G20.75

Data obtained from 24 pups from eight litters (four intrauterine growth restricted; [IUGR]
and four controls) euthanized at G20.75. Summary figures of (A) fetal body weight, (B)
placental weight, (C) fetal/placenta weight ratio, (D) heart weight, (E) heart/body weight
ratio and (F) tibia length. Panel G presents a representative image of both Control and IUGR
male fetuses and placentas at G20.75d. * represents values of p<0.05 for the respective
sources of variation (sex or prenatal intervention) using two-way ANOVA. t represents
p<0.05 vs. controls of the same sex after a Bonferroni post-hoc test.
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3.4.4 Postnatal outcomes

Following parturition, perinatal parameters such as litter size
(Controls 16+2 vs. IUGR 15+2 pups, p=0.54), proportion of stillborn offspring
(Controls 0.6% vs. IUGR 1.7%, p=0.3) and sex distribution (proportion of
male offspring: Controls 53% vs. IUGR 45%, p=0.95) were comparable
between groups. Consistent with data obtained from prenatal studies, results
from pups culled during litter reductions showed that prenatal IUGR was
associated with a reduced body weight and an increase in the relative cardiac

weight (Figure 3-5).
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Figure 3-5 Body and heart weight from offspring culled after litter
reductions.

Data obtained from 39 pups from at least eight litters from each group euthanized 6 to 12
hours after birth. Summary figures of (A) fetal body weight, (B) heart weight and (C) heart to
body weight ratio. * represents values of p<0.05 for the respective sources of variation (sex
or prenatal intervention) using two-way ANOVA. t represents p<0.05 vs. controls of the
same sex after a Bonferroni post-hoc test.

3.4.5 Postnatal growth trajectory

Both male and female newborns exposed to hypoxia in utero rapidly
caught up with controls in terms of body weight. Within four days after birth
there were no differences in body weight between sex- and age-matched

experimental groups (Figure 3-6).
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Figure 3-6 Effect of prenatal exposure to hypoxia on offspring body
weight from birth to weaning

Open symbols represent controls and filled symbols represent animals exposed to hypoxia. *
represents p<0.01 when compared to age-matched controls. Data obtained from at least nine

different litters in each group.

3.5 Discussion

Relative to other common prenatal insults used to induce [UGR in
animal models, maternal hypoxia constitutes the only non-invasive method
to reduce fetal oxygen availability. Hypoxia constitutes an interesting tool
that simulates many common clinical conditions that cause IUGR in
developed countries like Canada (such as preeclampsia, pulmonary diseases

and placental insufficiency).?

3.5.1 Hypoxia-induced IUGR and maternal weight gain

Using the same animal model, our group has previously described that
despite having ad libitum access to food and water, dams housed under
hypoxic conditions exhibited a significant reduction (~40%) in food intake.10
Moreover, we have also observed that rats exposed to hypoxia also exhibit a

decrease in physical activity. However this change in physical activity has not
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been documented by standardized methods. Interestingly, at the end of
parturition, rats exposed to hypoxia had an approximately 16% reduction in
body weight relative to controls, which suggests that the decrease in energy
requirements attributable to changes in physical activity may not account for
the total change in food intake observed in these animals. Some potential
anorexigenic factors that could be associated with maternal hypoxia and
could cause a decrease in maternal weight gain include maternal stress and
respiratory alkalosis (secondary to compensatory hyperventilation). These
and other important considerations of this animal model are discussed in

more detail in Section 9.6.2.

3.5.2 Fetal hypoxia

As mentioned, previous clinical studies suggest that a healthy placenta
is capable of adapting when exposed to low oxygen concentrations.® The
results obtained with hypoxia-sensitive dyes, however, demonstrated that
exposing pregnant rats to moderately hypoxic conditions (11.5% oxygen)
during the last week of pregnancy produced a sustained and significant
decrease in fetal oxygen availability (below 10 mmHg) and led to the
activation of hypoxia-mediated transcriptional signals such as HIF-1a. One of
the challenges of evaluating the long-term effects of hypoxic prenatal insults
is to determine the maximum hypoxic insult that can be tolerated by the litter
without fatal perinatal outcomes. Although dams can survive hypoxic insults
with oxygen concentrations as low as 6% oxygen, preliminary experiments
demonstrated that maternal exposure to oxygen concentrations below 11%

during the last week of pregnancy often resulted in perinatal mortality.
3.5.3 Maternal hypoxia, fetal birth weight, gestational length and
offspring growth catch-up

Similar to other experimental models of [UGR,1-1° maternal hypoxia
caused a consistent reduction in prenatal fetal weight in both male (-12.5%)

and female (-13.0%) offspring. Although this absolute reduction in birth
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weight is small, it is clinically significant since it places [UGR newborns below
the 15t percentile$ of normal body weight for sex-matched controls. Similar
to observations made in clinical studies'? 1420 and different animal models of
IUGR,13.18,.21 offspring born IUGR as a result of a hypoxic insult rapidly
“caught up” with controls and, a few days after birth, there were no
differences in body weight relative to sex- and age-matched controls. This
catch-up phenomenon is one of the hallmarks of IUGR and, for some authors,
is thought to have more deleterious effects (on future cardiovascular and

metabolic health) than IUGR by itself.13,19,22-25

Prenatal exposure to hypoxia did not affect absolute cardiac weight at
birth; however, due to changes in body weight, it caused a significant
increase in the relative cardiac weight. These results are consistent with
previous studies showing that prolonged fetal hypoxic insults may cause
asymmetric IUGR.2¢ This type of [IUGR is commonly seen in conditions
causing placental insufficiency and is characterized by the induction of
circulatory adaptations leading to redistribution of the cardiac output to
maintain oxygen supply to the brain and other vital organs (such as heart and
adrenal glands).27-29 Interestingly, the prenatal hypoxic insult that we used
did not affect tibia length in the offspring, which further supports the fact

that not all organs are equally affected by this kind of prenatal insult.3°

Some clinical conditions causing IUGR are also associated with
preterm birth.3! Pregnant rats exposed to hypoxia, however, had comparable
or slightly longer (six to eight hours) gestational periods than controls,
therefore, the differences in body weight observed in this model of IUGR

cannot be attributed to differences in gestational length.

3.5.4 Maternal hypoxia and placental development

Placental ability to support fetal growth is determined by three main

factors: total surface area (determined by placental size and the width of the

§ based on records of 171 offspring from 52 different litters
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folded region of the feto/maternal interface), the distance across the
epithelial/endothelial cell layer (because this influences the rate of diffusion
from mother to fetus) and the presence of structures and transporters
influencing nutrient exchange across the feto/maternal interface.3? As
expected, fetuses exposed to hypoxia exhibited a reduction in both body
weight and placental weight. Interestingly, the relative placental weight
(adjusted to the respective fetal body weight) was also reduced in [UGR
offspring relative to controls. This result is contrary to previous clinical
observations made in fetuses with severe IUGR, in which the relative
placental weight was bigger than that in normal weight fetuses.33-3> A
possible interpretation of these results is that placenta from fetuses exposed
to hypoxia undergo structural and functional adaptations that improve
placental efficiency and render them capable of sustaining relatively larger
fetuses. Another potential interpretation of these results is that under
physiological conditions, the placental capacity to transport oxygen and
nutrients to the fetus is higher than fetal demand (placental reserve) and in
the presence of hypoxic insults, placental development is initially
compromised without affecting fetal development, until placental capacity is

overcome by fetal demands and the placental reserve is depleted.36
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CHAPTER 4 LONG-TERM EFFECTS OF HYPOXIA-INDUCED IUGR ON
CARDIOPULMONARY STRUCTURE AND FUNCTION*™

4.1 Introduction

Nowadays, CVDs are still the main cause of death and disability in
developed countries.! In consideration of the high prevalence of prenatal
conditions that could induce cardiac programming,? the study of the long-
term effects of prevalent prenatal insults on cardiac structure and function
constitutes a highly relevant research area that could favor the development
of novel strategies to prevent and treat CVDs.3 As mentioned in Section 1.3 of
this thesis, our group has previously reported that offspring born [UGR
(secondary to a prenatal hypoxic insult) exhibit a cardiac phenotype
characterized by changes in patterns of collagen deposition, altered myosin
composition, decreased activity of MMP-2 and increased susceptibility to [/R
injury (ex vivo).* However, the ex vivo study of the cardiac phenotype
developed by these animals has some limitations: firstly, the equipment used
evaluates cardiac function under artificially controlled conditions lacking the
physiological components that could modulate cardiac function (such as
autonomic modulation and hormonal factors). Moreover, the study of cardiac
phenotypical characteristics ex vivo has a very limited translation to clinical
scenarios. Interestingly, no studies have been performed to determine
whether the prenatal hypoxic insults that are emulated by this animal model

have any long-term implications for cardiac function in vivo.

“Most components of this chapter have previously been published in:

*  “Rueda-Clausen CF, Morton JS and Davidge ST. Effects of hypoxia-induced intrauterine
growth restriction on cardiopulmonary structure and function during adulthood.
Cardiovascular Research 2009;81:713-722.

Contribution: Rueda-Clausen CF. was the project coordinator, performed all the experiments

and data analyses, wrote the first draft of the review article (including all the figures) and

coordinated with the other authors in compiling the final version of the manuscript.
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As mentioned in Section 1.4.1, the normal aging process is
characterized by an increased prevalence and severity of a number of
cardiovascular pathologies including hypertension,> ¢ coronary heart
disease,” and heart failure.? Interestingly, most of these aging-associated
conditions are also known to appear earlier and/or with more severity in
subjects born from pregnancies complicated with IUGR.7-10 Based on this
evidence, it has been suggested that exposure to adverse environmental
conditions during early stages of life may accelerate the development of
chronic diseases during adulthood by affecting the response of different
tissues to the normal aging process.!! Actual data supporting this hypothesis,

however, is still very limited.

Moreover, and given the paucity of data regarding sex differences in
the early programming of CVDs, a more extensive description of the sex
differences in the context of early cardiovascular programming needs to be
made. This will allow us to firstly better characterize this particular animal
model and secondly, reach a better understanding of the fundamental sex
differences in the pathophysiology of CVDs from an early programming

perspective.

4.2 Objectives

In order to answer these questions, the objectives of this chapter are:
to study the long-term consequences of hypoxia-induced IUGR on in vivo
cardiac function, to determine the interaction between hypoxia-induced
IUGR and aging in the context of cardiac structure and function and to
explore potential sex differences in the long-term effects of prenatal hypoxic

insults.
Methods

4.2.1 Animal model of hypoxia induced IUGR

Female Sprague Dawley rats were mated within the animal facility and
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treated as described in Section 2.1.1. At birth, litters were reduced to eight
pups (four male and four female) and offspring were treated following the

IUGR/aging interaction protocol described in Section 2.1.1.2.

4.2.2 Invivo evaluation of cardiopulmonary function

At 4 or 12 months of age, both male and female offspring were
anesthetized and a complete cardiopulmonary function and structure
evaluation was performed using a high-resolution UBM system as described

in Section 2.2.1.

4.2.3 Isolated working heart preparation and evaluation of left

ventricular function

At either 4 or 12 months of age, hearts were excised from anesthetized
rats and perfused using a working heart setup as described in Section 2.2.3.
Ex vivo LV function was evaluated using a Millar catheter as described in

Section 2.2.3.2.
4.2.4 Pulmonary histology and morphometry

In a separate set of 12 month old rats (both control and IUGR), lungs
were prepared as described in Section 2.2.2 and used for histological studies.

4.3 Results

4.3.1 Effects of hypoxia-induced IUGR on body weight during adulthood

At four months of age, offspring born IUGR (both male and female) had
comparable body weight to age- and sex-matched controls. As they age,
however, bodyweight of adult male offspring born IUGR exhibit a decrease of
approximately 10% relative to their respective controls. Interestingly, these
differences in body weight during adulthood were not observed in female

offspring (Figure 4-1).
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Figure 4-1 Body weight of young adult and aged offspring

Body weight of (A) male and (B) female offspring from different experimental groups either
control (open bars) or IUGR (solid bars) at both 4 and 12 months (Mo) of age. Data obtained
from at least 11 litters for each experimental group. * represents values of p<0.05 for the
respective sources of variation (sex or prenatal intervention) using two-way ANOVA.

T represents a p<0.05 vs. controls of the same sex following a Bonferroni post-hoc test.

4.3.2 Effects of hypoxia-induced IUGR on cardiac and left ventricle

weights

As mentioned in Section 3.4.4, newborn male, but not female, offspring
had an increased adjusted heart weight compared to controls. At four months
of age, however, these differences in heart weight were not observed and the
heart/body weight ratio was comparable between IUGR and sex- age-
matched controls in both male and female offspring (Figure 4-2). At 12
months of age, male but not female offspring exposed to prenatal hypoxia
had a greater heart/body weight ratio than their respective controls. Since
there were differences in the body weight of male animals from the prenatal
hypoxia group, changes in LV mass are depicted after adjusting for the
absolute heart weight (Figure 4-2). Only aged (12 month old) male animals
exposed to hypoxia before birth had a higher relative ventricular weight

when compared to their respective controls.
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Figure 4-2  Effect of prenatal exposure to hypoxia on heart/body
weight ratio and left ventricle/total heart weight in male and female
adult offspring

(A and C) heart/body weight ratio (wet weight), (B and D) LV weight (as determined by
UBM)/total heart wet weight, (solid bars) offspring from dams exposed to hypoxia during
pregnancy and (open bars) controls. Data obtained from at least 11 litters in each
experimental group at 4 and 12 months (Mo) of age. * represents values of p<0.05 for the
respective sources of variation (sex or prenatal intervention) using two-way ANOVA.

t represents a p<0.05 vs. controls of the same sex after a Bonferroni post-hoc test.

4.3.3 Effects of hypoxia-induced IUGR on cardiopulmonary structure and

function.

Figure 4-3 shows representative images illustrating the most
significant in vivo findings observed in adult offspring born IUGR. These
findings included: increased LV wall thickness (Column A), LV diastolic
dysfunction (Column B) and pulmonary hypertension (Column C). Detailed
information regarding each of these findings and other cardiopulmonary
parameters evaluated by UBM are presented in more detail in the following

sections.
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Figure 4-3 Representative images obtained by ultrasound
biomicroscopy in aged offspring

Images obtained from 12 month old offspring using (A) Bi-ventricular M-mode, (B) trans-
mitral Doppler signaling and (C) trans-pulmonary Doppler signaling in both offspring born
IUGR or controls from both sexes. RV: right ventricle, LV: left ventricle, Post wall: posterior
wall of the left ventricle, Ant Wall: anterior wall of the left ventricle PA: pulmonary artery,
Ao: aorta, E: E mitral (passive filling) wave, A: A mitral (active filing) wave, DT: deceleration
time, IVCT: isovolumetric contraction time, ET: ejection time, IVRT: isovolumetric relaxation
time, PAAT: pulmonary artery acceleration time, RVET: right ventricle ejection time.
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4.3.4 Hypoxia-induced IUGR and changes in left ventricular function

Consistent with the ex-vivo findings, only aged male rats exposed to
hypoxia had an augmented septal and posterior wall thickness (evaluated in
vivo) when compared to controls (Table 4-1 and column A, Figure 4-3).
Interestingly, offspring prenatally exposed to hypoxia did not exhibit any
changes in UBM parameters evaluating LV systolic function or aortic

diameter at either 4 or 12 months of age (Table 4-2).

At 12 month of age, however, offspring from both sexes exposed to
hypoxia in utero presented with echocardiographic signs of LV diastolic
dysfunction; including decreased mitral A-wave maximum velocity,
isovolumetric relaxation time and deceleration time of the mitral valve as

well as increased E/A and Tei indexes (Table 4-3 and column B, Figure 4-3).

In order to complement these UBM findings, cardiac hemodynamic
parameters were evaluated during ex vivo heart perfusion experiments (as
described in Section 2.2.3.2). Consistent with the in vivo findings suggestive
of LV diastolic dysfunction, the primary significant difference observed in the
aerobic function of hearts obtained from IUGR animals was an increased
LVEDP relative to sex- and age-matched controls (Table 4-4). This difference
was significant in both male and female animals at 12 months of age.
Interestingly, aging and prenatal exposure to hypoxia were also associated
with a decrease in heart rate (measurements made in vivo and under general

anesthesia, Table 4-2).
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Table 4-1

Summary of the most relevant cardiac morphometric
measurements obtained from biventricular M-mode imaging
performed at 4 and 12 months of age using ultrasound biomicroscopy

4 Months 12 Months ANOVA
Male Control IUGR Control IUGR o Eg -
offspring n=14 n=12 n=13 n=10 &£ 2 E
RVIDgias 2.3 (0.16) 2.6 (0.21) 2.2 (0.27) 3.2 (0.25) t *
STdias 1.8 (0.08) 1.7 (0.11) 2 (0.04) 2.2 (0.11)
STsys 2.42(0.10) 2.36(0.12) 2.53 (0.14) 3.13(0.15)+ * *
LVIDgias 7.7 (0.29) 7.8 (0.25) 7.9 (0.5) 8.1 (0.48)
LVIDsys 411(0.17) 3.85(0.18) 4.27 (0.17) 3.99 (0.16) *
LVPW gias 2.1 (0.07) 2.4 (0.18) 2.4 (0.08) 2.7 (0.05) *
LVPW,ys 3.1(0.07) 3.5(0.15) 3.7 (0.11) 45 (0.2) t *
LVVias 316 (16) 355 (30) 352 (19) 368 (23) *
LVVsys 79 (8) 80 (12) 83 (7) 82 (8)
Stroke vol 237 (9) 256 (14) 271 (15) 286 (16) *
LVmass/BW 1.81 (0.04) 2.07 (0.1) 1.59 (0.08) 2.04 (0.12) 1
LVmass/HW 527 (24) 585 (32) 597 (26) 754 (21) 1 *oox
Female
offspring n=12 n=13 n=10 n=10
RVIDias 1.9 (0.14) 2.0 (0.21) 2.2 (0.24) 2.5(0.3)
STdias 1.6 (0.12) 1.5(0.12) 1.7 (0.08) 1.7 (0.15)
STsys 2.12(0.12) 2.31(0.05) 2.45 (0.11) 2.49 (0.13)
LVIDgias 6.8 (0.16) 6.9 (0.27) 7.4 (0.28) 7.3 (0.26)
LVIDsys 3.25(0.16)  3.03(0.2) 3.61 (0.3) 3.32 (0.18)
LVPW gias 1.9 (0.21) 2.0 (0.07) 2.4 (0.09) 2.6 (0.08) *
LVPW,ys 2.8 (0.11) 2.7 (0.12) 3.5(0.12) 3.9 (0.2) *
LVVias 224 (14) 233 (23) 246 (30) 282 (27) *
LVVsys 49 (9) 45 (13) 49 (11) 55 (12)
Stroke vol 175 (9) 187 (13) 196 (20) 226 (19)
LVmass/BW 2.55(0.2) 2.34 (0.16) 2.16 (0.09) 2.12 (0.08)
LVmass/HW 621 (45) 643 (28) 702 (25) 776 (30) *

Data presented as mean (SE). RVIDgs: right ventricle internal diameter in diastole (mm),
STdias: end-diastolic septal thickness (mm), STsys: end-systolic septal thickness (mm), LVIDgjas:
lef venticle end-diastolic internal diameter (mm), LVIDsys: left ventricle end-systolic internal
diameter (mm), LVPWgas: left ventricle end-diastolic posterior wall thickness (mm),
LVPWgys: left ventricle end-systolic posterior wall thickness (mm), LVVgias: left ventricle end-
diastolic volume determined by M-mode trace (uL), LVVsy: left ventricle end-systolic volume
determined by M-mode trace (uL), Stroke vol: stroke volume (uL), LVmass/BW: left ventricle
estimated mass/body weight (mg/g), LVmass/HW: left ventricle estimated mass/heart
weight (mg/g), * represents values of p<0.01 for the respective sources of variation such as
prenatal hypoxia (IUGR), aging (Age) or their interaction (Int) using two-way ANOVA.

T represents a p<0.01 vs. controls of the same age after a Bonferroni post-hoc test.
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Table 4-2  Summary of the most relevant measurements of left
ventricular function obtained from the parasternal short axis and aortic
Doppler signals at 4 and 12 months of age using utrasound
biomicroscopy

4 Months 12 Months ANOVA
Male Control IUGR Control IUGR o Eg -
Offspring n=14 n=12 n=13 n=10 X 2 =
HR 349 (10) 340 (11) 307 (7) 291 (9) * *
Parasternal short-axis
CO/BW 140 (7) 150 (10) 160 (22) 150 (26)
LV shortening frac 43 (1) 45 (1.4) 46 (1.3) 48 (1.7)
LV ejection frac 71(1.2) 74 (1.5) 73 (1.4) 78 (1.7)
Parasternal long-axis aortic view
Ao outfiy 8.4 (0.9) 9.6 (1.1) 7.7 (0.7) 7.9 (1.6)
Ao peak ejec vel 1.3(0.1) 1.2 (0.2) 1.17 (0.1) 1.0 (0.2)
Ao ejection time 71(2.5) 74 (3.7) 79 (4) 74 (5)
Ao diamgias 3.2(0.1) 3.1(0.1) 35(0.1) 3.6(01) *
Ao diamgys 3.5 (0.08) 3.4 (0.14) 3.8(0.2) 4(01) *
Female
Offspring n=12 n=13 n=10 n=10
HR 338 (14) 325 (14) 290 (14) 280(6) * *
Parasternal short-axis
CO/BW 200 (20) 211 (12) 172 (20) 186(26) *
LV shortening frac 46 (1.6) 43 (2) 47 (1.6) 47 (2.2)
LV ejection frac 79 (2.6) 73 (2.2) 78 (2.1) 77 (2.3)
Parasternal long-axis aortic view
Ao outfin 8.3 (1) 9.1 (1.7) 7.5 (1.3) 8(1.3) *
Ao peak ejec vel 1.5 (0.16) 1.5(0.2) 1.1 (0.1) 1.2(0.8) *
Ao ejection time 77 (5) 78 (4) 81 (3) 82 (2.4)
Ao diamgias 3.1(0.3) 2.9 (0.2) 3.3(0.1) 3.4(0.1)
Ao diamgys 3.3(0.33) 3 (0.08) 3.3(0.1) 3.6(0.2)

Data presented as mean (SE). HR: heart rate (bpm), CO/BW: cardiac output adjusted by body
weight (mlemin-1eKg-1), LV shortening frac: left ventricle shortenong fraction (%), LV
ejection frac: left ventricle ejection fraction (%), Ao outfi: aortic outflow time/velocity first
integral (m/s?), Ao peak ejec vel: aortic outflow maximum ejection velocity (m/s), Ao
ejection time: aortic ejection time (ms), Ao diamgias: aortic root internal diameter at the end
of diastole (mm), Ao diamsys: aortic root diameter at the end of systole (mm), * represents
values of p<0.01 for the respective sources of variation such as prenatal hypoxia (IUGR),
aging (Age) or their interaction (Int) using two-way ANOVA.
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Table 4-3  Summary of the most relevant measurements of the left
ventricular function obtained from the mitral Doppler signal in a
modified parasternal long-axis view obtained at 4 and 12 months of age
using ultrasound biomicroscopy

4 Months 12 Months ANOVA
Male Control IUGR Control IUGR o Eg -
offspring n=14 n=12 n=13 n=10 & 2 E
MitEmax 1160 (257) 1275(206) 1327 (130) 1309 (116)
MitAmax 688 (94) 697 (98) 911 (73) 573 (58) t
E/A index 1.8 (0.1) 1.8 (0.2) 1.4 (0.1) 2.2 (0.18) t *oox
Mit decel 49.3 (3.5) 45.6 (5.9) 41.2 (5.2) 321 (41)+ * * *
Tei index 0.37 (0.04) 0.37(0.03) 0.33(0.03) 0.48 (0.04) t
Mit IVRT 17.5 (2.0) 14.3 (3.5) 16.3 (2.3) 95(5.2)+ * * *
Mit IVCT 13.5 (3.5) 12.2 (2.1) 9.9 (2.4) 10.1 (4.4) * *
Female
offspring n=12 n=13 n=10 n=10
MitEmax 1319 (244) 1307 (148) 1481 (250) 1252 (198)
MitAmax 696 (95) 796 (76) 945 (102) 670 (75) t
E/A index 1.9 (0.2) 1.7 (0.2) 1.6 (0.1) 2.1(0.1)
Mit decel 49.2 (3.5) 45 (5.2) 41.7 (4.1) 326 (39)+ * *
Tei index 0.33(0.04) 0.37(0.04) 0.31(0.03) 0.43(0.03) 1 *
Mit IVRT 13.8 (2.3) 14.6 (3.2) 11.2 (2.3) 7.3(3.1) t *
Mit IVCT 11.2 (3.3) 13.2 (4.23) 10.0 (3.6) 12.4 (3.7)

Data presented as mean (SE). MitEmax: Mitral vave E wave maximum velocity (mm/s),
MitAmax: Mitral valve A wave maximum velocity (mm/s), E/A index: Mitral waves E/A index,
Mit decel: Mitral flow deceleration time (ms), (Tei Index) Myocardial performance index also
known as Tei index, (Mit IVRT) Mitral isovolumetric relaxation time (ms), (Mit [IVCT) Mitral
isovolumetric constriction time (ms). *: p<0.01 when effect of hypoxia (IUGR), aging (Age) or
their interaction (Int) was evaluated by two-way ANOVA. t represents a p<0.05 vs. controls
of the same age after a Bonferroni post-hoc test.

144



Table 4-4  Parameters of left ventricular function determined ex vivo
using a Millar catheter during aerobic perfusion in a working heart set

up

4 months 12 months ANOVA
Male Control IUGR Control IUGR o Eg -
Offspring n=4 n=4 n=>5 n=4 é” =
Paced HR 304 (6) 301 (5) 275 (6) 279 (4) *
SBP 95.2 (1.7) 99.2 (3.3) 99.1 (2.2) 103.1 (3.1)
DBP 77.8 (0.5) 79.2 (0.12) 71.8 (2.9) 72.9 (3.04) *
Cardiac work 1086 (157) 1193 (294) 950 (152) 1035 (77)
LV dP/dtmax 4704 (676) 5240 (640) 4653 (707) 4283 (257)
LVEDP 3.6 (0.9) 6.1(1.2) 6.5 (1.7) 118(1.1)+ * *
Femal.e n=4 n=4 n=4 n=6
offspring
Paced HR 303 (9) 300 (6) 271 (11) 276 (4) *
SBP 90.1 (0.5) 85.3 (2.4) 85.9 (6.5) 92.1 (4.7)
DBP 80.3 (0.6) 75.3 (2.4) 68.5 (4.7) 71.6 (3.1) *
Cardiac work 672.9 (102) 523 (66) 576 (53) 690 (124)
LV dP/dtmax 3692 (579) 3141 (451) 4466 (279) 4140 (574) * *
LVEDP 4.3 (0.81) 5.6 (0.69) 7.6 (0.71) 13.2(1.2)t * *

Data presented as mean (SE). HR: heart rate (bpm), SBP: systolic blood pressure (mmHg),
DBP: diastolic blood pressure (mmHg), LV dP/dtmax: maximum first derivative of the LV
pressure over time (mmHg/s), Cardiac work is reported in (mLemin-t emmHg? eg dry wt1).
LVEDP: left ventricle end-diastolic pressure (mmHg), * represents values of p<0.05 for the
respective sources of variation such as prenatal hypoxia (IUGR), aging (Age) or their
interaction (Int) using two-way ANOVA. 1 represents a p<0.05 vs. controls of the same age
after a Bonferroni post-hoc test.

4.3.5 Hypoxia-induced IUGR and pulmonary hypertension

At 12 months of age, both male and female animals exposed to hypoxia
exhibited echocardiographic signs of pulmonary hypertension; including
decreased pulmonary artery acceleration time and increased right ventricle
diameter in diastole when compared to age- and sex-matched controls (Table
4-5 and column C, Figure 4-3). In addition, histological studies of the lungs
showed that the media thickness of small pulmonary arteries was increased
in aged animals following prenatal exposure to hypoxia when compared to

controls (Figure 4-4).
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Table 4-5

Summary of the most relevant cardiopulmonary

measurements obtained at 4 and 12 months of age using ultrasound

biomicroscopy

4 Months 12 Months ANOVA
Male Control IUGR Control IUGR o Eg -
offspring n=14 n=12 n=13 n=10 & 2 E
LADgias 3.3(0.1) 3.1(0.1) 3.5(0.1) 3.9 (0.14) *
LADgys 3.7 (0.1) 3.9(0.2) 3.8(0.2) 4(0.1)
PAint 4.54 (0.18) 495(0.3) 4.42(0.17) 4.88 (0.17)
PAmax 848 (19) 853 (24) 771 (28) 820 (38)
RVET 84 (3) 85 (2.1) 89 (3) 94 (3.3) *
PAAT 37 (2.3) 36 (2.1) 38 (2.3) 28 (2.6) T *
PAAT/HR 0.11(0.07) 0.12(0.01) 0.12(0.09) 0.08 (0.01)
PAAT/RVET 0.43(0.01) 0.42(0.02) 0.43(0.02) 0.35(0.02) ¥ * X
Female
offspring n=14 n=12 n=13 n=10
LADgias 3.1(0.2) 2.8(0.2) 3(0.1) 3.2 (0.16)
LADgys 3.6 (0.3) 2.9 (0.08) 3.3(0.1) 3.6 (0.2)
PAint 443 (0.24) 4.83(0.26) 4.15 (0.2) 4.75 (0.2) *
PAmax 806 (29) 839 (40) 705 (43) 862 (37)
RVET 78 (4) 86 (2.8) 85 (3.8) 88 (3)
PAAT 31(3.1) 31(2.9) 38 (2.1) 30 (1.9)1 *
PAAT/HR 0.10(0.01) 0.11(0.01) 0.13(0.01) 0.11 (0.006) *
PAAT/RVET 0.40(0.03) 0.39(0.02) 0.44(0.02) 0.34(0.02) + *

Data presented as mean (SE). LADgias: left atrium end-diastolic diameter (mm), LADgys: left
atrium end-systolic diameter (mm), PAin: pulmonary artery velocity/time integral
(mmHg/s), PAnax: pulmonary artery maximum velocity (mm/s), RVET: right ventricle

ejection time (ms), PAAT: pulmonary artery acceleration time (ms), HR: heart rate (bps), *
represents values of p<0.05 for the respective sources of variation such as prenatal hypoxia
(IUGR), aging (Age) or their interaction (Int) using two-way ANOVA.t represents a p<0.05 vs.
controls of the same age after a Bonferroni post-hoc test.
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Figure 4-4 Effect of hypoxia induced IUGR on pulmonary arteriolar

wall thickness at 12 months of age

Panel A shows representative images of histological preparations of lungs from aged (12
month old) male offspring exposed to hypoxia and normal conditions during fetal
development. Panel B summarizes information of arterial media thickness in the lung of 12
months old animals (n=3 for each group). *: p<0.01 when compared to controls.

4.4 Discussion

4.4.1 Effects of hypoxia-induced IUGR on postnatal body weight

Contrary to other models of IUGR, adult offspring prenatally exposed

to hypoxia did not exhibit an exaggerated weight gain after birth. In fact,

147



female adult offspring prenatally exposed to hypoxia had the same body
weight as their respective controls and male offspring exposed to hypoxia
during fetal development had a statistically significant lower body weight
than their respective controls at both 4 and 12 months of age. This finding is
interesting because is demonstrates that changes in long-term cardiac
function are not necessarily associated with changes in body weight or fat

composition as described in other models of IUGR.12.13

4.4.2 Long-term effects of hypoxia-induced IUGR on left ventricular

structure and function

Our study provides the first in vivo description of the long-term effects
of hypoxia-induced IUGR on cardiopulmonary function in young adult and
aged offspring. These data further support the previously observed micro-
structural and enzymatic changes in myocardial tissue evaluated ex vivo.
Moreover, it is the first study in mammals to show that a prenatal hypoxic
insult can induce the spontaneous development of LV diastolic dysfunction

and pulmonary hypertension as the animal ages.

Despite the changes in LV diastolic function observed in hypoxic
animals, LV systolic function (evaluated by ejection fraction, shortening
fraction and cardiac output) remained comparable to that of controls at 4 and
12 months of age. The presence of abnormalities in mechanical function
during diastole that do not compromise the ejection fraction is also known as
isolated LV diastolic dysfunction!4 and, in this particular animal model, could
be explained by the changes in collagen deposition, impaired 3/aMHC and

decreased activity of MMP-2 previously described.1>

4.4.3 Hypoxia-induced IUGR and development of pulmonary

hypertension

Another adverse finding in aged offspring prenatally exposed to
hypoxia was pulmonary hypertension. Low birth weight and conditions

associated with low oxygen availability during fetal development have been
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extensively linked with acute respiratory distress, bronchopulmonary
dysplasia and persistent pulmonary hypertension of the newborn.reviewed in 16
To the best of our knowledge, however, this is the first study showing an
association between hypoxia-induced IUGR and the development of primary
pulmonary hypertension in aged rats. Moreover, in our model, pregnant
dams were always placed in normal oxygen conditions before birth.
Therefore, the chronic effects of this hypoxic insult during fetal development
cannot be attributed to newborn exposure to a hypoxic environment during

the early stages of postnatal life.
Hypoxia-induced [UGR and aging interaction

In our study, signs of both LV diastolic dysfunction and pulmonary
hypertension were evident at 12 but not at 4 months of age; suggesting that
in this particular model, the aging process may act as a stressor that is less
well tolerated by animals which were prenatally exposed to hypoxia.
Additionally, none of the echocardiographic or direct ex vivo examinations of
the hearts from adult animals prenatally exposed to hypoxia exhibited any
kind of malformation. Therefore, the observed effects of prenatal hypoxia on
cardiac function cannot be attributed to potential teratogenic effects of the

hypoxic insult used.”

4.4.4 Long-term effects of hypoxia-induced IUGR on heart rate

We also found that aged animals had a slight but significant decrease
in heart rate when compared to young adults, which is consistent with
previous animal studies showing a reduction in heart rate associated with
aging in both males and females.!8 Interestingly, we also observed that [UGR
offspring of any age or sex had a statistically significant reduction in heart
rate. These results suggest that dysregulation of the mechanisms that control
heart rate (such as the autonomic nervous system), could be involved in the
pathophysiology of the long-term cardiovascular consequences of early

prenatal insults. Autonomic dysregulation has previously been described in
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other models of early programming.1? 20 The information available on
hypoxia-mediated early programming of the autonomic function, however, is

very limited.

4.4.5 Sex differences in long-term effects of hypoxia-induced IUGR

Findings in male and female animals were consistent in terms of the
development of LV diastolic dysfunction and pulmonary hypertension.
Interestingly, male but not female offspring exposed to hypoxia had greater
ventricular mass at 12 months of age when compared to their sex-matched
controls. This suggests that the female sex may confer some form of
protection against this particular long-term effect of IUGR. Consistent with
this finding, ex vivo vascular studies previously conducted by our group
described that male, but not female, offspring exposed to hypoxia during fetal
development expressed changes in vascular myogenic tone during
adulthood.?! Given that antecedent, one potential mechanism that could
explain the development of increased thickness of the LV wall in male aged
animals exposed to hypoxia is an increase in blood pressure. Interestingly,
previous results obtained using the tail-cuff technique in the same animal
model suggest that the hypoxic insult has no effect on the blood pressure of

adult male offspring.1>

4.4.6 Study limitations

The results described herein should be interpreted with caution; rats
were anesthetized during the UBM studies and the potential acute effects of
anesthetics on cardiovascular function must be considered. It has been
described that thiopental has a direct negative inotropic effect on rats,?? and
that at high doses can cause a temporal drop in cardiac output.23 These
described acute effects of thiopental, however, would not likely be related to
the changes in ventricular morphometry, ventricular diastolic function or

pulmonary hypertension described in [UGR animals.
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4.4.7 Conclusions

In conclusion, the results presented in this chapter demonstrate that
prenatal exposure to hypoxia has important deleterious consequences on the
cardiopulmonary function of the offspring later in life. This includes the
development of LV diastolic dysfunction, pulmonary hypertension and an
increased LV mass. Being female seems to confer some degree of protection
against the development of increased LV wall thickness but not against any of
the other cardiopulmonary findings associated with hypoxia-induced IUGR.
The mechanisms involved in this long-term programming phenomenon still
need to be determined. One of the relevant implications of these findings
from a clinical perspective is the fact that perinatal diagnosis could be
potentially useful as a predictor of cardiopulmonary outcomes (such as left
ventricle diastolic dysfunction and pulmonary hypertension) during

adulthood.
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CHAPTER 5 LONG-TERM EFFECTS OF IUGR ON CARDIAC ENERGY
METABOLISM AND SUSCEPTIBILITY TO ISCHEMIA /REPERFUSION
INJURY #

5.1 Introduction.

As previously mentioned (Section 1.3.1.4), several mechanisms have
been proposed to explain the described increased myocardial susceptibility
to ischemia observed in adult offspring born IUGR.1 From this constellation
of proposed pathways, the potential participation of mechanisms that
regulate cardiac energy metabolism is particularly interesting (as discussed

in Section 1.3.1.5).

Remarkably, preliminary results obtained by our group using the
rodent model of hypoxia-induced IUGR, demonstrated that the myocardium
from adult IUGR offspring exhibits an increase in the expression of
mitochondrial enzymes such as the F1F0-proton ATPase and aconitase,
which are both involved in mitochondrial energy production.> Moreover,
conditions that have been previously described in our animal model of IUGR,
such as increased LV wall thickness and diastolic dysfunction (see Section
4.3.2), are also known to be associated with changes in myocardial energy

substrate selection.t

These results, together with previous studies demonstrating the
importance of energetic substrate selection in determining cardiac

susceptibility to I/R injury,’-12 suggest that the hypoxic insult that we are

tt Most components of this chapter have been submitted for publication as:

*  “Rueda-Clausen CF, Morton JS, Lopaschuk GD and Davidge ST. Long-term effects of
intrauterine growth restriction on cardiac metabolism and susceptibility to ischemia
reperfusion. In press, Cardiovascular Research 2010.”

Contribution: Rueda-Clausen CF. was the project coordinator, performed all the experiments

and data analyses, wrote the first draft of the manuscript (including all the figures) and

coordinated with the other authors in compiling the final version of the manuscript.
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using in our animal model could have fundamental effects on cardiac energy

metabolism.

5.2 Objectives

Despite available evidence suggesting that changes in cardiac energy
metabolism could be involved in the increased cardiac susceptibility to
ischemia,3 the presence of long-term changes in cardiac metabolism in this or
any other animal model of IUGR is still unknown. Based on previous findings,
the primary objective of this study was to determine whether hypoxia-
induced IUGR leads to long-term changes in the selection of energetic
substrates used by the heart to produce energy and whether these changes

prevent the effective recovery of the heart from an I/R injury.

In addition, our previous results also suggest that being born IUGR
may accelerate the normal aging process in terms of cardiovascular function
(Chapter 4).13 Consequently, one of the secondary objectives of this study
was to evaluate the interaction of these two factors (hypoxia-induced IUGR
and aging) in the development of an undesirable cardiac metabolic
phenotype. Moreover, and despite well-described differences between males
and females in the pathophysiology of chronic CVDs,1# 15 most studies of
cardiac function in this field have been conducted only in male animals.
Therefore, potential sex differences in this condition remain to be explored

and have been incorporated into our experimental design.
5.3 Methods

5.3.1 Animal model

Experimental animals were treated as described in detail in Section

2.1.1 following the [UGR/aging interaction protocol (Section 2.1.1.2)
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5.3.2 Isolated working heart preparation, cardiac ischemia/reperfusion

protocols and cardiac metabolism evaluation

At 4 or 12 months of age, hearts were excised from anesthetized rats
and perfused using a working heart setup as described in Section 2.2.3.
Protocols for I/R were performed as described in Section 2.2.3 and
evaluation of cardiac metabolism was performed as described in Section

2.2.3.4.
5.4 Results

5.4.1 Long-term effects of hypoxia-induced IUGR on -cardiac

susceptibility to ischemia/reperfusion injury

During the initial pre-ischemic period of the I/R protocol, hearts from
all offspring developed comparable levels of cardiac power, independent of
their sex, age or in utero exposure to hypoxia. During reperfusion, however,
both male and female offspring born IUGR exhibited a remarkable decrease
in cardiac performance recovery when compared to age- and sex-matched
controls (Figure 5-1). In male offspring (both IUGR and controls), aging had
an additional deleterious effect on cardiac susceptibility to I/R injury.
Interestingly, aging had no additional effect on the susceptibility to [/R injury
in female offspring. Additional information regarding cardiac function
experiments (including cardiac output, coronary flows and LV developed

pressure) is presented in Table 5-1.
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Figure 5-1 Exvivo cardiac power development during pre-ischemic
and reperfusion periods in adult male offspring

(A) Average cardiac power developed over time during ex vivo cardiac aerobic perfusion
(pre-ischemia) and after 10 minutes of no-flow ischemia (reperfusion) from different
experimental groups, (B) average maximal cardiac power developed during pre-ischemia
period, (C) average maximal cardiac power developed during reperfusion. Values obtained
from 9 to 11 animals from different litters per group at 4 and 12 months (Mo) of age. *
represents a value of p<0.05 for the respective sources of variation (age or prenatal
intervention) using two-way ANOVA. t represents a p<0.05 vs. controls of the same age after

a Bonferroni post-hoc test.
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Figure 5-2  Exvivo cardiac power development during pre-ischemic
and reperfusion periods in adult female offspring

(A) Average cardiac power developed over time during ex vivo cardiac aerobic perfusion
(pre-ischemia) and after 10 minutes of no-flow ischemia (reperfusion) from different
experimental groups, (B) average maximal cardiac power developed during pre-ischemia
period, (C) average maximal cardiac power developed during reperfusion. Values obtained
from 9 to 11 animals from different litters per group at 4 and 12 months (Mo) of age. *
represents a value of p<0.05 for the respective sources of variation (age or prenatal
intervention) using two-way ANOVA. t represents a p<0.05 vs. controls of the same age after
a Bonferroni post-hoc test.
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Table 5-1  Ex-vivo cardiac function parameters

4 Months 12 Months ANOVA
Male Control IUGR Control IUGR o Eg -
offspring n=14 n=15 n=19 n=14 B E
CO Pre-ischemia 129.6 (7.3) 126.4 (6.1) 115.0 (3.4) 119.5(11.1)
CO Reperfusion 719 (14.7) 48.5(12.8) 36.8 (6.4) 12.6 (7.7) o
CF Pre-ischemia 58.4 (4.6) 78.6 (15.7) 64.2 (5.0) 65.2 (9.9)
CF Reperfusion 50.5 (5.5) 53.5 (14.5) 42.7 (4.6) 20.7 (6.7) *
LVDP Pre-ischemia  28.7 (2.5) 27.6 (2.2) 34.7 (2.4) 26.9 (3.1)
LVDP Reperfusion 29.1 (3.9) 23.0 (2.1) 29.1 (2.7) 18.1 (2.5) *
Female
offspring

n=14 n=14 n=16 n=16

CO Pre-ischemia 127.0 (2.5) 135.0 (6.2) 137.5(11.8) 133.2(7.1)
CO Reperfusion 455 (4.2) 29.3 (8.6) 48.6 (13.9) 26.1 (8.0) *
CF Pre-ischemia 59.6 (6.2) 82.9 (6.4) 76.3 (7.1) 77.0 (10.2)
CF Reperfusion 38.0 (10.2) 52.5(10.7) 45.3 (8.9) 44.8 (10.0)

LVDP Pre-ischemia  18.7 (23)  16.9(2.0)  23.7(1.9)  23.4(1.6) *
LVDP Reperfusion  21.1(45)  14.5(24)  201(1.6)  18.7(2.5)

Data presented as mean (SE). Ex vivo hemodynamic parameters measured during pre-
ischemic and reperfusion periods including CO: cardiac output (reported as mLe® min-1e g-1),
CF: coronary flow (reported as mLemin-1eg-1) and LVDP: left ventricle developed pressure
(reported as mmHg; LVDP) in both male and female offspring. * represents values of p<0.05
for the respective sources of variation (age or prenatal intervention) using two-way ANOVA.

5.4.2 Effects of hypoxia-induced IUGR on cardiac energy metabolism

During the pre-ischemic period, the relative contribution of each
metabolic substrate to total myocardial ATP production was comparable
among all groups regardless of their sex, age or prenatal intervention (Figure

5-3).
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Figure 5-3 Relative contribution of each of the major myocardial
energetic substrates in all experimental groups during pre-ischemic
and reperfusion periods

* represents significant differences in the proportion of glycolysis relative to controls in the
same experimental group during reperfusion. Values of n=7 per group. Detailed information
available in Appendix Table 10.3.

During reperfusion, however, all groups exhibited 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. Interestingly, the proportion of energy derived

from lactate oxidation remained unchanged in all groups of animals following
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[/R injury. Moreover, during this reperfusion period, the proportional change
in glycolysis rates relative to glucose oxidation rates (glucose metabolism
uncoupling) was consistently higher in 12 month old [UGR male offspring
when compared to sex- and age-matched controls (Figure 5-3). Moreover,
IUGR offspring from both ages and sexes exhibited an increased production

of H* during reperfusion when compared to age- and sex-matched controls

(Figure 5-4).
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Figure 5-4 Myocardial proton production

Proton production derived from glucose metabolism uncoupling during both the pre-
ischemic period (in male (A) and female (B) offspring) and during reperfusion after 10
minutes of no-flow ischemia (in male (C) and female (D) offspring). Values obtained from at
least seven animals from different litters at both 4 and 12 months (Mo) of age. * represents
values of p<0.05 for the respective sources of variation (age or prenatal intervention) using
two-way ANOVA. t represents a p<0.05 vs. controls of the same age after a Bonferroni post-

hoc test.
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Interestingly, in male but not female offspring, aging was also
associated with a higher post-ischemic degree of glucose metabolism

uncoupling and H* production independent of the prenatal history of [UGR.

Despite the observed changes in myocardial energy substrate
selection, the overall energy production capacity of hearts from IUGR
offspring was not compromised. During the aerobic period, the myocardial
production of acetyl-CoA was comparable among all experimental groups

independent of sex, age or prenatal exposure to hypoxia (Figure 5-5).
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Figure 5-5 Myocardial acetyl-CoA production during both the pre-
ischemic and reperfusion periods

Myocardial production of acetyl-CoA during the pre-ischemic period (in male (A) and female
(B) offspring) and during reperfusion after 10 minutes of no-flow ischemia (in male (C) and
female (D) offspring). Values obtained from at least seven animals from different litters at
both 4 and 12 months (Mo) of age. * represents values of p<0.05 for the respective sources of
variation (age or prenatal intervention) using two-way ANOVA. 1 represents a p<0.05 vs.
controls of the same age after a Bonferroni post-hoc test.
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As expected, during reperfusion all groups of animals exhibited a
decrease in myocardial energy production. However, during this period,
offspring born IUGR exhibited an increased myocardial production of acetyl-
CoA relative to sex- and age-matched controls (Figure 5-5). The mismatch
between the post-ischemic energy production and the amount of cardiac
work developed indicates that, in [UGR offspring, cardiac efficiency during
reperfusion was notably decreased relative to their respective age-matched

controls (Figure 5-6).
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Figure 5-6 Myocardial energetic efficiency during both pre-ischemic
and reperfusion periods

Myocardial energetic efficiency reported as amount of work developed per unit of acetyl-CoA
during the pre-ischemic period (male (A) and female (B) offspring) and during reperfusion
after 10 minutes of no-flow ischemia (in male (C) and female (D) offspring. Values obtained
from at least seven animals from different litters at both 4 and 12 months (Mo) of age. *
represents values of p<0.05 for the respective sources of variation (age or prenatal
intervention) using two-way ANOVA. T represents a p<0.05 vs. controls of the same age after
a Bonferroni post-hoc test.
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5.5 Discussion

Consistent with our previous results,? we confirmed that the
myocardium of IUGR offspring was more susceptible to I/R injury. As a novel
contribution, the results presented in this chapter constitute not only the first
description of the cardiac metabolic profile in a fetal programming model,
but also the first characterization of cardiac metabolism in both male and
female offspring at different stages in life (early adulthood and aging).
Therefore, it provides valuable information for the understanding of
potential interactions between aging and sex in both the physiological
changes in cardiac metabolism and the pathophysiology of increased

susceptibility to I/R injury observed in adult offspring born IUGR.

5.5.1 Hypoxia-induced IUGR and increased susceptibility to myocardial

ischemia/reperfusion injury

One interesting characteristic of this fetal programming model was
that cardiac performance during the pre-ischemic period was comparable
among groups; which means that the long-term consequences of the prenatal
hypoxic insult do not affect baseline cardiac function. However, after
exposure to an I/R challenge, adult offspring exposed to prenatal hypoxia
demonstrated differences in the cardiac phenotype, which were evident in

both male and female offspring as early as four months of age.

Experiments conducted to evaluate sex differences in the cardiac
response to [/R injury are controversial. Several studies using the
Langendorff perfusion technique have shown that due to the influence of
hormones, hearts from female animals are more resistant to I/R injury than
males.1® Moreover, it has been shown that in the presence of
pathophysiological conditions such as increased LV wall thickness and
hypercontractile states, sex differences can exacerbate the susceptibility to
[/R injuries.17-18 In contrast, others have described no sex differences in the

myocardial susceptibility to ischemia.1® 12 In our work, we described that in
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male but not female offspring, aging was associated with a further increase in
susceptibility to I/R injury. However, the deleterious effect of being born
IUGR on the myocardial susceptibility to ischemia was very similar in all

offspring regardless of their sex or age.

5.5.2 Long-term effects of hypoxia-induced IUGR on cardiac energy

metabolism

In terms of cardiac energy metabolism, one of the major findings
reported in this chapter was that, relative to controls, [IUGR offspring had a
significant increase in the amount of glucose that underwent glycolysis
relative to the amount of glucose that was oxidized during the reperfusion
period. As previously proposed by Neely and coworkers,?0 this uncoupling in
myocardial glucose metabolism causes an increase in the amount of H* in the
cytoplasm; triggering a cascade of compensatory mechanisms to re-establish
cellular ionic and acid/base homeostasis, which unfortunately causes an
increase in energy expenditure.?! To prevent cellular damage resulting from
a H* accumulation and the respective shift in pH, compensatory mechanisms
such as Na*/H* exchangers are rapidly activated.?? These transporters reduce
H* without using energy but cause an intracellular Na* overload. To deal with
this overload of Na*, the myocardium uses two major mechanisms; activation
of ATP-dependent ion transporters such as Na/K ATPase, and activation of
non ATP-dependent mechanisms such as the Na*/Ca?* exchanger 23 (which
reduce intracellular Na* without depleting ATP but cause an increase in
intracellular Ca?+*). Since an increase in Ca?* levels constitutes a serious
hazard for cardiac viability and is one of the major mediators of I/R injury,?*
increased intracellular levels of this ion require the intervention of additional
transporters such as the sarco/endoplasmic reticulum Ca?*-ATPase (SERCA)
to maintain cellular homeostasis at the expense of ATP depletion.2> Generally
speaking, an increase in H* production constitutes a major ionic imbalance
that requires large amounts of energy to resolve. Therefore, the potential

benefits of using the glycolytic pathway to produce energy under anaerobic
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conditions may be diminished by the increase in the energetic demands of
ion homeostasis. One additional component that could be involved in the
cardiac programming phenomenon that we have described, is the activity of
membrane-transporters such as the Na/K ATPase pump, Na/H exchanger
type 1 (NHE-1), Na/Ca exchangers (NCX) and type 2A SERCA channels. These
transporters are responsible for maintaining homeostasis in the
cardiomyocyte and could be involved in both the increased susceptibility to
[/R injury as well as the increased post-ischemic H* production observed in
offspring born IUGR. Future experiments are required to evaluate the
potential involvement of these particular homeostatic mechanisms in the

development of the cardiac phenotype that we have described.

We also observed that despite recovering less than 50% of their initial
cardiac work during the reperfusion period, control animals from all groups
recovered approximately 70% of their basal energy production capacity.
These results are consistent with previous reports showing that during
reperfusion, the cardiac activity of the TCA cycle recovers rapidly and to a
greater extent than cardiac work.26 27 Interestingly, when compared to sex-
and age-matched controls, IUGR offspring exhibited an increased capacity to
produce energy during reperfusion. Therefore, this finding suggests that the
post-ischemic reduction in developed cardiac work described in IUGR
offspring cannot be attributed to a decreased ability of the myocardium to
produce energy during the post-ischemic period but rather to a higher
expenditure of energy in non-contractile processes such as those required to

maintain ion balance and cellular homeostasis.

The fact that aged male offspring born IUGR exhibited an increased
glucose metabolism uncoupling and increased H* production is not
completely unexpected given that these animals are known to develop an
increase in LV wall thickness (Chapter 4)13 and similar metabolic alterations
have previously been described in hypertrophic hearts.28 However, that fact

that hearts from female offspring born IUGR exhibited similar metabolic
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changes in the absence of alterations in myocardial mass or function
(Chapter 4)13 suggests that the changes in myocardial metabolism associated
with being born IUGR are not necessarily linked to the development of
increased LV wall thickness. Therefore, these two conditions may have
parallel and synergistic deleterious effects on cardiac metabolism leading to

an increased susceptibility to I/R insult later in life.

5.5.3 Study limitations

One of the limitations of the technique used to evaluate cardiac
metabolism in this study was that it only determines the amount of glucose,
lactate and fatty acids converted to acetyl-CoA. However, not necessarily all
of the acetyl-CoA generated in a cell is used to produce ATP. In fact, there are
multiple mechanisms by which the H* gradient generated in the membrane of
mitochondria can be consumed without producing ATP (a phenomenon that
is known as proton leak)?° 3% which could compromise cardiac efficiency in
post-ischemic states.3? Some authors have suggested that ischemic insults
could compromise membrane permeability and increase proton leak in the
mitochondria.3! 32 We chose to use a 10 minute ischemic insult based on
preliminary results showing that hearts from aged rats do not recover when
exposed to longer ischemic periods. The ischemic insult used in our studies
was significantly shorter than insults commonly used in other studies (up to
45 minutes) and may not be enough to cause a significant proton leak in the
mitochondria. Moreover, there was a remarkable consistency between the
changes in cardiac efficiency and the increase in H* production. Together,
these results suggest that extra-mitochondrial H* production (and not
mitochondrial proton leak) may play a major role in the pathophysiology of

increased suceptibility to [/R injury observed in [UGR offspring.33

5.5.4 Conclusions

Our results suggest that a prenatal hypoxic insult causing IUGR has

long-term effects on cardiac susceptibility to I/R injury by causing glucose
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metabolism uncoupling. These changes in cardiac metabolism lead to a post-
ischemic H* overproduction and accumulation in the myocardium that
requires significant amounts of energy to compensate for. Our findings could
have several important clinical implications. First, it suggests that identifying
the population with a history of [UGR or other pregnancy complications
leading to fetal hypoxia may be useful for the screening of subjects more
susceptible to myocardial ischemic events. Moreover, our results suggest that
therapeutic approaches aimed at improving glucose oxidation and decreasing
intracellular H* accumulation during reperfusion could be particularly
beneficial in the management of adults born [UGR who are undergoing a

myocardial ischemic episode.
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CHAPTER 6 EFFECTS OF HYPOXIA-INDUCED IUGR ON CARDIAC
SIDEROSIS AND OXIDATIVE STRESS #

6.1 Introduction

Oxidative stress occurs when there is an excess of free radicals or ROS
relative to the amount of antioxidants, leading to damage of DNA, proteins,
and lipid membranes.! ROS-induced cellular damage has been implicated in
the development of many pathological conditions, such as aging, T2DM,

cardiovascular disease and atherosclerosis among others.2 3

Certain levels of ROS are fundamental for the normal function of the
cell and have been implicated in several physiological processes including
proliferation, immunity, intra-cellular signaling, transcriptional activation
and apoptosis among others.#* Under certain conditions (both physiological
and pathological), ROS production can overcome the buffering capacity of the
cell and this condition is known as oxidative stress. Increased levels of
oxidative stress can lead to DNA damage and alterations in the structure of
several lipids and proteins; which may lead to cellular dysfunction, apoptosis
and necrosis.® In order to protect themselves from the deleterious effects of
ROS, cells have developed several mechanisms to remove excess ROS such as
thiol reducing elements (glutathione and thioredoxion) and enzymes such as

superoxide dismutase, catalase and glutathione peroxidase.®

As previously mentioned, we have demonstrated that adult offspring
born IUGR secondary to a prenatal hypoxic insult, exhibit an increase in left-
ventricular mass, early in vivo signs of heart failure (Chapter 4)7 and
impaired tolerance to myocardial ischemia (Chapter 5). These phenotypical

characteristics are compatible with cardiac remodeling® ? and suggest that

# Contribution: Rueda-Clausen C.F. was the project coordinator, performed all the
experiments and data analyses.
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myocardial fibrosis could play a role in the development of cardiac pathology
observed in these animals. Moreover, previous studies performed by our
group using the same animal model,1° showed that adult male offspring born
IUGR exhibit myocardial structural changes characterized by increased
deposition of type I and III collagen, an increase in the 3/aMHC ratio and
decreased myocardial activity of MMP-2; all of which suggest the presence of

an active cardiac fibrosis/remodeling process in offspring born [UGR.10

From the assortment of mechanisms that could induce oxidative stress
and cardiac remodeling, we decided to study the potential role of iron
metabolism and myocardial iron accumulation for a number of reasons: i)
iron is an essential element with a high reduction-oxidation potential and
when accumulated in excess, can cause oxidative stress,!! ii) iron has
potential toxic effects and there are no physiological mechanisms to
eliminate excess iron accumulations, therefore, the uptake, transport and
storage of this element are closely regulated by the organism through a
number of mechanisms, some of which can be triggered by hypoxia,!? iii)
pathological conditions such as hemochromatosis, in which tissue and
plasma iron levels are substantially increased, are characterized by the
deposition of iron in multiple organs including the heart!3 and iv)
experimental models of hemochromatosis in rodents'4 have shown that
these animals exhibit a cardiac phenotype that is very similar to that which
we have described in adult offspring born [UGR.” Moreover, these features
are compatible with the most common manifestations of chronic iron toxicity

in humans.13, 15

6.2 Hypotheses and objectives

Given that hypoxia is one of the major regulators of iron absorption
and metabolism,'® we hypothesize that hypoxia-induced IUGR offspring have

long-term changes in their ability to regulate iron metabolism leading to
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myocardial iron deposition, induction of myocardial oxidative stress, cardiac

remodeling and cardiac dysfunction later in life.

In order to approach this hypothesis, this chapter presents a study
designed to assess the presence of myocardial oxidative stress in the
myocardium of adult offspring born [UGR, characterize the presence of
collagen deposits in the myocardium and clarify the potential role of iron
metabolism and myocardial siderosis in the development of the cardiac

phenotype that we have previously described in adult offspring born IUGR.
6.3 Methods

6.3.1 Animal model of hypoxia induced IUGR

Female Sprague Dawley rats were mated within the animal facility and
treated as described in Section 2.1.1. At birth, litters were reduced to eight
pups (four male and four female) and offspring were treated following the

IUGR/aging interaction protocol described in Section 2.1.1.2.

6.3.2 Experimental measurements

At 4 or 12 months of age, both male and female rats were anesthetized
and blood samples were collected as described in Section 2.2.5.
Simultaneously, hearts were excised and perfused using a working heart
setup as described in Section 2.2.3. Following perfusion, hearts were either
fixed in formalin as described in Section 0 or frozen at -80 °C. Samples fixed
in formalin were used to perform histological preparations with either
Masson’s trichrome or Prussian blue staining as described in Sections 2.2.3.6
and 2.2.3.7, respectively. At the completion of experiments, plasma samples
were used to determine circulating markers of systemic iron homeostasis as
described in Section 2.2.6. Myocardial samples of frozen specimens were
processed to determine myocardial levels of oxidized (GSSG) and reduced
(GSH) glutathione (used as a marker of oxidative stress) as well as

myocardial iron content as described in Sections 2.2.7 and 2.2.4, respectively.
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6.4 Results

6.4.1 Effects of IUGR on myocardial oxidative stress

Overall, in both male and female offspring, IUGR and aging were
associated with an increase in the myocardial levels of total glutathione
(GSH+GSSG). (Figure 6-1 A and B). The myocardial concentration of GSH,
however, presented a dimorphic behavior depending on the sex of the
offspring. In male, but not in female offspring, aging was associated with a
decrease in the reduced fraction of glutathione (Figure 6-1C and D). This
reduction was particularly notable in male offspring born IUGR. However,
this change did not reach statistical significance. By presenting these results
as the ratio between the oxidized and reduced fractions of glutathione
(GSSG/GSH), it is evident that in male, but not in female, offspring both aging
and IUGR were associated with an increased presence of myocardial

oxidative stress (Figure 6-1G and H).

6.4.2 Intra-myocardial collagen deposition

To better characterize the increase in collagen deposition that has
been described in the myocardium from offspring born IUGR,10 we
performed qualitative histological studies with Masson'’s trichrome staining.
Neither in young offspring nor aged female offspring was [UGR associated
with changes in cardiac structure or collagen deposition that could be
detected in the histological preparations. Aged male offspring born IUGR, on
the other hand, exhibited a particular histological pattern characterized by
star-shaped collagen depositions in random locations throughout the

ventricular wall (Figure 6-2)
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Figure 6-1 Long-term effects of IUGR on the myocardial levels of
glutathione

Measurements performed in myocardial samples from Control and IUGR offspring of both
sexes at 4 and 12 months (Mo) of age. (A and B) Total glutathione levels (GSH+GSSG), (C and
D) levels of reduced glutathione (GSH), (E and F) oxidized glutathione (GSSG) and (G and H)
ratio of reduced to oxidized glutathione (GSH/GSSG). * represents values of p<0.05 for the
respective sources of variation (IUGR or Age) using two-way ANOVA. t p<0.05 vs. controls
after a Bonferroni post-hoc test comparing IUGR and control offspring of the same age (n=6

per group).
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Figure 6-2 Myocardial deposition of collagen in offspring born IUGR
at 12 months of age

Representative images of myocardial samples stained with Masson’s trichrome in which
muscle fibers are stained red, collagen is green, cytoplasm is pink and cell nuclei is dark
brown. Images obtained from the inter-ventricular septum of male offspring at 12 months of
age using (A) low (B) mid or (C) high magnification. Arrows indicate intra-myocardial areas
of collagen deposition that were observed only in aged, male offspring born IUGR.
Calibration bars represents 50 um.
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6.4.3 Effect of IUGR on plasma markers of iron homeostasis and

myocardial iron accumulation

Deposition of iron in the myocardium was determined in histological
preparations with Prussian blue in samples from 10 aged, male offspring
(five IUGR and five controls). Interestingly, iron deposits were identified in
four of the five IUGR offspring and only in minimal amounts in one of the
controls. Moreover, the pattern of iron deposition was characterized by being
restricted to regions comparable with fibrotic areas that were randomly
distributed throughout the ventricular wall of these animals (Figure 6-3). We
also evaluated areas of normal collagen deposition such as the papillary
insertion of the tendinous cords from control animals (Figure 6-3D) and
observed that iron staining was not present in those regions. This
demonstrated that Prussian blue staining did not have a cross-reaction with

collagen-rich areas within histological sections.

Neither IUGR nor aging were associated with changes in any of the
plasma markers of iron metabolism evaluated in this project (Figure 6-4).
Moreover, it was notable that in female offspring, both plasma concentrations
of free iron and total iron binding capacity were substantially greater (~50%;
p<0.01) than those in male rats regardless of which experimental group they
belonged to (Figure 6-4A, B, E and F). Both ferritin levels and iron saturation
indexes showed a trend towards an increase in male offspring born IUGR,

however, these differences did not reach statistical significance.
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IUGR

Control

Figure 6-3 Myocardial accumulation of iron in offspring born IUGR at
12 months of age

Representative images of myocardial slides stained with Prussian blue to detect iron
accumulation (blue). (A and B) Representative images showing isolated iron deposits in the
intra-ventricular septum of [UGR offspring. C Representative image obtained in the intra-
ventricular septum of a male control of the same age. D Representative image obtained in the
papillary insertion of the tendinous cord in the left ventricle free wall of a male control.
Calibration bars represents 30 um.
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Figure 6-4 Long-term effect of IUGR on plasma levels of iron
homeostasis markers

Measurements performed in serum samples from Control and IUGR offspring of both sexes
at 4 and 12 months (Mo) of age (n=6 per group). (A and B) blood free iron levels, (C and D)
total iron binding capacity (TIBC), (E and F) iron saturation index, (G and H) serum ferritin
levels. Dashed lines represent maximum and minimum normal values reported for humans.
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In order to confirm the increased tissue deposition of iron in the
myocardium described by histological techniques, we performed
measurements of iron in myocardial samples from male offspring in all
experimental groups using the gold standard technique (mass spectrometry).
As summarized in Figure 6-5, aging was associated with an increase in the
total iron content; however, contrary to our hypothesis, IUGR did not affect

total myocardial iron content.
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Figure 6-5 Long-term effect of IUGR on myocardial accumulation of
iron in male offspring

Measurements performed in left ventricle tissue from Control and IUGR offspring at 4 or 12
months (Mo) of age. * represents values of p<0.05 for the respective sources of variation
(IUGR or Age) using two-way ANOVA. (n=6 per group) Determinations performed by the
Trace Elements Laboratory in London, ON using a High Resolution Sector Field Inductively
Coupled Plasma Mass Spectrometer.

6.5 Discussion

6.5.1 IUGR and oxidative stress

To the best of our knowledge, our study presents the first
experimental evidence showing that hypoxia-induced IUGR was associated
with increased levels of oxidative stress in the myocardium. Previous clinical
studies have reported that babies born IUGR, as a result of maternal

undernourishment, exhibit increased levels of oxidative stress at birth!”
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Moreover, experimental evidence has demonstrated that being born IUGR as
aresult of a maternal nutritional restriction, was associated with increased
susceptibility to cardiac I/R injury.18 Interestingly, the same authors also
showed that inducing antioxidant mechanisms in the offspring could reverse
susceptibility to ischemia.l® Together, these results suggest that programmed
increases in myocardial oxidative stress (either as a result of excessive
production of ROS or decreased activity of antioxidant mechanisms) could
play a fundamental role in the phenotypical characteristics observed in

offspring born IUGR.

Glutathione is a key intracellular tripeptide thiol composed of glutamic
acid, cysteine, and glycine.?? Glutathione helps protect cells from free radical
damage by acting as an antioxidant. Within cells, glutathione exists in
reduced (GSH) and oxidized (GSSG) states.?! Reduced glutathione’s thiol
group provides reducing equivalents to other unstable ROS, which in turn
then becomes unstable itself. This unstable GSH readily reacts with another

unstable GSH to form a stable GSSG molecule.21

In our study we found that [UGR was associated with a consistent and
significant increase in the total levels of glutathione, which suggests that
these tissues exhibit an up-regulation of the expression of this tripeptide
probably as a result of being exposed to higher levels of oxidative stress.22 23
In healthy myocardial cells, more than 90% of the total glutathione pool is
normally found in the reduced form due to the activity of the enzyme
glutathione reductase.?* This enzyme is constitutively active and, in addition,
can be induced by oxidative stress.2> An increased GSSG/GSH ratio is
considered a marker of oxidative stress.2> Interestingly, our results showed
that close to 50% of all the glutathione in the myocardium of all our
experimental groups was in the oxidized form. This finding could be a
consequence of the measurement technique; since the tissues used for these
determinations were collected after reperfusion, a condition in which

oxidative stress is known to be increased.?¢ 27 Additionally, it is possible that
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the increased susceptibility to ischemic injuries described in these animals
may be due to increased levels of oxidative stress in the pre-ischemic heart,
or that increased levels of oxidative stress in the myocardium are the result
of the decreased recovery after ischemia. The results from female aged
offspring provides an interesting finding given that, in this particular group
of animals, IUGR was associated with a decreased recovery after a 10 minute
ischemic challenge but was not associated with changes in intra-myocardial

markers of oxidative stress.

6.5.2 IUGR cardiac fibrosis and iron deposition

The results obtained using Masson’s trichrome histological
preparations demonstrated that, in male offspring, [UGR and aging interact to
produce a particular cardiac phenotype characterized by multiple isolated
areas of intra-ventricular collagen deposition. These results are consistent
with our previous observations demonstrating that IUGR produced a change
in the collagen deposition pattern in adult offspring.28 Moreover, histological
preparations with Prussian blue offered a promising preliminary result
showing that myocardial iron accumulation could be involved in the etiology

of the cardiac phenotype observed in animals born IUGR.

In addition to these histological results, the strong and close
association between hypoxia and iron metabolism supported the hypothesis
that hypoxic prenatal insults could produce long-term effects on iron
metabolism.16 29 Contrary to our hypothesis, and despite the histological
findings suggesting that IUGR could be associated with an increased
accumulation of iron in the myocardium, we could not identify differences in
the levels of iron in the myocardium of IUGR offspring as measured using
high resolution inductively coupled plasma mass spectrometry, which is the
gold standard technique to perform this kind of measurement. It is plausible
that the samples of myocardium used for these determinations (100 mg per

sample) were not representative of the total myocardial tissue and failed to

185



include areas of iron deposition. However, all samples were collected from
approximately the same anatomical location in the LV free wall where

fibrotic clusters and iron deposits were observed.

6.5.3 Conclusions

The present study suggests that hypoxic insults leading to [UGR
produce long-term effects on the levels of oxidative stress in the post-
ischemic myocardium of male offspring. We also demonstrated that in male
offspring, IUGR and aging interact and produce an interesting cardiac
phenotype characterized by isolated intra-myocardial clusters of collagen
and iron deposition. Contrary to these histological results, studies to evaluate
cardiac siderosis showed no changes in total iron accumulation in the
myocardium. However, the potential effects of [UGR on myocardial oxidative
stress and siderosis warrant further investigation. Moreover, further studies
are required to understand the specific mechanisms leading to the observed

changes in the cardiac structure of offspring born IUGR.
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CHAPTER 7 EFFECT OF HYPOXIA-INDUCED IUGR ON LATER
SUSCEPTIBILITY TO HIGH-FAT DIET-INDUCED METABOLIC
SYNDROME %

7.1 Introduction

As mentioned in the introduction (Section 0), the proportion of young
adults with obesity has increased dramatically in recent decades.! Moreover,
several obesity-related pathologies (most of which are components of the
MetS) are reaching record prevalence among youth and are resulting in
substantial costs for the health care system.? Although most elements of the
MetS have a complex pathophysiology characterized by both a strong
influence of inherited factors3 and environmental variables,? it is clear that
behaviors such as decreased physical activity and consuming high-fat (HF)
and hypercaloric western diets also play a major role in their

pathophysiology.>

Interestingly, there is a tremendous variability in the responses of
different individuals to similar environmental, nutritional and behavioral
conditions;® which have primarily been attributed to the effect of genetic
differences.” A growing body of evidence, however, suggests that adverse
environmental conditions during crucial periods of development may also
predispose individuals to exhibit different components of the MetS in
adulthood.? In addition, several animal models using a variety of prenatal

nutritional insults (such as global food restriction, protein restriction,

$§ Most components of this chapter have previously been submitted for publication as:

*  “Rueda-Clausen CF’, Dolinsky VW", Morton JS, Dyck JRB and Davidge ST. Intrauterine
growth restriction increases the susceptibility of rats to high-fat diet-induced metabolic
syndrome. in press, Diabetes 2011” (*: shared first authorship)

Contribution: Rueda-Clausen CF. was the project coordinator. Except for glucose metabolism

studies, lipid determinations and all western blots, which were performed by Dolinsky VW,

Rueda-Clausen CF performed all the experiments and data analyses, wrote the first draft of the

manuscript and coordinated with the other authors in compiling the final version of the

manuscript.
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micronutrient restriction and excess fat feeding) have been used to validate
this observation.?-12 Interestingly, less is known regarding the long-term
effects of other prenatal insults such a fetal hypoxia.l3 In fact, there are no
studies designed to identify the potential long-term effects of hypoxic insults
on the susceptibility to develop obesity and components of the MetS later in

life.

While performing the ex vivo experiments described in Chapters 4 to 6
of this thesis, we observed that, relative to sex- and age-matched controls,
male IUGR offspring tended to accumulate more pericardial and intra-

abdominal fat as they aged (Appendix Figure 10-1).

These preliminary results raised the question of whether prenatal
hypoxic insults leading to IUGR could have long-term effects on the
mechanisms that regulate fat accumulation and deposition as well as other

metabolic responses to western lifestyles during adulthood.

7.2 Objectives

Based on our preliminary observations, the objectives of the study
presented in this chapter were to investigate whether hypoxia-induced IUGR
increased susceptibility to obesity, dyslipidemia and insulin resistance in young
adult rats exposed to a HF diet and to examine signal transduction pathways that
may be involved in the long-term metabolic effects of being born from pregnancies

complicated by hypoxia-induced [UGR.
7.3 Methods

7.3.1 Animal model

Female Sprague Dawley rats were mated within the animal facility and
treated as described in Section 2.1.1. At birth, offspring were randomized to
receive either low-fat (LF; 10% fat) or high-fat (HF; 45% FAT) diets as
indicated in the [IUGR/diet interaction protocol described in Section 2.1.1.3.

In total, 48 offspring were included in this study (12 animals from six
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different litters in each of the four experimental groups).

7.3.2 Experimental measurements

After weaning, food intake and body weight were measured for all
animals twice per week. Following nine weeks of nutritional intervention (at
12 weeks of age) in vivo and ex-vivo measurements were performed;
including whole body composition analysis (Section 2.3.4), indirect
calorimetry and physical activity (Sections 2.3.4 and 2.3.5), blood pressure
measurements (Section 2.2.8), glucose and insulin tolerance tests (Section
2.3.7), lipid profiles (Section 2.3.12 ), tissue levels of lipids (Section 2.3.13),
evaluation of intra-abdominal adiposity and adipocyte morphometry
(Sections 2.3.6 and 2.3.14), evaluation of pancreatic weight and insulin
content (Sections 2.3.6 and 2.3.9), determination of circulating factors such
as insulin and adipokines (Sections 2.3.8 and 2.3.11) and insulin signaling

studies (Section 2.3.10).
7.4 Results

7.4.1 Body weight gain, blood pressure, energy intake and physical

activity

As expected, after nine weeks of feeding, offspring on a HF diet gained
more weight than those on a LF diet (Figure 10-1A). Exposure to prenatal
hypoxia had no effect on body weight gain (Figure 7-1A) or body
weight/tibia length ratio of the offspring (Figure 7-1B). Neither [UGR nor HF
diet were associated with changes in blood pressure before stress (Table
7-1). However, HF diet was associated with an increase in SBP after an air-
puff stress regardless of whether they were IUGR or control offspring.
Interestingly, there was a consistent decrease in heart rate in offspring born
IUGR relative to controls, and these differences were more noticeable in the

HF diet group, particularly following acute stress (Table 7-1).
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Despite having similar body weights, food intake was decreased in
IUGR offspring independently of the diet received (Figure 7-1C and D). At the
same time, however, physical activity was also modestly but significantly
reduced in [UGR offspring independent of diet (Figure 7-1E and F); a factor
which could account for the lack of differences in weight gain compared to

controls.

Table 7-1  Blood pressure and heart rate before and after an air-puff
stress in control and IUGR rats fed a low- or high-fat diet for nine weeks

. . 2-way
LF diet HF diet ANOVA
Control IUGR Control IUGR Eg 2
)
> 5 E
Before stress
SBP (mmHg) 143 (10) 132 (5) 148 (9) 140 (7)
MBP (mmHg) 110 (9) 106 (5) 118 (7) 115 (7)
Heart rate (bpm) 392 (10) 366 (9) 388 (19) 356 (7) *
After stress
SBP (mmHg) 156 (7) 149 (7) 171 (12) 166 (7) *
MBP (mmHg) 122 (6) 120 (7) 132 (11) 133 (6)
Heart rate (bpm) 396 (8) 377 (9) 412 (12) 364 (13)+ *
MBP delta after 133 (5) 174(5)  229(9)  25.0(7)

stress (mmHg)

Data presented as mean (SE). Measurements made after nine weeks of either LF: low-fat diet
or HF: high-fat diet. SBP: systolic blood pressure, MBP: mean blood pressure. * represents
values of p<0.05 for the respective sources of variation (IUGR and diet) using two-way
ANOVA. t represents a p<0.05 vs. controls of the same age after a Bonferroni post-hoc test
comparing IUGR and control offspring receiving the same diet (n=6 per group).
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Figure 7-1 Body weight, energy intake and physical activity after nine
weeks of nutritional intervention

Effect of intrauterine growth restriction (IUGR) and diet on (A) change in body weight over
time, (B) body weight measured under anesthesia adjusted by tibia length, (C) absolute
energy intake adjusted by body weight, (D) absolute energy intake adjusted by body lean
tissue weight calculated by TD-SPEC, total physical activity during (E) light and (F) dark
cycles. LF: low-fat diet, HF: high-fat diet. * represents values of p<0.05 for the respective
sources of variation (diet or prenatal intervention) using two-way ANOVA. T represents a
p<0.05 vs. controls of the same age after a Bonferroni post-hoc test comparing [IUGR and
control offspring receiving the same diet (n=6 per group).
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Additional assessments of physical activity and energy consumption
were performed after four weeks of nutritional intervention (at seven weeks
of age). At this point, however, statistically significant differences were not
observed among the groups in either of these parameters (Table 7-2). This
suggests that reduced physical activity and energy consumption observed
after nine weeks of nutritional intervention in offspring born IUGR resulted

from an interaction of prenatal conditions and the normal aging process.

Table 7-2  Physical activity and energy intake after four weeks of
nutritional intervention

LF diet HF diet

Control IUGR Control IUGR

Total physical activity light cycle

(Counts per hour) 138 (18) 119(11) 142 (21) 141 (10)

Total physical activity dark cycle 297 (26) 250(28) 268(31) 263 (15)
(Counts per hour)
Energy intake 263(33) 290(14) 243(25) 259(19)
(KcaleKg-leday1)

Data presented as mean (SE). LF: low-fat diet, HF: high-fat diet. No statistically significant
differences were observed by two-way ANOVA (n=6 per group).

All rats receiving a HF diet had a significant decrease in the RER,
indicative of greater fatty acid utilization for energy; however, differences
were not associated with [UGR when compared to controls receiving the

same diet (Table 7-3).
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Table 7-3  Gas exchange ratio and heat production in control and
IUGR rats fed a low- or high-fat diet

. . 2-way
LF diet HF diet ANOVA
Control IUGR Control IUGR Eg 2
=]
2 a =
Light cycle

1154 1050 1071 975

[ -leh-1 * *
V02 (mleKg-ieh) (24) (23) (43) (63)
1143 1030 855 774

° -leh-1 * *
VCO; (mlsKgleh-1) 37) (29) (47) (51)

RER 0.98 0.97 0.78 0.79 i
(0.01) (0.01) (0.02) (0.01)

2.83 2.68 2.92 2.74 . .
Heat (Kcal/h) 006)  (0.06) (0.06) (0.17)

Dark cycle

1412 1322 1239 1140

[ -leh-1 * *
V02 (mleKgieh) (28) 27) (73) (61)
1142 1317 1027 942

eKg-leh-1 *
VCO; (mleKg1eh1) (26) 21) (79) (55)
RER 1.02 0.99 0.82 0.82
(0.01) (0.07) (0.02) (0.01)
35 3.4 3.4 B
Heat (Kcal/h) (0.07) (0.08) (0.15) (0.18)

Data presented as mean (SE). LF: low-fat diet, HF: high-fat diet, VO»: oxygen consumption,
VCO3: carbon dioxide production, RER: respiratory exchange ratio, * represents values of
p<0.01 for the respective sources of variation such as prenatal hypoxia (IUGR), HF diet (Diet)
or their interaction (Int) using two-way ANOVA (n=6 per group).

To further investigate the potential interaction between diet, [UGR,
physical activity and energy metabolism we also measured the expression of
peroxisome proliferator-activated receptor gamma co-activator 1-a (PGC1-
a) and 5' AMP-activated protein kinase (AMPK) in skeletal muscle (Figure
7-2). However, differences were not observed among the experimental
groups. These results indicate that changes in the expression/activity of

these particular proteins may not be involved in the phenotype observed in

these animals.
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Figure 7-2 Markers of physical activity and energy metabolism in
skeletal muscle

Effect of intrauterine growth restriction (IUGR) and diet on markers of physical activity and
energy metabolism; including (A and B) phosphorylation of 5' AMP-activated protein kinase
(AMPK) expressed as ratio of p-AMPK/AMPK and (C and D) expression of peroxisome
proliferator-activated receptor gamma co-activator 1-a (PGC1-a) in gastrocnemius muscle
from offspring receiving either low-fat (LF) or high-fat (HF) diets for nine weeks (n=6 per

group).

7.4.2 Body composition and fat distribution

As predicted, both control and IUGR offspring that received the HF
diet had a higher proportion of total body fat mass relative to those receiving
the LF diet (Figure 7-3A). In the LF diet group, we did not observe differences
in body composition between IUGR and control offspring. Interestingly, the
proportion of total body fat in the HF diet group was lower in IUGR offspring
with a corresponding increase in the proportion of total lean body mass

relative to controls (Figure 7-3A).
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Figure 7-3 Body composition, intra-abdominal fat content and
adipocyte size

Effect of intrauterine growth restriction (IUGR) and nine weeks of diet on (A) body
composition at 12 weeks of age determined by TD-SPEC, (B) total intra-abdominal fat
adjusted by body weight and (C) total body fat weight estimated by TD-SPEC. (D)
Representative pictures of omental fat tissue (magnification 40X) and (E) average intra-
abdominal adipocyte diameter. LF: low-fat diet, HF: high-fat diet. * represents values of p<0.05
for the respective sources of variation (diet or prenatal intervention) using two-way ANOVA.
t represents a p<0.05 vs. controls of the same age after a Bonferroni post-hoc test comparing
IUGR and control offspring receiving the same diet (n=6 per group).

198



In addition to the reduction in the proportion of body fat, a
redistribution of fat tissue was apparent in I[UGR offspring; as indicated by
the increased intra-abdominal body fat (Figure 7-3B and C). Consistent with
this observation, HF diet and I[UGR were also associated with a significant

increase in the intra-abdominal adipocyte diameter (Figure 7-3D and E).

7.4.3 Circulating adipokines and inflammatory markers

Corresponding to the increased fat mass in the HF-fed groups, plasma
concentrations of leptin were elevated in both control and IUGR offspring
compared to their respective LF-fed controls (Table 7-4). Moreover, the
increase in plasma leptin was more substantial in [UGR offspring fed a HF
diet (1.42-fold) compared to HF-fed controls. This finding, together with the
observed change in fat distribution, is comparable with previous studies
showing that, relative to other fat deposits, intra-abdominal fat may be the
most important source of adipokines and cytokines, and may contribute
directly to obesity-related metabolic co-morbidities.1* Interestingly, no
differences in circulating concentrations of adiponectin, IL-1f3 or IL-6 were
observed among the experimental groups (Table 7-4). Plasma concentrations

of TNFa were below the detectable range in most animals.
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Table 7-4  Circulating concentrations of glucose and adipokines in
control and IUGR rats fed a low-fat or high-fat diet

. . 2-way
LF diet HF diet ANOVA
Control IUGR Control IUGR =B
[&] Q -
2 8 £
Glucose
(mmol/L) 5.1 (0.24) 5.2 (0.18) 5.4 (0.17) 5.6 (0.24)
Leptin * *
(pg/ml) 4.03 (0.41) 4.36 (0.65) 9.10 (1.3) 12.9 (1.2)t
Adiponectin
(ug/ml) 2.74 (0.22) 2.90 (0.17) 3.06 (0.18) 3.10 (0.17)
IL-1B
(pg/ml) 145.0 (43.9) 112.7 (47.2) 230.8(45.9) 181.6(56.2)
IL-6
(pg/ml) 46.2 (7.5) 47.2 (7.8) 47.7 (6.2) 35.2 (8.6)

Data presented as mean (SE). IL: Interleukin, * represents values of p<0.05 for the respective
sources of variation (diet or prenatal intervention) using two-way ANOVA. } represents
p<0.05 vs. controls of the same age after a Bonferroni post-hoc test comparing IUGR and
control offspring receiving the same diet (n=6 per group).

7.4.4 Circulating and tissue lipids

As expected, nine weeks of HF diet increased plasma and tissue lipid
concentrations in both control and IUGR rats (Table 7-5). However,
consistent with the elevated abdominal adiposity in growth-restricted
animals, [UGR rats displayed more severe hyperlipidemia than control rats.
Indeed, circulating concentrations of TG and FFA were significantly higher in
HF-fed IUGR rats compared to HF-fed control rats. In addition, HF-fed IUGR
rats also exhibited higher concentrations of TG and ceramides in their livers
and gastrocnemius muscles than HF-fed control offspring (Table 7-5). As
lipid accumulation is often associated with peripheral insulin resistance,!>
these data suggested that HF-fed IUGR rats could be more glucose intolerant

and/or insulin resistant.
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Table 7-5  Circulating and tissue lipid concentrations in control and
IUGR rats fed a low- or high-fat diet

. . 2-way
LF diet HF diet ANOVA
T
Control IUGR Control IUGR S 9w
2 a8 E
Plasma
Triglycerides 86 86 196 298 %
(mg/dL) (18) (14) (25) (Dt
Cholesterol esters 48.4 55.7 71.6 72.9 *
(mg/dL) (8.9) 3.9 (4.2) (3.1)
Cholesterol 29.0 30.0 41.5 43.6 "
(mg/dL) (2.6) (1.2) (4.2) (5.6)
FFA 0.53 0.51 0.60 0.69 £ %
(mmol/L) (0.01) (0.01) (0.01) (0.02)t
Liver
Triglycerides 47 154 158 249 % %
(ug/mg protein) (14) (26)t (20) (32)t
Cholesterol esters 80.8 86.7 86.2 84.1
(ug/mg protein) (10.2) (2.3) (4.6) (6-3)
Cholesterol 22.5 27.0 20.0 27.1 "
(ug/mg protein) (3.3) (2.4) (2.0) (2.1)
Ceramides 274 271 334 394 "
(ug/mg protein) (14) (16) (21) (16)
Gastrocnemius muscle
Triglycerides 15 29 97 132 % %
(ug/mg protein) (3) (7) (18) (33)t
Cholesterol esters 22.0 26.1 39.1 45.3 "
(ug/mg protein) (3.3) (6.7) (7.6) (10.4)
Cholesterol 4.4 6.98 8.9 8.1
(ug/mg protein) (0.4) (2.7) (0.5) (1.3)
Ceramides 60.5 62.2 68.1 86.5 % %
(ug/mg protein) (4.3) (3.1) (4.6) (6.0)1

Data presented as mean (SE). FFA: free fatty acids,* p<0.05 for the respective source of
variation such as prenatal hypoxia (IUGR), nine weeks of diet (Diet) or their interaction (Int)
using two-way ANOVA. t represents a p<0.05 vs. Control receiving the same diet after a
Bonferroni post-hoc test (n=4 to 6 per group).

7.4.5 Glucose homeostasis

Although nine weeks of HF diet did not result in fasting hyperglycemia
in any of the experimental groups (Table 7-4), offspring receiving a HF diet
had higher fasting plasma insulin concentrations than rats fed a LF diet
(Figure 7-4A). Among rats receiving a HF diet, those born IUGR exhibited a
substantial increase in both circulating concentrations of insulin (Figure

7-4A) and HOMA index (Figure 7-4B), suggesting that [UGR may predispose
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young HF-fed rats to develop whole body insulin resistance earlier than
control rats. To investigate this, control and IUGR rats fed either a LF or HF

diet were subjected to GTT and ITTs.

Consistent with the normal fasting plasma glucose and insulin
concentrations observed, whole body glucose disposal and insulin tolerance
were similar in both groups of rats receiving a LF diet (Figure 7-4C and E). In
contrast, HF diet reduced glucose tolerance and impaired the response to
insulin in both groups of rats relative to those fed a LF diet. However, it is
interesting to note that impaired glucose disposal and insulin sensitivity
were significantly more pronounced in rat offspring born IUGR and receiving
HF diet than in controls under similar dietary conditions (Figure 7-4D and F);
further supporting our initial observation that [IUGR increases the

susceptibility of rats to HF diet-induced insulin resistance.

Although B-cell insulin content can play a role in whole body glucose
homeostasis, it is unlikely that this pathway contributed substantially in the
IUGR model as differences in the pancreas size and insulin content were not

observed among groups (Figure 7-4G and H).
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Figure 7-4 Glucose homeostasis and pancreas insulin content

Effect of intrauterine growth restriction (IUGR) and nine weeks of diet on (A) plasma insulin
concentrations (B) HOMA index, (C and D) glucose tolerance test (GTT) and (E and F) insulin
tolerance test (ITT) in offspring fed a low-fat (LF) or high-fat (HF) diet. (G) Pancreas weight
and (H) pancreas insulin content. * p<0.05 for the respective source of variation such as
prenatal hypoxia (IUGR) or HF diet (Diet) using two-way ANOVA. t represents a p<0.05 vs.
Control receiving the same diet after a Bonferroni post-hoc test (n=6 per group).
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7.4.6 Insulin signaling

While the precise signaling pathways involved in the induction of
insulin resistance are incompletely understood, the major effects appear to
be mediated through dysfunctional regulation of the insulin signaling
cascade.'® Therefore, we examined whether the insulin signaling pathway
was impaired in HF-fed IUGR rats. First, we determined whether the activity
of signaling molecules that regulate insulin-stimulated glucose uptake were
altered in HF-fed control and IUGR rats following insulin administration. In
agreement with the interpretation of data from GTT and ITT experiments,
feeding a HF diet to IUGR rats impaired insulin-stimulated Akt
phosphorylation at Ser473 (activation) in both liver and gastrocnemius

muscle (Figure 7-5A and B).

To further characterize the source of the signaling defect, we
measured phosphorylation of upstream regulators of Akt. Since
phosphorylation of insulin receptor substrate 1 (IRS-1) at Ser1101 inhibits
the ability of IRS-1 to activate PI-3 kinase and subsequently Akt, we
measured phosphorylation at this site. Consistent with our hypothesis,
phosphorylation of IRS-1 at Ser1101 in both liver and skeletal muscle was
significantly higher in HF-fed IUGR rats compared to HF-fed control rats
(Figure 7-5C and D). Furthermore, in the absence of tissue lipid accumulation
and subsequent glucose intolerance and insulin resistance, these signaling
pathways were not altered in LF-fed [UGR rats relative to controls on the

same diet (Figure 7-5).
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Figure 7-5 Effect of IUGR and diet on phosphorylation of Akt and
phosphorylation of the insulin receptor substrate-1 of offspring
receiving either a low-fat or high-fat diet

Effect of intrauterine growth restriction (IUGR) and nine weeks of diet on hepatic and skeletal
muscle insulin signaling elements; including (A and B) phosphorylation of AKT (ratio p-
Akt/Akt;), (C and D) phosphorylation of the insulin receptor substrate-1 (ratio p-IRS/IRS) in
offspring fed a low-fat (LF) or high-fat (HF) diet. * represents a p<0.05 for the respective
source of variation such as prenatal hypoxia (IUGR), diet (Diet) or their interaction (ANOVA
[IUGRxDiet) using two-way ANOVA. t represents a p<0.05 vs. Control receiving the same diet
after a Bonferroni post-hoc test (n=6 per group).

205



As phosphorylation of IRS-1 at Ser1101 was known to be directly
caused by protein kinase C theta (PKC8),” we measured the phosphorylation
of PKCO at Thr538, which is a requirement for PKCO activation.!® Consistent
with increased IRS-1 phosphorylation at Ser1101, we observed that liver and
muscle P-PKCO were increased in HF-fed IUGR rats compared to HF-fed
control rats and there were no differences in offspring receiving a LF diet

(Figure 7-6).
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Figure 7-6  Effect of IUGR on phosphorylation of protein kinase C-0 of
offspring receiving either a low- or high fat diet
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Effect of intrauterine growth restriction (IUGR) and nine weeks of diet on phosphorylation of
protein kinase C-0 of (A) liver and (B) muscle in offspring fed a low-fat (LF) or high-fat (HF)
diet. * represents a p<0.05 for the respective source of variation such as prenatal hypoxia
(IUGR), diet (Diet) using two-way ANOVA. T represents a p<0.05 vs. Control receiving the
same diet after a Bonferroni post-hoc test (n=6 per group).

7.5 Discussion

This is the first study showing that a hypoxic fetal insult resulting in
IUGR can impact the postnatal response to a HF diet. Specifically, we
demonstrated that hypoxia-induced IUGR increases the susceptibility to HF

diet induced alterations of fat distribution, lipid metabolism and insulin
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signaling pathways. The data presented herein provide four important
findings. These include: i) [UGR significantly influences fat deposition, with
HF-fed IUGR rats having significantly elevated amounts of intra-abdominal
fat and larger adipocyte diameters compared to control rats in the absence of
changes in whole body adipose tissue mass; ii) IUGR results in a significant
increase in plasma and tissue lipid concentrations in response to a HF diet
compared to HF-fed controls; iii) [UGR contributes to an increased
susceptibility to HF diet-induced insulin resistance by altering skeletal
muscle and liver insulin signaling pathways and iv) IUGR results in decreased

physical activity relative to control rats independent of diet.

Collectively, our findings highlight the importance of IUGR in the
development of MetS and provide considerable insight into why subjects in
the western world born [UGR may require closer clinical monitoring and
could obtain greater benefit from nutritional interventions designed to
reduce the prevalence of cardiovascular risk factors. The important clinical

implications of these findings are discussed below.

7.5.1 IUGR, high-fat diet, fat distribution and lipid metabolism

Contrary to the results reported by other groups using nutritional
restriction to induce IUGR,? offspring exposed to hypoxia did not exhibit an
exacerbated weight gain after birth. Moreover, feeding a HF diet to offspring
born IUGR did not cause rats to gain more weight or increase total body fat
content during the early stages of their lifespan. However, relative to all other
groups, rats born growth restricted exhibited a notable increase in the
proportion of fat located in the intra-abdominal cavity and had a larger
adipocyte diameter when fed a HF diet. Interestingly, these changes in fat
distribution and morphology were associated with a significant impairment
in lipid profile and glucose homeostasis, which suggests that special attention
should be paid to the distribution of fat rather than body weight or total body

fat content when evaluating cardiovascular and metabolic risks. Most efforts
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toward understanding the regulation of adipogenesis and adipose
differentiation have been made ex vivo using cultures of pre-adipocytes.1?
Based on previous studies, it has been suggested that adipocyte
differentiation is a complex process that can be modulated by multiple
stimuli including transcription factors and hormonal signals.2? Although little
is known about the mechanisms that determine adipose tissue distribution
or the differential development of fat deposits,?! our data highlight the
potential involvement of prenatal growth as one of the regulators of this

process.

Previous studies in rats also demonstrated that, at the time of
weaning, the majority of body fat is located in subcutaneous deposits, but as
rats age (2 months later) the majority of body fat is located in the abdominal
cavity.?? Although subcutaneous fat weight increases 6-fold between weaning
and adulthood, intra-abdominal fat increases 116-fold during the same
period of time.?2 Since intra-abdominal fat has such a dramatic rate of
increase during postnatal stages, it is possible that the catch-up growth of
IUGR pups following their birth may contribute to the greater accumulation
of abdominal fat and contribute to later stage metabolic dysfunction in IUGR
rats. In addition, IUGR rats exposed to a hypercaloric HF diet (but not a LF
diet) developed high circulating concentrations of TG and FFAs, as well as an
accumulation of TG and ceramides in the liver and skeletal muscles.?3 These
observations demonstrate that the synergistic effects of both IUGR and diet

are associated with an early onset of dyslipidemia in this model.

7.5.2 Effects of IUGR and high-fat diet on feeding behavior and physical
activity
Previous studies that have evaluated the association between IUGR
and the development of obesity concluded that exposure to prenatal insults
that lead to IUGR and early postnatal catch-up growth produce long-term

changes in neuroendocrine appetite regulation.?4 Interestingly, our study
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also describes an increase in circulating concentrations of leptin and reduced
calorie intake in offspring born [UGR. These results suggest that, in our [IUGR
model at 12 weeks of age, the appetite regulatory system and the central
effects of leptin were at least partially preserved. Despite the reduced
consumption of food, abdominal adiposity was still increased in HF-fed IUGR

rats, together with elevated tissue and circulating levels of lipids.

Another interesting finding was that IUGR offspring had a modest
decrease in physical activity relative to controls independent of the diet they
were receiving. The reduced physical activity was associated with decreased
oxygen consumption (VOz). Since energy consumption was also diminished
in IUGR rats, the development of intra-abdominal adiposity and other
metabolic changes cannot be entirely attributed to reduced energy
expenditure. However, it is well known that exercise can improve
dyslipidemia and glucose tolerance?> and it is plausible that decreased
physical activity could be associated with an accumulation of lipids in the
tissues and impaired glucose homeostasis in IUGR offspring fed a HF diet.
Although increased adiposity and reduced physical activity in adult IUGR rats
may be perceived as a pathological response to the hypoxic insult, it is also
reasonable to consider that these adaptations could represent compensatory
mechanisms programmed during fetal growth. These compensatory
mechanisms may be an adaptation aimed to prepare the developing
organism to survive in an oxygen depleted environment after birth by
increasing the ability to accumulate energy and reduce energy demand
through decreased physical activity. Consistent with this observation, it has
been reported that teenagers born with extremely low birth weight
participate much less in sports and are more sedentary than normal birth
weight teenagers, despite reporting an equal enjoyment of physical activity.26
Whether or not the compensatory adaptation to a growth-restricting
environment could also determine the site of adipose tissue deposition is

currently unknown.
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7.5.3 IUGR, high-fat diet and impaired glucose metabolism

Insulin resistance has previously been associated with both the
consumption of a HF diet?” and being born IUGR.%8 In the present study, we
clearly identified an interaction between these two factors by showing that
IUGR increases the severity of the hyperinsulinemia and insulin resistance
resulting from the challenge of a HF diet. We also show that changes in
glucose homeostasis cannot be attributed to the long-term effects of a
hypoxic insult on pancreatic development since pancreas size and pancreatic
insulin content were comparable among all experimental groups. In the
absence of changes in pancreatic insulin content, the increase in circulating
levels of insulin could be attributed to an increase in the secretory activity of
the pancreatic f3-cells. Moreover, the data presented herein identified defects
in the insulin signaling cascade in relevant organs that play pivotal roles in
the development of insulin resistance, such as liver and skeletal muscle. As
such, these data suggest that nutritional interventions that decrease the
consumption of foods high in fat and sucrose, combined with increased
physical activity, could be even more beneficial in preventing or ameliorating
the detrimental long-term effects of IUGR on lipid and glucose homeostasis.
The fact that [UGR animals on a HF diet presented a pronounced
hyperinsulinemia without exhibiting changes in pancreatic insulin content is

quite an interesting result.

Considering that inflammation has been identified as a potential
mediator of obesity induced insulin resistance,?? it is interesting that no
differences were observed in inflammatory markers among the groups. Since
these parameters were measured early in life following a short nutritional
intervention (nine weeks of diet), it is possible that a pro-inflammatory
phenotype had not yet been established in these animals. Interestingly,
changes in insulin homeostasis were notable at this point, which suggests
that the major synergistic effects of IUGR and HF diet on glucose homeostasis

may not be mediated via inflammatory pathways.
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Although we have not investigated the temporal relationship between
adipose tissue dysfunction, increased circulating TG and FFA concentrations
and the development of insulin resistance, we propose a model where
alterations in adipose function contribute to the accumulation of lipids in the
circulation and eventually the peripheral tissues, which ultimately alters

insulin signaling (Figure 7-7).
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Figure 7-7 A proposed mechanism for the effect of IUGR and high-fat
diet on peripheral insulin signaling

FFA: free fatty acids, TG: triacylglycerol, PKCO: protein kinase C theta, IRS-1: insulin receptor
substrate-1, PI3K: phosphoinositide 3-kinase. Prenatal events causing hypoxia-induced IUGR
resulted in a long-term change in the adipose tissue function rendering it less capable to
respond to increased dietary lipids. Consequently, circulating and tissue concentrations of
FFA and other lipid sub-products like TG and ceramides are increased when exposed to a
high-fat diet. Elevated tissue lipids activate PKCO and inhibit IRS-1, which reduces insulin
sensitivity.

One limitation of our hypoxia-induced IUGR rat model is that the
hypoxic insult affects not only the fetuses but also the dam, therefore the
potential interaction between fetal and maternal responses to hypoxia
should also be considered. Despite these potential confounding variables, the
hypoxia-induced IUGR rat model utilized in this study has been extensively
characterized39-33 and is the only non-invasive technique available to induce

isobaric fetal hypoxia in rodents.
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In conclusion, the results presented in this chapter provide strong
evidence to support the programming effects of hypoxia-induced [UGR on
metabolic function by causing a change in the adipose tissue response to a HF
diet and increased the severity of diet-induced adipocyte dysfunction and
insulin resistance. Our results suggest that prenatal insults causing IUGR
could play a fundamental role in determining the long-term systemic
response to HF diets. Indeed, our results suggest that early metabolic
programming could contribute to the observed variability in the response to
nutritional interventions and could further the development of
cardiovascular and metabolic diseases later in life, particularly in

environments where HF diets are prevalent.34
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CHAPTER 8 POSTNATAL ADMINISTRATION OF RESVERATROL
PREVENTS DIET-INDUCED METABOLIC SYNDROME IN YOUNG
OFFSPRING BORN IUGR™*

8.1 Introduction

In the previous chapter, we demonstrated that offspring born IUGR as
aresult of a prenatal hypoxic insult exhibit long-term metabolic changes that
make them more susceptible to develop several components of the MetS
(including a relative increase in intra-abdominal fat deposition, dyslipidemia
and insulin resistance) when exposed to a HF diet. In a clinical scenario, there
are not many therapeutic alternatives to treat subjects diagnosed with I[UGR.!
In fact, the main objective of most medical interventions, in these cases, is to
prevent the development of acute perinatal complications in the mother and
the baby. In that context, and given our previous results, we decided to study
whether the programmed susceptibility to HF diet observed in our model

could be treated using pharmacological interventions.

Resveratrol, which is a natural polyphenol produced by plants,? has
been used in several studies both in animals,3-> and human volunteers,-° to
treat several chronic conditions. Several beneficial effects have been
attributed to the oral administration of this molecule; including prolongation
of lifespan and protection against the development of diet-induced obesity

and insulin resistance.19-12 Moreover, preliminary toxicological studies

Fkok

Most components of this chapter have previously been submitted for publication as:

*  “Dolinsky VW", Rueda-Clausen CF*, Morton JS, Dyck JRB and Davidge ST. Postnatal
Administration Of Resveratrol Prevents Diet Induced Metabolic Syndrome In Young
Offspring Born IUGR. In preparation for Diabetes 2011”(*: shared first authorship)

Contribution: Rueda-Clausen CF. was the project coordinator. Except for glucose metabolism
studies, lipid determinations and all western blots, which were performed by Dolinsky VW,
Rueda-Clausen CF performed all the experiments and data analyses, wrote the first draft of the
manuscript and coordinated with the other authors in compiling the final version.

217



suggest that therapeutic doses of Resveratrol are non-toxic and easily
absorbed by humans,13-1> which makes Resveratrol an interesting candidate
for the management of the long-term deleterious metabolic consequences of

being born [UGR.

8.2 Objectives

Based on these antecedents, this chapter presents a study designed to
evaluate the usefulness of nutritional supplementation with Resveratrol to
prevent the early development of adverse metabolic effects associated with
the interaction between prenatal hypoxic insults leading to IUGR and

postnatal exposure to a HF diet.
8.3 Methods

8.3.1 Animal model

Female Sprague Dawley rats were mated within the animal facility and
treated as described in Section 2.1.1. At birth, litters were treated as
indicated in the IUGR plus HF diet/Resveratrol interaction protocol
described in Section 2.1.1.4. In total, 48 male offspring were included in this

study (12 animals from six different litters in each of the four experimental

groups).
8.3.2 Experimental measurements

After weaning, food intake and body weight were measured in all
animals twice per week. After nine weeks of nutritional intervention with
either a HF diet or a HF diet plus Resveratrol 4g/Kg of food (at 12 weeks of
age), several in vivo and ex vivo measurements were performed; including
whole body composition analysis (Section 2.3.4), indirect calorimetry and
physical activity (Sections 2.3.4 and 2.3.5), blood pressure measurements
(Section 2.2.8), glucose and insulin tolerance tests (Section 2.3.7), lipid

profile (Section 2.3.12 ), evaluation of intra-abdominal adiposity and
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adipocyte morphometry (as described in sections 2.3.5, 2.3.6 and 2.3.14
respectively), and determination of circulating levels of insulin (Sections

2.3.8and 2.3.11).
8.4 Results

8.4.1 Body weight gain, energy intake and physical activity

Consistent with our previous results, exposure to prenatal hypoxia
had no effect on body weight gain (Figure 8-1A) or body weight/tibia length
ratio (Figure 8-1B) of the offspring after nine weeks of HF diet. Despite
similar body weights, food intake was decreased in IUGR offspring
independent of the diet received (Figure 8-1C). At this time, however,
physical activity was also significantly reduced in IUGR offspring, this
difference being more notable in IUGR offspring receiving Resveratrol
(Figure 8-1D). Together, these two findings are similar to our previous
experience with this model and could explain the lack of differences in
weight gain compared to controls despite a decreased energy intake.
Interestingly, neither IUGR nor Resveratrol administration had any

significant effect on the total body composition among groups (Figure 8-1E).
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Figure 8-1 Effect of IUGR and administration of Resveratrol on body
weight energy intake and physical activity after nine weeks of high-fat
diet

Effect of intrauterine growth restriction (IUGR) and supplementation with Resveratrol (Resv;
4g/Kg of diet) on (A) change in body weight over time, (B) body weight measured under
anesthesia adjusted by tibia length, (C) absolute energy intake adjusted by body weight, (D)
total physical activity in 24 hours (E) total body composition estimated by TD-SPEC. HF:
high-fat diet. * represents values of p<0.05 for the respective sources of variation (IUGR and
Resveratrol administration) using two-way ANOVA. } represents a p<0.05 vs. controls after a
Bonferroni post-hoc test comparing [UGR and control offspring receiving the same diet (n=6

per group).
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Consistent with our previous results, offspring born IUGR exhibited no
statistically significant changes in the RER. However, they exhibited a
consistent and significant decrease in VO, VCO2 and heat production during
both light and dark cycles relative to controls regardless of whether they

were receiving Resveratrol in their diet (Table 8-1).

Table 8-1  Gas exchange ratio and heat production in control and
IUGR rats fed a high-fat diet with or without Resveratrol

. . 2-way
HF diet HF diet + Resv ANOVA
Control IUGR Control IUGR g &
L
2 £ =
. m .
Light cycle
VO, (mLeKg1eh1) 1124 (39) 1007 (34) 1098 (30) 1036 (27) *
VCO2 (mLeKg1eh1) 760 (23) 691 (23) 758 (28) 699 (26) *
RER 0.67 (0.01) 0.67 (0.01) 0.69(0.01) 0.66 (0.02)
Heat (Kcal/h) 3.2(0.13) 2.81(0.11) 3.04 (0.10) 2.63(0.09) *
Dark cycle

VO, (mLeKgleh?) 1233 (41) 1120(35) 1221(26) 1195(34) *
VCO; (mLeKglsh') 856 (27) 784 (24)  857(28)  817(33) *
RER 0.69 (0.01)  0.68(0.02) 0.70(0.01) 0.68 (0.02)

Heat (Kcal/h) 3.54(0.1) 3.18(0.1)  3.4(0.1) 3.0(0.1) *

Experiments performed after nine weeks of nutritional intervention. VO;: oxygen
consumption, VCO»: carbon dioxide production, RER: respiratory exchange ratio, *
represents values of p<0.05 for the respective sources of variation (IUGR: Intrauterine
growth restriction and Resv: Resveratrol administration) using two-way ANOVA. 1 p<0.05
vs. controls of the same age after a Bonferroni post-hoc test comparing IUGR and control
offspring receiving the same diet (n=6 per group).
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8.4.2 Intra-abdominal fat distribution and adipocyte morphometry

Despite having similar body weight and total body compositions,
offspring born IUGR and exposed to a HF diet exhibited an increase in total
and relative (adjusted by total body fat) intra-abdominal fat distribution as
determined by both abdominal tomographic imaging and mechanical fat
extraction (Figure 8-2A to D). Administration of Resveratrol caused a
reduction in the absolute abdominal fat content regardless of whether the
rats were IUGR or control (Figure 8-2C). Interestingly, in control offspring,
the administration of Resveratrol did not affect the relative intra-abdominal
fat distribution, whereas in I[UGR offspring the administration of Resveratrol
reduced the relative intra-abdominal fat distribution to levels comparable to
those observed in controls (Figure 8-2D). Neither IUGR nor administration of
Resveratrol had any statistically significant effect on fat distribution among
the different intra-abdominal sites of fat deposition (Figure 8-2E). Consistent
with our previous results, IUGR was also associated with an increase in
omental adipocyte diameter (Figure 8-2F and G). Resveratrol administration
reduced adipocyte diameter to a similar extent in both IUGR and control

offspring (Figure 8-2F and G).

IUGR had no effect on liver, pancreas or spleen absolute or relative
(adjusted by body weight) weights (Table 8-2). However, IUGR was
associated with a decrease in absolute and relative weights of the heart and
kidneys (Table 8-2). Resveratrol was associated with an overall decrease in
the absolute, but not relative, kidney weight regardless of the diet the

offspring were receiving (Table 8-2).
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Figure 8-2 Effect of IUGRand administration of Resveratrol on body
composition, intra-abdominal fat content and adipocyte size

Measurements made after nine weeks of HF: High-fat diet with or without (Resv) Resveratrol
4g/Kg of diet. (A) representative axial views and (B) 3D reconstructions of intra-abdominal
fat deposits. (C) total and (D) relative intra-abdominal fat adjusted by total body fat
determined by TD-SPEC (E) distribution of intra-abdominal fat among the different fat
deposits: retro: retroperitoneal, epid: epididymal, meso: mesometrial, omen: omental and
subdiaf: subdiafragmatic. (F) representative pictures of omental fat tissue histological
preparations (hematoxylin-eosin, bar 50 um), (G) average intra-abdominal adipocyte
diameter. * represents values of p<0.05 for the respective sources of variation (IUGR or
Resveratrol) using two-way ANOVA. T represents a p<0.05 vs. controls after a Bonferroni
post-hoc test comparing I[UGR and control offspring receiving the same diet (n=6 per group).
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Table 8-2  Organ weights in control and IUGR rats fed a high-fat diet
with or without Resveratrol

. . 2-way
HF diet HF diet + Resv ANOVA
Control IUGR Control IUGR g &
5 2 =
o m o
Light cycle
. . 22.8 21.3 21.4 19.9
Liver weight (g) (1.6) 1.1) (1.5) (13)
Liver relative weight 334 32.6 32.8 32.5
(mg/g body weight) (1.1) (15) (0.7) (1.0)
. 2.68 2.71 2.58 2.46
Heart weight (g) (0.11) (0.10) (0.08) (0.09)
Heart relative weight 3.98 4.15 4.00 4.07
(mg/g body weight) (0.22) (0.26) (0.13) (0.25)
Pancreas welght (g) 1.36 115 1.26 1.30
nereas weight (g (0.03) (0.08) (0.07) (0.16)
Pancreas relative weight 2.02 1.76 1.96 2.13
(mg/g body weight) (0.1) (0.13) (0.14) (0.27)
Spleen weight (g) 0.95 1.01 0.94 0.92
pleenweight (g (0.05) (0.07) (0.05) (0.05)
Spleen relative weight 1.4 1.54 1.45 1.51
(mg/g body weight) (0.08) (0.09) (0.03) (0.07)
. . 4.08 3.58 3.84 3.30 .
Kidneys weight (g) (0.14) (0.08)+ (0.09) (0.08)+
Kidneys relative weight 6.02 5.48 5.95 5.43 "
(mg/g body weight) (0.15) (0.16) (0.22) (0.18)

Measurements made after nine weeks of HF: high-fat diet with or without (Resv) Resveratrol
4g/Kg of diet.,* p<0.05 for the respective source of variation such as intrauterine growth
restriction (IUGR), Resveratrol or their interaction (Int) using two-way ANOVA. t represents
a p<0.05 vs. Control receiving the same diet after a Bonferroni post-hoc test (n=6 per group).

8.4.3 Lipid profile, lipid accumulation and glucose homeostasis

Similar to previous results, administration of a HF diet caused a
greater increase in circulating levels of TG and FFA in IUGR compared to
controls (Table 8-3). Administration of Resveratrol had no effect on Control
offspring. However, it completely reversed the impaired lipid profile
observed in [UGR offspring; decreasing circulating levels of TG and FFA to
levels comparable to those observed in control animals receiving a HF diet

(Table 8-3).
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Table 8-3  Circulating and tissue lipid concentrations of control and
IUGR rats fed a high-fat diet with or without Resveratrol

. . 2-way

HF diet HF diet +Resv ANOVA

=4 >

Control IUGR Control IUGR S 2w

2 = £

Triglycerides 2.5 6.2 2.4 3.0 % %
(mmol/L) (0.5) (0.8)t (0.2) (0.5)
Cholesterol esters 3.6 4.1 3.0 3.6
(mmol/L) (0.5) (0.5) (0.3) (0.2)
Cholesterol 0.87 1.05 0.97 1.00
(mmol/L) (0.07) (0.07) (0.17) (0.007)

FFA 0.51 0.86 0.4 0.42 % %
(mmol/L) (0.07) (0.12)% (0.01) (0.03)

Measurements made after nine weeks of HF: High-fat diet with or without (Resv) Resveratrol
4g/Kg of diet. FFA: free fatty acids, * p<0.05 for the respective source of variation such as
prenatal hypoxia (IUGR), Resveratrol (Resv) or their interaction (Int) using two-way ANOVA.
T p<0.05 vs. Control receiving the same diet after a Bonferroni post-hoc test (n=6 per group).
As previously described, IUGR had no effect on fasting blood glucose
levels (Figure 8-3A) but caused an elevation in fasting insulin levels (Figure
8-3B) and consequently in HOMA index (Figure 8-3C). Moreover, [UGR
offspring also exhibited impaired responses to glucose (Figure 8-3D and F)
and insulin (Figure 8-3G and I) administration. Interestingly, and consistent
with the effects on lipid profile, Resveratrol had no effect on glucose
metabolism in control offspring but reversed the long-term deleterious
effects of IUGR on glucose metabolism; decreasing all of these parameters to

levels comparable to those observed in control offspring receiving a HF diet

(Figure 1-3Band C, E and F, H and I).
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Figure 8-3 Effects of IUGR and administration of Resveratrol on
glucose homeostasis parameters

Measurements made after nine weeks of HF: High-fat diet with or without (Resv) Resveratrol
4g/Kg of diet on: (A) fasting blood glucose levels (B) fasting plasma levels of insulin, (C) HOMA
index. (D and E) glucose tolerance test (GTT) and (F) summary information presented as area
under the curves (AUC). (G and H) insulin tolerance test (ITT) and (I) summary information
presented as AUC. * represents p<0.05 for the respective source of variation (IUGR or Resv)
using two-way ANOVA (bar graphs) or a repeated measurements ANOVA (GTT and ITT). t
represents a p<0.05 vs. Control receiving the same diet after a Bonferroni post-hoc test (n=6

per group).
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8.4.4 Blood pressure and heart rate

Offspring born IUGR exhibited an increase of ~10mmHg in SBP
regardless of whether or not they were receiving Resveratrol. However, no
significant changes in MBP were observed among the experimental groups
(Table 8-4). Consistent with previous results, [IUGR was also associated with
a statistically significant decrease in heart rate. Interestingly, this difference
seemed to be ameliorated by the administration of Resveratrol in the diet
(Table 8-4).

Table 8-4  Blood pressure and heart rate in control and IUGR rats fed
a high-fat diet with or without Resveratrol

. . 2-way
HF diet HF diet + Resv ANOVA
Control IUGR Control IUGR % 2
)
=2 8 E
Light cycle
SBP (mmHg) 155 (2) 162 (5) 159 (3) 168 (5) *
MBP (mmHg) 112 (2) 116 (3) 116 (4) 113 (3)
Heart rate (bpm) 411 (8) 377 (Ot 414 (9) 410 (9) * ok

Measurements made after nine weeks of HF: High-fat diet with or without (Resv) Resveratrol
4g/Kg of diet. SBP: systolic blood pressure, MBP: mean blood pressure. * represents values of
p<0.05 for the respective sources of variation (IUGR and Resveratrol administration) using
two-way ANOVA. T represents a p<0.05 vs. controls after a Bonferroni post-hoc test
comparing IUGR and control offspring receiving the same diet (n=6 per group).

8.5 Discussion

This study demonstrates that administration of Resveratrol in the diet
can reverse some of the deleterious long-term effects of being born IUGR.
Specifically, we showed that Resveratrol can reduced the increased
susceptibility to HF diet-induced metabolic alterations in fat distribution,
adipocyte size, lipid metabolism and glucose homeostasis that we have
previously described in young-adult offspring born IUGR as consequence of a

prenatal hypoxic insult. Collectively, our findings suggest that Resveratrol
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may have an application for preventing the development of undesirable
metabolic outcomes in subjects born [UGR. The details of these findings and

their important clinical implications are discussed below.

8.5.1 Physical activity and energy homeostasis of IUGR offspring
exposed to a high-fat diet

Consistent with our previous findings, offspring exposed to a HF diet
demonstrated no changes in body weight-gain relative to controls receiving
the same diet but exhibited a decrease of ~10% in total energy intake relative
to controls. Interestingly, supplementation with Resveratrol did not cause
any statistically significant effect on either body weight or food intake.
Previous studies performed in Sprague Dawley rats receiving similar doses of
Resveratrol (60 mgeKg BW-1ed-1, for six weeks), obtained similar results
showing that Resveratrol did not affect total body weight or energy intake in
controls.1® Also consistent with our previous observations, offspring born
IUGR were characterized by a modest decrease (~15%) in physical activity
relative to controls. This decrease in physical activity associated with [UGR
was more pronounced in animals receiving Resveratrol; which suggests that
the effects of Resveratrol on other metabolic parameters cannot be attributed
to an increase in energy requirements resulting from changes in physical

activity.

As expected, rats fed a HF diet exhibited a low RER as a result of
increased availability of fat as an energy source. Interestingly, and consistent
with the observed changes in physical activity, offspring born I[UGR also
demonstrated a slight (~10%) but statistically significant decrease in VOq,
VCO2 and heat production rates both during light and dark cycles. Laboratory
rats are normally confined to cages that markedly restrict their physical
activity, and therefore, the resting energy expenditure of these animals
accounts for 90% of the total daily energy expenditure, and daily physical

activities only account for the remaining 10%.17-18 Consequently, the
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decrease in the overall metabolic rate (described as changes in VO2 and heat
production) are unlikely to be the result of changes in physical activity and
suggest that offspring born IUGR had a long-term decrease in their baseline
metabolic rates. Previous studies in rodents have shown that mice selectively
bred for a high level of physical activity (after 30 generations), are less
susceptible to develop diet-induced obesity due not only to changes in their
spontaneous physical activity, but mainly due to an increase in their baseline
metabolic rates.!° However, to the best of our knowledge, our results are the
first evidence showing that significant changes in baseline metabolic rates
can be programmed depending on the fetal oxygen availability during
pregnancy. This constitutes a highly relevant observation that may
contribute to the understanding of mechanisms linking IUGR and the
increased risk of developing diet-induced obesity and MetS later in life.
Interestingly, addition of Resveratrol to the diet had no effect on any of these

metabolic parameters.

8.5.2 Effect of Resveratrol on body composition, fat distribution and
lipid profile of IUGR offspring exposed to high-fat diet

Consistent with our previous results, prenatal hypoxia had no effect on
total body composition but resulted in increased absolute and relative intra-
abdominal fat content as well as the intra-abdominal adipocyte diameter in
young-adult offspring. Administration of Resveratrol did not alter body
composition either in control or IUGR offspring. However, it had a beneficial
effect on fat distribution by decreasing the amount of fat located in the
abdominal cavity and reducing adipocyte diameter. Interestingly, this effect
of Resveratrol affected all intra-abdominal fat deposits similarly. Together,
these results are consistent with an extensive and convincing body of
evidence showing that oral administration of Resveratrol (in doses similar to
those used in this study) to rodents on a HF diet can ameliorate the
deleterious effects of such nutritional interventions, not only by increasing

their survival and motor function?® but also diminishing the total body fat

229



content and decreasing the amount of epididymal, inguinal and

retroperitoneal white adipose tissue.20 21

Despite the lack of effect of Resveratrol on total body weight, the effect
of this molecule on the body fat distribution of offspring born IUGR is
remarkable. Specifically, Resveratrol’s effect on the relative amount of fat
located in the intra-abdominal cavity, which was decreased to levels
comparable to control animals, was noteworthy. This observation is
particularly interesting considering the relatively short length of the
intervention (only nine weeks) compared to other studies showing the
beneficial effects of Resveratrol on fat distribution when administered for up
to 60 weeks.?2-24 Similar to our findings, previous studies in rodents have also
shown that the effect of Resveratrol on total body weight or body weight gain
is minimal.# 25 Despite being ineffective in reducing body weight of obese
Zucker rats, administration of Resveratrol has several beneficial effects on
the metabolism of these animals, including improvement of lipid profile and a

slight decrease in body fat content.2¢

Another interesting result of our study was that the administration of
Resveratrol completely reversed the increased susceptibility to diet induced
dyslipidemia that we previously described in I[UGR offspring. Similar to our
results, studies in obese Zucker rats showed that Resveratrol resulted in a
significant reduction in plasma TG, FFA, cholesterol and liver TG compared to
controls.?¢ Studies in vitro suggested that the anti-dyslipidemic effects of
Resveratrol could be attributed to direct effects of this molecule on hepatic
function. In isolated hepatocytes, for instance, Resveratrol was found to
reduce activity of acetyl-CoA carboxylase, inhibit fatty acid synthesis and
decrease the hepatic accumulation of TG.21 27 Direct effects of Resveratrol on
adipocytes have also been demonstrated and could play a fundamental role
in the mechanisms of action of this molecule. Incubation of isolated
adipocytes with Resveratrol for instance has been shown to produce a

reduction in lipogenic and an increase in lipolytic rates; probably due to an
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increase in levels of cyclic adenosine monophosphate (cAMP) in the adipose

tissue associated with the administration of Resveratrol.28

8.5.3 Effects of Resveratrol on glucose metabolism in IUGR offspring
receiving a high-fat diet

The long-term effects of IUGR on glucose tolerance and insulin
response in offspring exposed to HF is one of the most remarkable
phenotypical characteristics observed in offspring born I[UGR as a result of a
maternal hypoxic insult. These results are consistent not only with our
previous results using the same animal model (Chapter 7) but also with the
results obtained by other authors using different prenatal insults to induce

IUGR.?°

The administration of Resveratrol demonstrated beneficial effects on
glucose metabolism in both controls as well as IUGR offspring exposed to a
HF diet. These beneficial effects, however, were more notable in [IUGR
offspring in whom the administration of this molecule reversed all
parameters of glucose homeostasis to values comparable with those
observed in control offspring receiving Resveratrol. The literature
supporting the beneficial effects of Resveratrol on glucose homeostasis in
rodents receiving a HF diet is quite extensive. Previous studies using rodents
receiving a HF diet, demonstrated that addition of Resveratrol to the diet
substantially diminished blood insulin compared to animals consuming a HF
diet without Resveratrol.20 3% In addition, studies in rats receiving a high
cholesterol-fructose diet31, as well as obese Zucker rats with
hyperinsulinemia?® showed that administration of Resveratrol produced a
significant reduction in plasma insulin levels relative to controls receiving
the same diet without Resveratrol. However, to the best of our knowledge
our study provides the first evidence supporting the beneficial metabolic

effects of Resveratrol in animals born IUGR and exposed to a HF diet.
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The mechanisms by which Resveratrol exerts its favorable metabolic
effects are not completely understood. However, several candidates have
been proposed including the direct activation of glycogen synthase and
inhibition of glycogen phosphorylase,3? activation of a NAD-dependent
protein deacetylase (SIRT1) induction and the consequent activation of PGC-
1o, 3334 activation of the estrogen receptor leading to increased Akt
phosphorylation and consequent increase in glucose uptake.3! Other
proposed mechanisms include the induction of genes for oxidative
phosphorylation and mitochondrial biogenesis,?? increased expression of
uncoupling protein-1 (UCP-1) in brown adipose tissue3> and
phosphorylation/activation AMPK leading to inhibition of acetyl-CoA
carboxylase which stimulates the oxidation of fatty acids and decreases their
synthesis.3¢ Interestingly, the beneficial effects of Resveratrol have also been
be attributed to its direct effect on the central nervous system since
intracerebral injection of this molecule can normalize hyperglycemia and
reduced hyperinsulinemia in mice receiving a high-energy diet.3” It is,
therefore, possible that the multiple beneficial effects of Resveratrol are due
to a combination of both long-term (such as changes in gene expression) and
short-term (such as changes in enzyme activities) effects produced by this

molecule.

8.5.4 Conclusions

Our results confirmed our previous results showing that prenatal
hypoxic insults causing IUGR could play a fundamental role in determining
the long-term systemic response to HF diets, which are highly prevalent in
western societies. Moreover, this is the first evidence showing that postnatal
administration of Resveratrol could have relevant clinical applications since
it can ameliorate the increased susceptibility to diet-induced MetS observed

in IUGR offspring.
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CHAPTER 9 GENERAL DISCUSSION AND FUTURE DIRECTIONS

The volume of basic, clinical and epidemiological evidence
demonstrating the long-term effects of certain prenatal conditions is
extensive.l'2 For example, many initiatives in the past have focused on the
study of prenatal insults such as maternal obesity,3  stress,® restriction of
macro and micro nutrients* ¢ or the administration of corticosteroids.”
However, models of IUGR created by decreasing fetal oxygen availability
(hypoxia) constitute an interesting, underused tool for the investigation of a

prenatal insult that requires better understanding.

In the face of a hypoxic environment, the fetus has no alternative
source to compensate for a reduced oxygen supply. Therefore, hypoxia is one
of the most deleterious and common prenatal insults leading to IUGR. In fact,
hypoxia models emulate the most common conditions causing IUGR in
industrialized countries (such as placental insufficiency, pre-eclampsia,
placenta previa, placenta acreta, anemia and maternal smoking among
others).8 Despite the clinical relevance, and the fact that hypoxia could have
fundamentally different long-term consequences and mechanisms of action,
little work has been done with models of hypoxia-induced IUGR.
Consequently, this thesis provides an important contribution to the

understanding of this fascinating phenomenon.

9.1 Summary of the most significant findings

Following a characterization of the rodent model of hypoxia-induced
IUGR used throughout this thesis (Chapter 3), we provided a detailed
description of the long-term effects of prenatal hypoxia on both
cardiovascular function and structure in vivo (Chapter 4). We demonstrated
that IUGR has multiple long-term effects on cardiac structure and function
leading to the later development of multiple distinctive manifestations of

early heart failure such as increased LV wall thickness (in male offspring
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only), diastolic dysfunction and pulmonary hypertension (both in male and

female offspring).

In a subsequent set of experiments, we described the ex vivo cardiac
susceptibility to I/R injury as well as cardiac energy metabolism during both
pre-ischemic and reperfusion conditions (Chapter 5). In these experiments
we observed that, the myocardium of adult offspring born IUGR was more
susceptible to I/R injury and exhibited an increase in proton production
during reperfusion due to an uncoupling in glucose metabolism. We also
identified that this cardiac phenotype is present regardless of sex differences;

however, it is more pronounced in aged male offspring.

Continuing with the exploration of potential pathways that could
explain the cardiac phenotype described in adult offspring born IUGR,
Chapter 6 presents a study designed to evaluate the potential involvement of
myocardial iron accumulation and oxidative stress. In this chapter, we
demonstrated that offspring born IUGR exhibit an increase in myocardial
oxidative stress independent of their sex or age. We also described a very
characteristic histological pattern of collagen and iron deposition in the
myocardium of adult offspring born IUGR. However, we did not detect
differences in total myocardial iron accumulation between control and IUGR

offspring.

While performing the ex vivo cardiac function experiments presented
in Chapters 4 and 5, we observed that offspring born IUGR had an increased
intra-abdominal fat deposition. This observation gave the foundation for the
project presented in Chapter 7, in which we demonstrated that offspring
born IUGR are more susceptible to develop components of MetS when
exposed to a HF diet after weaning. Finally, the project presented in Chapter
8 showed that these deleterious effects of IUGR on the response to HF diets
can be reversed by administering Resveratrol in the diet. These final chapters
present an interesting new direction for future research that may have

important clinical implications considering the current obesity pandemic and
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the high cost of obesity related pathologies. Although this research is still in
its early stages, our results provide a promising perspective for the early
intervention of subjects born IUGR to prevent the later development of

metabolic complications.

The integration of all these projects raise some interesting questions
and arguments regarding the models used, as well as the clinical implications

and relevance of the results, some of which are discussed below.

9.2 Sex differences and hypoxia-induced IUGR

One of the strengths of this thesis was the ability to make comparisons
between male and female offspring exposed to similar prenatal and postnatal

conditions. In this regard, there are some results that deserve mention.

In some cases, sexual dimorphisms in the long-term effects of hypoxia-
induced IUGR were quite evident. These cases included; the effects of [IUGR
on body weight gain over time, the development of increased LV wall
thickness in aged animals, the synergistic effect of aging and IUGR on post-
ischemic cardiac recovery, and the presence of clusters of collagen deposits
in the myocardium of aged offspring born IUGR. Given that estrogens are
known to have beneficial effects on cardiac function,? 10 it is not surprising
that female offspring exhibited some degree of protection against certain
deleterious long-term effects of [UGR. Interestingly, there were other
phenotypical manifestations associated with [UGR that were consistent both
in male and female offspring; such as the development of diastolic
dysfunction, increased pulmonary artery pressure gradients, increased
susceptibility to I/R and increased production of protons during cardiac

reperfusion.

Together, these results illustrate the complexity of the mechanisms
behind the early programming phenomenon. Moreover, they suggest that the
association between [UGR and undesirable outcomes may be mediated by a

variety of mechanisms and that only some of those mechanisms could be
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modulated by sex differences. These results have important implications,
particularly in the understanding of cardiovascular pathophysiolgy of female
subjects, a population in which the cardiovascular risk tends to be
underestimated. In fact, this thesis demonstrated that non-menopausal
female offspring could have the same susceptibility to some of the early

cardiovascular programming phenomenon as their male counterparts.11-13

In this context, one aspect of the model used in this study that needs to
be considered is that female rats do not undergo menopause. As they age,
female rats become infertile by undergoing ovarian senescencel# and, at this
stage, their estrogen levels remain constant compared to the normal
decrease seen with human menopause. Therefore, in the particular case of
females, the model used in our study emulates an aging-premenopausal
stage. To have a better understanding of the cardiac programming
phenomenon and its consequences for future cardiovascular health in
women, further studies in aged, ovariectomized rats may be required. This
may be particularly important when considering that females demonstrate

an increased incidence of cardiovascular diseases following menopause.

Finally, studies designed to evaluate the long-term effects of IUGR on
the increased susceptibility to a HF diet did not include female animals due to
the complexity of the design; which already included two sources of variation
(IUGR and diet). The preliminary results used to support these studies
suggested that increased abdominal fat deposition associated with IUGR was
more evident in male than in female offspring. Based on these results, we
decided to use only male offspring in this set of studies. However, the strong
phenotypical characteristics of male offspring born I[UGR and fed a HF diet
suggest that the characterization of this phenomenon in female offspring may

provide valuable additional information.
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9.3 Programming and susceptibility to a second insult

One interesting finding that was consistent throughout this thesis was
that in the early stages of life, [UGR offspring exhibited very little or no
differences in their phenotypical characteristics when compared to sex- and
age-matched controls. However, when exposed to additional stressors, either
physiological (such as age) or pathological (such as I/R injury or HF diet),
differences among groups became evident. The in vivo cardiac function
studies, for instance, showed that functional and structural changes
associated with [UGR were only evident in aged offspring (at 12 months of
age); which illustrates the synergistic effect of aging and hypoxia-induced
IUGR on the development of cardiac pathologies. The ex vivo cardiac function
evaluation also showed similar results. During aerobic cardiac function
assessment, no differences were observed between experimental groups,
however, after a period of no-flow ischemia, an increased susceptibility to
[/R injury in IUGR offspring became evident. In this set of experiments, in
which the hearts were challenged with ischemia, differences between control
and IUGR offspring were evident at both 4 and 12 months of age.
Interestingly, and consistent with the UBM results, in male but not in female
offspring IUGR and aging had a synergistic deleterious effect on cardiac
metabolism and susceptibility to I/R. Finally, and consistent with both in vivo
and ex vivo cardiac studies, the response of offspring to postnatal
administration of a HF diet showed similar results. In fact, an increased
susceptibility to develop metabolic abnormalities in offspring born IUGR was
evident in those offspring receiving a HF diet but not in the ones receiving a

LF diet.

All together, these results are similar to other reports made in the
literature using different prenatal insults,1>-18 and suggest that postnatal
exposure to physiological or pathological “stressors” favor the development
of phenotypical differences between experimental groups. Our results also

suggest that [IUGR may influence the future development of cardiac and
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metabolic pathologies by reducing physiological reserves and, therefore, the
ability of the offspring to properly respond when exposed to different

stressors later in life.

These observations have very important clinical implications: firstly
they suggest that the long-term consequences of being exposed to prenatal
hypoxia could be actively affecting the offspring’s health since early stages in
life despite a lack of phenotypical manifestations of diseases. Moreover, these
results suggest that postnatal interventions directed at reducing the
exposure to some postnatal stressors may be effective in reducing the later
development of undesirable cardiovascular and metabolic outcomes; despite
having no effect on the early-programmed condition itself. Therefore, the
identification of, and the potential for early intervention in subjects with
some degree of “early programming” could have a tremendous potential for
the prevention of chronic diseases from the perspective of health care

providers and policy makers.

9.4 Pharmacological intervention to reduce cardiac susceptibility to

ischemia/reperfusion injury

The results presented in Chapter 5, in which we assessed cardiac
function ex vivo, suggest that pharmacological interventions designed to
modulate cardiac energy metabolism and improve glucose metabolism
coupling during reperfusion could offer an additional benefit to adult
offspring born IUGR. However, further experiments with specific

pharmacological agents are needed to test this hypothesis.

In addition to its antioxidant, anti-oncogenic, anti-aging and metabolic
effects, previous studies have described that administration of Resveratrol
can protect the heart from I/R injury by inducing preconditioning of the
heart.19-21 The specific mechanisms by which this molecule can cause cardiac
conditioning are still unknown, however, a number of mechanisms have been

proposed including induction of nitric oxide dependent pathways,?!
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activation of adenosine receptors, PI3 kinase and MAPK.20.22.23 However, the
extrapolation of these previous studies to our model is limited for a number
of reasons. Firstly, most of these previous studies have been performed by
acutely administering Resveratrol in the perfusion fluid instead of evaluating
the effects of the long-term administration of this compound in the diet.
Additionally, the doses of Resveratrol added to the perfusate in these studies
were considerably higher (10 mmol/L) relative to the plasma concentrations
reached by supplementing the diet as we did (in the umol/L range).
Moreover, none of the above-mentioned studies have included either animals

born IUGR or fed with a HF diet.

Although it was not one of the main objectives of this thesis, we took
the opportunity to evaluate the effects of Resveratrol administration on
myocardial susceptibility to [/R injury in both control and IUGR offspring
receiving a HF diet (Appendix Figure 10-2). Interestingly, we observed that at
12 weeks of age, offspring born IUGR and fed a HF diet exhibited a ~30%
decrease in the cardiac work during the pre-ischemic period. This finding is
particularly relevant when considering that offspring born IUGR and fed
standard rat chow (4% fat) have no changes in pre-ischemic cardiac
performance relative to controls receiving the same diet (either at 4 or 12
months of age). During reperfusion, after a 10-minute no-flow ischemic
injury, control offspring receiving a HF diet recovered approximately 40% of
their initial cardiac function. Moreover, in this group of animals, the
administration of Resveratrol had no effect on post-ischemic cardiac
recovery. On the other hand, and consistent with the results from offspring
receiving standard rat chow, IUGR offspring on a HF diet showed a decrease
in their cardiac function recovery during reperfusion relative to controls
under the same nutritional intervention. Interestingly, in the IUGR group, the
administration of Resveratrol caused a modest but significant improvement
in the post-ischemic cardiac performance (Appendix Figure 10-2). These

results from I/R experiments mirror those from other metabolic
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determinations such as lipid profile and glucose tolerance, in which [UGR but
not control offspring exhibited a benefit of receiving Resveratrol. Together
with the fact that Resveratrol had no effect on the post-ischemic cardiac
performance of control offspring, these results suggest that the beneficial
effects of this molecule on the cardiac susceptibility to I/R in offspring born
IUGR may be attributable to its beneficial effects on lipids and glucose

metabolism, rather than to its direct effects on cardiac function.

9.5 Early cardiovascular programming and changes in autonomic

regulation

One fascinating observation reported in this thesis was that offspring
born IUGR exhibited a decrease in heart rate relative to sex- and age-matched
controls. This finding was consistent throughout different in vivo
experiments regardless of whether it was measured under anesthesia
(during in vivo UBM cardiac studies) or in conscious animals (during blood
pressure evaluation both before and after an air puff stress). Moreover,
similar results were obtained when cardiac function was evaluated ex vivo.
Preliminary data presented in Appendix Figure 10-3 shows the spontaneous
heart rates of isolated working hearts from offspring receiving HF diet with
or without Resveratrol and demonstrates that being born IUGR was
associated with a decrease in the ex vivo spontaneous heart rate regardless of

which nutritional intervention they were receiving.

Among the different mechanisms that regulate the heart rate, the
autonomic nervous system (ANS) is among the most important. The ANS is a
component of the central nervous system functioning below the level of
consciousness and controlling several components of cardiovascular function
such as heart rate and vascular tone.?* Many of the phenotypical
characteristics that have been associated with early programming have also
been linked to some degree of autonomic dysfunction.?% 26 Therefore,

changes in factors that determine autonomic tone constitute interesting
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pathophysiological mechanisms that could be involved in early
cardiovascular programming. Clinical studies have previously shown a
significant correlation between fetal growth and the presence of an increased
sympathetic tone that was present beyond the neonatal period.?” Although
these results are in contradiction to our results (since a decreased heart rate
would suggest a decrease in sympathetic tone) they suggest that the
regulation of autonomic parameters can be influenced by prenatal
conditions. Moreover, and consistent with our findings, other authors have
previously shown that IUGR induced by maternal protein restriction also has
several effects on the autonomic regulation of the offspring’s cardiovascular
system. These effects include a decreased density of 3i1-adrenergic receptors
leading to an impaired response to [3 agonists?8 and increased levels of
circulating epinephrine.?? However, evidence linking early programming and
long-term changes in autonomic regulation is very limited and requires

further research.

9.6 Consideration of the experimental models

While interpreting and extrapolating our results, we made some
considerations regarding the limitations and characteristics of the

experimental models used in this thesis that should be discussed.

9.6.1 Interspecies differences

In addition to the rather evident and well-described interspecies
differences between humans and rats (such as metabolic rates, gestational
length, litter size, type of placentation, etc) there are other substantial
differences that are particularly relevant to the experiments presented in this
thesis and deserve a special mention. The fetal development and maturity of
rat offspring at birth, has important differences relative to humans and other
species (Section 1.2.3.1). The pulmonary development of the rat, for instance,
notably differs from humans. In fact, the degree of pulmonary development

in a term rat is comparable to that observed in a 32 week old human fetus.
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Similarly, the degree of cardiac and adipose tissue maturity and development
at birth differs between species. Therefore, it is plausible that fetal exposure
to hypoxia during certain stages of fetal development would have a different

effect in rats and humans.

In addition to the differences in developmental stages at birth,
laboratory rats have some peculiarities in terms of lifespan and normal
growth trajectories that need to be considered when interpreting the results
presented in this thesis. The mean lifespan of Sprague Dawley rats is ~720
days (24 months) for males and ~840 days (28 months) for females. Under
normal conditions, newborn rats double their body weight in the first five
days after birth. Pups grow rapidly and at weaning their average body weight
is about 10 times their birth weight (~45 g).3% Growth rate deceleration
continues throughout life reaching a plateau by 250-300 days (9 to 10
months) of life. Although these rats will continue to grow throughout life,

most of the growth after 10 months of age is due to fat deposition.

For the purposes of metabolic studies, there are other characteristics
of laboratory rats that need to be considered. Rats have a well-defined
nocturnal rhythm, being active during the dark and sleeping and resting
during light hours. Feeding occurs at night and digestion during early
daylight hours. Moreover, laboratory rats are normally confined to cages that
markedly restrict their physical activity, and therefore resting energy
expenditure accounts for 90% of the total daily energy expenditure while

daily physical activities only account for the remaining 10%.31 32

Additionally, it has to be mentioned that there are other anatomical
and functional considerations regarding species differences in the cardiac
structure and function that have to be made when interpreting our results. In
healthy young rats and mice, for instance, the E/A index of the mitral valve is
<1, while in healthy humans this parameter is expected to be between 1.2
and 1.5 and values <1 are considered to be a diagnostic criteria for severe LV

diastolic dysfunction. Despite these differences, the ex vivo confirmation of
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the results obtained by UBM supports the validity of the echocardiographic

findings and their interpretation in the context of this animal model.

9.6.2 Maternal hypoxia as a prenatal insult to induce IUGR

One limitation of this rodent model of IUGR was that hypoxic insults
during pregnancy affected not only the fetuses but also the dam. Therefore,
this model mimics conditions such as high-altitude pregnancy or smoking
during pregnancy but has some limitations emulating conditions like
placental insufficiency or preeclampsia in which the fetus, but not the
mother, has restricted oxygen availability. Exposure of adult rats to hypoxic
environments activates a cascade of physiological responses33 that could
impact fetal development independent of fetal growth or oxygen availability.
Acute physiological responses to hypoxia include blood flow redistribution34
(with vasoconstriction of pulmonary beds and vasodilatation of coronary and
cerebral blood vessels) and hyperventilation leading to respiratory alkalosis
and compensatory metabolic acidosis. Within minutes, of being placed under
hypoxic conditions, maternal protein and RNA production in organs with
high metabolic demands are substantially decreased3> and several
transcription factors (such as HIF-1a) are activated; leading to multiple
cellular and systemic effects such as increased glycolytic activity,

erythropoietin secretion and hematopoiesis.36 37

In addition to the previously mentioned effects of hypoxia on maternal
physiology, it is also plausible that this kind of intervention may cause some
degree of maternal stress, leading to increased secretion of catecholamines in
the maternal circulation, which could also have a direct effect on fetal
development and could have long-term deleterious effects on the offspring.38
39 Despite all these considerations, the rodent model of hypoxia induced-
[UGR used in this thesis offers a reliable, viable and consistent model of [IUGR

that requires no surgical interventions or administration of medications.
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One characteristic of this animal model of [UGR that our group has
described previously and requires further discussion relies is the fact that
pregnant rats exposed to hypoxia exhibited a significant decrease (~40%) in
food intake relative to pregnant rats under normal oxygen conditions. In
order to control the potential confounding effect caused by differences in
maternal food intake, our group have performed studies in the past using the
same fundamental hypoxic intervention but including a second control group
of pregnant animals housed in normoxic conditions but exposed to food
restriction (-40% food intake in controls) during the last week of

pregnancy.40-43

Interestingly, these previous results suggest that this particular group
of offspring born from dams exposed to nutritional restriction may not be an
appropriate control group. Rats under hypoxic conditions, for instance, are
less active than pregnant rats under normoxic conditions. Therefore, it is
plausible that the observed decrease in food intake in these animals is at
least partially attributable to a decrease in the basal energy requirements of
the dam. Supporting this theory, our group has previously shown that
offspring born from dams exposed to nutritional restriction (but housed in
normoxic conditions) have a smaller birth weights that those born from
dams consuming comparable amounts of food but exposed to hypoxia during
pregnancy.*! Moreover, our previous studies measuring the offspring organ
weights at birth, demonstrated that hypoxia and nutritional restriction have
different effects on the relative weight of certain organs at birth (including
brain, kidney and heart) suggesting that the blood flow redistribution

phenomenon may be different in each of these experimental groups.#!

Finally, it is plausible that the long-term effects of prenatal hypoxic
insults on cardiac and metabolic function resulted from a combined effect of
different factors (reduced oxygen availability, decreased nutritional intake,

maternal stress, etc).
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9.6.3 Choosing the right diet

In chapters 7 and 8 of this thesis we evaluated the effect of a HF diet
on the development of phenotypical differences between experimental
groups. The selection of this particular intervention was not arbitrary and
deserves further discussion. Nutritional habits characterized by HF,
hypercaloric nutritional intake were initially associated with wealthy
western societies.** 4> However, the rapid transition and massive
industrialization of the food industry has expanded widely regardless of the
classic socioeconomic limiting conditions. This has led to global changes in
nutritional habits and a pandemic of diet-induced obesity and other
metabolic complications affecting populations all around the world;
regardless of their socioeconomical status.#0-48 Therefore, understanding the
potential mechanisms leading to programmed increases in the susceptibility

to develop diet-induced obesity are highly relevant in today’s society.

Since 1940 when the first animal models of diet-induced obesity were
described,*? a vast range of diets have been used to induce obesity.>? Today, it
is well accepted that a HF diet is an insult that is capable of inducing a
phenotype in rodents that emulates many aspects of the MetS. However, the
correct definition for a HF diet is rather controversial. Different authors have
used a variety of nutritional interventions with different fat fractions
(between 20 and 60%)), fat sources (lard, fish oil and vegetable oil) and
lengths of intervention (two weeks to several months).5% No consensus exists
regarding the best intervention to emulate the conditions observed in clinical
scenarios. Regardless of this controversy, it is generally accepted that the
models which better emulate the clinical characteristics of MetS are obtained
with nutritional interventions lasting more than six weeks and using diets in
which 40 to 50% of the caloric content is derived from lard.>° Our results,
using a diet with 45% energy derived from lard, are quite interesting because
after nine weeks of nutritional intervention we did not observe differences in

body weight or total body composition between control and IUGR offspring.
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However, after this short period of time, several components of the MetS
were clearly present in [UGR but not in control offspring. The HF diet used in
our studies was shown to be effective in accelerating the apparition of
metabolic outcomes in IUGR offspring. However, future studies aimed to
identify the postnatal response to other common nutritional patterns (such
as high-fructose diets) may provide further useful information to understand
the interaction between hypoxia-induced IUGR and the postnatal

environment in the development of metabolic diseases.
9.7 Future directions from a basic-research perspective

9.7.1 Characterization of the hypoxia-induced IUGR model

Although the model of hypoxia-induced IUGR that we used for this
study has been extensively used by both our own and other groups, there are
still some additional elements of this model that would benefit from further

characterization. Some of these elements include:

- Evaluation of maternal stress by measuring plasma

glucocorticoid levels before and after the hypoxic insult.

- Evaluation of maternal physical activity, oxygen consumption

and heat production during hypoxic insults.

- A more complete evaluation of the fetal morphometry
including abdominal circumference, crown-rump length,
internal organ weights adjusted by tibia length, dry placenta

weight and umbilical cord length.

- In vivo evaluation of uterine arteries and umbilical vasculature
flow patterns during hypoxia as well as evaluation of placental
structure (complete histological evaluation of placental
structures and morphometry) and function (changes in

placental active transporters efficiency).
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- Assessment of additional fetal parameters such as blood
hematocrit, hemoglobin and erythropoietin levels and other
eritrocitary parameters (e.g. mean corpuscular volume, and

mean corpuscular hemoglobin content).

Future investigation of these parameters would contribute to the
understanding of the fetal/neonatal phenotype described in this particular
model of [UGR and may suggest new avenues for the understanding of the

early programming phenomenon.

9.7.2 Further characterization of the cardiovascular phenotype in adult

offspring exposed to hypoxia in utero.

The work presented in this thesis highlights multiple phenotypical
changes observed in adult offspring exposed to hypoxia in utero. However, it
also describes other interesting findings that may require further

investigation:

9.7.2.1 Spontaneous bradycardia

One interesting finding in adult offspring exposed to hypoxia, was that
they exhibit a significant decrease in heart rate, both in vivo (during
echocardiographic studies and blood pressure measurements) and ex vivo
(during non-paced heart perfusion). This interesting finding was present in
all offspring exposed to hypoxia regardless of their age, sex or level of activity
(under anesthesia, awake or after air-puff stress). The potential effect of
prenatal insults on the later regulation of sympathetic tone has been widely
described in different clinical and animal models.>1->4 However, the specific
mechanisms and the potential implications of this condition on the future
development of cardiovascular pathology still require to be clarified.
Different components of autonomic regulation, such as the peripheral density
of adrenergic receptors,>5->8 long-term changes in sympathetic tone>% 0 and
neuro-endocrine factors,1-63 have previously been proposed as potential

elements susceptible to early programming. Future studies should focus on
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the determination of adrenergic receptor density in the heart, hypothalamus
and other organs as well as the in vivo evaluation of sympathetic tone (either
through spectral analysis of electrocardiographic traces or spontaneous

baroreflex and power).

9.7.2.2 Blood pressure and renal function

One of the cardiovascular parameters that should be studied in more
detail in adult offspring prenatally exposed to hypoxia is blood pressure. In
all of the studies reported in this thesis, blood pressure measurements were
performed by the tail-cuff technique in previously trained animals. Our
results were variable depending on the model used. However, this non-
invasive technique for the evaluation of blood pressure has several known
limitations such as having important inter- and intra-assay variability, being
influenced by animal restriction during measurements (despite being

trained) and the lack of accuracy in determining diastolic blood pressure.

Having a more accurate evaluation of the blood pressure in our animal
model is fundamental for the interpretation and understanding of the
observed phenotype. As motioned in Chapter 4 of this thesis, aged male but
not female offspring born IUGR exhibited an increase in the left ventricular
wall thickness. This particular finding could be the result of a number of
possible factors including alterations in the mechanisms that regulate the
extracellular matrix turn over43 ¢4 or idiopathic immunological factors.6 66
However, the most common condition leading to left ventricular hypertrophy
is cardiac overload.®’ Interestingly, observations made by other groups have
shown that prenatal insults (such as maternal stress and nutritional
restriction) can lead to a long-term increase in offspring’s blood pressure.38
68-70 The results presented in this thesis suggest that adult offspring born
IUGR do not exhibit changes in blood pressure. It is plausible that the
mechanisms causing left ventricle remodeling in these animals are not
mediated by sustained hemodynamic changes. However, more accurate

measurement of blood pressure need to be made before changes in
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hemodynamic parameters can be ruled out as the ethological factor for the
left ventricular remodeling. Therefore, future studies should focus on the
evaluation of blood pressure in these animals using alternative techniques,

such as telemetry or invasive blood pressure evaluation.

Renal structure and function constitutes an additional component
involved in blood pressure regulation that may deserve further study. The
effect of certain prenatal insults on renal development and function has been
extensively published.”1-7> Interestingly, little is known regarding the effects
of prenatal hypoxic insults on renal development and function later in life.
Our previous results suggest that newborn offspring exposed to hypoxia
exhibit a decrease in the relative kidney weight and that those differences
remain during adulthood (Table 8-2). Considering the important role of the
kidneys in vascular tone regulation and the previously described effects of
other prenatal insults on renal structure and function, future studies should
focus on obtaining a better description of the renal phenotype of these
offspring including nephron density and renal function (creatinin excretion

and microproteinuria).

9.7.2.3 Pulmonary hypertension

One interesting result obtained by UBM and confirmed by histology
was that adult offspring born IUGR, as a result of a hypoxic insult, exhibit
signs of pulmonary hypertension; including alterations in the pulmonary
artery flow pattern, increased right ventricle internal diameters and
increased media thickness in pulmonary small vessels. The long-term effects
of prenatal hypoxia on the pulmonary circulation have been previously
reported in many animal models.”¢-78 However, the mechanisms underlying
this particular finding still need to be clarified. A recent study made in sheep
provides further information that could be relevant to our model. Using a
hypobaric hypoxic insult, placing ewes at high altitude during pregnancy and
returning them to low altitude before birth, the authors demonstrated that

offspring exposed to hypoxia during pregnancy exhibited a persistent
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increase in pulmonary artery pressure and changes in pulmonary arterial
function characterized by increased vascular responses to endothelin-1,
increased vascular expression of eNOS and increased levels of the nitric oxide
second messenger cGMP.7? Future studies to explore this particular finding,
including an ex vivo evaluation of right ventricle morphology, estimation of
pulmonary water content (pulmonary edema) and a more complete
evaluation of pulmonary vascular structure and function may provide a
better understanding of this phenotypical characteristic observed in adult

offspring born IUGR.

9.7.2.4 Effect of sex hormones

As previously mentioned, one of the limitations of this animal model
was that female rats do not undergo menopause as they age and, therefore,
may not reflect the physiological condition of the aging human female
characterized by decreased hormonal levels. The observed differences in the
phenotypes developed by male and female offspring prenatally exposed to
hypoxia, and the influence of sex hormones on the development of these
phenotypes, constitutes an interesting question that should be investigated
in more detail. To do so, further experiments could be performed in which
aged female offspring from different experimental groups are ovariectomized

and randomized to receive either placebo or hormonal supplementation.

9.7.2.5 Thyroid function

One additional component that could potentially be involved in some
of the phenotypical characteristics observed in adult offspring exposed to
hypoxia in utero, is thyroid function. Tyrosine-based hormones produced by
the thyroid gland, such as thyroxine (T4) and triiodothyronine (T3), are
essential for proper development and differentiation and have direct effects
on multiple organs and systems: including basal metabolic rate,8° cardiac
function,81.82 iron®3 and carbohydrate metabolism,8% 8485 body fat

distribution®® neuronal maturation and sensitivity to catecholamines. The
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effect of prenatal insults, such as exposure to alcohol®” or corticoids,88 89 has
on the hypothalamic-pituitary-thyroid function been previously reported.
However, little is known about the potential long-term effects of a hypoxic

insult on thyroid function later in life.

9.7.3 Understanding the mechanisms impairing cardiac metabolism

and increasing proton production

Data presented in Chapter 5 of this thesis demonstrated that the
myocardium from offspring born IUGR produced more protons during
periods of reperfusion. As mentioned in the discussion of that chapter, an
increase in proton production could have severe implications on the cardiac
response to [/R injury by affecting the ion homeostasis of the myocardium. In
order to have a better understanding of the cardiac phenotype observed in
these animals, it would be important to characterize the activity of the ion
mobilization mechanisms that respond to an increased proton production.
Therefore, a better description of ion homeostasis in the myocardium of
these animals could provide a better understanding of this phenomenon.
Among the ion homeostasis mechanisms that could be involved, intracellular
pH and levels of calcium during I/R injury and the activity of membrane-
transporters (such as the Na/K ATPase pump, Na/H exchanger type 1 (NHE-
1), Na/Ca exchangers (NCX) and type 2A SERCA channels) are particularly
relevant. A more detailed description of these components could improve our
understanding of the mechanisms leading to decreased cardiac energy
efficiency during reperfusion and may be fundamental for choosing an
adequate pharmacological intervention with the potential to prevent the
increased susceptibility to I/R observed in the myocardium of offspring born

IUGR.

Another interesting metabolic component that should be explored in
the myocardium from offspring born IUGR is the characteristics of the

mitochondria (number, density and function); particularly when considering

255



preliminary results suggesting that the hearts from offspring born [IUGR may
have an increased expression of mitochondrial proteins such as the F1Fo
APTase.?0 Finally, and given that the excessive proton production observed in
these animals resulted from an uncoupling of glucose metabolism during
reperfusion, it may worthwhile to evaluate the beneficial effect of
interventions designed to increase glucose oxidation during reperfusion.
Pharmacological interventions that may be interesting for this particular
purpose include inhibitors of malonyl coenzyme A decarboxylase (MCD) or
inhibitors of pyruvate dehydrogenase kinase (PDHK). MCD inhibitors, such
as CBM-301940 and CBM-300864, increase glucose oxidation by increasing
myocardial levels of malonyl CoA. Malonyl CoA is an endogenous inhibitor of
carnitine palmitoyltransferase-1 (CPT-1) that is one of the key regulators of
mitochondrial fatty acid uptake. By inhibiting fatty acid uptake, this approach
increases pyruvate oxidation through the Randle cycle. 91-> An alternative
intervention that could be use to modulate the substrate selection in the
hearts of these animals is the inhibition of PDHK with agents such as
dichloroacetate (DCA), which promote glucose oxidation by increasing the
activity of the pyruvate dehydrogenase complex (PDC), which increases the
rate of mitochondrial pyruvate oxidation and decreases the production of

protons from glycolysis.

In addition to the effects of hypoxia-induced [UGR on cardiac
metabolism there are other potential mechanisms that could be involved in
the cardiac phenotype observed in our model. Fetal exposure to alkaloids like
cocaine has proven to impair the myocardial sensitivity to I/R injury during
adulthood by decreasing expression of cardio protective factors such as
protein kinase C epsilon (PKC-¢g).?¢ 97 Future studies should focus in
describing the contribution of this particular pathway in the development of
the cardiac phenotype described in adult offspring exposed to hypoxia in

utero.
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Finally, there is evidence that several genes regulating cellular energy
metabolism can be affected by epigenetic mechanisms.?8-100 The
mitochondrial DNA encodes over 30 different genes, most of which are
related to energy metabolism regulation which have a very low mutation rate
but are highly regulated by histone phosphorylation and acetylation, which
modulates not only mitochondrial function, biogenesis and growth.?8
Therefore, the study of potential epigenetic mechanisms, both in the cellular

and mitochondrial DNA, should be aimed in the future.

9.7.4 Mechanisms of increased susceptibility to diet-induced MetS

Although preliminary data from our 4 and 12 month old animals
receiving a regular diet suggests that male but not female offspring
prenatally exposed to hypoxia develop an increased intra-abdominal fat
deposition later in life (Figure 10-1), investigating whether this particular
susceptibility to diet-induced obesity can be modulated by sex differences

could be an interesting direction for future experiments.

Future directions for the study of the obesogenic phenotype developed
by offspring born IUGR, may include the use of diets rich not only in fat but
also in carbohydrates (more similar to the modern western diet pattern01-
103), performing nutritional interventions for longer periods of time, or
determining whether obese offspring prenatally exposed to hypoxia lose
weight at the same rate as obese offspring born from normal pregnancies
when exposed to a restricted nutritional intake. Results obtained from
metabolic cages and presented in chapters 7 and 8 suggest that offspring
born IUGR are less physically active than those born from normal
pregnancies. Future studies to evaluate tolerance to exercise in adult
offspring born from either control dams or dams exposed to hypoxia during
pregnancy could provide further information regarding the long-term effects
of prenatal hypoxia on physical activity and exercise tolerance and may

contribute to the understanding of this interesting phenomenon.
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The use of resveratrol to prevent the susceptibility to diet-induced
MetS observed in offspring born IUGR showed very promising results. From a
translational perspective, Resveratrol is a very attractive molecule, not only
because it is a natural compound, but also because it has been used at high
doses in adult populations and has been shown to be safe and well-
tolerated.194.105 From the mechanistic perspective, however, Resveratrol
constitute an intervention difficult to study because of the number of effects
that it has on different metabolic pathways including AMPK, Sirt1, CPG-1 and
Akt among many others.1% Therefore, future directions pointed toward the
understanding of the mechanisms behind this finding should consider the use
of more selective pharmacological interventions.106. 107 One additional
characteristic of Resveratrol that could be explored in more details, is that it
can facilitate the availability of nitric oxide through an Akt-dependent
pathway.108 This linking between Resveratrol and nitric oxide production
could be related to the mechanisms by with this natural compound exert its

beneficial effects and should be considered as a future research direction.

As previously mentioned, we proposed that prenatal hypoxia could
induce a long-term increased susceptibility to MetS by impairing the function
of mature adipocytes in the intra-abdominal cavity leading to increased
circulating fatty-acids and peripheral lipid accumulation (Figure 7-7).
However, this theory was not supported by our results. Further data to
support or refute this hypothesis could be obtained by performing cross-
transplantation of intra-abdominal fat between adult offspring from different

experimental groups.109 110

9.8 Future directions from a clinical-research perspective

Due in part to its biomedical and clinical relevance, the early
programming concept remains a source of scientific interest and discussion;

particularly so because it opens new doors not only for the understanding of
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species adaptability and evolution!!! but also to novel pathophysiological

and therapeutic approaches for highly prevalent medical conditions.112

One common criticism of the early programming theory results from
the known association of being born with a low birth weight and long-term
exposure to stress, poverty and infections;113 which raised the question of
whether the association between low birth weight and chronic diseases was
simply an artifact of being born and raised under low socioeconomic
conditions rather than a true programming phenomenon. A limited number
of clinical studies, such as those describing the long-term effects of the twin-
to-twin transfusion syndrome,?° and many studies in animal models14-117
have provided valuable information to support the early programming
theory by separating the long-term effects of being born small from those
linked to prematurity or associated with postnatal life. However, despite the
advances made so far in the description and understanding of the early
programming phenomenon, more efforts need to be made to understand the
pathophysiological mechanisms before screening techniques and therapeutic
alternatives can be implemented.11® Moreover, the clinical evidence available
to support the principles of early programming is very limited and needs to

be expanded.

9.8.1 The challenge of identifying those who are IUGR during

pregnancy

One of the reasons why the early programming theory is controversial
relies on certain characteristics of the evidence that Barker and his
predecessors used to support it. Most of the epidemiological data behind the
initial proposal of this theory included several cohorts of subjects in whom
birth anthropometric data was collected (for non-research purposes) and
who could be followed up several decades later when they started
developing cardiovascular outcomes.17-119-121 The biggest pitfall in the

interpretation of this evidence is the impossibility of identifying which
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subjects were born with low birth weight because some prenatal condition
restricted their growth potential, which of them were born premature (and
therefore smaller) and which were constitutively small. Some recent
epidemiological studies, including more detailed anthropometrical and
obstetric information, support the initial observation made by Barker and
showed that being born growth restricted was associated with an increased
susceptibility to develop chronic diseases later in life independent of the

gestational age.1??2 However, these studies need to be expanded.

Even though being born small for gestational age (SGA) has a very
simplistic clinical definition (babies born below the 10t percentile of the
expected weight for any given gestational age!23), there are many other
considerations that need to be made when evaluating gestational
outcomes.124125 [n the absence of chromosomal abnormalities, two major
groups of conditions that may cause fetus growth to be less than average and
should be considered are: i) the fetus has a constitutional and physiological
small size and ii) the presence of some pathological condition has restricted
the ability of the developing fetus to reach its growth potential. However,
only the latter of these can be considered I[UGR.126

The birth-weight cut-off points used to define [UGR and SGA are based
on epidemiological studies and do not consider the individual and
physiological differences in some other important determinants of
intrauterine growth such as genetic background and maternal height.127
Therefore, these definitions fail to correctly identify those fetuses or
newborns who are constituently small (lack of specificity) or those who are
IUGR but still above the body weight 10t percentile limit (lack of
sensitivity).128 Despite these limitations, and due to pragmatic
considerations, fetal and newborn weight and length are still the most
commonly used parameters to screen fetuses and newborns for [UGR; and
the lower 10t percentile is still the most commonly used cut-off point to

identify those fetuses and babies who are small.
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Fetal growth occurs on a continuum that starts very early in
pregnancy and has variable rates throughout pregnancy. Generally speaking,
fetal growth can be divided into two major overlapping stages, an initial
organogenesis stage where differentiation of the tissues is more significant
than the actual increase in embryonic mass, and a latter stage where physical
structure abounds and better differentiated tissues exhibit a rapid growth
trajectory.1?° Following a normal fetal growth chart, it is evident that there is
less variability in fetal growth during the first third of pregnancy when outer
percentiles of fetal weight (5t and 95t percentiles) are very close to each
other (Supplemental Figure 10-4).130 [nterestingly, as the pregnancy
progresses, the growth trajectory exhibits a more pronounced slope and the
percentiles start to diverge. Based on this observation, most clinicians and
epidemiologist agree that variations in birth weight that are susceptible to
being prevented are a consequence of epiphenomenon occurring mainly
during the last stages of pregnancy, especially during the last trimester.131
Therefore, most attention in the study of the associations between birth
weight and later development of health outcomes has focused on pathologies
that affect fetal growth during this period of pregnancy.132 However, it is
plausible that certain prenatal insults affecting early stages of fetal
development, or even those affecting maternal physiology before pregnancy,
may have important long-term consequences on the future function of organs
or systems regardless of whether or not they have a direct impact on fetal
growth.> 133,134 Given these considerations, one potential future direction for
the understanding of the fetal programming phenomenon, and more
importantly, the translation of basic fundamental knowledge that we have
into a clinical scenario, would involve the challenge of correctly identifying
babies who are IUGR and the severity of their condition.

A number of previous studies have proposed that it is the intrauterine
growth trajectory rather than the birth weight that determines the level of
IUGR in any given pregnancy.135-138 [n fact, it is well accepted that follow-up

of growth trajectories in utero using echographic tools provides the most
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accurate technique to determine gestational age and changes in fetal growth
trajectories associated with IUGR. Recent publications have reported an
association between changes in growth trajectories in utero and the presence
of cardiac function abnormalities at birth.139-142 However, little has been done
to identify the association between these fetal growth patterns and the future
development of cardiac and metabolic diseases. Moreover, the appropriate
criteria to define changes in the growth trajectories are very controversial
and require further investigation. Some authors have postulated that the
evaluation of growth trajectories during the first years of life can provide a
useful tool to identify those subjects in whom intrauterine conditions were
suboptimal.143-145 However, the usefulness of this information in therapeutic

decision-making is very limited.

9.8.2 The challenge of identifying adults who were born IUGR

Following the same line of thinking, another interesting future
perspective that could improve the clinical application of fetal programming
is the definition of clinical or biochemical parameters that could identify
adult subjects who were exposed, early in life, to conditions leading to
programming. One characteristic shared by both animal and clinical models
of early programming is that, after weaning, offspring who underwent early
programming-inducing events exhibit no clear phenotypical characteristics
that differentiate them from controls before the exposure to second insults
and the consequent apparition of pathological outcomes. Therefore, in the
absence of complete perinatal information, the early identification of these
subjects at risk of developing chronic diseases is not possible. The
identification and validation of early programming markers could have
tremendous implications not only by improving techniques for clinical
research in programming related areas, but also as a diagnostic tool that may
have an important application in the evaluation of cardiovascular and

metabolic risk in clinical scenarios.
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9.8.3 Implications of early programming in children with obesity

As previously mentioned, childhood overweight and obesity
constitutes a current health problem affecting 20% of children between 2
and 18 years old in North America.l46 Relative to adults, the association
between obesity and the presence of other components of the MetS in
children is less strong. Whereas in adults close to 95% of obese subjects have
at least one other component of the MetS, only 50% of children with obesity
have some other metabolic condition.47-149 The fact that obese children are
less likely to have other metabolic alterations than adults could be attributed
to a larger metabolic reserves in children. However, since there is no
consensus regarding the definition of the presence of most components of
the MetS in children,?>? it is possible that the criteria used may
underestimate the prevalence of these risk factors in a pediatric population.
Regardless of whether the cut-off point used to define metabolic alterations
is the most appropriate, the fact that 50% of obese children fulfilled those
criteria suggests a heterogeneity in the metabolic changes associated with
pediatric obesity; an observation that is greatly interesting in the perspective
of our results.

In our studies, we discovered that offspring born IUGR as a result of a
prenatal hypoxic insult were more likely to develop several components of
the MetS when exposed to a HF diet (Chapter 7). Although all animals
receiving a HF diet had increased body weights and total body fat, we did not
observe any differences in these parameters when comparing control and
IUGR offspring receiving the same diet. By extrapolating these results, we
hypothesize that within a population of obese children, those born from
pregnancies complicated by conditions leading to IUGR are likely to develop
more severe obesity-related metabolic alterations when compared to
children with the same degree of obesity but born from non-complicated
pregnancies. To test this hypothesis we contacted members of the Pediatric

Centre for Weight and Health at the University of Alberta with whom we
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started a collaborative project to study the association between perinatal
clinical parameters and the presence of metabolic alterations in a group of
children with severe obesity. As a product of this collaboration, we designed
a format to record all clinically relevant information from these children

(Appendix 10.4) that may help us test this hypothesis in the future.

9.9 Conclusions

To conclude, the studies presented in this thesis provide valuable
information for understanding the long-term consequences of hypoxia-
induced IUGR from the perspective of cardiac and metabolic function. These
results suggest that hypoxic prenatal insults leading to IUGR may affect the

response to “second insults” such as aging, myocardial ischemia and HF diet.

In addition, we also described important interactions between
hypoxia-induced early programming and sex differences, which suggest that
some, but not all, mechanisms linking hypoxia-induced IUGR, and the later
development of pathological conditions may be modulated by sex differences.
Finally, our studies suggest that postnatal modulation of this prenatal
preconditioning is possible through pharmacological interventions and
offered a foundation for the development of ongoing collaborations toward

the translation of this knowledge to clinical scenarios.
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CHAPTER 10 APPENDICES

10.1 Standard rodent echocardiography form

Technician name: Echo date:

Study name: Echo start time:

Species/strain: Echo end time:

Group/ID: Date of birth/age: Anesthetic induction:

Scan head: Anesthetic maintenance

Rectal temperature at beginning: at the end: Anesthetic gas (oxygen) or (air)

Biventricular (short-axis) 1stReading  2nd Reading 3rd Reading

rvidd - right ventricle internal diam in diastole (mm)

ivsd - interventricular septum in diastole (mm)

lvidd -LV internal diameter in diastole (mm)

lvpwd -LV posterior wall diastole (mm)

ivss - interventricular septum in systole (mm)

lvids - LV internal diameter in systole (mm)

lvpws - LV posterior wall in systole (mm)
Left vent (long-axis) 1stReading  2nd Reading 3rd Reading
lvidtraces - LV internal diam by trace systole (mm)

lvidtraced -LV internal diam by trace in diastole (mm)

lvvols - LV vol in systole (ul)
lvvold - LV vol in diastole (pl)
stroke - stroke volume (pl)

eftrace - ejection fraction by trace (%)

fstrace - fractional shortening by trace (%)

cotrace —cardiac output by trace (ml/min

1st Reading 2nd Reading 3rd Reading

aovti - aortic valve vel time integral (cm)

aovtimeanvel - aortic valve mean vel (cm/s)

aomenagrad - aortic valve mean gradient (mmHg)

aopeakvel - aortic valve peak velocity (mm/s)

aopeaKgrad - Ao valve peak gradient (mmHg)

aoejectime - aortic valve ejection time (ms)

Aoexitdiamd - aortic outflow diam in diastole (mm)

aoexitdiams - aortic outflow diameter in systole (mm)

latriums - Left atrium diameter in systole (mm)

latriumd - Left atrium diameter in diastole (mm)

aorootsys - Aortic root internal diam in systole (mm)

aorootdias - Aortic root internal diam in diastole (mm)

hr - heart rate
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Mitral

mved - mitral E vel by regular Doppler (mm/s)
mvad - mitral A velocity by regular Doppler (mm/s)
mvetd - mitral E vel by tissue Doppler (mm/s)
mveetd - mitral E’ vel by tissue Doppler (mm/s)
mvdecelt - mitral acceleration (mm/s?)

mvdec -mitral decel time (ms)

ivrt - isovolumetric relaxation time (ms)

ivct - isovolumetric contraction time (ms)

meaind - mitral e/a index

Tricuspid

tve - tricuspid valve E vel (mm/s)

tva - tricuspid valve A vel (mm/s)

regtime - regurgitation time (ms)

tved - tricuspid valve E vel (tissue Doppler) (mm/s)
Tve’d - tricuspid valve E’ vel (tissue Doppler) (mm/s)
Pulmonary

pvvti - pulmonary valve volume time integral (cm)
pvmeanvel - pulmonary valve mean vel (mm/s)
pvmeangrad - pulmonary valve mean grad (mmHg)
pvpeakvel - pulmonary peak velocity (mm/s)
pvpeaKgrad - pulmonary peak gradient (mmHg)
Pdopacel - pulmonary valve acceleration time (ms)
Rvejecttime - right ventricle acceleration time (ms)

Function on biventricular evaluation

Fs - fractional shortening (%)

ef - ejection fraction (%)

lvmass - left vent mass (mg)
lvmascor - LV mass corrected (mg)
lvvold - LV vol in diastole (uL)
lvvols - LV vol in systole (uL)

Notes:

1st Reading 2nd Reading 3rd Reading
1st Reading 2nd Reading 3rd Reading
1st Reading 2nd Reading 3rd Reading

1st Reading

2nd Reading

3rd Reading
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10.2 Perfusion report form

Animal Code1:

Consecutive

Sex (M/F)

‘Age (Months) Number

D.0.B: I A [P A [P 2 2 O
Treatment3? Hypoxia I:l Control I:l Total Body Weight* D]] : D grs
Echo5 Yes I:l No I:l Date / time of echo¢ | |
Heparin’ Yes No I:l Anesthesia® Ketamin/Xilacin Isofluorane |7 Pentotal |7
[)osageB 1000 U/Kg IP Dosagelo | 75 mg/Kg / 10 mg/Kg L.P 5% 50-60mg/Kg IP
Langendorf Solution
NaCl 120 | ™Y NaHCOs | 25 '/“Lm"l Kcl 1.2 mmol - KH;POs 1.2 mmol/
MgSOs | 1z | mmol/  CaCl 25 | Mt Glucose | 55 | WM nsylin 0 mu/L
Lactate | 0.5 EﬂmOl/ Volume prepared?? mL Ph13
Working Heart Solution
NaCl 120 | mmol/L.  NaHCO; | 25 | mmol/L  KCI 1.2 mmol/L.  KH2POs | 12 mmol/L
Mg504 1.2 mmol/L CaCl i‘ mmol/L Glucose ?0/ 55/ mmol/L Insulin 100 mU/L
Lactate 0.5 | mmol/. BSA 3 % Palmitate4 mg HCO315 mg
Palmitate® | 06 / 12 | mmol/L
Volume prepared!’ 200 mL  Volume against dializeds 1800 mL  Dialysis Time?® |:| Hrs
Ph2o Radioisotopes?! ﬁlgcose mC g}éucose mC hz::ctate mC f}z{ilmltate mC
Perfusion
Perfusion Date22 d | d | / | m | m | / | y | y | y | y | Perfused by:23 |:|
Time to Time to
ing26 .
Langerdorfzt Working?s m Pacing 1 | Yesrate: 0 No
F.AZ7 Yes N Technique Yes No
roblem?28
IV Millar catheter2? I:I Mitral I:I Aortic I:I None

Atrium cannula Leak3? D None D Minor

Working initial Vol32 mL

Number of solution samples3*

Al
Total heart frozen weight 36

Al+®

Notes:39

Suitable for analyses*?

Heart fragment
frozen weight

|:|No

Major

Working Final Vol33

I:l Vol of each solution samples35

Time of mechanical
support after ischemia3!

Al

Heart fragment dry
weight38

Al+®

|:| Yes

|:| Partially
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10.3 Cardiac metabolism details

Male offspring
4 Months
Pre-ischemia Reperfusion
Control (n=7) IUGR (n=9) Control (n=7) IUGR (n=9)
FOx 91.0 (1.00) 90.6 (0.40) 84.8 (5.47)* 80.6 (2.38)*
GOx 1.31 (0.64) 0.77 (0.09) 5.15 (2.11)* 4.63 (1.69)*
LOx 5.08 (0.96) 6.47 (0.28) 3.73 (0.45) 5.02 (1.06)
Glyco 2.61 (0.73) 2.10 (0.22) 6.25 (1.04)* 9.71(1.42)*
12 Months
Pre-ischemia Reperfusion
Control (n=9) IUGR (n=7) Control (n=9) IUGR (n=7)
FOx 92.2 (0.76) 90.4 (1.35) 81.9 (2.56)* 72.1 (4.24)*
GOx 0.49 (0.06) 0.99 (0.15) 3.17 (0.79)* 4.03 (1.65)*
LOx 4.61 (0.73) 4.62 (1.74) 5.21 (1.61) 5.17 (1.3)
Glyco 2.66 (0.44) 3.98 (0.56) 9.65 (1.35)* 18.6 (1.84)*t

Female offspring

4 Months
Pre-ischemia Reperfusion
Control (n=8) IUGR (n=8) Control (n=8) IUGR (n=8)
FOx 92.6 (0.34) 94.1 (0.78) 85.8 (2.79)* 83.8 (1.46)*
GOx 0.66 (0.13) 0.43 (0.04) 2.52 (0.69)* 1.86 (0.29)
LOx 4.02 (0.50) 3.45 (0.620 5.04 (2.01) 6.00 (1.15)*
Glyco 2.71 (0.30) 1.95 (0.30) 6.55 (0.68)* 8.33 (1.29)*
12 Months
Pre-ischemia Reperfusion
Control (n=9) IUGR (n=12) Control (n=9) IUGR (n=12)
FOx 92.8 (0.31) 93.1 (0.31) 86.3 (1.32)* 87.5 (1.74)*
GOx 0.38 (0.03) 0.57 (0.07) 0.61 (0.12) 2.34 (0.63)*
LOx 3.78 (0.35) 4.10 (0.38) 5.04 (1.35) 1.93 (0.45)
Glyco 2.98(0.27) 2.27 (0.36) 8.08 (1.22)* 8.18 (1.07)*

Contribution of the four main energy substrates used by the myocardium to produce ATP
under pre-ischemic conditions and during reperfusion after a 10-minute no-flow ischemia.
Values presented as mean (SE) % relative to the total ATP produced under ideal Acetyl-CoA
/ ATP coupling. FOx: palmitate oxidation, GOx: glucose oxidation, LOx: lactate oxidation,
Glyco: glycolysis. * p<0.05 when compared to basal values in the same group of animals. 1
represents a p<0.05 using a x2 test, when compared to controls of the same age and sex.
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Figure 10-1 Effect of IUGR on relative intra-abdominal fat content of
male and female offspring at 4 and 12 months of age (Pilot study)

Data obtained from experimental animals used for studies presented in chapters 4 to 6 of
this thesis. Following cardiac extraction and perfusion, a complete laparotomy was
performed, pancreas was extracted and intra-abdominal fat pads (mesenteric-epiploic,
epididymal, retroperitoneal and sub-diaphragmatic) were extracted and weighed. Data is
presented as total intra-abdominal fat weight corrected by total body weight (n=2 to 5). Pilot
study.
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Figure 10-2 Effect of IUGR and administration of Resveratrol on
myocardial susceptibility to ischemia/reperfusion injury in offspring
receiving a high-fat diet

(A) Average cardiac power developed over time during ex vivo cardiac aerobic perfusion
(pre-ischemic) and after 10 minutes of no-flow ischemia (reperfusion) from different
experimental groups, (B) average maximal cardiac power developed during pre-ischemic
period, (C) average maximal cardiac power developed during reperfusion. Values obtained
from five to six animals from different litters per group after nine weeks receiving high-fat
(HF) diet with or without Resveratrol (Resv; 4 g/Kg of diet). * represents a value of p<0.05
for the respective sources of variation (age or prenatal intervention) using two-way ANOVA.
t represents a p<0.05 vs. controls of the same age after a Bonferroni post-hoc test.
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Figure 10-3 Effect of IUGR and administration of Resveratrol on heart
rate evaluated ex vivo in young adult offspring receiving a high-fat diet
(pilot study)

Data obtained from experimental animals used for the studies presented in Chapter 8 of this
thesis. Once the hearts were placed in working mode and had a stable rhythm and cardiac
output, surface electrodes were placed in the DI Einthoven’s axis and an
electrocardiographic trace was recorded for one minute. Heart rate during that period of
time was average for each animal. * represents p<0.05 for the respective source of variation
(IUGR or Resveratrol) using two-way ANOVA (n=5 to 7) Pilot study.
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Figure 10-4 Normal fetal growth chart

SD: Standard deviation. Modified from Shinozuka N, Nakamura T, Hirayama M. Standard
Growth Curve of Japanese using Non-Linear Growth Model Acta Neanatoligica Japonica.
1994;30:433-441.
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10.4 Medical history and physical exam initial assessment form

Perinatal History:
1. Age of the mother when she gave birth to the children (years): ____
2. Marital status during pregnancy:
Single ' Married d? Widowed [d° Common law J* Other LJ°
3. How many prenatal controls did the mother go to during pregnancy: ___
During Pregnancy, did the mother: If YES, please explain:

4. Smoke No QO Yes 1) 1stTrim  2nd Trim 314 Trim
Qo) as am

4.1. If yes please explain:

5. Drink alcohol No ) YesdD S‘T“m é""“im ngrim
(2) (3) (4)
5.1.If yes please explain:
6. Use medications No ) YesdM 1¢Trim  2nTrim 3rdTrim
a2 as am
6.1. If yes please explain:
7.Use drugs No ) Yes() 1st Trim 2nd Trim 3rd Trim
a2 as am
7.1. If yes please explain:
8. Use hormones No ) YesdD S‘T“m é""“im ngrim
(2) (3) (4)
8.1. If yes please explain:
9. Have X-rays Nod©®  Yesd® S‘T“m é""“im ngrim
(2) (3) (4)
9.1. If yes please explain:
10. Have vaginal bleeding No©  YesQ® S‘Trim é"‘?”m glerim
10.1. If yes please explain:
11. Vomit eXCESSiVely (More than twice a day most No ) Yes (™) IStTrim an“Trim 3 Trim
days during 3 months) a® a® Qo
11.1. If yes please explain:
12. Have infections (systemic infections that require No ) Yes ™) é:t:rrim é’ltTrim gd?rim

antibiotic treatment)

12.1. If yes please explain:

13. Develop toxemia Nod©®  Yes®  1«Trim  2nTrim  37Trim
(high blood pressure or pre-eclampsia) Q@ Qe Q®
13.1. If yes please explain:

14. Have seizures NoQ®  Yesl® S‘T“m é""“im ngrim

(2) (3) (4)
14.1. If yes please explain:

15. Have thyroid problems No©  YesQ® S‘Trim é"‘?”m glerim
15.1. If yes please explain:

16. Develop diabetes No©  YesQ S‘T“m é""“im ngrim

(2) (3) (4)
16.1 If yes did she required insulin? No©  YesQ S‘Trim é"‘?”m glerim

17. Did the mother undergo any stressful situation during pregnancy (such as: divorce, death of
arelative or a close friend, illness of a relative, financial problems, unemployment, domestic violence,
victim of vandalism, assault or natural catastrophes, or any other stressful situation): No [A(*) Yes (1)
17.1. If yes, please explain
18. If yes, during which period of pregnancy was the mother exposed to stress: (selectall thatapply)
1st trimester Q0181 2nd trimester [A(182)  3rd trimester [A(153)

19. What was the mother’s weight before getting pregnant: ___ Kg (or) ___Pounds(converttoKg)
20. What was the mother’s weight after delivery: ____Kg (or) __Pounds(converttoKkg)

21. How long was the pregnancy: _____weeks (or) ___months (converttoweeks) Don’t knowd()

22. Was the child born premature (before time): Nod(® Yesd® Don’t knowd®

23. Did the mother receive any medication to induce contractions (pitosin)
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No [© Yesd® Don’t know(d()
24. Number of babies: Single (") Twinsd(@ Tripletsld®) More than 3%
25. What was the birth weight of the patient?

___g (or)__pounds(convertiog) Don’t knowld()

26. What was the birth length? cm (or) _____inches(converttoem)  Don’t knowdl)
27. What was the head perimeter? cm (or) inches(converttodays)  Don’t knowd()
28. Was the birth: Normal / vaginal d(*)  C-section or surgery 1(2)
29. Any complications during the labor or delivery? No(©®  Yes® Don’t knowd(®
29.1. If yes, please explain
30. Placental weight (g)
31. Were there any problems during the first month, such as jaundice or feeding problems?

Nod©® Yesd® Don’t knowdl)

31.1. If yes, please explain

32. Did the baby required to be hospitalized on an Intensive Care Unit (ICU) after birth?
Nol©® Yesd® Don’t knowdl)
32.1.If yes, please explain

33. Did the baby receive any breast feeding: No(© Yesd® Don’t knowd()
34. Age when complimentary feeding was started: ____days (or) ___weeks (or) ___months

(convert to days)

35. Age of weaning: ___days (or) __weeks (or) months (convertto days)

Developmental milestones:

At what age did these happen?

36.Satup Months

37.Said Mama/Dada___ Months

38. Walked alone_____ Months

39. Talked in sentences Months

40. Toilet trained_____ Months

41. Did you have any concerns about your child’s development?

42. What grade is your child in?

1l2[3]als|el7 8 ]of10]11]12]13]14]15

Notin Nursery
school |school Elementary Junior-high High school University

43. How are your child’s grades?

Extremely below Below Average (3) Above Extremely above
average (1) average (%) 5 average (Y average (°)

44. Are there concerns about school performance? Nod© Yesd®
44.1 if yes, please explain

Passive smoking
45. How many of the caregivers of the child smoke? #.#. Which
46. How many of the caregivers of the child smoke inside the house or the car?
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Physical activity recall
47.Does the child have any phisical condition that reduces his/her mobility?

Nod©® Yesd®
47.1 If yes, please explain

Weekdays Weekends

(Monday to (Saturday
Friday) Sunday)
Sleeping (including naps) 18 i
School activities (classes, reading, homework, bus to
school) 50 51
Moderate physical activity (see examples) waiing, riding a bie or
skating slowly, Playing in a swimming pool Gymnastics, ballet, dancing, Playing inside the house (dolls, cars) , 52 53
Playing in the park (with a ball or a pet), Playing an instrument
Intense physical activity (see examples) running ast, carrying heavy
objects, Riding a bike or skating fast, Competition sports Hockey, football 54 55
TV, PC, videogames, internet. o .
TOTAL 24 24

Please write down the number of hours per day that the child spends doing each one of the activities
listed below in an average week (they must total 24)

Fiscal exam and biochemistry

58. Date of birth: 59.Sex: Maled® Female (2

60. Date of examination:

General Exam:

61. Racial background (chose only one, the most predominant)

Caucasiand® African-American () Asiaticld®) Can. Aboriginal d*) Hispanic ()
Indiand(®) Otherd(

62. Predominant phenotype: Normal (®), Bardet-Biedl (%), Prader-Willi d(?), Alstrom ),
Cohen ™ , Albright’s hereditary osteodystrophy [A®), Carpenter 1(®), MOMO ") ,
Rubinstein-Taybi (®) Borjeson-Forssman-Lehmald(®), Otherd(10)

63. Weight:_____ (Kg) Height: (cm)

64. Height to

age and sex
percentile p<5 p5-9 p10-24 p25-49 p50-74 p75-89 p90-95 p>95
65. Body mass index (Kg/m?2)
66. BMI to
age and sex
percentile p<5 p5-9 pl0-24 p25-49 p50-74 p75-89 p90-95 p>95
67. Temperature: (°C) 68.Heartrate: (bps) 69. Respiratory rate (bps)
Blood pressure Sit 1 / (mmHg) Sit 2 / (mmHg)

Stand 1 / (mmHg) Stand 2 / (mmHg)

71. Blood presure percentile by
height and age

(if more than 1 category select highest)

P <50 P 50-89 P 90-94 P 95-99 P >99
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72. Waist circumference 1 cm 73. Waist circumference 2 cm
74. Hip circumference 1 cm 75. Hip circumference 2 cm
76. Brachial circumference 1 cm 77. Brachial circumference 2 cm

78. Waist circumference to sex and age
percentile

79 Bisipital skinfold 1 mm
81 Tricipital skinfold 1 mm

p<10 | pl0-24 |p25-49 |ps50-74 |p75-89 | p>90

80 Bicipital skinfold 2 mm
82 Tricipital skinfold 2 mm

83 Abdominal skinfold 1 mm 84 Abdominal skinfold 2 mm
Blood work

85. Blood withdrawn at ____: of after ___ hours of fasting
86. Hemoglobin (mg/dL or gr/L)

87. Hematocrit (%)

88. Mean Corpuscular Volume (MCV) (fL)

89. Leucocytes (cells 103per uL)

90. Plasma fasting glucose (mg/dL) or (mmol/L)
91. Plasma glucose levels 2 hours after 75g glucose load (mg/dL) or (mmol/L)
92. Fasting insulin plasma levels (mU/L)

93. Total Cholesterol (mg/dL)or _____ (mmol/L)

94. LDL Cholesterol (mg/dL) or _____ (mmol/L)

95. VLDL Cholesterol (mg/dL)or ____ (mmol/L)

96. HDL Cholesterol (mg/dL)or _____ (mmol/L)

97. Tryglycerides (mg/dL) or _____ (mmol/L)

98. Creatinin (mg/dL) or _____ (mmol/L)

99. Uric Acid (mg/dL)or _____ (mmol/L)

100. TSH (ulU/mL or mIU/L)

101. Free T3 (ulU/mL) or (pmol/L)

102. Free T4 (ulU/mL) or (pmol/L)

103. Cortisol (nmol/L)or ____ (ug/dL)

104. Leptin (mg/dL)or _____ (mmol/L)
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