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ABSTRACT

Environmental factors can act in early life to increase the risk of disease in adulthood. Animal
models demonstrate that intrauterine growth restriction (IUGR) results in a greater
susceptibility to cardiac ischaemia/reperfusion injury and reduced cardiac power during
reperfusion than Control offspring in postnatal life. Despite having an equivalent utilisation of
fatty acids and glucose for cardiac ATP production prior to ischaemia/reperfusion, IUGR
offspring have decreased utilisation of fatty acids and increased reliance on glycolysis for
ATP production compared to Control offspring during reperfusion. We therefore aimed to
determine if IUGR reduces cardiomyocyte endowment and alters the expression of
cardiometabolic genes in postnatal life. We determined that IUGR due to placental restriction
from conception, which causes chronic fetal hypoxaemia and hypoglycaemia, reduced the
number of cardiomyocytes in the heart of sheep in late gestation. In addition, IUGR fetuses
had the same percentage of apoptotic cardiomyocytes, length of coronary capillaries and
expression of the majority of genes whose upregulation occurs during hypoxia, compared to
Controls. Furthermore, we found that IUGR reduced cardiomyocyte endowment in adolescent
guinea pigs if they were exposed to Maternal Hypoxia (MH) and were female, but not if they
were male or if IUGR was induced by Maternal Nutrient Restriction (MNR). IUGR offspring
exposed to MH had increased expression of the transcriptional regulator of fatty acid
metabolism, PPAR ¢, and increased expression of fatty acid transporters, FATP1, FAPT6 and
FABPpm, but offspring exposed to MNR only had an increased expression of FATPS,
compared to Control. Interestingly, IUGR male offspring, but not female offspring, had
decreased expression of factors in the sarcoplasm that regulate fatty acid activation (FACS)
and transport of active fatty acids into the mitochondria for fatty acid S-oxidation (AMPK
and ACC) if exposed to MNR, but a decrease in only FACS and AMPK &, if exposed to MH.
Interestingly, only IUGR females exposed to MH had increased activity of the metabolic fuel

gauge, AMPK, suggesting that a decrease in ATP may be related to the deficit in

Vi



cardiomyocyte endowment. In conclusion, we have shown that in response to placental
restriction, reducing cardiomyocyte endowment whilst maintaining the total length of
coronary capillaries, results in the heart being normoxic, despite chronic hypoxaemia, in late
gestation. Furthermore, this data suggests that females are more likely to have reduced
cardiomyocyte endowment, following IUGR, in adolescence than males and that
cardiomyocytes may be influenced by hypoxia more than nutrient restriction. Furthermore,
we have demonstrated that IUGR programs changes in cardiometabolic gene expression in the
absence of other IUGR pathologies such as cardiac hypertrophy, hypertension and increased

plasma fatty acid and cortisol concentrations.
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1. CHAPTER ONE - LITERATURE REVIEW

1.1 Published review: Botting K.J.,, Wang K.C.W., Padhee M, McMillen I.C.,
Summers-Pearce B., Rattanatray L., Cutri N., Posterino G.S., Brooks D. A,
Morrison J.L. Early Origins of Heart Disease: Low birth weight and determinants
of cardiomyocyte endowment. Clinical and Experimental Pharmacology and

Physiology. 2012;39:814-823"

1.1.1 Summary (Abstract)

1. World-wide epidemiological and experimental animal studies demonstrate that adversity
in fetal life, resulting in intrauterine growth restriction (IUGR), programs the offspring for
a greater susceptibility to ischemic heart disease and heart failure in adult life.

2. After cardiogenesis, cardiomyocyte endowment is determined by a range of hormones and
signalling pathways that regulate cardiomyocyte proliferation, apoptosis and the timing of
multinucleation/terminal differentiation.

3. The small fetus may have reduced cardiomyocyte endowment due to the impact of
suboptimal intrauterine environment on the signalling pathways that regulate

cardiomyocyte proliferation, apoptosis and the timing of terminal differentiation.



1.1.2 Introduction

World-wide epidemiological and experimental animal studies demonstrate that adversity in
fetal life, resulting in intrauterine growth restriction (IUGR), programs the offspring for a
greater susceptibility to ischemic heart disease and heart failure in adult life.?° It is currently
not clear how exposure to reduced substrate supply in utero can alter heart health some fifty
years later. However, the human heart undergoes considerable maturation in utero, such that
the majority of cardiomyocytes, present shortly after birth, beat for a lifetime.™*"** This has led
to a significant body of research focusing on the regulation of cardiomyocyte maturation,
endowment and growth in utero, particularly in the last half of pregnancy; and how specific
insults at critical periods of development can alter the profile of cardiomyocytes present
before and after birth. This review will focus on new insights into the regulation and

consequences of IUGR on cardiomyocyte endowment.

1.1.3 Cardiomyocyte development

After cardiogenesis, the fetal heart initially grows as a consequence of mononucleated
cardiomyocyte proliferation. In the last trimester and shortly after birth, these mononucleated
cardiomyocytes cease proliferating, due to the absence of karyokinesis and/or cytokinesis.™
The final endowment of cardiomyocytes in the newborn heart is the result of a highly
orchestrated balance between the creation of cardiomyocytes from cardiac progenitor cells in
early gestation, subsequent cardiomyocyte proliferation across gestation, apoptosis and the
critical timing of terminal differentiation. Typically, perturbations during pregnancy result in
IUGR in the second half of pregnancy,*® therefore this review will focus on the regulation of

cardiomyocyte endowment after cardiogenesis.
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Figure 1. Proliferation of fetal mononucleated cardiomyocytes is regulated by multiple
signalling pathways that stimulate or inhibit cyclins and cytokinesis. Promotion of cell
cycle progression is indicated by black lines and inhibition is indicated by red lines. FGF2:
fibroblast growth factor 2, FGFR: fibroblast growth factor receptor, NRG1: neuregulin 1,
ErbB2/4: heterodimer of ErbB2 and ErbB4, IGF-1: insulin-like growth factor-1, IGF-2:
insulin-like growth factor-2, IGF-1R: insulin-like growth factor-1 receptor, CAs:
catecholamines, B-AR: beta adrenergic receptor, Ang-Il: angiontensin Il, AT-R: angiotensin
receptor, ANP: atrial natriuretic peptide, PI3K: phosphoinositide-3 kinase, Akt: protein kinase
B, ERK, extracellular signal-related kinase, GSK-3p: glycogen synthase kinase-3p, T3:
thyroid hormone, CDK: cyclin dependent kinase. G1: first gap phase, S: DNA synthesis
phase, G2: second gap phase, M: mitosis, GO: gap zero phase (resting/quiescent).



1.1.3.1 Cardiomyocyte proliferation

During development, cardiomyocyte proliferation is regulated by paracrine factors

17.18 and fibroblasts,'® in addition to endocrine

secreted from the epicardium,*’” endocardium
growth hormones.* In response to mitotic stimuli, D-type cyclins and their catalytic partners
CDK4 and CDKG6 accumulate in the nucleus, which then phosphorylate and deactivate
retinoblastoma protein (Rb), enabling cell cycle progression from the first gap phase (G;) to
initiate DNA synthesis (S phase).?’ Cyclin D/CDKs facilitate the cell cycle by sequestering
CDK inhibitors, p21°'"* and p27X"*, allowing S phase initiation and progression through the
activity of cyclin E/CDK2 and cyclin A/ICDK2, respectively?® (Figure 1). Cardiomyocyte
proliferation is initiated through mainstream canonical mitogenic signalling pathways; such as
the phosphoinositide 3-kinase (PI3K)/Akt and Ras/extracellular signal-related kinase (ERK)

1. 22 2 gpecifically, the PI3K/Akt pathway promotes proliferation by

pathways. ™
phosphorylating and deactivating glycogen synthase kinase-3p (GSK-3p3). GSK-3B acts as a
negative regulator of proliferation by phosphorylating cyclin D1,% causing its nuclear export
and proteasomal degradation, thereby preventing progression from G; to S phase. Activation
of Akt also reduces the expression of p21°" and p27""* through FOXO transcription

factors,?®

which in turn promote both CDK2 activity and progression to S phase. The
Ras/ERK pathway increases expression of cyclin D1 both directly?® and indirectly through
down-regulation of anti-proliferative genes such as Tobl and JunD.?"*° Recent data suggests
that ERK and Akt activation leads to phosphorylation and inhibition of p27< 3! ERK is also
required for the translocation of CDK2 to the nucleus® and its subsequent phosphorylation,*

which results in cyclin E association and cell cycle progression from G; to S phase. There is

potential cross talk between the PI3K/Akt and Ras/ERK mitogen signalling pathways.”®

Studies involving mice, rats and chickens have contributed greatly to the
understanding of cardiomyocyte proliferation. In vitro administration of extracellular

mitogens such as fibroblast growth factor (FGF) -2** and neuregulin (NRG) -1* stimulate
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proliferation of cardiomyocytes from embryonic chickens and fetal rats, respectively. The
mitotic actions of both FGF-2 and NRG-1 are dependent on the activation of the PI3K/Akt
pathway.* 3" Additionally, in vitro exposure to insulin-like growth factor (IGF) -1* and IGF-
2% results in greater DNA synthesis in fetal cardiomyocytes from mice and rats, respectively.
Furthermore, conditional knockout of their receptors, insulin receptor (INSR) and IGF1
receptor (IGF1R), in the myocardium of embryonic mice, results in decreased ventricular
cardiomyocyte proliferation in the first half of gestation.*® Activation of IGF1R leads to
activation of both the PI3K/Akt and Ras/ERK signalling pathways*, however, less is known
about the specific mitotic signalling pathways downstream of the INSR in cardiomyocytes.
Catecholamines have also been implicated in cardiomyocyte proliferation, such that blocking
B-adrenergic receptor (B-AR) activation in vivo, in neonatal rats, decreases cardiomyocyte

mitosis and deactivates p70 ribosomal protein S6 kinase, which is downstream of PI3K/Akt*.

In addition to the activation of mitotic signalling pathways, proliferation can be
regulated by cytokinetic mechanisms. Embryonic mice with cardiac specific deletion of
Survivin and neonatal rats with Survivin small interfering RNA (SiRNA) knockdown have
fewer cardiomyocytes, due to a reduction in proliferation.* Survivin is a key regulator of
mitosis and cytokinesis because it is a component of the chromosomal passenger complex,
essential for appropriate chromosomal separation and cytokinesis (reviewed** ). It is currently
unknown if IUGR influences the regulation of components of the chromosomal passenger

complex.

Recent studies by Heallen et al demonstrated that the canonical Wnt signalling
pathway, which is an essential regulator of pre-cardiac mesoderm cell proliferation and
differentiation into cardiomyocytes, promotes cardiomyocyte proliferation.*® Through the use
of conditional knockouts of Salv to selectively inhibit Hippo signalling in mice, Haellen et al
demonstrated that Hippo signalling is essential for the appropriate control of cardiomyocyte

proliferation and heart size; due to its inhibition of transcription factors that are promoted by
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the Wnt/B-catenin signalling pathway. Ablating Hippo signalling led to embryos with larger
hearts containing more cardiomyocytes. Interestingly, this cardiomegaly was specifically due
to exaggerated cardiomyocyte proliferation and was not associated with altered fibroblast,
smooth muscle cell or cardiac progenitor cell proliferation; and was observed in the left and

right ventricle, despite these cardiomyocytes originating from different heart fields.*

Pathological conditions in fetal life that result in fetal growth restriction occur
predominantly in late gestation'® and often lead to changes not only in the endocrine
environment, but also in both preload and afterload. Therefore, the effects of these changes on
cardiomyocyte proliferation have been studied in sheep, where cardiomyocyte maturation
begins in late gestation as in humans, unlike postnatal life such as rats, mice and chickens.
The endocrine effects have been studied in sheep models of IUGR (reviewed*®) and show that
there is a decrease in plasma IGF-1," glucose®® concentrations and an increase in plasma
cortisol,*® noradrenaline*® and adrenaline*® concentrations in late gestation. Different models

51-53

of IUGR in sheep cause no change® or an increase®>® in mean arterial pressure.

In late gestation, increased cardiac systolic load®* *° and a range of hormonal and
growth factors including IGF-1** and angiotensin 1 (Ang-11)*® have been shown to stimulate
proliferation of mononucleated cardiomyocytes (reviewed?). Ang-1l acts through the
Ras/ERK pathway in cardiomyocytes,®® but evidence from mouse embryonic stem cells

suggests it may also activate the PI3K/Akt pathway.>’

Studies in sheep fetuses provide conflicting results regarding the regulation of
cardiomyocyte proliferation by cortisol. Increased cortisol concentrations in late gestation led
to maturation of fetal organs prior to birth, but a comprehensive study in sheep fetuses
identified cortisol as a potent cardiomyocyte mitogen.”® In contrast, a similar intrafetal
infusion of cortisol has been reported to decrease DNA content in the left ventricle®® and

adrenalectomized sheep fetuses exhibit greater cardiomyocyte proliferation, thus suggesting

10



cortisol inhibits progression through the cell cycle.®® The signalling pathway that links

cortisol to proliferation of cardiomyocytes, however, remains unclear.

In the late gestation sheep fetus, cardiomyocyte proliferation is inhibited in the
presence of reduced cardiac systolic load,®* thyroid hormone (T3)®* and atrial natriuretic
peptide (ANP)®® (reviewed*?). Specifically, Ts increases the protein abundance of the CDK
inhibitor p21<™*, while simultaneously decreasing the protein abundance of cyclin D1.5> ANP
does not inhibit basal rate of proliferation, however, Ang-1l stimulated proliferation is

inhibited due to reduced Akt and ERK activity® (Figure 1).
1.1.3.2 Apoptosis of cardiomyocytes

Apoptosis is critical for appropriate cardiovascular development (reviewed®* ®) and is
tightly regulated and controlled by two main pathways; the intrinsic and extrinsic pathways,
which regulate apoptosis through mitochondrial activity and death receptors, respectively.®®
Upon release of cytochrome C from the mitochondria or ligation of the death receptors (DRs),
‘initiator’ caspases such as procaspase 9 and procaspase 8, are cleaved to their active form
(Figure 2). Activation of ‘initiator’ caspases results in the cleavage and activation of
‘effector/executioner’ caspases (e.g. 3, 6 and 7), which cause the biochemical and
morphological changes associated with apoptotic cell death.®” ® The apoptotic pathway is
regulated at various levels by members of the Bcl-2 family of proteins, consisting of both pro-
apoptotic (Bad, Bax, Bak, tBid, Bim and Bmt) and anti-apoptotic (Bcl-2 and Bcl-X,)
elements.®® Anti-apoptotic proteins of the Bcl-2 family act at the mitochondrial level to block
the release of cytochrome C, whereas pro-apoptotic proteins inhibit the action of the anti-
apoptotic proteins.®® The cleavage and activation of anti-apoptotic Bid by caspase 8 allows for

the extrinsic pathway to initiate the intrinsic (mitochondrial dependent) apoptosis pathway.®®

In the rat heart, there is very little cardiomyocyte apoptosis either prenatally (1.4-

2%)"" ™ or at 21days postnatal life.”> However, in the first day of postnatal life, there is
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considerable apoptosis,”® especially in the right ventricle, which undergoes extensive
remodelling due to the abrupt changes in blood flow patterns and circulatory resistance
shortly after birth (reviewed™). It is important to note that in the rat heart, this period of
cardiac remodelling and apoptosis corresponds to a period where the majority of
cardiomyocytes are mononucleated and still capable of proliferating™ (Table 1). In the sheep,
this remodelling and apoptosis occurs at a time when the majority of cardiomyocytes are
terminally differentiated.” Apoptosis in the late gestation sheep heart is also minimal
(<0.05% of cardiomyocytes).”® At birth, the majority of human cardiomyocytes are
mononucleated”” (Table 1), however, they lose the ability to proliferate shortly after birth. It is
currently unclear if the remodelling of the right ventricle occurs when human cardiomyocytes

are still capable of proliferating.
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1.1.3.3 Multinucleation and terminal differentiation of cardiomyocytes

In late gestation and shortly after birth, mononucleated cardiomyocytes cease
proliferating due to the absence of karyokinesis and/or cytokinesis. If a cardiomyocyte
undergoes karyokinesis in the absence of cytokinesis, it becomes a multinucleated
(predominantly binucleated) cardiomyocyte and is terminally differentiated ** "® (Table 1).
Unlike humans, mice and rats are born with hearts comprised of mononucleated
cardiomyocytes that do not undergo binucleation or cease proliferating until after birth.”* "
Consequently, injuries to the neonatal mouse heart before 7 days of age can result in
cardiomyocyte regeneration due to the proliferation of existing mononucleated
cardiomyocytes.?’ To date the signals that prevent mononucleated cardiomyocytes from
undergoing karyokinesis to become polyploid, or cytokinesis to become multinucleated, are
not well understood. Studies in rats demonstrate that during binucleation there is a
simultaneous downregulation of cyclins and CDKs associated with G;/S and G,/M transition
and an upregulation of cyclins and CDKs associated with G; phase.®! Recent studies by Di
Stefano et al demonstrate that simultaneous knockdown of CDK inhibitors p21<P*, p27KiPt:
and p57""? by siRNAs in cultured neonatal and adult rat cardiomyocytes can result in entry to
S-phase and a proportion of cardiomyocytes completing karyokinesis.®? Transgenic mouse
studies have demonstrated that overexpression of CyclinD1 and CyclinG1 induce

multinucleation,®® ® but it has been suggested by Naqvi et al® that terminal differentiation

may not be simply due to altered expression of genes that regulate the cell cycle.

Recent studies by Porrello et al demonstrate that cell cycle withdrawal and
multinucleation may be regulated by microRNAs (miRs)®. By comparing the expression of
miRs in cardiomyocytes from mice before (1 day of age) and after (10 days of age) the
transition of the cardiomyocyte pool from proliferative mononucleated cardiomyocytes to
non-proliferative multinucleated cardiomyocytes, Porrello et al identified the miR-15 family
member, miR-195, as the most upregulated miR during this period. Furthermore, premature
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overexpression of miR-195 in embroyonic hearts resulted in smaller hearts that had a reduced
number of cells in the cell cycle and a greater percentage of multinucleated cardiomyocytes at
postnatal day 1, suggesting premature cell cycle arrest. Furthermore, postnatal knockdown of
the miR-15 family resulted in a greater number of mitotic cardiomyocytes at 12 days of age,
however, this did not involve an increase in the number of cardiomyocytes undergoing
cytokinesis and suggests that the miR-15 family is not alone in preventing cardiomyocyte

proliferation in postnatal hearts.

Despite the absence of proliferation in the adult heart under basal conditions,®’ studies
of human hearts after myocardial infarction suggest that a small proportion of cardiomyocytes
are capable of cytokinesis,® albeit insufficient to maintain/repair heart function. Similarly, in
vitro stimulation of adult rat cardiomyocytes with NRG1 causes DNA synthesis followed by
completion of cytokinesis in approximately 0.6% of previously quiescent mononucleated

cardiomyocytes.>” Engel et al®

have identified the signalling molecule, p38 mitogen-activated
protein (MAP) kinase (p38), as an inhibitor of adult cardiomyocyte cytokinesis. Inhibiting
p38 in vitro results in an approximate 3.8—fold increase in adult cardiomyocytes undergoing
cytokinesis after stimulation with FGF1 compared to FGF1 stimulation alone.®® p38 has also
been implicated as a potential regulator of cytokenetic genes such as components of the
chromosomal passenger complex (Aurora B, INCENP and Survivin) and actin assembly
genes such as Anillin.2% % In addition, Engel et al*® have identified Anillin recruitment and

localization during anaphase and late cytokinesis as being essential for the completion of

cytokinesis and its absence as a cause of binucleation.

It is not clear why mature mammalian cardiomyocytes have a limited capacity to
proliferate, whilst cardiomyocytes from species such as newts and zebrafish retain the ability
to replicate DNA and divide.** ® The physiological benefit of multinucleated cardiomyocytes
IS uncertain, but it has been proposed to be an adaptive response in cells with a high metabolic
demand, such as skeletal muscle cells, where the capacity to generate twice the ribonucleic
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acid (RNA) for protein synthesis might be advantageous.® Studies in sheep, where
binucleation begins prenatally, as it does in humans, demonstrate that the maximum Ca?*-
activated force and adult cardiac troponin | and C protein expression increase with the
decrease in the percentage of mononucleated cardiomyocytes in late gestation.*® The timing of
binucleation can be accelerated or delayed by alterations to the fetal environment, as

discussed below.
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Table 1. Timing of multinucleation and proportion of mononucleated and multinucleated cardiomyocytes in adult life in a range of species.

Species | Length of | Timing of binucleation (days) Proportion of mononucleated Proportion of binucleated Proportion of
gestation/ cardiomyocytes (%) cardiomyocytes (%) cardiomyocytes
incubation with >2 nuclei

(days) (n) (%)
Before birth/ After birth/ At Adult At birth Adult Adult
hatching hatching birth/hatching

Human 280 Begins by unknown ~90%"" 74 + 8% 8.8+5.3" 25.5 + 8% ~0.5

~22478 5777 (3n and 4n)*
54-63%
Rat 21 n/a 4-12™ >95™ 10-14% 2.9+1.8" 85-89°° 1-5%
(3n and 4n)®
Mouse 19 n/a 3-10”’ ~ 98" <85” 15+0.3% 915 unknown
Chicken 21 n/a Begins by 100% 436+4.6 0% 44.2+28 ~115
15% at 42 days™ at 42 days™ at 42 days™
Sheep 145-150 Begins Ends Between 8+15 Between 92.0+£15 unknown
1007°-110" ~ 47 16.8 +2.6and | at 4-6 weeks™ | 78.9+2.2and | at 4-6 weeks'
21.1£22" 83.2+2.6"
Pigs 114 unknown unknown Unknown ~5 unknown ~12 ~83 (3n-16n)
at 6 mos™ at 6 mos™ at 6 mos™
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1.1.4 Cardiomyocyte turnover and polyploidization in postnatal life

It appears that terminal differentiation of cardiomyocytes is complete soon after birth in
humans and therefore it has been proposed that the human heart lacks the capacity to generate
more cardiomyocytes postnatally. Although it is still accepted that adult cardiomyocytes,
unless experimentally stimulated, do not undergo cytokinesis,* studies carried out in several
laboratories have identified the presence of human cardiac stem cells (hCSCs) that have the
ability to generate new cardiomyocytes.’®% Currently, the contribution of hCSCs to the
replacement and turnover of cardiomyocytes after birth is contentious. Some studies have

13,14 \whereas others

suggested that ~50% of cardiomyocytes are replaced in a normal life span,
suggest that the entire cardiomyocyte pool is replaced 11 to 15 times in the life of men and
women respectively, with the maximum age of cardiomyocytes being 23 years.'® Studies in
mice demonstrate that the annual renewal rate of cardiomyocytes is approximately 1.1%,%" 1%
which is similar to an estimation made from carbon dating studies in humans.** * Regardless
of the actual rate of cardiomyocyte turnover, hCSCs are not capable of replacing enough of
the cardiomyocytes lost due to aging and injury (e.g., due to myocardial infarction) to
maintain cardiac function and prevent heart failure. Therefore, the impact of restrictions to

fetal substrate supply on cardiomyocyte endowment at birth has implications for the

individuals’ vulnerability to cardiovascular disease in adult life.

Despite the inability of adult cardiomyocytes to undergo cell division, they do retain
the ability to undergo DNA replication. In the human heart, 90% of cardiomyocyte nuclei are
diploid (2c) shortly after birth, whereas the majority of adult cardiomyocyte nuclei are

106, 107 and increases further in

tetraploid (4c).’®® Ploidy is positively related to heart weight
response to injury.’®” % Studies in sheep, where the majority of binucleation and terminal
differentiation occurs prenatally, identify that premature lambs have a greater percentage of

tetraploid mononucleated cardiomyocytes compared with term controls at two months of

age.'® Studies in rats, where gastroenteritis was induced during the period of binucleation and
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terminal differentiation (4-12d postnatal), demonstrated that polyploidization can also be
increased.™™® The regulation and advantage/disadvantage of polyploidization is not well
understood. Cardiomyocyte polyploidization is suggested to be protective against hypoxia
induced apoptosis, but maladaptive for aerobic metabolism.''® Consequently, alterations to

cardiomyocyte ploidy during development may have implications for adult heart health.

1.1.5 The effect of IUGR in species where cardiomyocyte maturation occurs after birth

Maternal protein restriction during pregnancy results in reduced birth weight, heart weight
and number of cardiomyocytes at birth in rats.**! Lim and colleagues extended maternal
protein restriction during pregnancy to the lactation period, because cardiomyocyte
binucleation in rats occurs postnatally,""? but found no difference in the total number of
cardiomyocytes in the offspring compared with controls at four weeks of age.'*? These studies
are important because they suggest the presence of a critical window during cardiomyocyte
maturation when cardiomyocyte endowment can be rescued. In rats, they also suggest that
matching the prenatal and postnatal environment until cardiomyocyte maturation is complete,
may be beneficial, but the opposite is true for nephron number.**® Moreover, these studies

demonstrate that heart weight and cardiomyocyte number are positively related.! 2

Maternal hypoxia during late gestation results in reduced birth weight in rats and

offspring who have a greater susceptibility to ischemia/reperfusion injury in adulthood.™**

Furthermore, ischaemia/reperfusion injury in these adult offspring results in a larger infarct

and diminished post-ischemic recovery of left ventricular function when compared to

115, 116

controls, which is accompanied by an increase in caspase 3 activity and cardiomyocyte

117 and

apoptosis.**® This vulnerability may be due, in part, to decreased capillary density
cardiac remodelling that includes increased collagen | and Ill and fibrillar thickness and
density.™° Interestingly, prior to ischaemia/reperfusion injury, these rats have the same body

weight, heart weight and left ventricle weight compared to controls, but their cardiomyocytes

have a larger cross sectional area.* These data suggest that rats, whose mothers were
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exposed to hypoxia during pregnancy, have fewer cardiomyocytes and a heart weight that has
been maintained by greater hypertrophy of the remaining cardiomyocytes. This premise is
supported by studies of the hypertrophic heart rat (HHR) model, which develops cardiac
hypertrophy in the absence of increased blood pressure, by 2 months of age.''® At 2 days of
age, these rats have smaller hearts containing smaller and fewer cardiomyocytes, which have
become prematurely binucleated and exited the cell cycle.!*® Unlike maternal protein
restriction studies, IUGR caused by maternal hypoxia can disrupt the positive relationship

between heart weight and cardiomyocyte number in the postnatal heart.*

Fetuses of dams exposed to hypoxia have increased cardiomyocyte apoptosis and
premature binucleation and exit from the cell cycle in the heart in late gestation.” One would
therefore presume that maternal hypoxia would result in decreased numbers of
cardiomyocytes in offspring at birth. In the rat, based on the observed ‘catch up’ of

112 it is not

cardiomyocyte endowment in offspring exposed to maternal protein restriction,
known if a proposed deficit in cardiomyocytes at birth will be corrected after birth, before
cardiomyocytes have completed terminal differentiation.” Similarly, it is not known if the
proposed deficit in cardiomyocyte number in the heart of postnatal offspring exposed to
maternal hypoxia is a direct consequence of fewer cardiomyocytes at birth or if it is due to
greater apoptosis in the heart of the IUGR offspring compared to control offspring post
weaning. Furthermore, it has yet to be answered if IUGR, in an animal model where

binucleation occurs prenatally, or in fact in humans, results in a deficit in the number of

cardiomyocytes before or after birth.

1.1.6 The effect of IUGR in species where cardiomyocyte maturation occurs before

birth

To date, there have been no studies published identifying the effect of IUGR on
cardiomyocyte endowment in a species where binucleation of cardiomyocytes begins before

birth. A study in sheep, a species where cardiomyocyte maturation occurs prenatally,
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demonstrates that naturally occurring variation in birth weight changes cardiomyocyte
endowment. Specifically, birth weight and body and heart weight at nine weeks of age were
positively correlated with the number of left ventricular cardiomyocytes.®® These data
support evidence from maternal protein restriction studies in rats, which show heart weight is

positively related to total cardiomyocyte number. ' 112

The use of a sheep model of chronic fetal hypoxemia, caused by fetal anemia, has
identified alterations in fetal heart growth and poor cardiovascular outcomes in the adult
sheep.’®" %2 Sheep models of placental insufficiency result in chronic fetal hypoxemia,
hypoglycemia, hypercortisolemia, low birth weight and reduced heart weight in late gestation,
which are endocrine and growth changes that also occur in human pregnancies of IUGR.*#1%
Studies in our laboratory have shown that in a model of chronic placental restriction, fetal
arterial PO, (PaO,) across late gestation is correlated with fetal body weight and heart weight,
such that the greater the degree of hypoxemia, the greater the fetal growth restriction and

reduction in heart growth (Figure 3). There is, however, no change in heart weight relative to

body weight in IUGR compared to control fetuses.'?®
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Figure 3. Mean gestational PaO; is positively related to fetal body weight (A; r* = 0.553, P <
0.001, y = 0.21x - 0.05) and heart weight (B; r? = 0.501, P < 0.001, y = 1.45x + 1.20) in the
late gestation sheep fetus (137-145 days; term ~ 150 days). Open circles are control fetuses,

filled circles are fetuses exposed to placental insufficiency.
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Studies using two different sheep models of IUGR, induced by placental insufficiency,
have investigated cardiomyocyte development. One involves surgical removal of endometrial

123 \while

caruncles in the non-pregnant ewe to reduce placental size (placental restriction, PR),
the other involves embolization of the uterine artery of the pregnant horn to reduce
umbilicoplacental blood flow in late gestation (UPE).}** ' In both models, placental
insufficiency caused a delay in the transition of mononucleated cardiomyocytes to binucleated
cardiomyocytes (Figure 4). This delay in maturation is in direct conflict with the results from

maternal hypoxia studies in rats, which demonstrated an acceleration of binucleation,”

reflecting the importance of cardiomyocyte maturation timing differences between species.

A reduction in fetal substrate supply changes cardiomyocyte growth patterns, but these
changes are dependent on the timing, duration and severity of the placental insufficiency. For
example, placental insufficiency by UPE for up to 20 days is associated with a decrease in the
percentage of mononucleated cardiomyocytes undergoing proliferation,*** however this is not
observed in PR, where placental insufficiency has occurred over at least the last half of
gestation.'® Interestingly, the reverse is true for cardiomyocyte size, where PR results in a
decrease in the absolute size of cardiomyocytes,** with no change in absolute cardiomyocyte
size observed after UPE.** Despite a reduction in absolute cardiomyocyte size in PR fetuses,
the size of each cardiomyocyte is larger in relation to heart weight when compared to
controls. Studies in sheep demonstrate that the size of cardiomyocytes relative to heart weight
decreases with gestation in the normally grown fetus, but that this is delayed in the IUGR
fetus suggesting that there may be fewer cardiomyocytes in the heart of the IUGR fetus
(Figure 5). The use of both sheep models of placental insufficiency highlights how differences

in the degree and timing of fetal insults can result in different cardiomyocyte phenotypes.
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Figure 4. Regardless of the model of IUGR employed, IUGR in sheep results in an increased
percentage of mononucleated cardiomyocytes across late gestation.****% Control, blue
circles; umbilicoplacental embolization (UPE),*** '® red triangles; placental restriction

(PR),** red diamonds.
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Figure 5. In the normally grown sheep fetus (open bars) the length of binucleated
cardiomyocytes relative to heart weight decreases with increasing gestational age, however,
this does not occur in the PR fetus (solid bars), such that there is an increase in the relative
length of binucleated cardiomyocytes in the PR fetus compared to the normally grown fetus in
late gestation.*® 2 Different superscripts (e.g. a, b, c) denote a significant difference between
gestational ages in the normally grown fetus. * denotes a significant difference between

normally grown fetuses and PR fetuses at 139-146 days gestation (P < 0.05).
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1.1.7 Postnatal cardiac consequences of IUGR

The adaptation of the fetal heart to a period of reduced substrate supply and decreased body
growth has critical consequences for heart health in later life because at birth, the human heart
contains most of the cardiomyocytes it will have for life.™* Consequently, in cases where the
endowment of cardiomyocytes is reduced, the remaining cells will be required to increase in
size in order to increase their capacity for contractile force generation, with a consequent
increased risk of coronary heart disease.'* ® *% A reduction in cardiomyocyte endowment is
not the only consequence of IUGR that may change the profile of cardiomyocytes present in

the postnatal heart. Increasing evidence suggests the regulation of cardiomyocyte

127, 128 129 114, 123, 132

metabolism, contractility,"?® protection/survival*** ** 3% 131 and hypertrophy

may each be affected by a reduced substrate supply in utero.

1.1.8 Concluding remarks

The data discussed in this review suggest that IUGR induced by reduced substrate supply in
different species leads to alterations in cardiomyocyte development and may lead to reduced
cardiomyocyte endowment. It is not known, however, if the observed changes to
cardiomyocyte development are all induced by a common mechanism evoked by suboptimal
substrate supply, or whether deficiencies in specific substrates, such as protein or oxygen,
induce specific consequences to cardiomyocytes. This is important for the understanding of
the mechanisms that regulate cardiomyocyte endowment. It is also not clear, if a window of
time exists when cardiomyocyte endowment can be rescued. Studies in rats suggest that the
early postnatal period may represent such a window, but it is not clear if this is due to the
remodelling of the heart that occurs during postnatal changes in the circulatory system or due
to the postnatal timing of cardiomyocyte terminal differentiation in rats. It is clear that further
studies are required to address these critical issues and to determine whether or not

intervention strategies are likely to be beneficial in restoring cardiomyocyte endowment.
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1.2 Review for submission: Early Origins of Heart Disease: IUGR and postnatal

cardiac metabolism

Introduction

Cardiovascular disease (CVD) currently affects over 3 million Australians,** and the
incidence is expected to rise, with the World Health Organisation predicting that by 2030,
23.3 million people worldwide will die annually from CVD."* Although a range of lifestyle
risk factors have been identified, it has also been shown that growth patterns in early life
contribute to CVD risk.*® Together with accelerated growth in childhood, slow growth in
utero results in an increased risk of hypertension and a ~50% greater risk of coronary heart
disease in adult life.”**™® In Australia, ~6% of babies are born with intrauterine growth
restriction (IUGR),* 1%° defined as a birth weight less than the 10" centile.*® 1¥ 24 placental
insufficiency is the leading cause of IUGR in the developed world and results in decreased
oxygen and nutrient supply to the fetus.**? This results in a number of adaptive responses in
the fetus, including a redistribution of cardiac output to key organs such as the brain and a

decrease in fetal growth rate.'*®

The programming of CVD is multifaceted and is likely to result from, but not be
exclusive to, a deficit of cells, such as cardiomyocytes, and alteration to cardiac hypertrophy
and cardiac energy production. Changes to these systems allow the fetus to survive an adverse
environment in utero, but renders them vulnerable to CVD in adulthood, especially if faced
with a secondary insult, such as obesity, in postnatal life. This review will focus on the effect
of IUGR on cardiac metabolism and the interaction of this initial cardiac effect with other
IUGR-induced pathologies such as obesity, insulin resistance, increased activation of the
hypothalamic-pituitary adrenal (HPA) axis and left ventricular hypertrophy (LVVH), which can

also cause cardiometabolic dysfunction.
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1.2.1 Cardiac metabolism

In humans, cardiomyocytes present at birth constitute the majority of the cardiomyocytes an
individual will have for a lifetime, therefore, alterations to cardiomyocytes in utero can be the
basis of altered function in adulthood.™ IUGR results in fewer cardiomyocytes (for review,

144

see 1) that may be primed for pathological hypertrophy (for review, see ***), however,

emerging evidence indicates that IUGR offspring also have altered regulation of cardiac

energy production,'* especially if faced with a secondary insult such as obesity.*?’

Within weeks of human conception, cardiomyocytes beat and require a continuous
supply of adenosine triphosphate (ATP) for contraction, requiring an estimated 6kg of ATP
daily.**® Considering the importance of continued contraction and that almost the entire

supply of cardiac ATP is turned over every ten seconds,'*’

it is imperative that cardiomyocyte
metabolism is flexible and rapidly adapts to alterations in substrate supply and stimuli in order
to efficiently produce ATP. In postnatal life, fatty acid S-oxidation followed by glucose
oxidation are the predominant generators of cardiac ATP (105mol ATP per 1mol palmitate
and 31mol of ATP per 1mol glucose, respectively).!*® In utero, however, fatty acids and
oxygen are limited and anaerobic glycolysis, albeit less efficient, is the chief source of ATP

1%8) Loss of metabolic flexibility and a

(2mol ATP per 1mol of glucose; for review, see
greater reliance on glucose for ATP production is observed in postnatal pathologies such as

cardiac hypertrophy and congestive heart failure.*°
1.2.1.1 Fatty acid g-oxidation

Fatty acid p-oxidation occurs in the mitochondrial matrix (Figure 1) and results in the
production of acetyl-CoA and electron carriers, nicotinamide adenine dinucleotide (NADH)
and flavin adenine dinucleotide (FADH;). Acetyl-CoA enters the tricarboxylic acid (TCA)
cycle resulting in the generation of ATP and additional NADH and FADH,, which donate

their electrons to the electron transport chain (ETC) and ultimately synthesise ATP. Long
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chain fatty acids are the predominant fatty acid oxidised by the heart to generate ATP and
cross the sarcolemma via fatty acid translocase (FAT/CD36), plasma membrane fatty acid
binding protein (FABPpm) and fatty acid transport proteins (FATP; isoforms FATP1 and
FATP6 expressed in the heart™® '*!). Within the sarcoplasm, fatty acids are activated via
esterification by fatty acyl-CoA synthetase (FACS) and bound to cytoplasmic acyl-CoA
binding proteins, specifically, heart-type fatty acid binding protein (H-FABP),' before being
shuttled into the mitochondrial matrix via carnitine palmitonyl transferases on the outer (CPT-
I; CPT-IB is the predominant cardiac isoform in the adult heart™® ***) and inner (CPT-11)
mitochondrial membrane. Once in the mitochondrial matrix, fatty acid g-oxidation is initiated
by acyl-CoA dehydrogenases, specific to the type of fatty acid being metabolised (medium
chain acyl-CoA dehydrogenase (ACADM), long chain (ACADL) and very long chain

(ACADVL); Figure. 1; for review, see *°).

1.2.1.1.1 Regulation of fatty acid metabolism by PPARa and PPARS

Fatty acid metabolism only contributes a small fraction of ATP produced in fetal life,
presumable due to the limited supply of circulating fatty acids.**® Shortly after birth, there is a
switch from glycolysis as the predominant source of ATP to fatty acid S-oxidation, central to
which is the increased abundance of peroxisome proliferator-activated receptor alpha
(PPAR),*® the key transcriptional regulator of the fatty acid S-oxidation pathway and
cardiac lipid homeostasis.”®® *” PPARa is a member of a family of ligand-activated
transcription factors that belong to the super family of nuclear hormone receptors.*® There
are three subtypes of PPARs, PPARa, PPARS/P and PPARY, and their expression is tissue
specific. PPARa is abundant in tissues with high rates of mitochondrial fatty acid S-oxidation,
including heart, liver, kidney, brown fat and slow-twitch skeletal muscle; PPARS, for which
there is less known, appears ubiquitously expressed; while PPARY is predominantly expressed

159

in adipose tissue.”™ PPARa forms heterodimers with retinoid X receptor (RXR) and binds to
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peroxisome proliferator response elements (PPREs)'® located within the promoter region of
genes involved in different steps of fatty acid metabolism, such as fatty acid transport into the
sarcoplasm (FATP), fatty acid activation (FACS), transport within the sarcoplasm (H-FABP),
mitochondrial uptake of fatty-acyl CoA (CPT-I and CPT-II), upregulation of CPT-If activity
(malonyl-CoA decarboxylase (MCD)™") and fatty acid S-oxidation (ACADM, ACADL and
ACADVL; Figure 1; for review, see *°> %% |n addition to upregulating the transcription of
genes involved in fatty acid metabolism, PPARa has also been associated with promoting the

translocation of fatty acid transporter CD36 to the sarcolemma.*®
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Figure 1. Cardiac fatty acid and glucose metabolism. Circulating fatty acids enter
cardiomyocytes through the actions of fatty acid transport protein (FATP), fatty acid
translocase (CD36) and plasma membrane specific fatty acid binding (FABPpm). Fatty acids
are transported within the sarcoplasm by binding to heart-type fatty acid binding protein (H-
FABP) and activated by fatty-acyl CoA synthetase (FACS). Activated fatty acids enter the
mitochondria via carnitine palmatonyl transport proteins (CPT) and are oxidised by acyl-CoA
dehydrogenases (ACAD) that are specific for the size of the fatty acid (medium ACADM,
long (ACADL) and very long (ACADVL) chain). Glucose metabolism is predominantly
regulated by glucose uptake into the sarcoplasm. In adult cardiomyocytes, glucose transporter
4 (GLUT4) is the predominant transporter followed by GLUT1. Within the sarcoplasm,
glucose is immediately phosphorylated by hexokinase (HK) to glucose-6 phosphate, which
can either by stored as glycogen through the actions of glycogen synthase (GS) or converted
to pyruvate by 6-phosphofructo-1-kinase-1 (PFK). Under aerobic conditions pyruvate enters
the mitochondria and is converted to acetyl-CoA by pyruvate dehydrogenase (PDH) and
under anaerobic conditions is converted to lactate by lactate dehydrogenase (LDH). Fatty acid
B-oxidation in cardiomyocytes is under the transcriptional regulation of peroxisome
proliferator-activated receptor alpha (PPARa) and PPARS (specific genes signified by PPAR
isoform symbol). AMPK is a metabolic ‘fuel gauge’, that in the presence of a high AMP:ATP
ratio results in increased ATP production via fatty acid B-oxidation and glucose metabolism.
Specifically, this is achieved by phosphorylation and inhibition of acetyl-CoA Carboxylase
(ACC), which reduces the production of malonyl CoA, which continues to be degraded by
malonyl CoA dehydrogenase (MCD), resulting in reduced inhibition of mitochondrial uptake
of fatty acids through CPT-If and promotion of glucose uptake into the sarcoplasm by
phosphorylating AS160, which promotes the translocation of encapsulated GLUT4 to the
sarcolemma.
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The essential role of PPARa in the upregulation of fatty acid metabolism is evident in

/

genetic knockout studies. PPARa"™ mice have decreased fatty acid metabolism, which is

associated with decreased expression of MCD, and a secondary increase in both glucose

oxidation and glycolysis.'®! Interestingly, PPARa”

" mice are asymptomatic until faced with a
metabolic challenge, such as fasting, which leads to lipid accumulation in cardiomyocytes and
hepatocytes as well as hypoglycaemia due to a compensatory increase in cardiac glucose
metabolism.*®* 1% Chronic exposure to a PPARa agonist in vitro, however, leads to increased
fatty acid p-oxidation, which has deleterious effects on cardiomyocytes such as insulin
resistance.’®® Chronic exposure to fatty acids, such as occurs in obesity, may also result in
insulin resistant cardiomyocytes.**®

Most likely due to its ubiquitous expression, less focus has been placed on the
regulation of cardiac fatty acid metabolism by PPARS. Interesting, PPARS is associated with
the transcriptional regulation of numerous genes that are also regulated by PPARa, such as
FACS, CPT-18, MCD, MCAD, LCAD and VLCAD.*" 8 ppARsS” results in placental
malformation and subsequent mid-gestation lethality in greater than 90% of mice and severe
IUGR in those that survive.*®® Cardiac specific knockout of PPARS results in decreased fatty
acid p-oxidation, increased glucose transport and increased cardiac lipid accumulation by 10
weeks of age.’®® By 4 months of age, cardiac PPARS’ mice had cardiac hypertrophy and in
some mice dilated cardiomyopathy, which resulted in premature death,*® highlighting the

interplay between cardiac metabolism and hypertrophy.
1.2.1.2 Glucose metabolism

Despite contributing only a fraction of the total ATP produced in healthy normoxic
hearts, glycolysis appears to be the preferential pathway for generation of ATP for
sarcolemmal and sarcoplasmic ATPases that are required for maintaining ionic

homeostasis.'"®* This is in addition to the essential role glycolysis plays in providing ATP
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during periods of insufficient oxygen such as hypoxaemia and ischaemia (for review, see ).

Equally important is the coupling of glycolysis with glucose oxidation in order to maintain
appropriate shuttling of pyruvate into the mitochondrial matrix, which takes with it protons
generated from lactate production. A build-up of protons in the cytoplasm leads to acidosis
and Ca*" overload, which is exaggerated during periods of ischemia, due to the accumulation
of metabolic waste products within the cell.*™

Glucose metabolism is facilitated upon translocation of glucose transporters, GLUT1
and GLUT4, from vesicles in the sarcoplasm to the sarcolemma. In postnatal life, GLUT4 is
the predominant cardiac glucose transporter and its translocation is initiated by insulin,
AMPK, catecholamines, increased mechanical load and ischemia.'’>'® GLUT1, despite
being the predominant cardiac glucose transporter in fetal life, has a low abundance in
postnatal life, and its translocation can also be stimulated by insulin, increased mechanical
load, catecholamines and ischaemia.'”™ " 1"® Upon entry into the sarcoplasm, glucose is
rapidly phosphorylated by hexokinase (HK) to glucose-6-phosphate and is either stored as
glycogen or catabolised by 6-phosphofructo-1-kinase-1 (PFK; glycolysis) to form pyruvate
(for aerobic metabolism) or lactate (anaerobic metabolism). Pyruvate is shuttled into the
mitochondrial matrix, whereupon it undergoes oxidative catabolism by pyruvate
dehydrogenase (PDH) to acetyl-CoA, which, similar to the acetyl-CoA produced from fatty
acid g-oxidation, enters the TCA cycle, generating ATP and electron carriers that through the

ETC ultimately produces ATP (Figure 1; for review, see *).

1.2.1.3 Regulation of metabolism by AMPK

Fatty acid p-oxidation is negatively regulated by the presence of malonyl-CoA due to
its inhibition of the shuttle protein CPT-IP leading to a reduction of fatty acid uptake into the
mitochondria (Figure 1).**® In the immediate newborn period, cardiac malonyl-CoA levels
rapidly decline coinciding with the upregulation of fatty acid B-oxidation."®* Malonyl-CoA

can be degraded by MCD to acetyl-CoA and synthesised by acetyl-CoA carboxylase
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(ACC),*#18 \yhose activity is regulated through the reversible phosphorylation/inhibition by
adenosine monophosphate-activated protein kinase (AMPK).*¥> AMPK is highly active in the
postnatal heart and has been implicated in the upregulation of fatty acid S-oxidation through
its phosphorylation/deactivation of ACC*® and the regulation of fatty acid transport proteins
CD36 and FABPpm.' AMPK acts as a metabolic fuel gauge, which is activated during
periods of low ATP due to the inhibition of AMPK dephosphorylation by the binding of
either adenosine monophosphate (AMP) or adenosine diphosphate (ADP) to protein
phosphatases. A build-up of the phosphorylated catalytic a-subunit of AMPK at Thr-172
during periods of high ratios of AMP:ATP leads not only to the upregulation of fatty acid f-
oxidation, but also to the upregulation of glucose metabolism due to AMPK stimulated
translocation of GLUT4 to the sarcolemma.'”® AMPK has also been implicated in the
upregulatiuon of glycolysis due to the phosphorylation and activation of 6-phosphofructo-2-
kinase (PFK2), a rate limiting glycolytic enzyme that converts fructose-6-phosphate to
fructose 2, 6-bisphosphate.®” In addition to promoting ATP production, AMPK assists in
restoring energy balance by switching off ATP consuming processes such as glycogen and

protein synthesis.'®

1.2.1.4 Competitive metabolism

In cardiomyocytes, as in most mammalian cells, there is a dynamic interaction
between fatty acid and glucose metabolism centred on the shared use of the TCA cycle. The
inhibition of glucose metabolism by fatty acids and vice versa was first described by Randle
and colleagues in the 1960’s*® and the specific mechanisms involved have since been

explained (for review, see '*

). Given that fatty acid S-oxidation is the most efficient source of
cardiac ATP and that acetyl-CoA produced from both fatty acid f-oxidation and glucose
oxidation require the TCA cycle, it is critical that the acetyl-CoA produced from fatty acids is

preferentially used to generate ATP. The increase in acetyl-CoA and NADH from fatty acid
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S~oxidation inhibits glucose oxidation at multiple levels and in a graded way, with the greatest
inhibition being of PDH,** followed by PFK then HK,'®? which results in the inhibition of
pyruvate oxidation and glycolysis. In order to allow cardiac metabolic flexibility, glucose
metabolism is also capable of inhibiting fatty acid metabolism, whereby the citrate produced
from pyruvate derived acetyl-CoA accumulates in the sarcoplasm and is converted to
malonyl-CoA,'** which inhibits CPT-IB and subsequently the shuttling of activated fatty acids
into the mitochondrial matrix, thus preventing fatty acid S-oxidation. Importantly, however,
metabolic stress, such as low ATP and increased mechanical load activates AMPK, which
overrides the inhibition of fatty acid B-oxidation by glucose oxidation (Figure 2).**

Despite the highly orchestrated regulation of cardiac metabolism and the preference
for fatty acid p-oxidation in the postnatal heart, chronic exposure to fatty acids results in
deleterious effects on both cardiac ATP production and contractile function. In diabetes, the

heart is exposed to high concentrations of circulating fatty acids,®

which subsequently
results in increased expression of PPARa, transcriptional upregulation of genes involved in
fatty acid metabolism, permanent translocation of CD36 to the sarcolemma and further

inhibition of glucose metabolism (Figure 2; for review, see *%).
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Figure 2. The balance between fatty acid and glucose metabolism. In postnatal life, fatty
acid p-oxidation is the predominant source of cardiac ATP and can be upregulated by
increased concentrations of circulating fatty acids, increased abundance of transcriptional
regulator, PPARa, and insulin resistance (A). During periods of low oxygen, such as
hypoxaemia and ischaemia, anaerobic glycolysis is upregulated, more so than glucose
oxidation (B). Furthermore, during periods of low circulating fatty acids, glucose metabolism
is increased (B). Due to the common use of the tricarboxylic acid cycle, metabolic substrates
from fatty acid g-oxidation can inhibit glucose metabolism and vice versa. Importantly, in
times of metabolic stress, such as a high AMP:ATP ratio or increased mechanical load, both

fatty acid S-oxidation and glucose metabolism can be upregulated by AMPK.
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1.2.2 Effect of IUGR on postnatal cardiac metabolism

Animal models demonstrate that fetal substrate restriction and IUGR can alter the regulation
of cardiac metabolism in postnatal life. IJUGR due to maternal protein restriction across
pregnancy in rats is associated with altered cardiac fatty acid content, specifically decreased
saturated and increased unsaturated fatty acids, coupled with increased cardiac mRNA
expression of PPARe in week old offspring.*?® In a similar study, maternal protein restriction
across pregnancy did not alter the mRNA expression of PPAR« in hearts of day old offspring,
however, PPARa mRNA expression was increased in adult offspring.*®’ Interestingly, in both
day old and adult offspring, there was decreased methylation of the PPAR«a promoter
compared to Control offspring, suggesting that the increased expression in adulthood was
epigenetically programmed in utero.'*’

In rats, IUGR due to hypoxia in the last week of pregnancy results in offspring with a
greater susceptibility to ischaemia/reperfusion injury in adulthood.™ **® Furthermore, despite
an equivalent cardiac performance prior to ischaemia/reperfusion, IUGR offspring have
diminished cardiac power during reperfusion, defined as the difference between peak systolic
pressure and maximum preload multiplied by cardiac output and adjusted for heart weight.**®
Interestingly, despite an equivalent contribution of substrates to ATP production prior to
ischaemia/reperfusion, IUGR offspring produced a greater proportion of ATP from both
glycolysis and glucose oxidation and a reduced proportion from fatty acid S-oxidation during
reperfusion.'®® Furthermore, hearts from IUGR offspring metabolised more glucose via
glycolysis than glucose oxidation relative to hearts from Control offspring.’®® Subsequently,
the uncoupling of glucose metabolism in IUGR hearts resulted in an increased production of
protons, which is known to lead to inefficient energy utilisation because correcting the proton
imbalance is an ATP-dependent process.’**®" Additionally, exposure to a high fat diet in
postnatal life exacerbates the effect of hypoxia-induced LWB on the susceptibility to
d.202

ischaemia/reperfusion injury in adulthoo
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Changes in cardiac metabolism have also been observed in large animal models of
human cardiac development and function such as sheep. Lambs exposed to maternal nutrient
restriction from early to mid-gestation have an increased prevalence of ectopic lipid
deposition in myocardial tissue if they developed obesity in later life.*?” Elevated lipid
deposition subsequently increased the risk of heart failure with increasing age.'?’ Maternal
hyperthermia from 35-120d gestation (term, 147d), which results in placental restriction and
subsequent fetal hypoxaemia, hypoglycaemia and hypoinsulinaemia in late gestation (135d),
causes increased sarcolemma GLUT4 and insulin receptor- protein abundance. These
cardiac changes are likely adaptions to the decreased plasma glucose and insulin
concentrations to maintain cardiac glucose transport and ATP production, which is supported
by increased cardiac glycogen storage and plasma lactate in these animals. Evidence from 21
day old lambs who were IUGR due to placental restriction indicates that there is no difference
in the amount of glycogen stored in cardiomyocytes compared to Control lambs.** This
suggests that fetal storage of glycogen may be utilised for cardiac ATP production in early
postnatal life, potentially to fuel the increase in left ventricular hypertrophy observed in the
IUGR lamb.?® Interestingly, these lambs also have an increased abundance of cardiac insulin
signalling molecules and pyruvate dehydrogenase kinase isoenzyme 4 (PDK4), which inhibits
PDH and thus the oxidation of pyruvate, suggesting an increase in glycolysis in early
postnatal life. If this observation were to persist into later life, it provides the molecular
potential for increased glycolysis in response to ischaemia/reperfusion as occurs in IUGR rat

in adulthood.®

1.2.3 The effect of obesity and insulin resistance on cardiac metabolism

White adipose tissue is a dynamic metabolic organ that regulates fatty acid flux by storing
circulating triglycerides as triglycerols during feeding and releasing them into the circulation
as free fatty acids during fasting for uptake and oxidation by other tissues to maintain ATP

production. Maintaining optimal levels of circulating free fatty acids is essential because fatty
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acids are the predominant substrate used for cardiac ATP production and elevated free fatty
acids can result in insulin resistance and eventual type Il diabetes mellitus. The association
between obesity and insulin resistance is postulated to be caused by increased concentrations
of portal vein circulating free fatty acids, increased ectopic lipid storage in muscle and liver,
and/or the dysregulation of hormones secreted from adipose tissue (for review, see 2%).

As discussed previously with regards to the heart, increased concentrations of
circulating free fatty acids, explained by the Randle cycle, can inhibit glucose metabolism in
favour of fatty acid p-oxidation preventing insulin mediated glucose uptake. It is postulated
that increased circulating free fatty acids may be due to inefficient storage in adipocytes. As
an individual becomes overweight, adipocytes become dysfunctional with regards to
metabolic activity and morphology. Obese individuals have larger adipocytes that are less
sensitive to insulin and despite their size, inadequately store excess lipid.2® Hypertrophy of
adipocytes may be a consequence of inefficient adipocyte proliferation and/or differentiation.
The consequent spill over of free fatty acids into the circulation results in greater uptake into
other tissues such as liver, muscle and heart, however, it is currently unclear if ectopic lipid
storage is caused by impaired actions of enzymes involved in metabolising these fatty acids or
inadequate transport of activated fatty-acyl CoA from the cytosol into the mitochondria for
oxidation. Ectopic cardiac lipid storage can interrupt insulin signalling, impair insulin-
dependent translocation of glucose transporters to the plasma membrane, impair glycogen
synthesis in muscle and promote glucose production in the liver.?®® In patients with insulin
resistance and type Il diabetes mellitus, cardiac CD36 becomes permanently located on the
sarcolemma and GLUT4 is internalised within vesicles promoting incorporation of excess
circulating free fatty acids into cardiomyocytes, termed diabetic cardiomyopathy.?”’

Adipose tissue secretes various endocrine hormones (adipokines), such as adiponectin

and leptin, which can upregulate fatty acid and glucose metabolism, potentially having an

insulin-sensitising effect in other tissues through activation of AMPK.?%® 2% Opese
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individuals have increased circulating leptin concentrations®'°

and have lower circulating
adiponectin concentrations.?'* Despite evidence that obese individual are leptin resistant at the
level of appetite regulation, recent evidence in obese mice suggests that the heart is still
responding to both circulating and local leptin and that leptin receptor signalling is a major
contributor to obesity-mediated LVH.?*? This data may explain why in humans, obesity,
independent of hypertension, is a risk factor for LVH.*® Cardiac hypertrophy causes
metabolic dysfunction in the myocardium (please see 1.2.6 “The effect of cardiac hypertrophy
on cardiac metabolism”). In addition to direct effects on cardiac metabolism, adiponectin
protects against ischaemia/reperfusion injury?®® and pathological cardiac remodelling after
myocardial infarction®* and pressure overload.”*> This is may be due to the promotion of
angiogenesis and inhibition of apoptosis, hypertrophy and oxidative stress by adiponectin (for
review, see #9).

Adipocytes can also affect cardiac metabolism as a consequence of inducing
hypertension and thus LVH. In order to normalise an increase in wall stress, similar to that
observed in hypertension, the ventral wall becomes thicker and thus hypertrophic.?*" The
adipokine, angiotensinogen, has been implicated in obesity induced hypertension. Obese
individuals have elevated concentrations of angiotensinogen and vasoconstrictive angiotensin
112829 Angiotensinogen is predominantly produced in the liver is converted to angiotensin |
by renin then to angiotensin Il by angiotensin converting enzyme (ACE) in the lung. By
selectively blocking adipocyte production of angiotensinogen, Yiannikouris and colleagues

demonstrated a normalisation of plasma angiotensin Il concentrations and systolic blood

pressure in diet-induced obese male mice.??°
1.2.3.1 TUGR and obesity and insulin resistance

The association between IUGR and postnatal obesity, insulin resistance and type-2
diabetes mellitus has been demonstrated in epidemiological studies and numerous animal

models.*® The mismatch between low nutrient availability in utero and adequate/excessive
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nutrition in postnatal life underpins the programming of obesity and is exaggerated if coupled
with accelerated postnatal ‘catch up’ growth.

IUGR infants have reduced plasma leptin concentrations at birth followed by elevated
concentrations at one year of age, coinciding with the period of accelerated growth, compared
to normally grown infants.?*?? JUGR fetuses have a similar plasma concentration of
adiponectin compared to normally grown fetuses in late gestation®** and at birth.?** However,
in childhood (~9 years of age), infants that were born IUGR have decreased plasma
concentrations of adiponectin compared to normally grown infants.?®® Furthermore, the
concentration of adiponectin in childhood is negatively correlated with waist circumference
and systolic blood pressure,?® indications of an early emergence of the metabolic syndrome.

In late gestation, IUGR due to placental restriction in humans, results in the fetus
being exposed to chronic hypoxaemia,??® hypoglycaemia,®® hypercortisolaemia®*’ and
decreased plasma IGF-1 concentrations.??® This profile is also observed in the placentally
restricted and IUGR fetal sheep.”® %! In the early newborn period, IUGR lambs have
accelerated growth compared to Controls, such that by 6 weeks of age have normalised body
weight, but have increased visceral adiposity compared to Controls.?*? This altered growth is
accompanied by increased insulin sensitivity with regards to circulating fatty acid uptake into

adipose tissue.?

At 6 weeks of age, IUGR lambs also have decreased expression of insulin
signalling molecules, such as the insulin receptor, insulin receptor substrate-1, Akt2 and
GLUT4 in skeletal muscle?®® suggesting the early onset of insulin resistance. Likewise,
maternal undernutrition across pregnancy in guinea pigs results in increased visceral adiposity
and decreased glucose tolerance in 4 month old male offspring (females not reported),?*> with
increased lipid locule size observed in both male and female offspring in late gestation.? %%
The increase in adipocyte size may be explained by inadequate adipocyte proliferation and

differentiation, which may be a result of decreased expression of IGF1 and leptin (ob)

mRNA, as is observed in perirenal fat of IUGR sheep in late gestation.”' Day old piglets
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exposed to maternal protein restriction across gestation have increased abundance of proteins
responsible for fatty acid synthesis from glucose and increased activity of FACS in
subcutaneous adipose tissue, suggesting that ITUGR offspring are primed for increased fat
deposition in this depot from birth.?*®

Evidence from humans and animal models indicate that IUGR infants have impaired
insulin sensitivity, adipocyte morphology, secretion of adipokines and circulating free fatty
acid concentrations, all of which are factors with the potential to alter cardiac metabolism.
Further research is required to decipher the independent effects of IUGR on altered cardiac

metabolism and those that are secondary consequences of alteration in global metabolism due

to IUGR.

1.2.4 The effect of cortisol on cardiac metabolism

When the body is faced with stress it triggers a response via the hypothalamic-pituitary
adrenal (HPA) axis to increase plasma glucose concentrations, maximise metabolism and
suppress immune function. Similarities in the profile of disorders within the metabolic
syndrome, which includes central obesity, insulin resistance, elevated triglycerides,
hypertension and the hypercortisolaemic condition, Cushing’s syndrome, have led to the
suggestion that cortisol, albeit moderately increased compared to those with Cushing’s
syndrome, may be at the centre of the metabolic syndrome.?**

Cortisol is the predominant form of active glucocorticoid in humans, guinea pigs and
sheep. The paraventricular nucleus of the hypothalamus secretes arginine vasopressin (AVP)
and corticotrophin-releasing hormone (CRH), which act on the anterior pituitary to stimulate
the secretion of adrenocorticotropic hormone (ACTH) into the peripheral circulation.
Circulating ACTH exerts its effects on the adrenal, via the melanocortin type 2 receptor
(MC2R), stimulating steroidogenesis and secretion of cortisol. The HPA axis is under
negative feedback control because cortisol acts through glucocorticoid receptors to inhibit the

stimulation of ACTH synthesis and secretion from the pituitary.>*® The majority of circulating
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cortisol is bound to corticosteroid-binding globulin, which prevents cortisol from acting on
tissues. Unbound cortisol passively diffuses into the cytoplasm, where its concentration is
tightly regulated by 11B-hydoxysteroid dehydrogenase (11B-HSD) enzymes. Specifically,
11B-HSD2 converts cortisol to inactive cortisone and 113-HSD1 converts inactive cortisone
to cortisol. Cortisol exerts its actions on energy metabolism through binding to the
glucocorticoid receptor (GR). Binding of cortisol to the GR in the cytoplasm results in its
translocation to the nucleus, whereupon it binds to glucocorticoid responsive elements in the
promoter region of target genes and through recruitment of co-factors, either initiates or
inhibits transcription.?*

Excess glucocorticoid can decrease the expression of signalling proteins downstream
of the insulin receptor, such as insulin receptor substrate-1, phosphoinositide-3- kinase (PI13K)
and protein kinase B (Akt), which inhibit the translocation of glucose transporters to the
plasma membrane and subsequent uptake of glucose into the cell.?*> Furthermore, there is

243, 244 Wthh

evidence that glucocorticoid administration stimulates lipolysis in adipocytes,
results in increased concentrations of circulating free fatty acids, promoting fatty acid
metabolism and inhibiting glucose uptake and metabolism in tissues including the heart. In
addition to cardiac metabolic consequences, patients with Cushing’s syndrome have LVH and
hypertension.?* Interestingly, correcting the elevated cortisol concentrations in individuals
with Cushing’s syndrome normalised left ventricular size wihtout normalising blood pressure,

suggesting that cortisol has an independent effect on LVH.?*®

1.2.4.1 Effect of IUGR on the HPA axis

There is evidence that exposure of the embryo, fetus or neonate to a range of
environmental stressors such as undernutrition, placental dysfunction, excess glucocorticoids
or poor maternal care alters the development of the HPA axis and stress responsiveness of the
offspring for life.!3 24720 |t has therefore been proposed that developmental programming of
the HPA axis is a conserved evolutionary response to prepare an individual to face a lifetime
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of continuing adversity.?>*

When this prediction fails, however, as occurs when there is a
mismatch between a poor prenatal and abundant postnatal nutritional environment, the
individual is at risk of hypercortisolism, central obesity, hypertension and metabolic
disease.*® 22 For example, plasma cortisol concentrations are higher in small for gestational
age (SGA) fetuses compared with appropriate for gestational age fetuses.?*’

Restriction of maternal food intake by 50% in the last week of pregnancy in rats
results in increased maternal and fetal plasma corticosterone concentrations, the main
glucocorticoid in rats, decreased expression of placental 113-HSD2, which plays a role in
protecting the fetus from maternal cortisol by converting it to inactive cortisone, and reduced
fetal weight on the last day of gestation.”®® IUGR offspring had an altered HPA axis
demonstrated by decreased glucocorticoid and mineralocorticoid mMRNA expression in the
hippocampus, CRH expression in the hypothalamic paraventricular nucleus and plasma
ACTH concentrations.?>® Subsequently, despite an elevated corticosterone concentration at
birth, IUGR offspring had decreased plasma corticosterone concentrations compared to
Control offspring two hours after birth.?* Interestingly, when maternal plasma corticosterone
concentrations were maintained at basal levels during feed restriction by adrenalectomy with
corticosterone supplementation, IUGR and decreased placental 113-HSD2 expression still
occurred, however, there were no alterations to the fetal HPA axis.?*

In sheep, it is well established that prepartum activation of the fetal HPA axis is
essential for the normal timing of parturition and a successful transition from intrauterine to
extrauterine life.>* We have demonstrated that exposure of the sheep oocyte and embryo to a
period of moderate maternal undernutrition extending from around a month before conception
and for only one week after conception resulted in changes in the development of the fetal
HPA axis and cardiovascular systems in late gestation.?*> % Since then, it has been shown
that maternal undernutrition extending from before conception and into the preimplantation

period only, or including the period of early placentation results in altered relationships
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between adrenal growth, insulin-like growth factors and steroidogenic enzyme expression
during the first 55 days of gestation,”’ an earlier prepartum activation of the fetal HPA

255, 258

axis, an increased risk of premature delivery®® and increased basal plasma cortisol

concentrations in the postnatal lamb.?%% 2%

In sheep, IUGR induced by placental restriction from conception (chronic fetal
hypoxaemia and hypoglycaemia) results in increased adrenal weight and plasma cortisol
concentrations compared to the normally grown fetus in late gestation.*® Similarly, IUGR in
the sheep fetus resulting from single uterine artery ligation (decreased placental efficiency;
chronic fetal hypoxaemia and hypoglycaemia) or umbilicoplacental embolisation (UPE;
decreased placental efficiency; chronic intermittent fetal hypoxaemia and hypoglycaemia)
from 109d gestation is associated with increased plasma ACTH and cortisol concentrations in
late gestation.?®® 2% Interestingly, when UPE occurred later in gestation, from 120d, plasma
cortisol concentrations were not different compared to Control lambs in late gestation and
after birth at 8 weeks of age.?® Interestingly, chronic fetal hypoxaemia in sheep due to
pregnancy at high altitude does not alter plasma cortisol concentrations under basal conditions
compared to Control fetuses in late gestation, however, results in alterations to the HPA axis
despite fetuses not being IUGR. Specifically, long term hypoxia results in increased
expression of AVP and CRH in the paraventricular nucleus, increased production of ACTH in
the anterior pituitary and increased plasma ACTH concentrations (for review, see ).
Subsequently, in response to a secondary stressor such as hypotension®®® or umbilical cord

occlusion®’

the fetus exposed to long term hypoxia produces a greater concentration of
cortisol. Recent studies in primates indicate that the increased fetal plasma ACTH and cortisol
concentrations due to IUGR are driven by increased CRH, but not AVP.?*® The elevated
plasma cortisol concentrations present in IUGR fetuses imply that the fetal HPA axis is

operating at a new central set point in the IUGR fetus. However, naturally or spontaneously
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occurring differences in fetal growth®™ or modest decreases in birth weight due to either
maternal undernutrition or overnutrition®” do not alter the HPA axis in late gestation.

There is evidence that the alteration in the HPA axis of the fetus continues into
postnatal life. Low birth weight is associated with raised fasting plasma cortisol
concentrations,”® enhanced adrenal secretion of cortisol in response to ACTH and increased

total urinary cortisol metabolite excretion®”*

in human populations. Furthermore, a meta-
analysis of human data published between 1998 and 2005, which excluded individuals who
were born preterm, demonstrated that a 1kg decrease in birth weight was associated with a
24.2nmol/L elevation in plasma cortisol concentrations in both men and women.*?
Considering that cortisol can influence cardiac metabolism and that IUGR may alter the HPA

axis, further research is required to decipher the independent effect of IUGR on cardiac

metabolism.

1.2.5 The effect of cardiac hypertrophy on cardiac metabolism

Dysregulation of cardiac metabolism results in disturbances to ion homeostasis, oxidative
stress and promotes cardiomyocyte remodelling such as pathological hypertrophy. Likewise,
hypertrophy can disturb the regulation of cardiac metabolism and as such determining what is
the upstream cause and what is the downstream consequence for a given patient with cardiac

hypertrophy is difficult to determine (for review, see 27

). LVH occurs in response to
increased workload, such as hypertension, in order to normalise wall stress.?” Physiological
hypertrophy is coupled with an appropriate increase in capillary density and thus gas and
nutrient exchange, efficient ATP production and maintenance of contractile function.
Pathological hypertrophy, however, is decompensating and associated with a reversion to the
fetal profile of expression for many genes, such as increased atrial natriuretic peptide (ANP),

B-type natriuretic peptide (BNP) and o-skeletal actin. The altered expression of genes results

not only in altered metabolism, but a decreased density of capillaries and assumed poor gas
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and nutrient exchange, fibrosis and poor contractile function and leads to heart failure and
eventual demise (for review, see ).

Fatty acid metabolism in hypertrophied hearts is reduced compared to non-
hypertrophied hearts, whilst glycolysis is increased.?”” In hypertrophied hearts of
spontaneously hypertensive rats, CD36,%® H-FABP?'” and FACS?"® are decreased, which may
lead to a decrease in the incorporation and transport of fatty acids into the sarcoplasm and

decreased activation. Hypertrophied hearts also have less carnitine,” >

which may reduce
the ability to shuttle activated fatty acids via CPTs into the mitochondria. Furthermore, in
hypertrophied hearts due to pressure overload there is decreased mRNA expression of S-
oxidative enzymes such as ACADM and ADADL, which when hypertrophy is prolonged and
decompensation is apparent, result in a decrease in protein abundance.?’”® % Hypertrophied
hearts also have decreased mRNA expression of PPAR¢, and this is key to the observed

1

downregulation of its fatty acid metabolic target genes.”® Interestingly, however,

supplementing hypertrophied hearts with PPARa leads to a worsening of contractile function,

suggesting that the decrease in fatty acid metabolism is a necessary adaption during
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hypertrophy.

In hypertrophied hearts there is an increased uptake of glucose into the sarcoplasm and

275, 282

increased glycolysis with either no change?” or decreased glucose oxidation.?”® Due to

hypertrophied hearts having a similar expression of glucose transporters and many other

genes involved in glucose metabolism,*®

it is proposed that the mechanism for increased
glucose uptake is via activation of AMPK, most likely triggered by the decrease in cardiac
ATP produced from fatty acids.’®® Likewise, the increased activity of AMPK may also
explain the increase in glycolysis in hypertrophied hearts since AMPK phosphorylates and
activates PFK, which is increased in hypertrophied hearts.?®> Hypertrophied hearts are more
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susceptible to ischaemia/reperfusion injury than non-hypertrophied hearts®™ and metabolic

dysregulation is believed to be a contributing factor.
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1.2.5.1 The effect of IUGR on cardiac hypertrophy

Animal models demonstrate that in late gestation or at birth, IUGR fetuses have a
smaller heart than normally grown fetuses.***" *?**% |n postnatal life, however, the heart has

14,28 or there is

accelerated growth such that in postnatal life it is the equivalent weight
LVH*® compared to the normally grown fetuses. Hypoxia in the last week of pregnancy in
rats results in smaller offspring at birth that by 2 months of age have a similar body weight,
heart weight and left ventricular weight compared to controls.*** Interestingly, despite an
equivalent ventricular weight, the cardiomyocytes of offspring exposed to hypoxia are
hypertrophic, indicated by a larger cross sectional area.*** This data suggests that offspring of
dams exposed to hypoxia during pregnancy have fewer cardiomyocytes and that heart weight
and therefore cardiac output has been maintained by greater hypertrophy of the remaining
cardiomyocytes. This proposed mechanism is supported by studies of the hypertrophic heart
rat (HHR) model, which at 2 days of age have smaller hearts that contain fewer
cardiomyocytes compared to Controls,**® but by 2 months of age develop cardiac hypertrophy
in the absence of increased blood pressure.™® Interestingly, despite an equivalent heart weight

at 2''* and 4 months of age,?*®

at 12 months of age rats exposed to hypoxia in the last week of
gestation have an increased left ventricle weight relative to heart weight (L\VVH) and evidence
of left ventricular dysfunction,?®® which suggest the emergence of pathological hypertrophy.
At 21d of age, lambs that were IUGR due to placental restriction from conception
have a larger left ventricle relative to heart weight compared to Controls.?®®> Moreover, IUGR
lambs have increased expression of the key regulators of cardiac growth, insulin-like growth
factor (IGF) -1 (IGF-1) and IGF-2 and their hypertrophy related receptors IGF-1R and IGF-
2R..”® Both IGF-1 and IGF-2 bind and activate the IGF-1R signalling pathway, which
promotes physiological hypertrophy through increased protein synthesis via activation of

elongation factors elF2B and elF4E and ribosomal protein S6 (for review, see 2’%). IGF-2R

was initially known as a clearance receptor, which under physiological conditions binds and
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subsequently removes IGF-2 from the circulation, thus preventing IGF-2 from binding to the
IGF-1R and mediated hypertrophy. More recently, however, it has been demonstrated that
IGF-2R can itself promote hypertrophy via the pathological Gaq signalling pathway, which is
mediated by phosphorylation/activation of calcium/calmodulin-dependent protein kinase 11
(CaMKI1).%" %8 |n 21d old normally grown lambs, the cardiac IGF-2R abundance is
negatively correlated to cardiomyocyte size, which suggests that IGF-2R is acting in the
classical role of IGF-2 clearance.” Interestingly, in 21d old IUGR lambs, there is a positive
correlation between IGF-2R abundance and the size of cardiomyocytes, which suggests that
the pathological pathway has been activated.*®

Considering that IUGR may result in LVH and that hypertrophied hearts have altered
metabolism, it is important to consider the size of hearts and cardiac expression of

hypertrophic genes when concluding that there is altered cardiac metabolism in IUGR

offspring.

1.2.6 Conclusion

From the literature published to date, it is evident that IUGR results in changes in the
regulation of both fatty acid and glucose metabolism in the heart. Despite the interplay
between these systems, it is not currently known if the observed alterations are due to
dysregulation of one or both substrates. Furthermore, it is unclear if the observed differences
in postnatal life are a direct result of in utero programming of cardiac metabolism or if they
are secondary responses to other IUGR induced alterations, such as obesity, insulin
resistance®®® and cardiac hypertrophy.?®® Intriguingly, for the most part, the observed changes
in the expression of metabolic genes do not result in pathology until faced with a secondary
insult such as changes in global metabolism, afterload or ischaemia. Considering that IUGR
will also result in a greater risk of obesity, insulin resistance, HPA activity, hypertension, and
LVH, it is clear that a systems approach will be required to alleviate the effect of IUGR on

altered postnatal cardiac metabolism to restore optimal metabolic flexibility.
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1.3 Experimental hypotheses

Epidemiological studies show that IUGR infants have a greater risk of CVD in adulthood.®

Furthermore, animal models demonstrate that IUGR, due to maternal hypoxia, results in a

115, 198

greater susceptible to ischaemia/reperfusion injury, cardiomyocyte apoptosis**® and

altered cardiac metabolism'®® in postnatal life. Considering that the cardiomyocytes present
13, 14

at birth constitute the majority of cardiomyocytes an individual will have for a lifetime,

the general aims of this study were to determine if:

1. IUGR in the presence of chronic hypoxaemia results in decreased cardiomyocyte
endowment in late gestation in a large animal model where, as in humans,
cardiomyocyte binucleation begins in utero.

2. IUGR offspring have reduced cardiomyocyte endowment in adolescence and
whether or not the cause of IUGR, be it maternal hypoxia or maternal nutrient
restriction, and sex of the offspring, influence cardiomyocyte endowment.

3. both male and female IUGR offspring, exposed to either maternal hypoxia or
maternal nutrient restriction, have altered expression of cardiometabolic genes in

adolescence.

Chapter 2

It is known that IUGR, due to maternal protein restriction in rats, results in fewer
cardiomyocytes in the heart of the fetus compared to Controls on the last day of gestation.'*!
Furthermore, IUGR, due to maternal hypoxia in rats, results in a greater percentage of
apoptotic cardiomyocytes compared to Controls on the last day of gestation.”* Unlike humans,
rats are born with immature cardiomyocytes, which are mononucleated and retain the ability
to proliferate until approximately 12 days of age.’* Currently there are no studies that
determine the effect of IUGR on the number of cardiomyocytes in an animal model where,

like humans, have diminished proliferative capacity before birth because cardiomyocyte
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maturation/binucleation begins in utero.”® In sheep, cardiomyocyte binucleation begins in the
last third of gestation and evidence from lambs with naturally occurring variations in birth
weights demonstrates there is a positive correlation between body weight and cardiomyocyte
endowment.*® IUGR, due to placental restriction from conception and thus chronic fetal
hypoxaemia and hypoglycaemia in lambs in late gestation, results in smaller hearts that
contain cardiomyocytes that are larger relative to the weight of the heart compared to
normally grown fetuses in late gestation.’?® This suggests that the heart of the IUGR fetus
contains fewer cardiomyocytes. Interestingly, it is known that IUGR fetus exposed to
placental restriction from conception has an equivalent percentage of cardiomyocytes in the
cell cycle compared to Controls in late gestation.'?® Therefore, I hypothesised that IUGR,
due to placental restriction and the presence of chronic hypoxaemia, will result in fewer
cardiomyocytes in the heart of fetal sheep in late gestation due to an increased

percentage of hypoxia mediated apoptosis.

Chapter 3

With the knowledge that IUGR due to placental restriction and thus exposure to chronic
hypoxaemia and hypoglycaemia result in fewer cardiomyocytes in late gestation (Chapter 2),
| therefore aimed to determine whether maternal hypoxia and/or maternal nutrient restriction
results in fewer cardiomyocytes in adolescent guinea pigs, who, like humans, are more mature
than rats at birth. It is known that IJUGR, due to maternal nutrient restriction in rats, results in
fewer cardiomyocytes at birth,"** however, if maternal nutrient restriction continues
throughout pregnancy and lactation, IUGR offspring have an equivalent number of
cardiomyocytes to Control offspring at 4 weeks of age.'*? In contrast, IUGR, due to maternal
hypoxia in rats, results in an equivalent heart weight at 2 months of age, but results in
cardiomyocytes with a larger cross sectional area compared to Controls. This suggests that
maternal hypoxia results in fewer cardiomyocytes in rat offspring at 2 months of age.*'* These

data suggest that nutrient restriction alone does not maintain a deficit in cardiomyocyte
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endowment into postnatal life, but that exposure to maternal hypoxia can. Therefore, |
hypothesise that IUGR due to maternal hypoxia, but not maternal nutrient restriction
will result in fewer cardiomyocytes compared to Controls in adolescence. To date, no
study has compared the effect of IUGR on cardiomyocyte endowment between male and
female offspring. Considering that male offspring are more susceptible to a reduction in the
number of nephrons due to IUGR,*" #* |, therefore, hypothesise that male offspring, but
not female offspring exposed to maternal hypoxia will have fewer cardiomyoytes

compared to Controls in adolescence.

With the knowledge that IUGR, due to placental restriction, results in fewer cardiomyocytes
compared to Control lambs in late gestation (Chapter 2) and that these IUGR lambs have a
greater left ventricular (LV) weight relative to heart weight, LV hypertrophy, compared to
Controls at 21 days of age,?® | further aimed to determine if IUGR, due to maternal hypoxia
and maternal nutrients restriction results in LVH in adolescent guinea pigs. Studies of the
hypertrophic heart rat (HHR) model demonstrate that cardiac hypertrophy at 2 months of age,
in the absence of hypertension,**® is preceded by reduced cardiomyocyte endowment at 2 day
of age.*® Therefore, | hypothesise that IUGR offspring with a reduction in the number
of cardiomyocytes compared to Controls will have left ventricular hypertrophy in

adolescence.

Chapter 4

IUGR due to maternal hypoxia in rats, results in an equivalent cardiac power and cardiac
metabolism compared to Control offspring in adulthood.'®® Interestingly, when the heart of
IUGR male offspring is subjected to ischaemia followed by reperfusion, cardiac power is
diminished, cardiomyocyte apoptosis is increased, fatty acid metabolism is decreased and
glucose metabolism is increased, compared to Control offspring.!®® This altered metabolic

response to stress suggests that the basal expression of genes involved in fatty acid
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metabolism are decreased and/or those involved in glucose metabolism are increased. IUGR
due to maternal nutrient restriction in rats, results in an epigenetically programmed increase in
cardiac PPAR « expression, the key transcriptional upregulator of genes involved in fatty acid
metabolism, in adulthood.'®” This result is in contrast to the down regulation in fatty acid
metabolism observed after ischaemia/reperfusion in rat offspring that were exposed to
maternal hypoxia,'® but supports the premise that IUGR may alter the basal expression of
cardiometabolic genes in postnatal life. IUGR due to placental restriction, which causes
chronic fetal hypoxaemia and hypoglycaemia, results in increased abundance of proteins that
promote glycolysis in the absence of a change PPAR « expression, compared to Control lambs
at 21 days of age.** Oxygen in essential for aerobic metabolism and as such, hypoxia results
in increased glycolysis for ATP production. |, therefore, aimed to determine the effect of
IUGR due to maternal hypoxia and maternal nutrient restriction on the basal expression of
metabolic genes and abundance of regulatory factors. I hypothesise that IUGR due to
maternal hypoxia, will result in an increased abundance of proteins that promote
glycolysis and, alternatively, that IUGR due to maternal nutrient restriction, will result

in an upregulation of genes involved in fatty acid metabolism in the adolescent heart.

53



CHAPTER 2



Statement of Authorship

Title of Paper Chronic hypoxaemia in late gestation is associated with decreased
cardiomyocyte endowment, but does not change expression of
hypoxia responsive genes

Paper Status Paper for submission

Author contribution

By signing the Statement of Authorship, each author certifies that their stated contribution to
the publication is accurate and that permission is granted for the publication to be included in

the candidate’s thesis.

Name of Principal
Author

Kimberley Botting

Contribution to the
Paper

Drove the study and interpretation of data

Collected hearts for analysis

Determined the number of cardiomyocyte, capillary density and
protein abundance

Designed primers for real-time analysis

Analysed all data and created figures

Wrote drafts of manuscript

Edited manuscript

Approved final version of the manuscript

Signature

Date 20/12/13

Name of Co-Author

Prof Caroline McMillen

Contribution to the
Paper

Established the animal model used in this study
Provided intellectual interpretation of data
Edited manuscript

Approved final version of the manuscript

Signature

Date 20/12/13

Name of Co-Author

Heather Forbes

Contribution to the
Paper

Performed final TUNEL analysis
Involved in discussions regarding interpretation of data
Approved final version of the manuscript

Signature

Date 20/12/13

55




Name of Co-Author

Prof Jens Nyengaard

Contribution to the
Paper

Provided training and deigned method for determining
cardiomyocyte number and capillary density.
Provided intellectual interpretation of data

Edited manuscript

Approved final version of the manuscript

Signature

Date
Dec Zo=Lol ]

Name of Co-Author

A/Prof Janna Morrison

Contribution to the
Paper

Designed and lead the study including running of the animal
cohort, surgical procedures, collection of tissues and data analysis
and presentation

Provided intellectual interpretation of data

Involved in construction of the manuscript

Edited manuscript

Approved final version of the manuscript

Signature

Date 20/12/13

56




2. CHAPTER TWO

Experimental paper for submission: Chronic hypoxaemia in late gestation is associated
with decreased cardiomyocyte endowment, but does not change expression of hypoxia

responsive genes
2.1 Abstract

Placental insufficiency is the leading cause of intrauterine growth restriction (IUGR) in the
developed world and results in chronic hypoxaemia in the fetus. Oxygen is essential for fetal
heart development, but a hypoxaemic environment in utero can permanently alter
development of cardiomyocytes. We induced experimental restriction of placental growth
(PR) from conception by removing the majority of uterine caruncles from ewes before
conception. Caruncles are the maternal attachment site of cotyledons, which make up the
sheep placenta, and as such we reduced placental weight and induced IUGR and chronic
hypoxaemia in the fetus. Fetuses in the PR group had fewer cardiomyocytes, but interestingly,
there was no difference in the percentage of apoptotic cardiomyocytes in the free wall of the
right ventricle (RV), or the abundance of pro-apoptotic transcription factor p53 or expression
of Bax in the free wall of the left ventricle (LV). Furthermore, fetuses exposed to
normoxaemia (Control) or chronic hypoxaemia (PR) had a similar mRNA expression of HIF
target genes, which are essential for angiogenesis (VEGF, Flt-1, ANGPT-1, ANGPT-2 and
Tie-2), vasodilation (iNOS and Adm) and glycolysis (GLUT-1 and GLUT-3) in both ventricles.
In addition, there was no change in the expression of PKCg, a cardio-protective gene whose
transcription is regulated by hypoxia in a HIF-independent manner. There was, however, an
increased capillary length density, but no difference in the total length of capillaries, in the
RV of the chronically hypoxaemic fetuses. The lack of an upregulation of hypoxia target
genes in response to chronic hypoxaemia in the fetal heart in late gestation may be due to a
decrease in the number of cardiomyocytes and the maintenance of the total length of

capillaries. These adaptive responses in the fetal heart may therefore maintain a normal
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oxygen tension within the cardiomyocyte of the chronically hypoxaemic fetus in late
gestation.

2.2 Introduction

At sea level, air is composed of 21% oxygen, which results in a pressure of oxygen in arterial
blood (Pa0,) of 75-100mmHg in adults. Hypoxaemia is an inadequate PaO,, which without a
compensatory increase in oxygen delivery to tissues, results in a decrease in oxygen supply at
the cellular level (hypoxia). In utero, a fetus’s sole source of oxygen is delivered across the
placenta from maternal arterial blood and as such, fetal PaO, is approximately 20-25mmHg.
Despite a low PaO,, the fetus has an appropriate supply of oxygen to tissues due to an
alternate haemoglobin molecule that has a greater affinity for oxygen and a greater combined
ventricular output. Interestingly, hypoxia during early fetal life is essential for normal heart
growth, especially for embryonic outflow track remodelling®®? and coronary vessel growth.?*
Oxygen homeostasis is tightly regulated at the tissue level by hypoxia inducible factors
(HIFs). During acute hypoxia, HIFs recruit mechanisms to increase oxygen supply (via
erythropoesis, angiogenesis and vasodilation), decrease oxygen demand (via increased
glycolysis coupled with decreased oxidative metabolism), and regulate both the cell cycle and

apoptosis (for review, see 2%

). HIFs function in a heterodimeric complex consisting of an
oxygen regulated o isoform (HIF-1a, HIF-2a or HIF-3a) and a constitutively expressed 3
isoform. Together HIFs act as a transcription factor that binds to a hypoxia response element
(HRE) upstream of the promoter of genes required for the response to cellular hypoxia. The
degradation of HIF-a subunits is oxygen dependent as prolyl hydroxylases (PHD1-3) require
oxygen as a co-substrate. During acute hypoxia, PHDs cannot hydroxylate HIF-a leading to
increased HIF-o protein stability and translocation to the nucleus, whereupon they form a
heterodimer with HIF-1f and recruit co-activators CBP/p300 to induce gene transcription (for
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review, see “°). Additionally, the stabilisation of HIF-1a protein also directly stabilises and
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causes the accumulation of tumour suppressor p53 protein,®

a transcription factor that
regulates cell cycle activity and apoptosis, thus mediating hypoxia induced apoptosis.

A lower than normal oxygen supply in utero can result in lifelong consequences.?”
Exposure to chronic hypoxaemia in utero results in intrauterine growth restriction (IUGR) and
low birth weight (LBW).>® A series of worldwide epidemiological studies have
demonstrated that LBW is a predictor of ischaemic heart disease and heart failure in
adulthood and this association is supported by studies in a range of animal models of fetal

hypoxaemia (for review, see *°

). The cardiomyocytes present at birth constitute the majority
of the cardiomyocytes that an individual will have for a lifetime,* and thus considerable
focus has been placed on understanding the impact of reduced oxygen in utero on
cardiomyocyte development.

Chronic hypoxaemia in the fetus can have different effects on cardiomyocyte
development depending on the timing in relation to cardiac development, duration and degree
of the insult.*® In this context, “chronic” has been used to define periods of exposure to
hypoxia for periods ranging from 24 hours to several weeks. Interpretation of experimental
studies on the impact of fetal hypoxaemia is further complicated by the fact that exposure to
hypoxaemia for one week constitutes a third of gestation in rats, but only 5% of gestation in
sheep and less in humans. Maternal hypoxia during the last week of gestation in rats increases
cardiomyocyte apoptosis and accelerates cardiomyocyte maturation.” In adulthood, these rats
have an increased susceptibility to ischaemia/reperfusion injury,*®> which is partly due to
decreased expression of cardio-protective protein kinase C-epsilon (PKCg).™* Interestingly,
the hypoxia induced decrease in PKCe mRNA expression is independent of HIFs, instead it is
mediated by intracellular reactive oxygen species.® Unlike humans, however, rats are born
with an immature cardiovascular system, with all cardiomyocytes capable of proliferating.”
Terminally differentiated human cardiomyocytes, in the form of binucleated cardiomyocytes

have been observed at 0.8 of gestation, which is similar to sheep, where binucleation begins at
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0.7 of gestation (for review, see *). Studies of placental insufficiency in sheep, which results
in chronic fetal hypoxaemia, hypoglycaemia and LBW, report altered fetal heart growth in

late gestation.'*?* Placental insufficiency, resulting in chronic hypoxemia for the last third

49, 123 124, 125

of gestation or for 20 days (d) in late gestation, causes a delay in the transition of
proliferating mononucleated cardiomyocytes to terminally differentiated binucleated
cardiomyocytes. Chronic hypoxaemia for up to 20d is associated with a decrease in the
percentage of mononucleated cardiomyocytes undergoing proliferation'** (term, ~150d in
sheep), however, this is not observed in late gestation when chronic hypoxaemia has occurred
over at least the last third of gestation'?. Interestingly, the reverse is true for cardiomyocyte
size, where chronic hypoxaemia for at least the last third of gestation results in decreased
cardiomyocyte size,'?® but chronic hypoxaemia for up to 20d in late gestation does not.***

It is currently not known if the chronically hypoxaemic and growth restricted fetus has
a cardiac response to hypoxia in late gestation. We hypothesise that fetal hearts exposed to
chronic hypoxaemia for at least the last third of gestation will have fewer cardiomyocytes,

greater cardiomyocyte apoptosis, greater length of coronary capillaries and increased

expression of genes that are upregulated in response to acute hypoxia.

2.3 Methods

2.3.1 Animal model and surgical procedures

All procedures were approved by the University of South Australia and the University of
Adelaide Animal Ethics Committees. Carunclectomy was performed in 19 non-pregnant ewes
whereby the majority of the endometrial caruncles were removed from the uterus prior to

conception, which resulted in placental restriction (PR)**

and chronic hypoxaemia, which has
been measured previously from 102d gestation.*® All surgery was performed under aseptic
conditions with general anesthesia induced by sodium thiopentone (1.25g/ml, intravenous,

Boehringer Ingeheim, Australia) and maintained with 3-4% halothane in oxygen. At surgery,

antibiotics were administered to the ewe (153.5mg Procaine penicillin, 393mg benzathine
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penicillin; 500mg dihydrostreptomycin, Lyppards, Australia). Ewes recovered from surgery
for >12 weeks prior to entering a mating program.

Vascular surgery was performed at 119+1d gestation with general anaesthesia induced
by sodium thiopentane (1.25g; Pentothal, Rhone Merieux, Australia) and maintained by

inhalation of halothane (2.5-4%) in oxygen, as described previously.'?®

Briefly, vascular
catheters (Critchley Electrical Products, Australia) were inserted in the maternal jugular vein,
fetal carotid artery and jugular vein, and the amniotic cavity. Fetal catheters were exteriorised
through a small incision in the ewe’s flank. Ewes were administered antibiotics during
surgery and 3d post-surgery (as above, intramuscularly). Fetuses were administered
antibiotics during surgery (150mg Procaine penicillin, 112.5mg benzathine penicillin; 250mg

dihydrostreptomycin, Lyppards, Australia; intramuscularly) and 4d post-surgery (500mg

ibimicyn, GenePharm, Australia; intraamniotically).

2.3.2 Arterial blood gas measurements

Fetal carotid artery blood samples were collected daily to monitor fetal health by measuring
blood gases (PaO,, PaCO, oxygen saturation, pH, haemoglobin and arterial oxygen

123

content™”) at 39°C with an ABL 520 analyzer (Radiometer, Denmark). Animals recovered for

4d post-operatively before blood samples were recorded for experimental comparisons.

2.3.3 Tissue collection

At 140+1d gestation, ewes and fetuses were humanely killed with an overdose of
sodium pentobarbitone (8.2g; Vibrac Aus, Australia) and fetuses were delivered by
hysterotomy, weighed and exsanguinated. The fetal heart was dissected and weighed. The free
wall of the right ventricle (RV) was either dissected, weighed and stored in 4% formaldehyde
to determine the total number of cardiomyocytes and capillary length density, frozen for gene
analysis or enzymatically digested using a reverse Langendorff apparatus as previously

described"? to determine the average number of nuclei per cardiomyocyte and the percentage
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of apoptotic cardiomyocytes. The RV was chosen because in the fetus, the majority of cardiac
output is from the RV and hence, if oxygen delivery through the coronary vasculature was
insufficient, the greater demand of the RV may make an effect of chronic hypoxaemia more
pronounced. Since it is unknown whether or not chronic hypoxaemia causes asymmetric
delivery of cardiac output into the left and right coronary artery from the aortic root, gene
expression was also performed in the free wall of the left ventricle (LV). Due to limited
frozen RV tissue and that neither the left nor right ventricle had an upregulation of hypoxic

response genes, protein abundance was analysed in the LV.

2.3.4 Total number of cardiomyocytes and capillary length density

The estimation of total cardiomyocyte number and capillary length were performed using
design-unbiased stereological techniques.®

Tissue sampling: RV samples were fixed in 4% formaldehyde and serially sectioned

301 and further

into 2mm slices. 5-6 slices were selected using the smooth fractionator principle
cut to create cubes of < 2mm°. Using the same principle, tissue cubes were divided into
groups of 8-12, with one group being embedded in glycolmethacrylate (Technovit 7100, Ax-
lab, Denmark) for cardiomyocyte number estimation and the other group becoming isotropic

302

with the isector”™ and embedded in paraffin for capillary length analysis.

Cardiomyocyte number estimation: The average number of nuclei per cardiomyocyte
(I\T(nuclei/cm)) was determined from isolated cardiomyocytes from the RV using Eq.1.
Briefly, isolated cardiomyocytes were stained with methylene blue to visualise cardiomyocyte
nuclei. The number of mononucleated (2Q (mono)) and binucleated (XQ°(bi)) cardiomyocytes
in a total of 300 cardiomyocytes was determined.

Equation 1. I\K(nuclei/cardiomyocyte):: 2Q°(mono)+2(2Q (bi))
2[O (mono +Q(bi) ]

The numerical density of cardiomyocyte nuclei was determined using the optical

disector technique on glycolmethacrylate embedded sections.*®® From the centre of each
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glycomethacrylate block, a 30um thick section was cut and mounted on Superfrost plus slides
(Menzel-Glaser, Germany). In order to visualise cardiomyocyte nuclei, sections were stained
with Mayer’s haematoxylin and 0.15% basic fuchsine. ~Twenty 2D unbiased counting frames
of surface area 500pum? were systematic, uniformly randomly assigned by newCAST software
(Visiopharm, Denmark) to each ventricle piece. A disector height 10um in the centre of each
section determined after a z-axis analysis was used to determine the numerical density of
nuclei in a minimum of six ventricle pieces per animal. The numerical density of nuclei in the
RV (Ny (nuclei/rv)) was determined using Eq.2, where 20O (nuc) is the number of nuclei, h is
the Z height analysed, a/p is the area of ventricle each point represents and ZP(rv) is the sum
of points that hit ventricle tissue.

Equation 2. Ny (nuclei/rv):= 2Q’(nuc)

h-(a/p)-2P(rv)
The number of cardiomyocytes in the RV (N(cm,rv)) was determined by dividing the
Ny (nuclei/rv) by the average number of nuclei per cardiomyocyte and multiplying by the

volume of the RV (volume of RV = post mortem wet weight + 1.06g/cm®).%*

Length density and total length of capillaries: The length density of coronary
capillaries in the RV (L,(cap/rv)) was determined in 5um thick paraffin sections on Superfrost
plus slides. Non-specific antibody binding was blocked by 1% bovine serum albumin (BSA;
0.2% gelatine, 0.05% saponin in phosphate buffered saline (PBS)). The primary antibody
anti-a-smooth muscle actin (1:4000, Sigma-Aldrich, A2547) was used to identify pericytes
that wrap around the endothelial cells of capillaries. Primary and secondary antibody anti-
mouse-HRP (1:200, Cell Signaling, 7076) were diluted in PBS containing 0.1% BSA and
0.3% Triton X. Antigen location was visualised with DAB (3,3'-Diaminobenzidine
tetrahydrochloride; Kem-en-tec Diagnostics, 4170) and nuclei were visualised with Mayer’s

haematoxylin.
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Capillaries were visualised at a magnification of 600X with a BX53 microscope
(Olympus, Australia) equipped with a motorised stage (ProScan™III Motorized Stage
Systems, Prior, USA) and digital camera (DP72, Olympus, Australia). ~Twenty 2D unbiased
counting frames of surface area 10,000um? were uniformly randomly assigned by newCAST
software (Visiopharm, Denmark) to each ventricle piece. L,(cap/rv) was calculated using

Eq.3,%%* where (2Q(cap)) was the number of capillary profiles within the counting frame.

Equation 3. Lv (cap/rv):= 2 -2Q(cap)
(a/p)-2P(rv)
The total length of capillaries in the RV (L(cap,rv) was calculated by multiplying the

Lv(cap/rv) by the volume of the right ventricle.

2.3.5 TUNEL

Apoptosis was measured by the presence of DNA fragmentation with terminal
deoxynucleotidyl transferase dUTP nick end labelling (TUNEL; Invitrogen) and visualised
with DAB (Metal Enhanced DAB Substrate Kit, Thermo-Fischer Scientific). Isolated,
paraformaldehyde fixed cardiomyocytes from the RV were dried onto polylysine coated
Superfrost plus slides and fixed with acetone. Positive control slides were generated by
inducing DNA nicks with DNAse | (Sigma-Aldrich, AMPD1) and negative control slides
were generated by the absence of either terminal deoxynucleotidyl transferase or nucleotides.
The percentage of apoptotic cardiomyocytes was determined by the presence of positive
TUNEL staining in at least one nuclei of 200 mononucleated and 200 binucleated

cardiomyocytes.

2.3.6 Measurement of mMRNA expression

RNA was isolated from the LV and RV (~100mg) of each fetus and cDNA was synthesized
as previously described.”®® Controls containing no Superscript 111 (NAC) and no RNA
transcript (NTC) were used to test for genomic DNA and reagent contamination, respectively.
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The reference genes tyrosine 3-monooxygenase (YWHAZ), glyceraldehydes-3-phosphate
dehydrogenase (GAPDH)®*® and phosphoglycerate kinase 1 (PGK1)**® were chosen from a
suite of reference genes based on expression analysis using the geNorm component of the
gBase relative quantification analysis software,*® because their expression was stable across
samples.®” The expression of target and reference mMRNA transcripts were measured by qRT-
PCR using Fast SYBR® Green Master Mix (Applied Biosystems, USA) in a final volume of
6uL on a ViiA7 Fast Real-time PCR system (Applied Biosystems, USA) as described
previously.*”’

Primers were validated to generate a single transcript as confirmed by the presence of
one double stranded DNA product of the correct size and sequence (Table 1). Controls
containing no cDNA were included for each primer set on each plate to test for reagent
contamination. Melt curve/dissociation curves were also run to check for non-specific product
formation. Amplification efficiency reactions were performed on 5 triplicate serial-dilutions
of cDNA template for each primer set. Amplification efficiencies were determined from the
slope of a plot of C; (defined as the threshold cycle with the lowest significant increase in
fluorescence) against the log of the cDNA template concentration (1-100ng). The
amplification efficiency was close to 100%. Each sample was run in triplicate for target and
reference genes. The reactions were quantified by setting the threshold within the exponential
growth phase of the amplification curve and obtaining corresponding C; values. The
abundance of each transcript relative to the abundance of the three stable reference genes was
calculated using DataAssist Software v3.0 (Applied Biosystems, USA) and expressed as

mean normalised expression (MNE).*%
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Table 1. Primer sequences used in quantitative real-time reverse transcription-PCR to measure genes of interest.

Gene

Primers

Accession Number

Reference genes
Tyrosine 3-monooxygenase (YWAHZ)

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

Phosphoglycerate kinase 1 (PGK1)

Fwd 5’-CCTGGAGAAACCTGCCAAGT-3’
Rev 5’-GCCAAATTCATTGTCGTACCA-3’
Fwd 5’-TGTAGGAGCCCGTAGGTCATCT-3’
Rev 5’- TTCTCTCTGTATTCTCGAGCCATCT-3’
Fwd 5’-ACTCCTTGCAGCCAGTTGCT-3’
Rev 5’-AGCACAAGCCTTCTCCACTTCT-3’

AY970970

DQ152956.1

NM_001034299

Apoptosis

Fwd 5’-GTGGAGGAGCTCTTCAGGGA-3’

B-cell CLL/lymphoma 2 (Bcl-2) HM630309.1
Rev 5’-GTTGACGCTCTCCACACACA-3’
) ) Fwd 5’-CAGGATGCATCCACCAAGAAGC-3’
Bcl-2 associated protein (Bax) AF163774.1
Rev 5’>-TTGAAGTTGCCGTCGGAAAACATT-3’
Oxygen sensing
) ) Fwd 5’-TGAGCTTGCTCATCAGTTGCCA-3’
Hypoxia Inducible Factor -1 alpha (HIF-1a) AY485676.1
Rev 5’-ACGCAAATAGCTGATGGTGAGCCT-3’
) ) Fwd 5’-TACAGGTTCCTCCCCGTCAC-3’
Hypoxia Inducible Factor-2 alpha (HIF-2a) NM_174725.2
Rev 5’-CTTGTCAGCTGTCATTGTCGC-3’
Fwd 5’-GTGGAGTTCCTGGGCATCAG-3’
Hypoxia Inducible Factor-3 alpha (HIF-3¢) EU340262.1
Rev 5’-CCCGTCAGAAGGAAGCTCAG-3’
Fwd 5°-AGGTGTGGCAATAGCTCTGTGGAT-3’
Hypoxia Inducible Factor-1 beta (HIF-1/5) NM_173993.1

Rev 5’-AGGCCTTGATATAGCCTGTGCAGT-3’
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Angiogenesis
Vascular Endothelial Growth Factor-A (VEGF-A)

VEGF Receptor 1 (FIt-1)

Fwd 5’-TGTAATGACGAAAGTCTGGAG-3’
Rev 5’-TCACCGCCTCGGCTTGTCACA-3’

Fwd 5’-CCGAAGGGAAGAAGGTGGTC-3’
Rev 5’-GACTGTTGTCTCGCAGGTCA-3’
Fwd 5’-TGCAAATGTGCCCTCATGCT-3’

AF071015.1

NM_001191132.2

Angiopoietin-1 (ANGPT-1) AY881028.1
Rev 5’-TTCCATGGTTCTGTCCCGCT-3’
o Fwd 5°-AGAACCAGACCGCTGTGATG-3’
Angiopoietin—2 (ANGPT-2) AY881029.1
Rev 5’-TGCAGTTTGCTTATTTCACTGGT-3’
) o ) Fwd 5’-CAGTTTACCAGGTGGACATC-3’
Tyrosine-protein kinase receptor (TEK / Tie-2) AY288926.1
Rev 5’-ACATTTTGGAAGGCTTGGGC-3’
Vasodilation
. o ] ) Fwd 5’-AAGGCAGCCTGTGAGACATT-3’
Inducible Nitric Oxide Synthase (iNOS) AF223942.1
Rev 5’-CAGATTCTGCTGCGATTTGA-3’
) Fwd 5’-GGGGTGCAAGCCTCACTATT-3’
Adrenomedullin (Adm) NM_173888.3
Rev 5’- CACATTCCACGCAGCAAACA-3
Glucose metabolism
) ) N Fwd 5’-ATCGTGGCCATCTTTGGCTTTGTG-3’
Solute carrier family 2 (facilitated glucose transporter), member 1 (SLC2A1 / GLUT-1) U89029.1

Solute carrier family 2 (facilitated glucose transporter), member 3 (SLC2A3 / GLUT-3)

Rev 5’-CTGGAAGCACATGCCCACAATGAA-3’
Fwd 5’-AGAGTATGCGGATGTCGCAG-3’
Rev 5’-CACCGATAGTGGCGTAGACC-3’

NM_001009770.1

Cardioprotection
Protein kinase C-epsilon (PKCe)

Fwd 5’-AGCACCCGTTCTTCAAGGAG-3’
Rev 5’-TGCTTGCAGCATCACCAAAC-3°

XM_004005978.1
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HIF-a stability
Egl nine homolog 2 (EGLN2 / PHD-1)

Egl nine homolog 1 (EGLN1 / PHD-2)

Egl nine homolog 3 (EGLN3 / PHD-3)

Fwd 5’-ATGGTGGCATGTTACCCAGG-3’
Rev 5’-AGGGGCTCAATGTTGGCTAC-3”
Fwd 5’-TGGAGATGGAAGATGTGTGA-3’
Rev 5’-TTGGGTTCAATGTCAGCAAA-3’
Fwd 5’-TGCTACCCAGGAAATGGAACAGGT-3’
Rev 5’-GCTTGGCATCCCAGTTCTTGTTCA-3’

NM_001102193.1

NM_001206046.2

NM_001101164.1
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2.3.7 Quantification of protein abundance

Proteins were extracted from the LV by sonication in lysis buffer (50mM Tris-HCL (pH 8),
150mM NaCl, 1% NP-40, 1mM Na orthovanadate, 30mM Na fluoride, 10mM Na
pyrophosphate, 10mM EDTA, and a protease inhibitor tablet (cOmplete Mini; Roche)). Total
protein concentration was determined by microBCA assay (Thermo-Fisher Scientific). Protein
was diluted to a concentration of 5mg/ml in 1X SDS sample buffer (containing 75 mM DL-
Dithiothreitol) and Coomassie blue stain used to confirm equal protein loading on SDS-PAGE
before diluted protein was used for experimental blots. Proteins were transferred to a
nitrocellulose membrane (Amersham Hybond-C extra; GE Healthcare Life Sciences) using
boric acid transfer buffer. Non-specific antibody binding was blocked with 5% skim milk in
TBST (Tris buffered saline with 1% Tween-20) or 5% BSA in TBST. Primary antibodies,
anti-p53 (1:200, mouse mAb, OP104L, MERCK), anti-PHD-1 (1:500, rabbit pAb, NB100-
310, Novus Biological) and anti-PHD-2 (1:500, rabbit pAb, NB100-137, Novus Biological)
were incubated overnight. Secondary antibodies, mouse-HRP (1:2000, #7075, Cell Signaling)
and rabbit-HRP (1:2000, #7076, Cell Signaling), were incubated for one hour at room
temperature. SuperSignal West Pico chemiluminescent substrate (Thermo-Fisher Scientific)
and an ImageQuant LAS 4000 (GE Healthcare, Australia) were used to detect and image
antigens of interest. ImageQuantTL Analysis Toolbox (GE Healthcare, Australia) was used to
quantify the protein bands and the ratio of band density from a 50% and 100% of the loading
control constituted from an equal amount of protein extracts from each animal was used to
ensure linearity of density measurement. Each antibody was repeated on new blots to ensure

reproducibility of result.

2.3.8 Statistical analysis
Fetuses were included in the Control group if the ewe did not undergo carunclectomy surgery
and they had a mean gestational PaO, >17mmHg and in the PR group if they ewe underwent

carunclectomy surgery and they were chronically hypoxaemic, defined as a mean gestational
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Pa0, <17mmHg.'?* 3% Normality was determines using Shapiro-Wilk-test (swilk) in
STATAILO0. Student’s unpaired t-test was used to determine the effects of PR compared to
Control unless otherwise stated. A probability level of 5% (P<0.05) was considered
significant. In tables, data is presented as mean + standard error of the mean (SEM). In
figures, data is presented as boxplots in order to describe the data in more detail for the

reader.

2.4 Results

Placental restriction (PR) resulted in reduced PaO,, oxygen saturation and arterial oxygen
content, but did not alter the concentration of haemoglobin compared to Controls (Table 2).
PR and Control fetuses had an equivalent PaCO, and base excess, but PR fetuses had lower
pH (Table 2). Fetuses exposed to chronic hypoxemia had a reduced body and heart weight,
but an increase in heart weight relative to body weight in late gestation (Table 3).

Fetuses exposed to chronic hypoxemia had a decreased total number of
cardiomyocytes, mononucleated and binucleated cardiomyocytes in the RV (Figure 1A-1C).
The total number of cardiomyocytes in the RV was positively correlated with fetal body
weight (P<0.001; R?=0.968; y = 1.95 — 0.70x + 0.17x%; Figure 1D). Despite a reduction in the
total number of cardiomyocytes, there was no effect of being exposed to chronic hypoxaemia
on the percentage of apoptotic cardiomyocytes or the mRNA expression of the pro-apoptotic
gene Bax or the anti-apoptotic gene Bcl-2 in the RV (Figure 2A-C). Furthermore, fetuses
exposed to chronic hypoxaemia had an equivalent abundance of p53 protein in the LV (Figure
2D), which is responsible for hypoxia induced apoptosis. Paradoxically, fetuses exposed to
chronic hypoxaemia had a decrease in the mRNA expression of pro-apoptotic Bax, however,
there was also a decrease in the mRNA expression of anti-apoptotic Bcl-2 in the LV (Figure

2E-F).
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Table 2. Fetal arterial blood gas measurements.

Control PR

(n=26) (n=20)
PaO; on day of post mortem (mmHg) 20.8+0.7 12.7+0.5*
Mean gestational PaO, (mmHg) 21.9+0.5 13.7£0.4*
Mean gestational O, saturation (%) 65.8+1.7 37.5+1.7*
Mean gestational Haemoglobin (g/dL) 10.5+0.22 11.3+0.61
Mean gestational O, content (ml/dL) 9.6+0.2 5.8+0.3*
Mean gestational PaCO, (mmHg) 49.2+0.6 50.4+1.2
Mean gestational pH 7.384+0.005 7.369+0.005*
Mean gestational base excess (mEQ/L) 2.8+0.3 3.5+0.5

PR, placental restriction; values are mean + SEM; *, P<0.05.
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Table 3. Fetal body and heart weight measurements.

Control PR
(n=32) (n=22)
(Includes 21 fetuses that (Includes 10 fetuses that
were twins) were twins)
Fetal weight (kg) 4.68+0.12 2.52+0.16*
Heart weight (g) 32.17+0.79 18.77+0.81*
Relative heart weight (g/kg) 6.69+0.09 7.19+£0.19*

PR, placental restriction; values are mean + SEM; Data was analysed by 2-way ANOVA for

treatment group and fetal number and determined no interaction; * Treatment P<0.05.
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Figure 1. Placental restriction (PR) resulting in chronic hypoxaemia reduced the total number
of cardiomyocytes (A), mononucleated cardiomyocytes (B) and binucleated cardiomyocytes
(C) in the right ventricle. The total number of cardiomyocytes is positively correlated with

fetal weight (D).*, P<0.05; Control, n=8, O; PR, n=5, @.
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Figure 2. Placental restriction (PR) resulting in chronic hypoxaemia did not alter the percentage of apoptotic cardiomyocytes (A; Control, n=6; PR, n=6) or
the mRNA expression of pro-apoptotic gene Bax (B) or anti-apoptotic gene Bcl-2 (C) in the right ventricle (Control, n=9; PR, n=8). PR did not affect the
protein abundance of hypoxia-mediated apoptosis regulator p53 (D), but resulted in decreased mMRNA expression of both Bax (E) and Bcl-2 (F; Control,

n=15; PR, n=12) in the left ventricle. Open circle represents an outlier; *, P<0.05.
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There was no difference in the mRNA expression of HIF-1a, HIF-2¢, HIF-3¢, HIF-
1P and genes with HREs that are involved in angiogenesis (VEGF, Flt-1, ANGPT-2 and Tie-
2), vascular tone (iNOS) and glycolysis (GLUT-1 and GLUT-3), or of the hypoxia regulated
cardio-protective gene PKCe in either the LV or RV of fetuses exposed to chronic hypoxemia
compared to Controls (Table 4). Fetuses exposed to chronic hypoxaemia had a decrease in the
MRNA expression of the angiogenic gene ANGPT-1 and the vasoactive gene Adm in the LV,
but there was no change in the RV. Fetuses exposed to chronic hypoxaemia had an increased
capillary length density (Figure. 3A), but a similar total length of capillaries in the RV
compared to Controls (Figure. 3B). Interestingly, Control fetuses maintained a positive
relationship between the number of cardiomyocytes and the length of capillaries (y = 3.68x —
4.55; Figure. 3C), but PR fetuses did not. A similar length of capillaries with a reduction in
the number of cardiomyocytes would indicate that there was a greater length of capillaries per
cardiomyocyte in the RV of the PR fetus (Figure. 3D).

Exposure to chronic hypoxaemia resulted in increased mMRNA expression of the HIF
destabilising gene PHD-3, but only in the LV (Table 4), coupled with an increased abundance
of PHD-2 protein (Figure. 4). There was, however, no change in the mRNA expression of
PHD-1 or PHD-2 in either ventricle (Table 4). Similarly, there was no change in the protein

abundance of PHD-1 (Figure. 4).
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Table 4. mRNA expression of HIFs, genes with hypoxia response elements, and genes

involved in cardio-protection and HIF-a stability.

Left Ventricle Right Ventricle

Control PR Control PR
Gene (n=15) (n=12) (n=9) (n=8)
Oxygen sensing
Hif-1a 0.390+0.035 0.343+0.036 0.348+0.022 0.285+0.018
Hif-2a 0.389+0.026 0.499+0.083 0.487+0.090 0.387+0.047
Hif-3¢« 0.073+0.010 0.061+0.013 0.065+0.006 0.093+0.013
Hif-15 0.060+0.010 0.049+0.008 0.056+0.005 0.076%0.010
Angiogenesis
VEGF 0.611+0.054 0.637+0.122 0.436%0.076 0.603+0.065
Flt-1 0.102+0.009 0.108+0.011 0.115+0.006 0.140+0.012
ANGPT-1 0.018+0.002 0.009+0.002* 0.047+0.016 0.019+0.004
ANGPT-2 0.016%0.001 0.015+0.003 0.018+0.003 0.021+0.002
Tie-2 0.075%0.009 0.055+0.011 0.054+0.005 0.085+0.014
Vasodilation
iNOS 0.010+0.002 0.006+0.001 0.006+0.001 0.007+0.001
Adm 0.013+0.001 0.009+0.001* 0.007+0.001 0.006%0.001
Glucose metabolism
GLUT-1 0.050+0.006 0.056+0.010 0.042+0.010 0.053+0.009
GLUT-3 1.020+0.158 0.931+0.072 1.384+0.327 1.729+0.271
Cardio-protection
PKCe 0.053+0.006 0.048+0.007 0.072+0.011 0.050+0.008
HIF-a stability
PHD-1 0.081+0.007 0.077+0.006 0.071+0.007 0.072+0.009
PHD-2 0.391+0.026 0.344+0.048 0.379+0.029 0.418+0.055
PHD-3 0.284+0.020 0.450+0.047* 0.340+0.036 0.436%0.058

PR, placental restriction; values are mean £ SEM; *, P<0.05.
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Figure 3. The effect of IUGR on the length of capillaries. Placental restriction (PR; A and
F; n=5) resulting in chronic hypoxaemia increased capillary length density in the right
ventricle (RV) compared to Controls (A and E; n=7), however, there was a similar total length
of capillaries (B). In the Control RV, there was a significant positive correlation between the
total number of cardiomyocytes and the total length of capillaries, but not in PR (C). PR
hearts have a suggested increase in the length of capillaries per cardiomyocyte (D; presented
as arbitrary units (au) due to the two analyses being performed in sections embedded in
different compounds; Control, n=7; PR, n=4). Coronary capillaries were identified with
immunohistochemistry for a-SMA in the pericytes that surround the capillaries (brown) and

counter-stained with Mayer’s haematoxylin. Open circle represents an outlier; *, P<0.05.
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Figure 4. Placental restriction (PR) resulting in chronic hypoxaemia does not change the
protein abundance of PHD-1 (A), but increases the protein abundance of PHD-2 (B) in the left
ventricle. Treatment groups were alternated across the Western blot to minimise transfer bias;

*, P<0.05.
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2.5 Discussion

In the present study, experimental induction of placental restriction in the sheep from
conception resulted in chronic fetal hypoxaemia, reduced fetal growth and fewer
cardiomyocytes in the fetal RV. This study is the first to demonstrate that there is a reduction
in the number of cardiomyocytes in a large animal model of IUGR where the timing of
cardiomyocyte maturation is similar to humans. Consistent with the current findings, maternal
protein restriction in rats reduces fetal growth, heart weight and total number of
cardiomyocytes at birth.""* Furthermore, rats exposed to maternal hypoxia during the last
week of pregnancy may also have a lower number of cardiomyocytes, since adult offspring
have the same heart weight as Controls, but larger individual cardiomyocytes."* A reduction
in the number of cardiomyocytes, particularly in the number of mononucleated
cardiomyocytes may have critical consequences for heart health in later life because at birth,
the heart of both the sheep and the human contains the majority of the cardiomyocytes it will
have for life.'* ™ Consequently, the remaining cardiomyocytes will be required to increase in
size in order to increase their capacity for contractile force generation, rendering the
individual vulnerable to heart disease.® *# This premise is supported by studies in the
hypertrophic heart rat (HHR) model, which have smaller bodies from 2 days of age and have
hearts that contain smaller and fewer cardiomyocytes that have prematurely exited the cell

cycle,**

and develop cardiac hypertrophy in the absence of hypertension by 2 months of
age.!® Interestingly, in the present study the linear relationship between the number of
cardiomyocytes and fetal weight, as previously reported in sheep with naturally occurring

variations in birth weight,*?

only holds true for fetuses with a body weight greater than 3kg.
It appears that there may be a critical threshold for the number of cardiomyocytes required to
maintain function in fetuses less than 3kg. A reduction in cardiomyocyte endowment, as

observed in the present model of chronic hypoxaemia and IUGR, provides a potential link for
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the epidemiological association between IUGR and an increased incidence of ischemic heart
disease and heart failure in adult life.

Maternal hypoxia from 15 to 21d of gestation in rats results in an increase in HIF-1a
protein abundance in the fetal heart at 21d gestation.”* Furthermore, fetal rats exposed to
maternal hypoxia had a greater percentage of binucleated cardiomyocytes, which were also
larger in size. This is in contrast to previous studies in fetal sheep where hypoxaemia due to
umbilicoplacental embolisation’** or PR reduced the percentage of binucleated
cardiomyocytes and PR also reduced their size.'*® Furthermore, in contrast to the present
study, fetal rats exposed to maternal hypoxia in the last week of gestation had a greater
percentage of TUNEL positive/apoptotic cardiomyocytes, possibly due to a decrease in anti-
apoptotic Bcl-2 protein abundance and an increase in the pro-apoptotic protein Fas.”* In the
present study, chronic hypoxaemia did not alter the mMRNA expression of the anti-apoptotic
gene Bcl-2 or the pro-apoptotic gene Bax in the RV, whereas in the LV, exposure to chronic
hypoxaemia decreased the mRNA expression of Bcl-2 and Bax. A decrease in both anti- and
pro-apoptotic factors may suggest that there is a similar Bcl-2:Bax ratio, an index of
mitochondrial-mediated apoptosis, which is trigged when the ratio favours Bax.>* Although
HIFs do not transcribe Bax, its expression can be regulated by hypoxia due to a HIF-1la
dependent interaction with the transcription factor p53.2® 3% Tumour suppressor p53 protein

is stabilised in response to cellular stressors, including hypoxia,®**

to arrest the cell cycle,
induce apoptosis, inhibit autophagy, alter metabolism and other cellular processes.** HIF-1o.
promotes apoptosis in conditions of chronic cellular hypoxia (24h),**® however, in the present
study chronic hypoxaemia for at least the last third of gestation in fetal sheep did not lead to
an accumulation of p53 protein, an increase in Bax transcription or an increase in apoptosis,
suggesting that in late gestation the heart is not experiencing hypoxia.

Despite PR fetuses being hypoxaemic in late gestation, we did not observe an increase

in the cardiac mRNA expression of genes with HREs, which are crucial for a cell’s response
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to hypoxia to increase oxygen supply by angiogenesis (VEGF, Flt-1, ANGPT-2 and Tie-2)
and vasodilatation (iNOS and Adm) or decrease oxygen demand by increasing anaerobic
metabolism (GLUT-1 and GLUT-3). An alternative interpretation of the results presented in
this study is that chronic hypoxia is unable to upregulate hypoxia responsive processes due to
the “desensitisation” and destabilisation of HIF-o subunits. In the present study, we were
unable to detect HIF-1a protein, despite testing every HIF-1a antibody previously published
in sheep tissue. Ginouves and colleagues suggest that a reduction in mitochondrial respiration
during hypoxia, results in an increase in intracellular oxygen, enabling PHDs to be active
despite hypoxia.*** Mice exposed to chronic hypoxia (24h; 8% O, in air) do not have
stabilised HIF-1a protein in the kidney, brain and thymus, despite HIF-1a being present after

6h of hypoxia (acute).*™

After acute hypoxia, there was a decrease in PHD activity, which
was re-activated after 24h of hypoxia. Furthermore, silencing all PHDs using small interfering
RNA (siRNA) after 24h of hypoxia resulted in a stabilisation of HIF-1a protein, providing
evidence that it is PHD mediated. The theory of HIF-1ow desensitisation is supported by
studies in the skeletal muscle of exercising mice exposed to one day of hypobaric hypoxia
(acute), where HIF-1a. protein was stabilised, versus one week of hypobaric hypoxia
(chronic), where no HIF-1o. protein was measured.*”® In the present study, chronic
hypoxaemia resulted in an increase in the mRNA expression of PHD-3, but only in the LV, as
well as an increase in the abundance of PHD-2 protein. The transcription of PHD-2 and PHD-
3 is regulated by HIFs, possibly to promote a rapid degradation of HIF-a once normoxia is
achieved. Therefore, the increase in PHDs and the absence of increased transcription of
hypoxia responsive genes in our study present several interpretations, either that the heart is
chronically hypoxic and HIF-1la has been desensitised or the heart is not hypoxic.
Considering that we did not see a difference in the mRNA expression of PKCeg whose
transcription due to prenatal hypoxia in cardiomyocytes is inhibited by intracellular reactive

oxygen species and is independent of HIFs, is evidence that the heart is not hypoxic.*3* 2%
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This lack of transcriptional activation in the heart of PR fetuses suggests that, despite chronic
hypoxaemia, the heart is not experiencing cellular hypoxia potentially due to a lower demand
for oxygen since it contains fewer cardiomyocytes that are smaller.?® Considering that there
is also no difference reported in the percentage of cardiomyocytes in the cell cycle,'® we
suggest that earlier in gestation, there has either been a reduction in the rate of proliferation
(as observed in fetal sheep studies where hypoxaemia has been present for up to 20d)*?* or an
increase in cardiomyocyte apoptosis (as observed in rat offspring of maternal hypoxia in the
last week of gestation)”* that has resulted in the reduced number of cardiomyocyte observed
in late gestation in the present study.

Considering that we did not observe a change in the mRNA expression of the
angiogenic genes VEGF, Flt-1, ANGPT-1, ANGPT-2 or Tie-2 in the RV, it was surprising to
observe an almost doubling of capillary length density in the RV of the chronically
hypoxaemic fetus. An increase in capillary density (angiogenesis) in response to acute
hypoxia has been well documented and is essential to increase oxygen supply (for review, see
318y 'Interestingly, however, there was no difference in the total length of capillaries in the RV
of fetuses exposed to chronic hypoxaemia compared to Controls, which suggests an increased
length of capillaries per cardiomyocyte. We speculate, therefore, that cardiomyocytes and
capillaries are differentially sensitive to the early environment in the PR fetus, which ensures

each cardiomyocyte may have a normal oxygen tension.

2.6 Conclusion

In the present study, chronic hypoxaemia for at least the last third of gestation®® resulted in
growth restricted fetuses, with smaller hearts that contained fewer cardiomyocytes in the RV.
Despite a reduction in the number of cardiomyocytes, there is no difference in the percentage
of TUNEL positive/apoptotic cardiomyocytes or the protein abundance of the hypoxia-
mediated apoptosis regulator p53. Furthermore, there was either no difference or a decrease in

the mRNA expression of the pro-apoptotic gene Bax, whose transcription is typically
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upregulated during hypoxia by p53.3'° Interestingly, there was no difference in the mRNA
expression of HIFs (HIF-1a, HIF-2¢, HIF-3« and HIF-14) or target genes with HREs that
are central to hypoxia mediated angiogenesis (VEGF, Flt-1, ANGPT-2 or Tie-2), glycolysis
(Glut-1 or Glut-3) and vasodilation (iNOS and Adm). Furthermore, we did not observe a
decrease in the mRNA expression of PKCe, whose transcriptional regulation due to prenatal
hypoxia is independent of HIFs. Despite chronic hypoxaemia, PR fetuses had a similar length
of capillaries compared to Control in the RV, which suggests an increased length of
capillaries per cardiomyocyte. Together, this suite of data suggests that in late gestation the
heart of the chronically hypoxaemic fetus is not experiencing cellular hypoxia, potentially due
to a decrease in oxygen demand (fewer and smaller cardiomyocytes) and an appropriate

oxygen supply (maintenance of the total length of capillaries despite a smaller heart).
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3. CHAPTER THREE

Experimental Paper for submission: IUGR due to maternal hypoxia, but not maternal
nutrient restriction reduces the number of cardiomyocytes in female, but not male,
adolescent offspring

3.1 Abstract

Placental insufficiency is the leading cause of intrauterine growth restriction (IUGR) in the
Western world and burdens the offspring with a greater risk of cardiovascular disease in
adulthood. In order to distinguish the separate effects of fetal hypoxaemia and hypoglycaemia
on the programming of cardiomyocyte endowment, cardiac hypertrophy and hypertension,
Maternal Hypoxia (MH; 12% oxygen) and Maternal Nutrient Restriction (MNR; ~22%
reduction in food intake per body weight; matched to the daily reduction in food intake per
body weight of MH) was induced in guinea pigs from mid-gestation. MH female, but not
male, offspring at 120d of age had fewer cardiomyocytes in the left ventricle compared to
both MNR and Control offspring. There was no effect of MNR or MH on heart weight and
left ventricle weight. Despite this, MH offspring had increased cardiac mMRNA expression of
the physiological hypertrophy receptor IGF-1R, despite no difference in the abundance of the
downstream mediator, Aktl or phosphorylation/activation of Akt. MNR offspring had
reduced cardiac mRNA expression of IGF-2R, but no difference in cardiac abundance of
phosphorylated/activated pathological hypertrophy mediator CaMKII or mRNA expression of
the pathological hypertrophy marker, ANP. Additionally, there was no effect of MH or MNR
on basal blood pressure in males. In conclusion, the present study suggests that IUGR can
result in a permanent reduction in the number of cardiomyocytes and importantly, the cause

of IUGR and sex interact in their impact on cardiomyocyte endowment in adolescence.
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3.2 Introduction

Epidemiological studies of populations from a range of continents and ethnicities demonstrate
that poor fetal growth programs the offspring for a greater susceptibility to ischemic heart
disease and heart failure in adult life.?*® Placental insufficiency is the leading cause of
intrauterine growth restriction (IUGR) in the developed world and results in decreased oxygen
and nutrient supply to the fetus.*** This results in a number of adaptive responses in the fetus,
including a redistribution of cardiac output to key organs like the brain and a decrease in fetal
growth rate.!*® These adaptions may allow the fetus to survive an adverse environment in
utero, however, they also result in a greater risk of cardiovascular disease and the metabolic
syndrome in adulthood.*®

Animal models provide insight into the intricacies of how exposure to an adverse
environment in utero alters heart development and the mechanisms that underlie why heart
function is compromised in postnatal life. IUGR rats exposed to maternal protein restriction
have fewer cardiomyocytes at birth!** and IUGR rats exposed to maternal hypoxia have
increased cardiomyocyte apoptosis in late gestation.”’ Likewise, IUGR lambs exposed to
placental restriction from conception (fetal hypoxaemia and hypoglycaemia) have fewer
cardiomyocytes in late gestation (Chapter 2), but no difference in the percentage of apoptotic

(Chapter 2) or proliferative cardiomyocytes'?®

and an equivalent length of coronary capillaries
compared to normally grown fetuses (Chapter 2). These data suggest that a reduction in the
number of cardiomyocytes is an adaptation to the reduction in global substrate supply, but
that when oxygen and nutrient delivery is matched to demand, through an increase in
capillary length per cardiomyocyte, cardiomyocyte apoptosis ceases.

Due to limited cardiomyocyte proliferation in the postnatal heart™® * 3 the
cardiomyocytes present shortly after birth will constitute the majority of cardiomyocytes an

individual will have for a lifetime.*® ** Consequently, a reduction in the total number of

cardiomyocytes at birth, due to IUGR, may be permanent and leave the remaining
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cardiomyocytes to generate the equivalent force of contraction as hearts of individuals who
were born with a full endowment of cardiomyocytes. IUGR rats exposed to maternal hypoxia

are more vulnerable to ischaemia/reperfusion injury**> %

and experience greater
cardiomyocyte apoptosis**> compared to offspring that were normally grown at six months of
age. Furthermore, despite an equivalent cardiac power prior to ischaemia/reperfusion, IUGR
offspring have decreased cardiac power during reperfusion.*® Therefore, a reduction in the
number of cardiomyocytes may be one cause for the increased incidence of ischemic heart
disease and heart failure in adults that were born IUGR.?*°

To date, no studies have measured the cardiomyocyte endowment of IUGR offspring
in later life. At two months or age, IUGR rats exposed to maternal hypoxia, have larger
cardiomyocytes, but an equivalent heart weight compared to Control rats."** Combined with
evidence of increased cardiomyocyte apoptosis shortly before birth,”* this suggests that
maternal hypoxia may result in a permanent reduction in the number of cardiomyocytes
throughout life. Interestingly, however, maternal protein restriction results in fewer
cardiomyocytes at birth,'** but if maternal protein restriction is continued throughout
lactation, until the majority of cardiomyocyte proliferation has ceased in rats,”* IUGR rats
have a normal endowment of cardiomyocytes.*? These data suggest that exposure to hypoxia
in utero may have more permanent effects on cardiomyocyte endowment than protein
restriction.

In response to increased cardiac workload and wall stress, as occurs in hypertension,
cardiomyocytes undergo hypertrophy. This mechanism is typically physiological, but if
sustained, may be maladaptive and become pathological. Pathological hypertrophy, unlike
physiological hypertrophy, is associated with interstitial fibrosis, re-activation of fetal genes

and cardiomyocyte apoptosis (for review, see

). In the IUGR fetus exposed to placental
restriction from conception, the fewer cardiomyocytes that remain are smaller, but when

expressed relative to heart weight are larger compared to the normally grown fetus in late
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gestation.'®® This suggests that the regulation of cardiomyocyte hypertrophy is altered either
as a direct result of substrate restriction or in response to a reduction in the number of
cardiomyocytes. The hypertrophic heart rat (HHR) model, which develops cardiac
hypertrophy in the absence of increased blood pressure by 2 months of age,*'® has smaller
hearts containing fewer cardiomyocytes at 2 days of age, which have become prematurely
binucleated and exited the cell cycle.*® The HHR model supports the premise that postnatal
cardiac hypertrophy in IUGR offspring may be a consequence of fewer cardiomyocytes.

At 21 days of age, IUGR lambs have a larger left ventricle weight when expressed
relative to heart weight compared to normally grown offspring, indicating left ventricular
hypertrophy (LVH).”® Furthermore, at 21 days of age, IUGR lambs have increased cardiac
MRNA expression of insulin-like growth factor (IGF) 2 (IGF-2), and its receptors, IGF-1R
and IGF-2R. IGF-2, in addition to IGF-1, acts on the IGF-1R to initiate physiological
hypertrophy through the phosphoinositide-3-kinase (PI3K)/protein kinase B (Akt) pathway.
IGF-2R has been traditionally viewed as a clearance receptor, whereby binding removes IGF-
2 from the circulation and prevents it from binding to IGF-1R. In the 21d old normally grown
lamb, the IGF-2R is negatively correlated to cardiomyocyte size,?® which suggests that IGF-
2R is acting in the classical role of an IGF-2 clearance receptor. More recently, however, IGF-
2R has been implicated in pathological hypertrophy, whereupon IGF-2 binding activates the

288, 318-320

Gaqg pathway, which mediates pathological hypertrophy through the activation of

calcium-dependent protein kinase 11 (CaMKI1)%*

and increases the expression of fetal genes
such as atrial natriuretic peptide (ANP).?®" Interestingly, in the 21d old IUGR lamb, IGF-2R is
positively correlated with cardiomyocyte size,*® which suggests that the IGF-2R is activating
a pathological hypertrophy signalling pathway.

In order to determine the independent contributions of reduced oxygen versus reduced

nutrition on cardiomyocyte endowment and cardiac hypertrophy in later life, we induced

maternal hypoxia (MH) or maternal nutrient restriction (MNR) in guinea pigs in the second
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half of gestation. We hypothesised that IUGR due to MH, but not MNR, would result in a
permanent deficit in cardiomyocyte number, such that MH offspring would have fewer
cardiomyocytes in adolescence compared to both MNR and Control offspring. Furthermore,
we hypothesise that offspring with a deficit in cardiomyocyte endowment will have LVH and
increased activity of the pathological hypertrophy mediator, CaMKII, and the pathological

hypertrophy marker, ANP, in adolescence.

3.3 Methods

3.3.1 Animal model

All procedures were approved by the Animal Ethics Committees at both the University of
South Australia (IMVS) and The University of Adelaide. IMVS tri-coloured guinea pigs were
individually housed at 18-22°C in plastic bottomed cages with sawdust bedding and a 12/12
light/dark cycle. All animals were fed standard laboratory rabbit/guinea pig chow (Laucke
Mills, Daveyston, Australia) and had ad libitum access to water that was supplemented with
0.5g/L vitamin C. Breeding male and nulligravida female guinea pigs were acclimatised to
individual cage living for two weeks prior to commencement of the study. Each female was
weighed and given a known weight of food three times weekly. This set weight was in excess
of consumption and therefore, on the following weighing day, the ad libitum daily food intake

per body weight of each female was determined.

Detection of oestrous: The oestrous cycle of each female was determined by checking
for an opening in the vaginal membrane. The first day that an opening was observed in the
vaginal membrane was defined as day 0. Preliminary studies identified the average oestrous
cycle length to be 17.24+0.2d. The average standard deviation for an individual female’s cycle
length was 1.2+1.0d; however, the length of an oestrous cycle across the cohort could range
from 13-21d. Therefore, females were checked for an opening in the vaginal membrane from

day 12 to day 21 of their oestrous cycle to determine day O.
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Time Date Mating: In order to achieve a known day of conception, a single female in
oestrous was placed in a males’ cage for 24h. Copulation plugs proved to be an unreliable
marker of conception, therefore, pregnancy was confirmed by the failure to come into

oestrous within 21 days of mating.

3.3.2 Experimental protocol

At 35d gestation, pregnant females (dams) were randomly assigned to one of three treatment
groups; Control (21% oxygen, ad libitum food), Maternal Nutrient Restriction (MNR; 21%
oxygen, food intake matched daily to food intake per body weight of MH) or Maternal
Hypoxia (MH; 12% oxygen, ad libitum food but ate less than Controls). Dams in the MH
group were placed into a glass fronted temperature controlled chamber that was maintained at
12% oxygen by the infusion of nitrogen (Roxy-4, Sable Systems International, USA). To
minimize environmental stress, a minimum of two individually housed females were inside
the chamber at any given time and the remaining colony was visible. In order to record body
and residual food weight, MH dams were removed from the chamber for a maximum of one
minute and the total time that the hypoxia chamber was away from 12% oxygen was no
greater than 30min. In the time that dams were outside the chamber, a clean cage, fresh water
with vitamin C, and a pre-weighed amount of food were provided. Spherasorb with colour
indicator (Intersurgical, UK) was used to absorb carbon dioxide in the chamber and was
replenished at these times.

MH dams were removed from the hypoxia chamber at 65d gestation to ensure pups
were born into a normoxic environment (term, 69d gestation). All dams had ad libitum access
to food and 21% oxygen throughout lactation. Litters ranged from one to five offspring.
Postnatal litters were culled to three pups at 1d of age. Pups were weighed every day for the
first two weeks of life and then three times a week. Offspring were weaned at 28d and housed

in same sex pairs until humanely killed at ~120d of age (119.4+0.2 d).
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3.3.3 Blood pressure analysis

Male offspring were chosen for blood pressure analysis due to the protective effects of
estrogen in female offspring and since it was previously published that male, but not female
guinea pig offspring exposed to maternal nutrient restriction across all of pregnancy are
hypertensive in adolescence.** In one male offspring per litter, surgery for the implantation
of a catheter in the jugular vein (Silastic; id, 0.051 mm; od, 0.94 mm) and carotid artery
(polyvinyl; id, 0.4mm; od, 0.8mm) was performed under general anaesthesia (Atropine
(0.05mg/kg, subcutaneously (SC)); ketamine (75mg/kg, intramuscularly (IM) (~100ul) and
then intraperitoneally (IP)) and xylazil (6mg/kg, IM))**! at 110d of age. Catheters were
tunnelled under the skin and secured to the back of the neck. Patency of the jugular vein
catheter was maintained by flushing with heparinised saline daily (50,000 IU/L heparin).
Initial studies identified that male offspring exposed to MH had a greater tendency for blood
clotting in the catheter, therefore, all carotid artery catheters contained nylon fishing wire that
was pre-soaked in heparin and remained present from surgery until the day of recording.
Animals recovered from surgery for 4d before baseline recording of blood pressure and heart
rate using a PowerLab data acquisition system (ADInstruments, Australia). Basal values for
systolic (SBP) and diastolic (DBP) blood pressure were calculated as the maximum and
minimum pressure, respectively. Mean arterial blood pressure (MAP; 2/3 DBP + 1/3 SBP)
and heart rate (HR) was derived from the blood pressure signal. SBP, DBP, MAP and HR
were calculated by averaging each minute for 13616 minutes. Due to a period of reduced
food intake after surgery, body and organ weight data from males who underwent surgery are

not included in data collected after 110d.

3.3.4 Post mortem collection of tissue

Offspring were humanely killed at 119.4+0.2d of age with an overdose of sodium

pentobarbitone (200mg/kg IP; Lethobarb, Lyppards, Australia). Crown-rump length and
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abdominal circumference were measured and organs (brain, heart, lungs, liver, adrenal glands,
perirenal fat, kidneys, epigonadal fat and gonads) were dissected and weighed. For one animal
in each litter, the heart was perfused through the aorta with 4% formaldehyde for estimation
of cardiomyocyte number. For another animal in a litter, the left ventricle and septum was
dissected and snap frozen in liquid nitrogen for analysis of gene and protein expression. In
litters where there were 3 pups, the additional animal was only processed in either of the two
methods if a sibling of the same sex was not already included, therefore, only one pup of each
sex from a given litter is represented in cardiomyocyte number, gene and protein analysis.
The left ventricle was selected for analysis in order to determine if LVH is associated with a

decrease in cardiomyocyte endowment in the left ventricle.

3.3.5 Total number of cardiomyocytes

The estimation of total cardiomyocyte number was performed using design-unbiased
stereological techniques in the free wall of the LV.3®

Tissue Sampling: The LV was dissected, weighed and serially sectioned into 2mm
slices. Using the smooth fractionator principle,®* 4-5 slices were selected and further cut to
create pieces of < 2mm?®. Using the same principle, tissue pieces were divided into groups of
8-12, with one group being embedded in glycolmethacrylate (Technovit 7100, Ax-lab,
Denmark) for cardiomyocyte nuclei estimation and the other group becoming isotropic with

the isector’®

and embedded in paraffin for determining the average number of nuclei per
cardiomyocyte.

Numerical density of cardiomyocyte nuclei: The numerical density of cardiomyocyte
nuclei was determined using the optical disector technique on glycolmethacrylate embedded
sections.*® From the centre of each glycomethacrylate block, a 30um thick section was cut
and mounted on Superfrost plus slides (Menzel-Glaser, Germany). In order to visualise

cardiomyocyte nuclei, sections were stained with Mayer’s haematoxylin and 0.15% basic

fuchsine. About twenty 2D unbiased counting frames of surface area 800um? were
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systematically, uniformly and randomly assigned by newCAST software (Visiopharm,
Denmark) to each tissue piece. A disector height of 10um in the centre of each section was
determined after a z-axis analysis was used to determine the numerical density of nuclei in a
minimum of six ventricle pieces per animal. The numerical density of nuclei in the left
ventricle (Ny (nuclei/lv)) was determined using Eq.1, where 2Q"(huc) is the number of nuclei,
h is the Z height analysed, a/p is the area of ventricle each point represents and 2P(rv) is the
sum of points that hit ventricle tissue.

Equation 1. Ny (nuclei/lv):= 2Q (nuc)

h-(a/p)-2P(Iv)

Average number of nuclei per cardiomyocyte: The average number of nuclei per
cardiomyocyte was determined in 16 serial 2.5um paraffin sections, with 2 sections mounted
on each Superfrost plus slide (Menzel-Glaser, Germany). In order to identify individual
cardiomyocytes, immunohistochemistry for cadherin (1:5000; Sigma Aldrich; C1821;
monoclonal mouse) and dystrophin (1:800; Abcam; AB15277; polyclonal rabbit) followed by
hydrogen peroxidase-linked secondary antibodies (goat anti-mouse (P0447) and goat anti-
rabbit (P0448), DAKO, Denmark) and DAB (3,3'-Diaminobenzidine tetrahydrochloride;
Kem-en-tec Diagnostics, 4170) were used to visualise intercalated discs and the sarcolemma,
respectively. Nuclei were visualised by counterstaining with Mayer’s haematoxylin.

Through the use of an 8-slide motorised stage (ProScan™II Motorized Stage Systems,
Prior, England), a BX51 light microscope (Olympus, Germany), digital camera (DP70,
Olympus, Germany) and NewCAST software (Visiopharm, Denmark), cardiomyocytes from

322

each section were reconstructed as described previously. Briefly, longitudinal

cardiomyocytes were selected in the middle section (section 7) for analysis to ensure that the
entire cardiomyocyte and all of its nuclei could be visualised. Cardiomyocytes were selected

323

based on the physical disector® and nuclei within 800um2 unbiased counting frames were
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sampled. By following the cardiomyocyte both up and down the reconstructed stack of
sections, the number of nuclei within ~100 cardiomyocytes was determined.

Calculation: The number of cardiomyocytes in the left ventricle (N(cm,lv)) was
determined by dividing the Ny (nuclei/lv) by the average number of nuclei per cardiomyocyte
and multiplying by the volume of the left ventricle (volume = post mortem wet weight +

1.06g/cm?).%%

3.3.6 Measurement of mMRNA expression

RNA was isolated from the left ventricle (~100mg) and cDNA was synthesized as previously
described.?®® Controls containing no Superscript 111 (NAC) and no RNA transcript (NTC)
were used to test for genomic DNA and reagent contamination, respectively. The reference
genes cyclophilin, tyrosine 3-monooxygenase (YWHAZ) and ribosomal protein PO were
chosen from a suite of reference genes based on expression analysis using the geNorm
component of the gBase relative quantification analysis software,>® because their expression
was stable across samples.®”” The expression of target and reference mRNA transcripts were
measured by gRT-PCR using Fast SYBR® Green Master Mix (Applied Biosystems, USA) in
a final volume of 6uL on a ViiA7 Fast Real-time PCR system (Applied Biosystems, USA) as
described previously.*"’

Primers were designed and validated to generate a single transcript as confirmed by
the presence of one double stranded DNA product of the correct size and sequence based on
the sequence information for cavia porcellus on the National Centre for Biotechnology
Information (NCBI) database (Table 1). Controls containing no cDNA were included for each
primer set on each plate to test for reagent contamination. Melt curve/dissociation curves were
also run to check for non-specific product formation. Amplification efficiency reactions were
performed on 5 triplicate serial-dilutions of cDNA template for each primer set. Amplification
efficiencies were determined from the slope of a plot of C; (defined as the threshold cycle

with the lowest significant increase in fluorescence) against the log of the cDNA template
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concentration (1-100ng). The amplification efficiency was close to 100%. Each sample was
run in triplicate for target and reference genes. The reactions were quantified by setting the
threshold within the exponential growth phase of the amplification curve and obtaining
corresponding C; values. The abundance of each transcript relative to the abundance of the
three stable reference genes was calculated using DataAssist Software v3.0 (Applied

Biosystems, USA) and expressed as mean normalised expression (MNE).** %%

3.3.7 Quantification of protein abundance

Proteins were extracted from the left ventricle by sonication in lysis buffer (50mM Tris-HCL
(pH 8), 150mM NaCl, 1% NP-40, 1mM Na orthovanadate, 30mM Na fluoride, 10mM Na
pyrophosphate, 10mM EDTA, and a protease inhibitor tablet (cOmplete Mini; Roche)). Total
protein concentration was determined by microBCA assay (Thermo-Fisher Scientific). Protein
was diluted to a concentration of 5mg/ml in 1X SDS sample buffer (containing 75 mM DL-
Dithiothreitol) and Coomassie blue stain used to confirm equal protein loading on SDS-PAGE
before diluted protein was used for experimental blots. Proteins were transferred to a
nitrocellulose membrane (Amersham Hybond-C extra; GE Healthcare Life Sciences) using
boric acid transfer buffer. Non-specific antibody binding was blocked with 5% BSA in TBST
(Tris buffered saline with 1% Tween-20). Since there are only commercially available
antibodies to detect phosphorylation of total Akt and not Aktl (isoform involved in
physiological hypertrophy) and Akt2 (isoform involved in metabolic signalling) separately,
primary antibodies for Aktl (mouse mAb, 2967, Cell Signaling), Akt2 (rabbit pAb, 3063, Cell
Signaling), phospho-Akt (thr-308; rabbit pAb, 9275, Cell Signaling) and phospho-Akt (ser-
473; rabbit pAb, 4060, Cell Signaling) were used to extrapolate phosphorylation of Aktl. In
addition to Akt antibodies, primary antibodies for CaMKII (rabbit pAb, 3362, Cell Signaling),
phospho-CaMKII (thr-286; mouse mADb, sc32289, Santa Cruz) and phospho-CaMKII (thr-
305; rabbit pAb, ab22183, Abcam) were incubated overnight at 4°C. Secondary antibodies,
rabbit-HRP (7076, Cell Signaling) and mouse-HRP (7075, Cell Signaling) were incubated for
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one hour at room temperature. For each membrane GAPDH-HRP (8884, Cell signalling) was
incubated overnight at 4°C and served as a loading control (abundance stable across samples).
SuperSignal West Pico chemiluminescent substrate (Thermo-Fisher Scientific) and an
ImageQuant LAS 4000 (GE Healthcare, Australia) were used to detect and image antigens of
interest. ImageQuantTL Analysis Toolbox (GE Healthcare, Australia) was used to quantify
the protein bands. The abundance of each protein of interest is expressed relative to its

loading control.
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Table 1. Primer sequences used in Quantitative Real-Time Reverse Transcription-PCR to measure genes of interest.

Gene

Primers

Accession Number

Tyrosine 3-monooxygenase (YWAHZ; Reference gene)

Fwd 5’-TGTAGGAGCCCGTAGGTCATCT-3’

Rev 5’-TTCTCTCTGTATTCTCGAGCCATCT-3’

XM_003479856.2

Ribosomal protein PO (RpPO0; Reference gene)

Fwd 5’-CAACCCTGAAGTGCTTGACAT-3’

Rev 5’-AGGCAGATGGATCAGCCA-3’

XM_003478381.2

Peptidyl-prolyl cis-trans isomerase A/Cyclophilin (Cyclo; Reference gene)

Fwd 5’-CCTGCTTTCACAGAATAATTCCA-3’

Rev 5’-CATTTGCCATGGACAAGATGCCA-3’

XM_003465805.2

Insulin-like growth factor-1 (IGF-1)

Fwd 5’-GCACGCGGTGTCCTCTTCCC-3’

Rev 5’- GTGGTGCCCTCCGACTGCTG -3’

NM_001172966.1

Insulin-like growth factor-2 (IGF-2)

Fwd 5’-TCTTGGCCTTCGCCTCGTGC-3”

Rev 5’-CTCACACGGCTTGCGGGTCT-3’

XM_003468138.2

Insulin-like growth factor-1 receptor (IGF-1R)

Fwd 5’-AGCTGGACCTGGAGCCCGAG-3’

Rev 5’-GTTCGTGCGGCCTCCGTTCA-3’

XM_003475268.2

Insulin-like growth factor-2 receptor (IGF-2R)

Fwd 5’-TGGCGAACGACTGCAGCCTG-3’

Rev 5’-AAGTGTCCGGGTCGGAGTCA-3’

XM_003466364.2

Atrial natriuretic peptide (ANP)

Fwd 5’-CAATGTCGTGTCCAACGCAG-3’

Rev 5’-GCAGATCGATCGGAGGAGTC-3’

XM_003471420.1
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3.3.8 Statistical analysis

Normality of data was determined using Shapiro-Wilk-test (swilk) in STATA10. Maternal
data was analysed using 2-way analysis of variance (ANOVA) (Stata 10, StataCorp Statistical
Analysis Software, Texas, USA). Specifically, the variation between treatment group, litter
size and their interaction were tested against the variation within animals by treatment group
and litter size. Across pregnancy, data was tested with week as a repeated measure. When an
interaction between treatment group and week was observed, a 2-way ANOVA for treatment
group and litter size was performed for each week separately with post-hoc Bonferroni tests
applied where appropriate.

For body weights and organ weights, a 2-way ANOVA was applied to test the
variation between treatment group, sex and their interaction against the variation within litter
by treatment group and sex. In this analysis the values of each offspring are represented and
nested within their litter.

Body weight across postnatal life was tested with week as a repeated measure. An
interaction between treatment group and week was observed, therefore, a 2-way ANOVA for
the variation between treatment group, sex and their interaction was tested against the
variation within litter for each week separately with post-hoc Bonferroni tests applied where
appropriate.

For cardiomyocyte number, gene and protein analysis, only one sex from each litter
was analysed, therefore, a 2-way ANOVA for the variation between treatment group, sex and
their interaction was tested against the variation within animal by treatment group and sex
with post-hoc Bonferroni tests applied where appropriate.

Statistical significance was assumed if P<0.05. In tables, data is presented as the mean
of each treatment group + the standard error of the mean (SEM). In figures, data is presented

as boxplots.
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3.4 Results

3.4.1 Maternal data

MNR dams entered pregnancy at a lower weight than Control and MH dams (Figure 1A), but
were of a similar weight at the start of treatment (35d gestation; Figure 1B). Pregnant dams
across all treatment groups had a similar body weight across the experimental protocol (35d
gestation - term; Figure 2A). MH dams had decreased food intake per body weight compared
to Control dams (Figure 2B). MNR dams had a similar food intake per body weight to the
MH and significantly less than Control dams during the experimental protocol (Figure 2B).
Dams pregnant with a greater number of fetuses had a greater body weight, however, there

was no interaction between treatment group and litter size (data not shown).

3.4.2 Birth and postnatal growth

Litters in all treatment groups had a similar gestational age at birth, however, MH resulted in
greater variability (Figure 3A). There was no effect of MNR or MH on litter size (Figure 3B).
Being exposed to MNR and MH reduced birth weight compared to Controls (Figure 3B). Of
note, some offspring did not survive the birthing process and were born dead. This
observation has been previously reported in guinea pigs.®** Interestingly, in the present study,
both MNR and MH resulted in a decreased percentage of deaths at birth (13% and 17%,
respectively, compared to 29% of Control offspring), which may be due to their reduced size.
MH offspring remained smaller than Control offspring until 16wks of age, however,
MNR offspring reached the weight of Controls by 4wks of age (Figure 4). MH offspring
weighed less than MNR offspring from 6wks of age (Figure 4). Male offspring weighed more

than female offspring from 5wks of age, which was consistent across all treatment groups.
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Figure 1. At 35d gestation, pregnant dams were randomly assigned to treatment groups. By
chance, Maternal Nutrient Restriction (MNR; A; n=9) dams weighed less than Maternal
Hypoxia (MH; n=9) and Control (n=11) dams at conception, however, all dams had an
equivalent body weight at the start of treatment (B; 35d gestation). Data anlysed by 2-way
ANOVA for treatment group and litter size with post-hoc Bonferroni tests (no interaction
between treatment group and litter size); different letters indicate a significant difference

between treatment groups; P < 0.05.
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Figure 2. Maternal Hypoxia (® ; MH; n=9; A; 35d gestation to term) resulted in decreased

food intake per body weight compared to Control (O; n=11), which was matched to the

Maternal Nutrient Restriction group (® ; MNR; n=9). MNR and MH dams had a similar body

weight across the treatment period compared to Control. Data was analysed using a 2-way

repeated measures ANOVA for treatment group and litter size, repeated for week. There was

an interaction between treatment group and week, therefore a 2-way ANOVA for treatment

and litter size followed by post-hoc Bonferroni test was performed for each week separately (

# MNR vs Control; * MH vs Control; P < 0.05). Dams pregnant with a greater number of

fetuses had a greater body weight (no interaction between treatment group and litter size).
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Figure 3. Litters in all treatment groups had a similar gestational age at birth, however,
Maternal Hypoxia (MH) resulted in greater variability (A; Control n=11; MNR n=9; MH n=9
litters). There was no effect of Maternal Nutrient Restriction (MNR) or MH on litter size at
birth (B). Being exposed to MNR (C; n=27 pups) and MH (n=26 pups) reduced birth weight
compared to Controls (n=37 pups). Data was analysed by 2-way ANOVA for treatment group
and sex, nested for litter with post-hoc Bonferroni tests where appropriate; different letters

indicate a significant difference between treatment groups; P < 0.05.
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Figure 4. Offspring exposed to Maternal Nutrient Restriction (MNR; O; n=25 pups) and
Maternal Hypoxia (MH; @; n=19 pups) had altered postnatal growth compared to Control
offspring ( O; n=25 pups). Specifically, MNR offspring were born lighter than Control, but
had accelerated growth and weighed the same as Controls by 4 weeks of age and were heavier
than MH offspring by 6 weeks of age. MH offspring were lighter than Control offspring form
birth until 16 weeks of age. Males weighed more than females by 5 weeks of age (2-way
repeated measures ANOVA for treatment group and sex repeated for week, treatment * week
P < 0.05 therefore a 2-way ANOVA for treatment and sex followed by post-hoc Bonferroni
tests where appropriate was performed for each week separately. Treatment group * sex =

NS; # MNR v Control; * MH v Control; + MH v MNR; P < 0.05).
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3.4.3 Blood pressure

Male offspring exposed to MNR and MH had a similar basal systolic blood pressure (Figure
5A), diastolic blood pressure (Figure 5B), mean arterial blood pressure (Figure 5C) and heart

rate (Figure 5D) in adolescence compared to Controls.

3.4.4 Organ weights

MH offspring had a smaller liver and perirenal fat depot compared to Control and MNR
offspring in adolescence (Table 2). MH offspring had a greater adrenal weight compared to
Control offspring (Table 2). Length from crown to rump, abdominal circumference, brain,
lung, spleen and kidney weight were unchanged across all treatment groups (Table 2). MH
offspring had an increased crown to rump length and adrenal weight relative to body weight
compared to Control and MNR offspring, but decreased relative perirenal fat weight (Table
2). MH offspring had an increased abdominal circumference and brain weight relative to body
weight compared to MNR offspring (Table 2). Lung, liver, spleen and kidney weights relative
to body weight were not changed by treatment (Table 2).

MNR offspring had a larger heart weight compared to MH offspring (Figure 6A),
whilst heart weight relative to body weight was not different between treatment groups
(Figure 6B). MH and MNR did not alter the weight of the left ventricle (Figure 6C) or left

ventricle relative to heart weight (Figure 6D).

3.4.5 Cardiomyocyte number

Only mononucleated (6.3+1.3%) and binucleated (93.7+1.3%) cardiomyocytes were observed
in the LV of adolescent guinea pig and there was no effect of treatment on the percentage of
each cell type (Control: 6.3£0.3% and 93.7+£0.3%; MNR: 6.7+1.0% and 92.3+1.0%; MH:
5.8+1.0% and 94.2+1.0%, mononucleated and binucleated, respectively). MH decreased the
number of cardiomyocytes in the left ventricle of female, but not male offspring, compared to

MNR and Control offspring (Figure 7).
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3.4.6 Markers of cardiac hypertrophy

MH and MNR did not alter the cardiac mMRNA expression of hypertrophic genes IGF-1
(Figure 8A) and IGF-2 (Figure 8B). MH offspring had increased mRNA expression of the
physiological hypertrophy receptor, IGF-1R (Figure 8C), compared to MNR and Control
offspring In contrast, MNR offspring had decreased cardiac mRNA expression of the
pathological hypertrophy receptor, IGF-2R (Figure 8D), compared to MH and Control
offspring. There was, however, no difference in the abundance of the physiological
hypertrophy mediator, Akt-1 (Figure 9A), the alternate metabolic isoform of Akt, Akt-2,
(Figure 9B) or the phosphorylation/activity of Akt at site thr-308 (Figure 9C) or ser-478
(Figure 9D). Likewise, there was no difference in the abundance of the pathological
hypertrophy mediator, CaMKII (Figure 10A), the phosphorylation/activity of CaMKI|I at site
thr-286 (Figure 10B) and thr-305 (Figure 10C) or the mRNA expression of pathological

hypertrophy marker, ANP (Figure 10D).
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Figure 5. Male offspring exposed to Maternal Nutrient Restriction (MNR; n=4) and Maternal
Hypoxia (MH; n=3) had a similar basal systolic blood pressure (SBP; A), diastolic blood
pressure (DBP; B), mean arterial pressure (MAP; C) and heart rate (HR; D) in adolescence

compared to Control offspring (n=5). Data analysed by 1-way ANOVA for treatment group;

P<0.05.
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Table 2. Postnatal body weight, absolute organ weights and relative organ weights at 120d.

Absolute values
Age at post mortem (d)

Body weight (BW) (g)
Crown rump length (cm)

Abdominal circumference (cm)
Brain weight (g)

Lung weight (g)

Liver weight (g)

Spleen weight (g)

Adrenal weight (g)

Kidney weight (g)

Perirenal fat weight (g)

Relative values
BW / birth weight (g/g)

Crown rump length / BW (cm/kg)

Abdominal circumference / BW (cm/kg)
Brain weight / BW (g/kg)

Lung weight / BW (g/kg)

Liver weight / BW (g/kg)

Spleen weight / BW (g/kQ)

Adrenal weight / BW (g/kg)

Kidney weight / BW (g/kg)

Perirenal fat weight / BW(g/kg)

Control MNR MH
(n=11litters) (n=9 litters) (n =9 litters)
(n=17) (n=15) (n=12)
119.8+0.2 119.3+06  119.2+05
876.2+22.7° 8943+16.9° 811.0+253°
33.4+05 342405 33.7+05
27.7+0.4 27.5+0.5 26.8 + 0.4

4.04 +0.08 3.96+0.06  3.96 +0.06
427 +0.24 458+021  391+0.21
40.38 +153° 41.04+1.52° 34.65+1.38°
1.33+0.09 1.15+0.05  1.23+0.09
0.33+£0.01*° 0.36+0.02®° 0.39+0.02°
5.80 + 0.28 6.09+0.26  5.18+0.17
10.54 + 0.59° 10.68+0.57° 7.74+0.81°
8.63+0.30 10.34+0.37 10.0+05
38.41+0.80° 38.35+0.67% 41.74+0.74°
31.83+0.57" 30.80 £ 0.56* 33.31+0.88"
466+0.15*°  444+0.08° 4.94+0.18°
4.96 +0.25 507+0.16  4.73+0.28
46.27+1.63 4584+138 42.49+1.37
1.54 +0.12 1.28+0.06  1.54+0.14
0.38+0.01°  0.40+0.02> 0.48+0.02°
6.60 + 0.22 6.77+020  6.40+0.14
12.01+0.61° 11.88+0.53"° 9.38+0.71°

2-way ANOVA for treatment group and sex, nested for litter with post-hoc Bonferroni tests

where appropriate. No interaction between treatment group and sex was observed. Different

letters indicate significant difference between treatment groups; P < 0.05.
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Figure 6. Maternal Nutrient Restriction (MNR; A; n=15) offspring had a greater heart weight
in adolescence compared to Maternal Hypoxia (MH; n=12) offspring, but MNR and MH had
a similar heart weight compared to Control (n=17) offspring. MNR and MH had a similar
heart weight relative to body weight compared to Control offspring. MNR (n=9) and MH
(n=11) had a similar left ventricle weight (C) and left ventricle weight relative to heart weight
as Control (n=12) offspring. Data was analysed by 2-way ANOVA for treatment group and
sex, nested for litter, with post-hoc Bonferroni tests where appropriate. No interaction
between treatment group and sex was observed. Different letters indicate a significant

difference between treatment groups; P < 0.05.
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Figure 7. Maternal Hypoxia (MH, dark grey bar) reduced the number of cardiomyocytes in
the left ventricle of female (n=4), but not male (n=7) offspring compared to Maternal Nutrient
Restriction (MNR; male, n=4; female, n=5; light grey bar) and Control (white bar; male, n=4;
female, n=8) offspring in adolescence. Data was analysed by 2-way ANOVA for treatment
group and sex. An interaction between treatment group and sex was observed, therefore, a 1-
way ANOVA for treatment group was applied to each sex separately with post-hoc

Bonferroni tests; P < 0.05.
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Figure 8. Maternal Nutrient Restriction (MNR; n=7) and Maternal Hypoxia (MH; n=10)
offspring had similar expression of IGF-1 (A) and IGF-2 (B) mRNA compared to Control
offspring (n=13). MH offspring had a greater expression of IGF-1R mRNA compared to both
MNR and Control offspring. MNR offspring had reduced expression of IGF-2R mRNA
compared to both MH and Control offspring. Data was analysed by 2-way ANOVA for
treatment group and sex with post-hoc Bonferroni test where appropriate. Different letters

indicate significance; P < 0.05.
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Figure 9. Maternal Nutrient Restriction (MNR) and Maternal Hypoxia (MH) offspring had
similar abundance of Akt-1 (A), Akt-2 (B) and phosphorylation/activity of Akt at amino acid
Thr-308 (C) and ser-473 (D). The abundance of each protein is expressed relative a loading
control (GAPDH, bottom blot of each graph; each band represents an animal). Data was

analysed by 2-way ANOVA for treatment group and sex, P < 0.05.
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Figure 10. Maternal Nutrient Restriction (MNR; A) and Maternal Hypoxia (MH) offspring
had a similar abundance of a mediator of pathological hypertrophy, calcium/calmodulin-
dependent protein kinase Il (CaMKII; B) and phosphorylation/activity of CaMKII at thr-286
(C) and thr-305 (D) compared to Control offspring in adolescence. MNR (D; n=7) and MH
(n=10) offspring had similar expression of atrial natriuretic protein (ANP) mRNA compared
to Control offspring (n=13). The abundance of each protein is expressed relative a loading
control (GAPDH, bottom blot of each graph; each band represents an animal). Data was

analysed by 2-way ANOVA for treatment group and sex, P < 0.05.
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3.5 Discussion

This study demonstrates that IUGR due to MH results in fewer cardiomyocyte in the
adolescent female, but not male offspring. This is the first study to determine the effect of sex
on cardiomyocyte number on IUGR offspring and is the first to demonstrate that IUGR can
result in a deficit in cardiomyocytes that persists into later life. IJUGR in sheep due to
placental restriction results in fewer cardiomyocytes in late gestation, but the effect of sex was
not determined (Chapter 2). IUGR due to maternal protein restriction results in fewer
cardiomyocytes at birth in female offspring, but male offspring were not reported.**

To our knowledge, this is the first study to report the percentage of mononucleated
and binucleated cardiomyocytes in the postnatal guinea pig. Like mice, rats and sheep, guinea
pigs have a high percentage of binucleated cardiomyocytes and only 8-14% mononucleated
cardiomyocytes in adolescence (for review, see *; Chapter 1). This is unlike humans who
retain approximately 74% mononucleated and 26% binucleated cardiomyocytes.** It is
currently not known whether binucleation in guinea pigs begins in late gestation as in

humans’® and sheep”™ "

or if it occurs within approximately the first 3-12 days of postnatal
life as in mice® and rats.” Considering that guinea pigs are born with mature organ systems
like humans and sheep and unlike mice and rats, which are immature at birth, we speculate
that binucleation begins in late gestation in guinea pigs. It is generally accepted that adult

mononucleated, but not binucleated cardiomyocytes are capable of proliferating if stimulated

appropriately’® and that the majority of cardiomyocytes present at birth represent the majority

13,14 97, 104 th

of cardiomyocytes present in the heart throughout life."* ** In humans*® * and mice, e
generation of cardiomyocytes throughout life is estimated at approximately 1% per annum.
Therefore, IUGR male offspring that were exposed to MH may have had an appropriate
number of cardiomyocytes in adolescence due to either having an appropriate number of
cardiomyocytes throughout life or, alternatively, have replaced the cardiomyocytes lost in

postnatal life.
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Olivetti and colleagues identified the number and volume of cardiomyocytes in human
hearts at post mortem across a range of ages, excluding individuals who had cardiac
pathologies such as LVH, myocardial infarction and severe atherosclerosis, and found that the
heart volume and the number of cardiomyocytes decreased with age in males, but was
maintained in females.**® Furthermore, in males, the volume of cardiomyocytes increased
with age, but was maintained in females,**® which supports the premise that cardiomyocyte
hypertrophy is a compensation for fewer cardiomyocytes. In the present study, if we examine
the number of cardiomyocytes in only Control offspring we find that males have fewer
cardiomyocytes than females (Males: 54.5+3.2x10°% Females 67.1+3.5x10°% Student’s t-test;
P=0.03). Post mortem analysis of human hearts from individuals who died without cardiac
pathologies, found that men have a 3-fold higher percentage of apoptotic cardiomyocytes.**®
Furthermore, older male monkeys have a 4-fold higher percentage of apoptotic
cardiomyocytes than older female monkeys, but no difference in the percentage of
cardiomyocytes in the cell cycle.*”’ Like humans, cardiomyocyte size increased with age in
male monkeys, but was unchanged with age in females.**” Moreover, after myocardial
infarction, females exhibit less cardiomyocyte apoptosis than men.*?® Together these data
suggest that the maintenance of cardiomyocyte number in MH males is more likely due to
MH not effecting cardiomyocyte endowment in utero. This finding itself is interesting, since
with regards to the kidney, a decreased number of nephrons is observed in IJUGR male rat
offspring as a result of moderate maternal protein restriction,*** **° but only occurs in female
offspring if exposed to a more severe maternal protein restriction.**! Likewise, females tend
to be protected from pathological cardiac remodelling compared to males due to the effect of

estrogen (for review, **?

). Interestingly, there is no effect of IUGR, induced in rats by reduced
uterine artery blood flow, on plasma estradiol concentration in female offspring at 4-16 weeks

of age compared to Controls.®*® Therefore, the mechanism behind why cardiomyocytes of
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females exposed to MH are more susceptible than cardiomyocytes of males needs further
investigation.

Considering that both MH and MNR caused an equivalent reduction in birth weight
compared to Controls, it is interesting that MNR offspring had an equivalent number of
cardiomyocytes compared to Control offspring. Maternal protein restriction in rats results in
fewer cardiomyocytes at birth,"** but if protein restriction continues across pregnancy and
lactation, cardiomyocyte number is the same as Controls at 4 weeks of age.™? Considering
that rats retain mononucleated cardiomyocytes’ and undergo cardiomyocyte proliferation in
the first weeks of life,% it suggests that a window of time exists that cardiomyocyte number
can be rescued ex utero, even with continued maternal protein restriction, suggesting the
substrate(s) required for cardiomyocyte proliferation are adequate during lactation. Recent
evidence suggests that human hearts contain a low percentage of cardiomyocyte that
undergoing cytokinesis in early life, which decreases in adolescence and is absent by 20 years
of age.®"’ It is unclear, however, if guinea pigs and humans retain the ability for considerable
proliferation shortly after birth to repair a deficit in cardiomyocyte endowment at birth. Due
to the immaturity of fetal rat cardiomyocytes at birth, we postulate that reductions in
cardiomyocyte endowment due to nutrient deprivation may only occur in guinea pigs if
nutrient restriction occurs earlier in gestation than the present study. Alternatively, the
substrate(s) required to reduce cardiomyocyte endowment are ample in the MNR offspring,
but not in the protein restricted rat in late gestation. Further information regarding placental
transport of substrates in these models and MH are required to better understand the
regulation of cardiomyocyte endowment in late gestation.

Female offspring exposed to MH have fewer cardiomyocytes in adolescence, which
may be a result of MH induced cardiomyocyte apoptosis or decreased proliferation in utero.
Maternal hypoxia in the last week of pregnancy in rats results in an increased percentage of

apoptotic cardiomyocytes on the last day of gestation.”* Fetal sheep exposed to
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umbilicoplacental embolization (UPE) for 20d, which causes chronic fetal hypoxaemia and
hypoglycaemia, have a decreased percentage of proliferating cardiomyocytes in late
gestation.®* Interestingly, when fetal sheep are exposed to placental restriction from
conception, there is no difference in the percentage of apoptotic (Chapter 2) or proliferative

cardiomyocyte'?®

in late gestation, despite a decrease in the number of cardiomyocytes
(Chapter 2). The appropriate level of apoptosis and proliferation may be due to the observed
maintenance of capillary length compared to normally grown fetuses (Chapter 2) and
potentially an adequate gas and nutrient exchange between the remaining cardiomyocytes and
the circulation. Considered together, these data suggest that a reduction in cardiomyocytes is
an adaptive response to low oxygen and/or nutrient delivery, which is controlled, such that
cardiomyocyte number is maintained once appropriate oxygen and/or nutrient delivery is
achieved.

An alternate explanation for the reduced number of cardiomyocytes in MH female
offspring in adolescence, however, may be due to increased cardiomyocyte apoptosis in
postnatal life. The number of cardiomyocytes in the fetal heart should be confirmed in late
gestation, but prior to returning the MH dams to normoxia at 65d gestation, to confirm if
observations in postnatal life originated in utero.

In the present study, males were chosen for analysis of blood pressure due to evidence

from several models of IUGR, such as maternal nutrient restriction in guinea pigs,**

290, 291 329, 330

uteroplacental insufficiency in rats, and modest maternal protein restriction in rats,
which indicates that male offspring, but not female offspring develop hypertension in
postnatal life. Androgens play a key role in the regulation of blood pressure, with testosterone

334,33 and estrogen being cardioprotective.*** **' Studies

having blood pressure raising effects
of IUGR due to reduced uterine blood flow in rats demonstrate that male offspring have
elevated plasma testosterone compared to Control rats.®*® Furthermore, castration of IUGR

male rats abolishes hypertension, but does not alter blood pressure in Control rats.** Blocking
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the renin-angiotensin system (RAS) with enalapril in intact IUGR males lowers blood
pressure to a similar level as blocking the RAS in Control males, suggesting that testosterone
is mediating its effect on blood pressure through the RAS.**® At 16 weeks of age, IUGR
female rats that were exposed to reduced uterine blood flow have an equivalent blood
pressure and plasma estradiol concentrations to Control offspring, however, ovariectomised
IUGR offspring are hypertensive.*®® Interestingly, ovariectomised Control females retain
normal blood pressure.®* Treating ovariectomised females with estrogen lowers blood
pressure in both IUGR and Control offspring and a similar blood pressure lowering effect is

seen when blocking the RAS with enalapril compared to estrogen treatment®

suggesting
that, like testosterone, oestrogen effects blood pressure through the RAS. In the present study,
sexually mature male offspring were not hypertensive,** leading to the speculation that from
the literature discussed above that sexually mature female offspring exposed to MH and MNR
were not hypertensive.

Intriguingly, in the same strain of guinea pig as was used in the present study,
maternal nutrient restriction to a comparable degree (15% reduction in food intake per body
weight), but for a longer duration (a month before conception and throughout pregnancy)
results in IUGR male offspring (similar reduction in birth weight to present study) that are
hypertensive at 4 months of age (same postnatal age as the present study).*** This data
suggests that either insults earlier in pregnancy or for a longer duration results in altered blood
pressure in adolescence. Male guinea pigs exposed to a 30% reduction in maternal food intake
in the first half of gestation have increased MAP and LVH at 3 months of age, but offspring
exposed to maternal nutrient restriction in the second half of pregnancy are normotensive and
have a comparable left ventricle mass to Control offspring.>* Interestingly, offspring exposed
to maternal nutrient restriction in the first half of pregnancy had an equal birth weight to

Control offspring, but those exposed to nutrient restriction in the second half of pregnancy

had a reduced birth weight.>** This data suggests that hypertension can be programmed in the
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first half of pregnancy and persists even if fetal growth is maintained or restored to that of
normally grown offspring later in gestation.

IUGR induced by placental restriction from conception results a greater dependence
on the RAS**! and the sympathetic nervous system,> but not endothelial nitric oxide,** for
the maintenance of basal arterial blood pressure in the late gestation sheep fetus. Furthermore,
IUGR is associated with increased activation of the hypothalamic-pituitary-adrenal (HPA)
axis.”® The paraventricular nucleus of the hypothalamus secretes arginine vasopressin (AVP)
and corticotrophin-releasing hormone (CRH), which act on the anterior pituitary to stimulate
the secretion of adrenocorticotropic hormone (ACTH) into the peripheral circulation.
Circulating ACTH exerts its effects on the adrenal, via the melanocortin type 2 receptor
(MC2R), stimulating steroidogenesis and secretion of cortisol. In humans, low birth weight is
associated with elevated fasting plasma cortisol concentrations,”® enhanced adrenal secretion
of cortisol in response to ACTH and increased total urinary cortisol metabolite excretion in
adult men.?"* Furthermore, a meta-analysis of data from humans published between 1998 and
2005, which excluded individuals who were born preterm, demonstrated that a 1kg decrease
in birth weight was associated with a 20.6nmol/L and 30.9nmol/L elevation in plasma cortisol
concentrations in men and women, respectively.?’? Interestingly, long term fetal hypoxaemia
due to pregnancy at high altitude does not alter plasma cortisol concentrations under basal
conditions compared to normally grown fetal sheep in late gestation, however, there is
increased expression of AVP and CRH in the paraventricular nucleus, increased production of
ACTH in the anterior pituitary and increased plasma ACTHi.3s concentrations.?®

Consequently, in response to stress, the hypoxaemic fetus produces greater cortisol.?%® 2

Interestingly, despite chronic hypoxaemia, these fetuses are not IUGR,**

indicating that
exposure to hypoxaemia, not necessarily being IJUGR mediates alterations in the HPA axis.
Together, these studies suggest that there are a range of neuroendocrine adaptations in

response to a decrease in substrate supply in utero, which maintain arterial blood pressure, but
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may program an elevated response to stress in postnatal life. Unfortunately, we were unable to
measure the regulation of blood pressure in male offspring and subsequently do not know if
their blood pressure response to stress was altered. In the present study, however, MH
resulted in increased adrenal weight both in absolute terms and relative to body weight, which
may suggest an increased capacity for cortisol production.

344-346

LVH is recognised as the major risk factor for cardiovascular disease and has

been reported in IUGR offspring. '3 20% 285.286.347 | \/H occurs in response to an increase in

348, 349

work load and wall stress and is subsequently present in those with hypertension and

obesity.>*® IUGR, too, results in an increased incidence of hypertension and obesity,™*
therefore, deciphering if LVH is a direct consequence of IUGR or if it is secondary to
essential hypertension or obesity is difficult. To date, there is only one study that has observed
LVH as a consequence of IUGR where blood pressure was recorded and was similar to
Controls.™® In the aforementioned study, IUGR male offspring exposed to maternal hypoxia
in the last week of pregnancy had LVH at both 4 and 7 months of age coupled with increased
abundance of fibrotic proteins, collagen | and collagen I, and an increased ratio of the
B—myosin heavy chain (MHC) isoform to the a—MHC isoform.' In rats, like ANP, S-MHC
transcription is increased in response to stimulation of the pathological hypertrophy signalling
pathway.®* *2 More interestingly, IUGR rats exposed to maternal nutrient restriction also
have increased abundance of collagen | and collagen 11l and an increased -MHC:a-MHC in
the absence of both LVH and hypertension at 7 months of age.™® This study suggests that the
origins of pathological cardiac remodelling can be programmed in utero, independent of the
development of postnatal hypertension.

In the present study, MH and MNR did not affect heart weight or heart weight relative
to body weight compared to Control offspring, however, MNR offspring had a greater heart
weight compared to MH offspring. MH and MNR did not affect left ventricle weight or left

ventricle weight relative to heart weight compared to Control. Despite this, MH offspring had
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an increased expression of IGF-1R mRNA in the left ventricle, however, this did not result in
a difference in the activation of the physiological hypertrophy mediator, Aktl. An increase in
IGF-1IR mRNA is also observed in IUGR lambs at 21d of age who display LVH.?®
Furthermore, IUGR lambs have an increased abundance of Aktl and phosphorylation of
Akt,®® which suggest that the physiological hypertrophy signalling pathway may be
contributing to the relative increase in relative left ventricular weight compared to normally
grown offspring. In the present study, MNR offspring have decreased expression of IGF-2R
MRNA compared to MH and Control offspring. IGF-2R has been identified as anti-
hypertrophic due to its ability to bind and remove IGF-2 from the circulation and
subsequently to prevent IGF-2 binding to the IGF-1R to activate physiological hypertrophy.
Considering that MNR offspring have a greater heart weight than MH offspring, suggests the
increase in growth may be a result of increased available IGF-2. The absence of an increase in
IGF2R mRNA in both MNR and MH IUGR offspring is in contrast to 21d old IUGR
lambs,” but may explain why MNR and MH offspring displayed no evidence of LVH or
activation of the pathological hypertrophy signalling pathway.

It is interesting to note that the female offspring of MH have fewer cardiomyocytes in
the left ventricle, but an equivalent left ventricle weight. This suggests that the remaining
cardiomyocytes are larger compared to those of Control offspring, but that the absence of a
difference in Akt and CaMKII phosphorylation suggests it may not be the case. The
cardiomyocytes in the heart of IUGR rats exposed to maternal hypoxia have a greater cross
sectional area and an equivalent heart weight at 2 months of age,*** which the authors suggest
is due to fewer cardiomyocytes. The present data in MH females supports this hypothesis.
Alternatively, heart weight may be explained by pathological cardiac remodelling such as
increased collagen | and 11l and fibrillar thickness and density as is the case in IUGR rat

offspring exposed to maternal hypoxia and maternal nutrient restriction at 7 months of age.**°
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Both MH and MNR caused an equivalent reduction in birth weight compared to
Control offspring, however, both male and female MNR offspring experienced accelerated
postnatal growth, such that they weighed the same as Control offspring by 4 weeks of age and
weighed more than MH offspring by 6 weeks of age. Accelerated postnatal growth following
IUGR is associated with a greater risk of coronary heart disease,®™* hypertension®* and
obesity®™® than IUGR alone. It may be, therefore, that pathological consequences associated
with IUGR and accelerated postnatal growth in the MNR offspring are not present at 4

months of age, but may present beyond the age investigated in this study.
3.6 Conclusion

In summary, this study is the first to demonstrate that IUGR due to MH results in a reduced
number of cardiomyocytes in the adolescent offspring. Furthermore, this study demonstrates
that female offspring are more susceptible to MH induced cardiomyocyte deficit than male
offspring. This is in contrast to studies of kidneys where male offspring are more susceptible
to IUGR induced nephron deficit than females.**>**! Furthermore, this is in contrast with the
cardioprotective effects of estrogen that confers a lower rate of cardiac pathology and

hypertension in pre-menopausal women than men.>*

MH females with fewer cardiomyocytes
had an equivalent heart weight, but no evidence of pathological hypertrophy such as an
increase in activation of the pathological signalling mediator, CaMKI|I, or expression of the

pathological marker, ANP, suggesting that the deficit in cardiomyocytes is not detrimental

under basal conditions.
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4. CHAPTER FOUR

Experimental paper for submission: IUGR effects the expression of cardiac metabolic
genes in adolescent offspring dependent on the cause of IUGR and sex

4.1 Abstract

IUGR results in an increased risk of ischaemic heart disease in adulthood. Animal models
demonstrate that hearts from IUGR offspring are more susceptible to ischaemia/reperfusion
injury and experience greater cardiomyocyte apoptosis than Control offspring in postnatal
life. Despite utilising fatty acids and glucose for cardiac ATP production prior to
ischaemia/reperfusion, IUGR rats have decreased utilisation of fatty acids and increased
reliance on glycolysis for ATP production compared to Control offspring during reperfusion.
Furthermore, studies of offspring of nutrient restricted rats demonstrate that the key regulator
of cardiac fatty acid metabolism, PPARa, is epigenetically upregulated in postnatal life.
Therefore, we aimed to determine the expression of PPARa, genes involved in fatty acid
metabolism and glucose transport and the regulation of cardiac metabolism by the metabolic
‘fuel gauge,” AMPK, in adolescent guinea pigs that were IUGR due to either Maternal
Hypoxia (MH) or Maternal Nutrient Restriction (MNR). In the present study, we determined
that MH, but not MNR increased the expression of PPAR« and the mRNA expression of two
fatty acid transporters, FATP1 and FABPpm, as well as glucose transporter, GLUTA4.
Furthermore, both MH and MNR increased the expression of FATP6. Interestingly, in male,
but not female offspring, MH and MNR decreased the expression of long chain FACS and
AMPKa, compared to Control. Likewise, MNR males, but not females, had reduced
expression of ACC. Surprisingly, MH females had increased phosphorylation of AMPKa,
but there was no effect of IUGR on the phosphorylation of ACC or AS160. These findings
suggest that ITUGR programs increased fatty acid metabolism through increased fatty acid
transporters, but that deregulation of sarcoplasmic regulators of fatty acid metabolism in male

offspring may render IUGR males more vulnerable to ectopic cardiac lipid accumulation.
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Considering that we have previously demonstrated that MH females, but not MH males or
MNR offspring have fewer cardiomyocytes in adolescence, these data suggest that AMPK
activation may be associated with a deficit in cardiomyocyte endowment. We therefore
suggest that changes in gene expression observed in IUGR offspring do not result in
pathology unless faced with a secondary insult such as ischaemia, hypertension, LVH or

obesity.
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4.2 Introduction

It is predicted that by 2030, annual deaths from cardiovascular disease (CVD) will reach 23.3
million people worldwide.™* Comprehensive epidemiological studies demonstrate that
restriction of growth in utero (intrauterine growth restriction; IUGR), which results in low
birth weight (LBW) is a predictor of ischaemic heart disease and heart failure in adulthood.**
In Australia, ~6% of babies are born IUGR, defined as a body weight below the tenth
centile.3!® Placental insufficiency is the leading cause of IUGR in the developed world and
results in decreased oxygen and nutrient supply to the fetus.** This results in a number of
adaptive responses in the fetus, including a redistribution of cardiac output to key organs like

the brain and decreased fetal growth rate.**®

IUGR rats exposed to maternal hypoxia in the last week of gestation are more
susceptible to ischaemia/reperfusion injury and undergo greater cardiomyocyte apoptosis as a
result of ischaemia/reperfusion injury in adulthood.™> *® Despite an equivalent cardiac power
before ischaemia/reperfusion, IUGR rats have decreased cardiac power during reperfusion.'®®
One mechanism responsible for poor recovery from ischaemia/reperfusion may be due to
altered cardiac metabolism. In spite of a similar contribution of substrates used for cardiac
adenosine triphosphate (ATP) production before ischaemia/reperfusion, IUGR rats have an
increased contribution of glucose metabolism via glycolysis and a reduced contribution of
fatty acid metabolism to cardiac ATP production during reperfusion compared to Controls.*%
Furthermore, the IUGR heart produces more protons, which may be explained by an

uncoupling of glycolysis with glucose oxidation,'%

which requires ATP for correction.
Failure to correct the proton imbalance may result in acidaemia leading to Ca®* accumulation
and contractile dysfunction.’®*?°* Additionally, exposure to a high fat diet in postnatal life
exacerbates the effect of hypoxia-induced IUGR on the susceptibility to
ischaemia/reperfusion injury in adulthood.?®* Considering the importance of continued

contraction and that almost the entire supply of cardiac ATP is turned over every ten
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seconds,**’

it is imperative that cardiomyocyte metabolism is flexible and rapidly adapts to
alterations in substrate supply and stimuli in order to efficiently produce ATP, which it
appears to be altered in IUGR offspring.

In postnatal life, fatty acids are the predominant cardiac fuel and are metabolised via
fatty acid S-oxidation (105mol ATP per 1mol palmitate), followed by glucose metabolism via
glucose oxidation (31mol of ATP per 1mol glucose), glycolysis (2mol ATP per 1mol of
glucose) and lactate oxidation (15mol ATP per 1mol of lactate).**® This is in contrast to fetal
life, when fatty acids and oxygen are in limited supply, and thus glycolysis is the predominant

source of cardiac ATP.}* In the weeks after birth, cardiac metabolism switches from

glycolysis to fatty acid g-oxidation, central to which is increased cardiac abundance of

148

peroxisome proliferator-activated receptor alpha (PPARa),” ™ the transcriptional regulator of

genes involved in multiple steps of fatty acid metabolism and cardiac lipid homeostasis.*** **’
PPARo. binds to peroxisome proliferator response elements (PPREs)™® located within the
promoter region of genes involved fatty acid transport into the sarcoplasm (fatty acid
transport proteins; FATP1 and FATP6), fatty acid activation (fatty acyl-CoA synthetase;
FACS), transport within the sarcoplasm (heart-type fatty acid binding protein; H-FABP),
mitochondrial uptake of fatty-acyl CoA (carnitine palmitonyl transferases; CPT-I and CPT-
1), upregulation of CPT-Ip activity (malonyl-CoA decarboxylase (MCD)'®!) and fatty acid -
oxidation (acyl-CoA dehydrogenases specific to the size of the fatty acid; medium chain
(ACADM), long chain (ACADL) and very long chain (ACADVL) (for review, see %% %%, In
addition to upregulating the transcription of genes involved in fatty acid metabolism, PPARa.
has also been associated with promoting the translocation of fatty acid transporter FAT/CD36
to the sarcolemma.'®

IUGR due to maternal protein restriction across pregnancy in rats results in increased

d'® and adult offspring.”’ Interestingly, IUGR offspring

expression of PPAR¢, in 1 week ol
have decreased methylation of the PPARa promoter compared to Control offspring,

130



suggesting that the increased expression in adulthood was epigenetically programmed.*’ In
addition to PPARa, PPARGS (known also as PPARJ), can regulate the transcription of cardiac
fatty acid genes such as FACS, CPT-14, MCD, MCAD, LCAD and VLCAD,*" 1% however,
the effect of IUGR on PPARGS has not been determined.

In addition to PPARs, cardiac metabolism is regulated by AMPK, which is activated
when cardiomyocyte ATP is depleted. Phosphorylation/activation of the catalytic a,-subunit
of AMPK results in phosphorylation of acetyl-CoA carboxylase (ACC), which promotes
transport of fatty acids into the mitochondria, and phosphorylation of AS160, which promotes
glucose transporter 4 (GLUTA4)’s translocation to the sarcolemma and glucose transport into
the sarcoplasm. Interestingly, when lambs are exposed to an obesogenic environment,
AMPKa, activity is decreased, however if lambs were exposed to maternal nutrient
restriction from early to mid-gestation, AMPKa, activity is maintained despite an obesogenic
environment. Furthermore, lambs exposed to maternal nutrient restriction have an increased
prevalence of ectopic cardiac lipid deposition if they developed obesity in the later life and
subsequently an increased risk of heart failure with increasing age.**’

Loss of metabolic flexibility and a greater reliance on glucose for ATP production is
observed in postnatal pathologies, such as cardiac hypertrophy and congestive heart failure.'*°
IUGR lambs exposed to placental restriction from conception, which results in fetal
hypoxaemia and hypoglycaemia, have an increased cardiac phosphorylation of the insulin
receptor, increased GLUT1 and increased pyruvate dehydrogenase kinase (PDK) -4 compared
to Controls at 21 days of age,** which suggests greater glycolysis. Interestingly, this altered
metabolism is coupled with greater left ventricle weight relative to body weight (left
ventricular hypertrophy; LVH) compared to Controls.?®® Likewise, IUGR due to maternal
hypoxia in rats, which is associated with increased glycolysis after ischaemia/reperfusion,
results in cardiomyocytes with a greater cross sectional area compared to Controls.***

Considering that IUGR is associated with cardiomyocyte hypertrophy and LVH, determining

131



the contribution of IUGR to alterations in postnatal cardiac metabolism are difficult.
Furthermore, it appears that exposure to maternal nutrient restriction results in increased
expression of fatty acid genes, whereas exposure to hypoxia results in increased reliance on
glycolysis. Therefore, we aimed to determine the effect of maternal hypoxia and maternal
nutrient restriction in adolescence, in an animal model we have previously determined does

not result in cardiac hypertrophy.

4.3 Methods

4.3.1 Animal model

All procedures were approved by the Animal Ethics Committees at both the University of
South Australia (IMVS) and The University of Adelaide. IMVS tri-coloured guinea pigs were
individually housed at 18-22°C in plastic bottomed cages with sawdust bedding and a 12/12
light cycle. All animals were fed standard laboratory rabbit/guinea pig chow (Laucke Mills,
Daveyston, Australia) and had ad libitum access to water that was supplemented with 0.5g/L
vitamin C. Breeding male and nulligravida female guinea pigs were acclimatised to individual
cage living for two weeks prior to the commencement of the study. Each female was weighed
and given a known weight of food three times weekly. In order to achieve a known day of
conception a single female in oestrous was placed in a males’ cage for 24h. Pregnancy was
confirmed by the failure to come into oestrous within 21 days (maximum length of oestrous;

Chapter 3) of mating.

4.3.2 Experimental protocol

At 35d gestation, pregnant females were randomly assigned to one of three treatment groups;
Control (21% oxygen (O,), ad libitum food), Maternal Nutrient Restricted (MNR; 21% O,,
food intake matched daily to food intake per body weight of Maternal Hypoxia dams) or
Maternal Hypoxia (MH; 12% O,, ad libitum food but ate ~22% less than Controls; Chapter

3). Pregnant females in the MH group were placed into a glass fronted temperature controlled
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chamber that was maintained at 12% oxygen by the infusion of nitrogen (Roxy-4, Sable
Systems International, USA). To minimize environmental stress, a minimum of two
individually housed females were inside the chamber at any given time and the colony was
visible. To ensure all pups were born into a normoxic environment, MH dams were removed
from the hypoxia chamber at 65d (term, 68.8+0.4d gestation; Chapter 3). All litters were
exposed to normoxia and had ad libitum access to food. The average litter size was 3.0+0.2
pups and did not vary between treatment groups (Chapter 3). Both MH and MNR resulted in
decreased birth weight (Chapter 3). Litters that contained more than 3 pups were culled to
three pups on the first day of life. Offspring were weaned at 28d after birth and were housed

in same sex pairs until humanely killed at 4 months of age.

4.3.3 Post mortem collection of tissue

Offspring were humanely killed at 119.4+0.2d of age with an overdose of sodium
pentobarbitone (200mg/kg IP; Lethobarb, Lyppards, Australia). Cardiac puncture was
immediately performed to collect blood from the left ventricle to determine plasma glucose,
non-esterified fatty acid (NEFA) and cortisol concentrations. For one male and one female in
a litter, selected at random, the left ventricle and septum was dissected and snap frozen in

liquid nitrogen for analysis of gene and protein expression.

4.3.4 Quantification of plasma substrate and hormone concentrations

Plasma glucose concentration: Plasma glucose concentrations were measured by
enzymatic analysis using hexokinase and glucose-6-phosphate dehydrogenase to measure the
formation of NADH photometrically at 340 nm (Konelab 20, Program Version 6.0 automated
analysis system, Thermo Fisher Scientific, USA).>® The sensitivity of the assay was

0.5mmol/I and the intra- and inter-assay coefficients of variation (CV) were < 5%.%%

Plasma non-esterified fatty acid (NEFA) concentration: Plasma NEFA

concentrations were measured in vitro using an enzymatic colourimetric method, which relies
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on the acylation of coenzyme-A (CoA) by fatty acids in the presence of added acyl-CoA
synthase (Wako Pure Chemical Industries Ltd., Japan). Oxidation of acyl-Co-A by added
acyl-CoA oxidase produces hydrogen peroxide, which aids in the formation of a purple-
colored adduct, which can be measured colorimetrically at 550 nM using a Konelab 20XTi
automated sample analyzer (Thermo Electron). The intra- and inter-assay CV were < 10%.%°

Plasma cortisol concentration: Total plasma cortisol concentration was measured in
extracts, using an *?°I radioimmunoassay kit (GE Healthcare, Sydney, Australia) as previously
described **’. The average efficiency of recovery of '#I cortisol using dichloromethane
extraction was 90%. The sensitivity of the assay was 0.39nmol/l. The rabbit anti-cortisol
antibody cross-reacted <1% with cortisone and 17-hydroxyprogesterone and <0.01% with

aldosterone, pregnenolone, estradiol and progesterone. The inter- and intra- assay CV was

less than 10%.

4.3.5 Measurement of mMRNA expression

RNA was isolated from the left ventricle (~100mg) and cDNA was synthesized as previously
described (Chapter 3 and ). Controls containing no Superscript 111 (NAC) and no RNA
transcript (NTC) were used to test for genomic DNA and reagent contamination, respectively.
The reference genes cyclophilin, tyrosine 3-monooxygenase (YWHAZ) and ribosomal protein
PO were chosen from a suite of reference genes based on expression analysis using the
geNorm component of the gBase relative quantification analysis software,*® because their
expression was stable across samples.’®” The expression of target and reference mRNA
transcripts were measured by gRT-PCR using Fast SYBR® Green Master Mix (Applied
Biosystems, USA) in a final volume of 6pL on a ViiA7 Fast Real-time PCR system (Applied
Biosystems, USA) as described previously.’

Primers were designed and validated to generate a single transcript as confirmed by

the presence of one double stranded DNA product of the correct size and sequence

(Supplementary data, Table 1). Controls containing no cDNA were included for each primer
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set on each plate to test for reagent contamination. Melt curve/dissociation curves were also
run to check for non-specific product formation. Amplification efficiency reactions were
performed on 5 triplicate serial-dilutions of cDNA template for each primer set. Amplification
efficiencies were determined from the slope of a plot of C; (defined as the threshold cycle
with the lowest significant increase in fluorescence) against the log of the cDNA template
concentration (1-100ng). The amplification efficiency was close to 100%. Each sample was
run in triplicate for target and reference genes. The reactions were quantified by setting the
threshold within the exponential growth phase of the amplification curve and obtaining
corresponding C; values. The abundance of each transcript relative to the abundance of the
three stable reference genes was calculated using DataAssist Software v3.0 (Applied

Biosystems, USA) and expressed as mean normalised expression (MNE). % 3%
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Table 1. Primer sequences used in Quantitative Real-Time Reverse Transcription-PCR to measure genes of interest.

Gene

Primers

Accession Number

Reference genes
Tyrosine 3-monooxygenase (YWAHZ)

Ribosomal protein PO (RpPQ)

Peptidyl-prolyl cis-trans isomerase A/Cyclophilin (Cyclo)

Fwd 5’-TGTAGGAGCCCGTAGGTCATCT-3’
Rev 5’-TTCTCTCTGTATTCTCGAGCCATCT-3’
Fwd 5’-CAACCCTGAAGTGCTTGACAT-3’

Rev 5’-AGGCAGATGGATCAGCCA-3’

Fwd 5’-CCTGCTTTCACAGAATAATTCCA-3’
Rev 5’-CATTTGCCATGGACAAGATGCCA-¥

XM_003479856.2

XM_003478381.2

XM_003465805.2

Regulation of transcription

Peroxisome proliferator-activated receptor alpha (PPAR )

Peroxisome proliferator-activated receptor delta/beta (PPARS//5)

Peroxisome proliferator-activated receptor-gamma coactivator 1 alpha (PGC-1«)

Fwd 5’-TCCACCATGAACAAGGACGG-3’
Rev 5’-TTGCAGGTGGAGTTTGAGCA-3’
Fwd 5’-GTTCATCGCGGCCATCATTC-3’
Rev 5’-GCTTGGGGAAGAGGTACTGG-3’
Fwd 5’-GGATTGCCCTCATTTGACGC-3’
Rev 5’-GTGCTGGGTACTGAGACCAC-3’

NM_001173004.1

XM_003473900.2

XM_003467408.2

Fatty acid transport into the sarcoplasm

Fatty acid transport protein 1 (FATP1)

Fatty acid transport protein 6 (FATP6)

Plasma membrane fatty acid binding protein (FABPpm)

Fatty acid translocase (FAT/CD36)

Fwd 5’-GCAGATCGGGGAGTTCTACG-3’
Rev 5’-GTTGACCTTTACCAGCCGGA-3’
Fwd 5’-TCCTCAACTCCAACATCCGC-3’
Rev 5’-GGAGGCTGGCAAGGATTTCT-3’
Fwd 5’-GGCCGACCGTATCATTAGCA-3’
Rev 5’-CTACCTGCTCGGGCTTTAGG-3’
Fwd 5’-TCTCTCCTATTGGCCAGGCT-3’
Rev 5’-ACCGTACGATGTGCAGTTGT-3’

XM_003464194.2

XM_005007003.1

XM_003472049.2

XM_003469814.2
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Regulation of fatty acids in the sarcoplasm

Long chain fatty acyl-CoA synthetase (FACS)

Heart-type fatty acid binding protein (H-FABP)

Fwd 5’-CCCTTGGAGCAGATGCCATCACG-3’
Rev 5’-TGCCTTGTTCCACGAGTTCACTGC-3”
Fwd 5’-GTGGCCTGCATGACCAAGCCT-3’
Rev 5’-ACAAGTTTTCCGCCATCCAGCGT-3

NM_001172908.1

XM_003471234.2

Fatty acid transport into mitochondria

Carnitine palmitonyl transferase | beta (CPT-15)

Malonyl-CoA decarboxylase (MCD)

Acetyl-CoA Carboxylase (ACC)

Catalytic -2 subunit of adenosine monophosphate-activated protein kinase (AMPK &)

Fwd 5’-AGATCGCCCTGCAGCTGGCT-3’
Rev 5’-GCCTGCACAAAGGCTGTGGACT-3’
Fwd 5’-GCATTCGCCGTGTGAGGTGC-3’
Rev 5’-GCTCCCCGGGCGTTGAACAA-3’
Fwd 5’-CAGCTGGTCCACATGAACAGGCT-3’
Rev 5’-AGCAAATCCTCCTGGGGCCCA-3’
Fwd 5’-GGCACATGGTTGTTCATCGTGACCT-3’
Rev 5’-CCTGAGATGACTTCAGGTGCTGCG-3°

XM_003461559.1

XM_003461961.2

XM_005003514.1

XM_003464067.2

Fatty acid oxidation

Medium chain acyl-CoA dehydrogenase (ACADM)

Long chain acyl-CoA dehydrogenase (ACADL)

Very long chain acyl-CoA dehydrogenase (ACADVL)

Fwd 5’-ACATGGGCCAGCGATGTTCAGA-3’
Rev 5’-TGCTAATCCAATTGCACCAGCTGC-3’
Fwd 5’-TCGATCCCCTGCCCATGGCA-3’
Rev 5’-GGGCACTTGCTGGCAATCGGA-3’
Fwd 5’-AGAATGTGCTGGGTGAGGTG-3’
Rev 5’-TCTGTGTATCCCCGGTCCAT-3

XM_003479087.2

XM_003474475.2

XM_003466183.2

Glucose transport into the sarcoplasm

Glucose transporter 1 (GLUT1)

Glucose transporter 4 (GLUT4)

Fwd 5’-GTGCCCATGTATGTTGGGGA-3’
Rev 5’-ATTGCGGTTGATGAGCAGGA-3’
Fwd 5’-ATTGCTCCCACTCACCTTCG-3’
Rev 5’-AGCTTGCGCTTCTCATCCTT-3’

XM_003462510.2

XM_003466265.2
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4.3.6 Quantification of protein abundance

Proteins were extracted from the left ventricle by sonication in lysis buffer (50mM Tris-HCL
(pH 8), 150mM NaCl, 1% NP-40, 1mM Na orthovanadate, 30mM Na fluoride, 10mM Na
pyrophosphate, 10mM EDTA, and a protease inhibitor tablet (cOmplete Mini; Roche)). Total
protein concentration was determined by microBCA assay (Thermo-Fisher Scientific). Protein
was diluted to a concentration of 5mg/ml in 1X SDS sample buffer (containing 75 mM DL-
Dithiothreitol) and Coomassie blue stain used to confirm equal protein loading on SDS-PAGE
before diluted protein was used for experimental blots. Proteins under 250kDa were
transferred (wet tank system) to a nitrocellulose membrane (Amersham Hybond-C extra; GE
Healthcare Life Sciences) using boric acid transfer buffer. Proteins over 250kDa were
transferred (semi-dry system) to a PVDF membrane (PolyScreen® PVDF Hybridization
Transfer Membrane; Perkin Elmer) in tris-glycine transfer buffer. Non-specific antibody
binding was blocked with 5% skim milk in TBST (Tris buffered saline with 1% Tween-20) or
5% BSA in TBST. Since primary antibodies specific for phosphorylated AMPKa, are not
commercially available, antibodies for phospho-AMPKa-total (thr-172; rabbit pAb, 2535,
Cell Signaling) and the alternate alpha substrate, phospho-AMPKa; (ser-485; rabbit pAb,
4184, Cell Signaling) were used to extrapolate phosphorylation of AMPKa,. These, in
addition to other primary antibodies: AMPKa, (rabbit pAb, 2757, Cell Signaling), ACC
(rabbit pAb, 3662, Cell Signaling), phospho-ACC (ser-79; rabbit pAb, 3661, Cell Signaling),
AS160 ( rabbit pAb, 2670, Cell Signaling), phospho-AS160 (thr-642; rabbit pAb, 4288, Cell
Signaling), GLUT1 (rabbit pAb, CBL242, Millipore) and GLUT4 (rabbit pAb, ab654,
Abcam) were incubated overnight at 4°C. Secondary antibody raised against rabbit (horse
radish peroxidase (HRP) linked; 7076, Cell Signaling) was incubated for one hour at room

temperature. For each membrane GAPDH-HRP (8884, Cell signalling) was incubated
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overnight at 4°C and served as a loading control (abundance stable across samples).
SuperSignal West Pico chemiluminescent substrate (Thermo-Fisher Scientific) and an
ImageQuant LAS 4000 (GE Healthcare, Australia) were used to detect and image antigens of
interest. ImageQuantTL Analysis Toolbox (GE Healthcare, Australia) was used to quantify
the protein bands. The abundance of each protein of interest is expressed relative to its

loading control.

4.3.7 Statistical analysis

Normality was determines using Shapiro-Wilk-test (swilk) in STATA10. A 2-way ANOVA
for the variation between treatment group, sex and their interaction was tested against the
variation within animal by treatment group and sex with post-hoc Bonferroni tests applied
where appropriate. Statistical significance was assumed if P < 0.05. In tables, data is
presented as the mean of each treatment group £ the standard error of the mean (SEM). In

figures, data is presented as boxplots to provide a greater description of the data.
4.4 Results

4.4.1 Plasma analysis

MNR offspring had increased plasma glucose concentrations compared to both MH and
Control offspring (Figure 1A), but there was no change in the plasma concentration of NEFA
(Figure 1B) or cortisol (Figure 1C) in MNR or MH compared to Control offspring in
adolescence. Females had a higher plasma cortisol concentration than male offspring, which

was not affected by treatment (Figure 1C).

4.4.2 Expression of genes involved in fatty acid metabolism

IUGR offspring that were exposed to MH, but not MNR, had an increased cardiac expression

of the key transcriptional regulator of fatty acid metabolism, PPAR« (Figure 2A). There was
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no effect, however, of MH or MNR on the cardiac expression of PPARS (Figure 2B) or the
transcriptional co-activator PGC-la (Figure 2C) compared to Control offspring in
adolescence. IUGR resulted in the upregulation of 3 of the 4 genes responsible for the
transport of fatty acids into cardiomyocytes, specifically, MH increased the expression of
FATP1 (Figure 3A) and FABPpm (Figure 3B), MH and MNR increased the expression of
FATP6 (Figure 3C), but IUGR did not alter the expression of CD36 (Figure 3D).
Additionally, MH and MNR did not alter the cardiac expression of mitochondrial transporter,
CPT-15 (Figure 4A) or the three isoforms of acyl-CoA dehydrogenase that are responsible for
oxidating medium chain fatty acid, ACADM (Figure 4B), long chain fatty acids, ACADL
(Figure 4C), or very long chain fatty acids, ACADVL (Figure 4D). Interestingly, IUGR males,
but not females, exposed to either MH or MNR had decreased cardiac expression of long
chain FACS (Figure 5A) and the catalytic-o, subunit of metabolic regulator AMPK (Figure
5B). Similarly, male, but not female, offspring exposed to MNR had decreased cardiac
expression of ACC (Figure 5C) compared to Controls, but MCD expression was not different

between treatment groups (Figure 5D).
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Figure 1. Maternal Nutrient Restriction (MNR; O; n=14) offspring had a greater plasma
glucose concentration in adolescence compared to Maternal Hypoxia (MH;@l; n=9) and
Control (O; n=9) offspring. MNR and MH had a similar plasma non-esterified fatty acid
(NEFA; B) and cortisol (C) concentration compared to Control offspring in adolescence.
Female offspring (Control, n=11; MNR, n=5, MH, n=4) had a higher plasma cortisol
concentration than males (Control, n=3, MNR, n=4, MH, n=5; C), but there was no
interaction between treatment and sex. Data was analysed by 2-way ANOVA for treatment
group and sex with post-hoc Bonferroni tests; different letters indicate a significant difference
between treatment groups; * denotes significant difference between males and females; P <

0.05.
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Figure 2. Offspring exposed to Maternal Hypoxia (MH; A; n=10) had increased mMRNA
expression of the key transcriptional regulator of cardiac fatty acid metabolism, peroxisome
proliferator-activated receptor alpha (PPAR«) compared to offspring exposed to Maternal
Nutrient Restriction (MNR; n=7) and Control (n=13). MH and MNR offspring had a similar
expression of PPARpS/6 (B) and peroxisome proliferator-activated receptor-gamma
coactivator 1 alpha (PGC-1¢; C) compared to Control. Data was analysed by 2-way ANOVA
for treatment group and sex with post-hoc Bonferroni test where appropriate. Different letters

indicate significance between groups; P < 0.05.
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Figure 3. Offspring exposed to Maternal Hypoxia (MH; A; n=10) had increased mMRNA
expression of fatty acid transporters, fatty acid transport protein 1 (FATP1; A) and plasma
membrane fatty acid binding protein (FABPpm; B) compared to offspring exposed to
Maternal Nutrient Restriction (MNR; n=7) and Control (n=13). MH and MNR offspring had a
greater expression of FATP6 (C) compared to Control offspring, however, there was no effect
of MH or MNR on the expression of fatty acid translocase (CD36; D). Data was analysed by
2-way ANOVA for treatment group and sex with post-hoc Bonferroni test where appropriate.

Different letters indicate significance between groups; P < 0.05.
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Figure 4. Maternal Hypoxia (MH; n=10) and Maternal Nutrient Restriction (MNR; n=7) did
not alter the cardiac expression of genes involved in transport of fatty acids into the
mitochondria, carnitine palmitonyl transferase-13 (CPT-If; A), and fatty acid oxidation,
medium chain acyl-CoA dehydrogenase (ADADM,; B), long chain (ACADL) and very long
chain (ACADVL) compared to Control (n=13). Data was analysed by 2-way ANOVA for

treatment group and sex.
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Figure 5. Male offspring, but not female offspring, exposed to Maternal Hypoxia (MH; A;l;
males, n=6; females, n=4) and Maternal Nutrient Restriction (MNR; [0, males, n=3; females,
n=4) had a reduced expression of the gene responsible for esterification/activation of long
chain fatty acids in the sarcoplasm, fatty acyl-CoA synthetase (FACS; A), and the catalytic
subunit-2 of the metabolic ‘fuel gauge’, adenosine monophosphate-activated protein kinase
(AMPKoa; B), compared to Control ( O males, n=5; females n=8). MNR males had a reduced
expression of acyl-CoA carboxylase (ACC; C), but not (MCD; D), which are involved in the
regulation of fatty acid uptake into the mitochondria, compared to MH and Control males.
There was no effect of treatment group on the expression of ACC (C) and MCD (D) in female
offspring. Data was analysed by 2-way ANOVA for treatment group and sex with post-hoc

Bonferroni test where appropriate. Different letters indicate significance; P < 0.05.
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4.4.3 Expression and abundance of glucose transporters

There was no effect of IUGR due to either MH or MNR on the cardiac expression of glucose
transporter, GLUT1, (Figure 6A) compared to Controls in adolescence. MH, but not MNR,
however, resulted in the increased expression of cardiac GLUT4 (Figure 6B). Despite this,
there was no effect of MH or MNR on the abundance of either GLUT1 (Figure 6C) or

GLUT4 (Figure 6D) protein compared to Control in adolescence.

4.4.4 Abundance of regulators of fatty acid and glucose metabolism

Despite IUGR resulting in a decreased expression of cardiac AMPK & in male offspring, there
was no effect of MH or MNR on the abundance of cardiac AMPKa, protein (Figure 7A) in
either sex compared to Control offspring in adolescence. Interestingly, female offspring
exposed to MH had increased abundance of phosphorylated total-AMPKa (Figure 7B), but an
equivalent abundance of phosphorylated AMPKa; (Figure 7C). Due to their being only two
isoforms of the catalytic subunit, this suggests that MH female offspring have increased
phosphorylation of AMPKa, compared to MNR and Control females. There was no effect of
MH or MNR on the phosphorylation of either AMPKa in male offspring (Figure 7B-
C). Despite the increased phosphorylation of AMPK in MH females, there was no effect of
MH or MNR on the abundance of total (Figure 8A) or phosphorylated (Figure 8B) ACC.
Likewise, there was no effect of MH or MNR on the abundance of total (Figure 9A) or

phosphorylated (Figure 9B) AS160.
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Figure 6. Maternal Hypoxia (MH; A; n=10) and Maternal Nutrient Restriction (MNR; n=7)
did not alter the cardiac expression of glucose transporter 1 (GLUT1) compared to Control
(n=13), however, MH offspring had an increased cardiac expression of GLUT4 (B). Despite
this, neither MH nor MNR altered the cardiac abundance of GLUT1 (C) or GLUT4 (D)
protein compared to Control in adolescence. The abundance of each protein is expressed
relative a loading control (GAPDH; each band represents an animal). Data was analysed by 2-
way ANOVA for treatment group and sex with post-hoc Bonferroni test where appropriate.

Different letters indicate significance between groups; P < 0.05.
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Figure 7. Maternal Hypoxia (MH; A; l) and Maternal Nutrient Restriction (MNR;O) did not
alter the cardiac abundance of the metabolic ‘fuel gauge’, adenosine monophosphate-activated
protein kinase (AMPKa,) in adolescence compared to Control (). Female offspring, but not
male offspring, exposed to MH had a greater abundance of phosphorylated total-AMPKa (B),
but no difference in the abundance of phosphorylated AMPKa, (C) compared to MNR and
Control offspring. The abundance of each protein is expressed relative a loading control
(GAPDH; each band represents an animal). Data was analysed by 2-way ANOVA for
treatment group and sex with post-hoc Bonferroni test where appropriate. Different letters

indicate significance between groups; P < 0.05.
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Figure 8. Maternal Hypoxia (MH) and Maternal Nutrient Restriction (MNR) did not alter the
cardiac abundance of acyl-CoA carboxylase (ACC; A) or phosphorylation/activity of ACC
(B) in adolescent offspring compared to Controls. The abundance of each protein is expressed
relative a loading control (GAPDH; each band represents an animal). Data was analysed by 2-

way ANOVA for treatment group and sex; P < 0.05.
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Figure 9. Maternal Hypoxia (MH) and Maternal Nutrient Restriction (MNR) did not alter the
cardiac abundance of AS160 (A) or phosphorylation/activity of AS160 (B) in adolescent
offspring compared to Controls. The abundance of each protein is expressed relative a loading
control (GAPDH; each band represents an animal). Data was analysed by 2-way ANOVA for

treatment group and sex; P < 0.05.
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4.5 Discussion

This study demonstrates that IUGR alters the expression of genes involved in cardiac
metabolism specific to the cause of IUGR and sex of the offspring in adolescence. It is
critically important that cardiac metabolism is tightly regulated to ensure the continued
production of ATP for effective cardiomyocyte contractility. Alterations in the regulation of
cardiac metabolism may explain some of the association between IUGR and the elevated risk
of ischaemic heart disease and heart failure in adulthood.”°

IUGR induced by MH, but not MNR, results in increased expression of the central
transcriptional regulator of cardiac fatty acid metabolism, PPARa. The increased expression
in MH offspring is consistent with studies of IUGR rats exposed to maternal protein
restriction across pregnancy.'?® %" Tappia and colleagues demonstrate that at 1, 3, 5, 7 and 9,
but not 21 days of age, IUGR offspring have increased cardiac expression of PPARa.'* In
contrast, Slater-Jefferies and colleagues demonstrate that, compared to Control offspring,
IUGR rats have a similar cardiac expression of PPAR« at 1 day of age, but have increased
cardiac expression of PPAR« in adulthood.™®’ Further to this, Slater-Jefferies and colleagues
demonstrated that at both 1 day of age and in adulthood, IUGR offspring have decreased
methylation of the PPAR«a promoter compared to Control offspring, which suggests the
increased expression of PPAR« in adulthood was epigenetically programmed in utero.'®’
Interestingly, exposure to a low fat or high fat diet post weaning did not alter the adult
expression of PPAR ¢ or the methylation of its promoter.™”’

In addition to epigenetic regulation, PPARco expression is upregulated by
glucocorticoids through direct action of the glucocorticoid receptor.®*® * We have previously
reported that MH offspring have increased adrenal weight, both in absolute terms and relative

to body weight, compared to Control and MNR offspring in adolescence (Chapter 3). The
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adrenal gland secretes cortisol in response to activation of the hypothalamic-pituitary-adrenal
(HPA) axis to maximise metabolism and suppress immune function during stress. Therefore,
an increase in adrenal weight may signify an increased capacity for cortisol production.
Studies of adult men demonstrate that low birth weight is associated with elevated fasting
plasma cortisol concentrations®® and enhanced secretion of cortisol in response to
adrenocorticotropic hormone (ACTH), which is released from the pituitary upon activation of
the HPA axis.?”* Furthermore, a 1kg decrease in birth weight is associated with a 20.6nmol/L
and 30.9nmol/L elevation in plasma cortisol concentrations in men and women,
respectively.?’? In the present study, however, IUGR due to MH and MNR did not alter the
concentration of plasma NEFA under basal conditions, but female offspring had a higher
plasma NEFA concentration than male offspring. This suggests that plasma cortisol
concentrations do not explain the increased expression of PPAR«a observed in IUGR
offspring.

A programmed increase in PPAR« expression may be a mechanism to deal with
continued nutrient depravation or periods of fasting in postnatal life. PPARa regulates fatty
acid metabolism by increasing the transcription of genes involved in fatty acid transport into
the sarcoplasm (FATP) and within the sarcoplasm (H-FABP), fatty acid activation (FACS),
mitochondrial uptake of fatty-acyl CoA (CPT-1, CPT-1 and MCD) and fatty acid p-oxidation
(ACADM, ACADL and ACADVL; for review, see *°% 1% Interestingly, in the present study,
despite PPAR« expression being greater in MH offspring, the only PPARa target genes with
increased mMRNA expression were FATP1 and FATP6. This suggests that despite the
increased mMRNA expression of PPAR¢, there is not a corresponding increase in PPARa
induced transcription of target genes in adolescence. This may be due to an equivalent
PPARa protein abundance or an equivalent efficiency of PPARa induced transcription

compared to Controls. In the present study, we could not determine the abundance of PPARa
152



using Western Blotting due to variations between guinea pig sequence and commercially
available antibodies. PPARa induces transcription by first heterodimerising with retinoid X
receptor (RXR), then binding to peroxisome proliferator response elements (PPRE) which are
present in either in single or multiple copies in the promoter region of target genes.'®
Transcriptional control also requires the recruitment of various co-factors, which can either
promote or inhibit transcription.**® Therefore, promotion of PPARa mediated transcription is
dependent on the availability of activating ligands, RXR and co-activators. In the heart,
peroxisome proliferator-activated gamma coactivator 1 alpha (PGC-1a) can promote the
transcription of PPARa gene targets and its expression is influenced by environmental
stimuli.®*® % |n the present study we determined that the expression of PGC-1 was similar
between MH, MNR and Control offspring. Likewise, the expression of PPARS was also
similar between treatment groups. Further studies into the effect of IJUGR on the efficiency
and regulation of PPARa induced transcription are required.

An increase in PPAR« expression may also be explained by an increase in circulating
NEFA concentrations,*®® which can occur in obesity and insulin resistance. The association
between IUGR and postnatal obesity, insulin resistance and type-2 diabetes mellitus has been
demonstrated in epidemiological studies and numerous animal models.*® In the present study,
however, IUGR due to MH and MNR did not alter the plasma concentration of NEFA.
Likewise, we have previously reported that MH and MNR offspring do not weigh more than
Control offspring or have increased visceral fat deposition (Chapter 3), suggesting that neither
MH or MNR offspring are obese. The mismatch between low nutrient availability in utero
and adequate/excessive nutrition in postnatal life underpins the programming of obesity and is
exaggerated if coupled with accelerated postnatal ‘catch up’ growth. We have previously
reported that MNR offspring have accelerated postnatal growth (Chapter 3) and data from the

current study demonstrates that MNR offspring have increase plasma glucose concentrations.
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The increase in glucose concentrations may support the accelerated growth of MNR offspring
after birth. An increase in basal glucose concentration is also a sign of a dysregulation of
global glucose homeostasis, which may be caused by insulin resistance and diabetes. Glucose
metabolism is facilitated upon translocation of glucose transporters, GLUT1 and GLUT4,
from vesicles in the sarcoplasm to the sarcolemma. In postnatal life, GLUT4 is the
predominant cardiac glucose transporter and its translocation is initiated by insulin, AMPK,
catecholamines, increased mechanical load and ischemia.'>*"®. We have previously reported
that MNR offspring have an equivalent heart weight, left ventricle weight, number of
cardiomyocytes, blood pressure and activity of insulin signalling molecule, Akt (Chapter 3).
Likewise, in the present study, MNR offspring have an equivalent abundance of GLUT]Z,
GLUT4, activity of AMPK and AS160. We therefore speculate that in adolescence, hearts of
MNR offspring may not have altered cardiac metabolism in the presence of higher plasma
glucose concentrations.

Despite having a normal birth weight, lambs exposed to maternal nutrient restriction
have an increased prevalence of ectopic cardiac lipid deposition if they developed obesity in
the later life and subsequently an increased risk of heart failure with increasing age.'?’
Furthermore, IUGR rats exposed to maternal protein restriction across gestation have altered
cardiac lipid accumulation, specifically of triacylglycerol (TAG), according to sex.*®’ In
males, maternal protein restriction did not alter the accumulation of cardiac TAG in adulthood
and this was irrespective of whether they were fed a low or high fat diet post weaning.'*" In
females, however, IUGR rats on a low-fat diet post weaning had an increased cardiac
accumulation of TAG compared to Control offspring and cardiac TAG accumulation was
exaggerated if exposed to a high-fat diet post weaning.*®’ In the present study, IUGR male,

but not female, offspring have decreased expression of long chain FACS, AMPK, and ACC,

which suggest that males may be genetically predisposed to altered lipid homeostasis.
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Considering that in the present study neither male nor female IUGR offspring were obese or
had increased circulating NEFA concentrations, suggests that at 4 months of age the alteration
in gene expression may not result in an altered cardiometabolic phenotype.

IUGR lambs exposed placental restriction from conception have an increased
phosphorylation of the insulin receptor, increased GLUTL1 protein and increased pyruvate
dehydrogenase kinase (PDK) -4 protein abundance in the heart compared to Control lambs at
21 days of age.’* These changes suggest that at 21d of age, IUGR lambs are utilising
glycolysis, more so than Control offspring, for cardiac ATP production. Interestingly, IUGR
lambs have a similar expression of PPAR« compared to Control lambs, which is in contrast to
IUGR offspring in the present study and the majority of data from IUGR rats exposed to
maternal protein restriction."?® * This data suggests that there may have been a delay in the
downregualtion of glycolysis, which occurs shortly after birth.>™* In the present study, MH
increased the expression of GLUT4, however, there was no difference in the protein
abundance of GLUT4 or mRNA and protein levels of GLUT1. Since glucose transporters
reside in sarcoplasmic vesicles unless stimulated, we determined the phosphorylation of
AS160, whose activation results in GLUT4 translocation to the sarcolemma.®®* In the present
study, MH and MNR did not alter the phosphorylation of AS160 and furthermore, previous
studies demonstrate that downstream insulin signalling molecule, Akt, which phosphorylates
AS160, is also similarly phosphorylated compared to Control offspring in adolescence
(Chapter 3). Data in the present study suggests that IUGR offspring do not have an increased
transport of glucose into the sarcoplasm, however, we did not determine the effect of IUGR
on the abundance of enzymes that regulate glycolysis. Furthermore, IUGR lambs have LVH
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and evidence of pathological hypertrophy,'*® which also results in increased glycolysis.?” We

have previously reported that MH and MNR offspring do not have LVH or evidence for
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pathological hypertrophy (Chapter 3), therefore, we speculate that the increase in glycolysis in
IUGR lambs is associated with LVH.

IUGR rats exposed to maternal hypoxia have an equivalent contribution of fatty acids
(~92%), lactate (~5%), glucose via glycolysis (~2%) and glucose via oxidation (~1%) to
cardiac ATP production compared to Control offspring at 4 and 12 months of age.'*® After
experimentally induced ischaemia/reperfusion, however, IUGR males had a decreased
contribution of fatty acids and an increased contribution of glucose to ATP production,
coupled with decreased cardiac power, compared to Control offspring.'*® Furthermore, hearts
from IUGR male offspring had increased production of protons, which may be explained by
an uncoupling of glycolysis with glucose oxidation,'®® which requires ATP to correct.'%*?%
Since we did not measure the contribution of each substrate to cardiac ATP production, we do
not know if MH and MNR offspring had a similar contribution of substrates to ATP
production compared to Control offspring in adolescence. We do, however, speculate that
programmed change in genes expression may result in an altered metabolism if exposed to
secondary insults such as ischaemia. Further to this, only IJUGR female offspring that were
exposed to MH had an increased phosphorylation of AMPKa,, which suggest that only MH
female offspring are responding to a deprivation in ATP in adolescence. We have previously
demonstrated that MH females, but not MH males or MNR males or females, have fewer

cardiomyocytes compared to Control offspring (Chapter 3), which may be a sufficient

secondary insult to trigger altered cardiac metabolism.

4.6 Conclusion

In summary, this study demonstrates that IUGR due to MH and MNR alters the expression of
genes involved in cardiac metabolism. These changes occur in the absence of associated

pathologies of IUGR that can alter cardiac metabolism, such as increased cortisol, obesity,
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cardiac hypertrophy (Chapter 3) and hypertension (Chapter 3). We postulate, therefore, that
the observed changes in cardiac gene expression in the present study are a direct result of
IUGR. Interestingly, the expression of genes involved in fatty acid metabolism were sexually
dimorphic and suggest that male offspring are more susceptible to cardiac lipid accumulation
than females in postnatal life. Furthermore, MH female offspring, but not male offspring, had
increased phosphorylation/activity of metabolic fuel gauge, AMPKa,, compared to MNR and
Control offspring. This suggests that MH females are the only offspring responding to a
deprivation in ATP in adolescence, which may be due to MH females having fewer

cardiomyocytes in adolescence (Chapter 3).
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CHAPTER 5



5. CHAPTER FIVE
5.1 Overall discussion

In early life, environmental factors can act to increase the risk of disease in adulthood. This
association was termed the ‘Barker Hypothesis’ by the British Medical Journal in 1995°% in
honour of Professor David Barker and colleagues who published epidemiologic evidence
from British men born between 1911-1930, which demonstrated that those born with the
lowest birth weights and body weight at 1 year of age had the highest death rates from
ischaemic heart disease.®® In the past 20 years there has been a wealth of epidemiological
studies and animal models that demonstrate that intrauterine growth restriction (IUGR) is
associated with a higher risk of cardiovascular disease (CVD), hypertension, insulin
resistance, type-Il diabetes, obesity and greater activation of the hypothalamic-pituitary-
adrenal (HPA) axis in postnatal life (for review, see '*). The effect of IUGR on
cardiomyocyte development and the altered programming of cardiac metabolism as a
potential cause of increased vulnerability of cardiomyocytes in postnatal life was the focus of
this thesis.

We had previously demonstrated,*?® as had others,’** *** that IUGR due to placental
insufficiency and consequent chronic fetal hypoxaemia and hypoglycaemia, reduces overall
heart growth and delays cardiomyocyte maturation in fetal sheep in late gestation. Further to
this, we had demonstrated that placental insufficiency, caused by a restriction of placental
growth from conception (placental restriction; PR), results in cardiomyocytes that are larger
relative to heart weight compared to Controls.*? In the present thesis, | have determined that
IUGR due to PR results in fewer cardiomyocytes in the right ventricle in late gestation, which
was not due to increased apoptosis. Considering that we had previously demonstrated that
IUGR sheep had an equivalent percentage of cardiomyocytes in the cell cycle,*® this led us to
speculate that a reduction in cardiomyocyte number was a consequence of an earlier adaption

to poor fetal substrate supply; and that despite chronic hypoxaemia, the heart is not hypoxic in
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late gestation. This premise was supported in the present study by a lack of hypoxia mediated
transcription in IUGR fetuses who were hypoxaemic. Interestingly, when placental
insufficiency is induced only in late gestation, by umbilico-placental embolization, the

percentage of cardiomyocytes in the cell cycle is reduced,*

suggesting that these
cardiomyocytes may be experiencing hypoxia. Additionally, IUGR rat offspring exposed to
maternal hypoxia in the last week of gestation have an increased percentage of apoptotic
cardiomyocytes. Together, these data suggest that a reduction in cardiomyocyte number in
utero is a regulated mechanism that is initiated in response to a deprivation in oxygen and/or
nutrient supply, but is suppressed when supply and demand are restored. This assertion was
supported by the present study, which demonstrates that IUGR fetuses exposed to PR have an
equivalent length of coronary capillaries in the right ventricle compared to Control offspring,
suggesting an increased delivery of substrates to the fewer cardiomyocytes that remain
(Figure 1).

Interestingly, despite an increased capillary length density, there was no difference in
the mRNA expression of the principal regulator of angiogenesis, VEGF in either ventricle.
The absence in an increased mRNA expression may be due to a hypoxia mediated increase in
the half-life of target genes. This has been demonstrated for VEGF mRNA in human M21
melanoma cells.®* Hypoxia has also been shown to enhance translation efficiency of VEGF
mRNA, by a protein interaction with the intra-ribosomal entry site in the 5' untranslated
region.*®® Confirmation of the abundance of VEGF protein and of other genes with HRE
should be performed to determine unequivocally that the heart is not hypoxic. Likewise, to
understand the mechanism for why IUGR fetuses have fewer cardiomyocyte in late gestation,
alternate methods of cell death, such as necrosis and autophagy should be analysed.

The study presented in Chapter 2 was the first to demonstrate in a large animal model,

where, as in humans,® cardiomyocytes mature in utero and have minimal proliferative
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Figure 1. We speculate that the heart of the chronically hypoxaemic fetus is not hypoxic in

late gestation due to programmed cell death and decreased cardiomyocyte proliferation in

response to cardiomyocyte hypoxia earlier in gestation.
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potential after birth, that IUGR can reduce the number of cardiomyocytes.” " Previous
studies in IUGR rats had demonstrated that maternal protein restriction across pregnancy
results in fewer cardiomyocytes at birth,*** but that if maternal protein restriction continued
through lactation, the period of cardiomyocyte maturation in rats,” that the number of
cardiomyocytes after lactation was the same as Control.** This led us to determine if a deficit
in cardiomyocytes due to either maternal hypoxia (MH) or maternal nutrient restriction
(MNR), in a species that is born mature, the guinea pig, results in fewer cardiomyocytes in
adolescence. In the present study | determined that IUGR female offspring exposed to MH
have fewer cardiomyocytes in the left ventricle in adolescence. Interestingly, IUGR male
offspring exposed to MH and IUGR offspring exposed to MNR had an equivalent number of
cardiomyocyte to Control. This increased vulnerability of cardiomyocytes in females to MH
was unexpected, since previous literature demonstrates that male offspring are more
vulnerable to loss of nephrons than females if exposed to maternal protein restriction.?®® 2%
Once sexually mature, females are less susceptible to pathologic cardiac remodelling in
postnatal life due to the protective effects of estrogen,**? however, lower concentrations in
utero may not provide protection. Cardiomyocytes are also targets of testosterone, which has
been implicated in cardiomyocyte differentiation,*®” hypertrophy*®® ** and glucose uptake.®
It has also been shown that treating female embryonic heart cells (H9c2) with testosterone
protects against metabolic stress through a mechanism involving estrogen receptor
signalling.>* Further research into the effect of IUGR on the cardiac expression of androgens,
their receptors and receptor signalling in utero is required.

In Chapter 3, IUGR females exposed to MH had fewer cardiomyocytes, but those
exposed to MNR had an equivalent number of cardiomyocytes as Controls. This suggests that
oxygen is an important regulator of cardiomyocyte endowment in females. Studies in

maternal protein restricted rats suggest that nutrition alone is capable of reducing

cardiomyocyte endowment in the fetus, but it is important to note that maternal protein
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restriction from conception can also reduce placental growth®’? and may therefore result in
poor oxygen delivery and fetal hypoxaemia. In the present study, it is also plausible that there
was an additive effect of reduced maternal food intake during hypoxia on cardiomyocyte
endowment in the offspring. Further investigations into the specific mechanism behind
reduced cardiomyocyte endowment due to maternal hypoxia and maternal protein restriction
are required.

Male IUGR rats exposed to maternal hypoxia have increased cardiomyocyte
apoptosis,**® decreased cardiac power'®® and altered cardiac metabolism*® after ischaemia/
reperfusion injury in adolescence. We, therefore, aimed to determine if IUGR offspring
exposed to MH and MNR have altered expression of cardiometabolic genes, specifically
those regulating the predominant contributor to cardiac ATP production in postnatal life: fatty
acid metabolism. In Chapter 4, | determined that IUGR offspring exposed to MH had
increased expression of the transcriptional regulator of fatty acid metabolism, PPAR¢«, and
increased expression of fatty acid transporters, FATP1, FAPT6 and FABPpm, but that of these
genes, MNR only increased the expression of FATP6, compared to Control. Interestingly,
IUGR male offspring, but not female offspring, had a decreased expression of factors in the
sarcoplasm that regulate fatty acid activation (FACS) and transport of active fatty acids into
the mitochondria for fatty acid S-oxidation (AMPK a2 and ACC) if exposed to MNR, but a
decrease in only FACS and AMPK a2 expression if exposed to MH. Interestingly, only IUGR
females exposed to maternal hypoxia had increased activity of the metabolic fuel gauge,
AMPK, suggesting that regulation of energy utilisation may be related to the reduction in
cardiomyocyte endowment in the left ventricle. Since | did not quantify the abundance or
activity of enzymes involved in fatty acid metabolism or the contribution of metabolised
substrates to ATP production, | do not know, however, if the observed gene changes result in
altered ATP production compared to Control. Based on evidence that prior to

ischemia/reperfusion IUGR rats exposed to maternal hypoxia have similar metabolism and
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cardiac power to Controls, I hypothesise that a secondary insult, such as ischaemia,
hypertension, hypertrophy or insulin resistance, is required for an altered cardiometabolic
phenotype to develop. Likewise, lambs exposed to maternal nutrient restriction have an
increased prevalence of ectopic cardiac lipid deposition if they developed obesity in the later
life and an increased incidence of heart failure compared to Control lambs that were also
exposed an obesogenic environment.*?’ This suggests that a programmed alteration in
cardiometabolic gene expression may underlie the pathological phenotype that develops in a
postnatal environment of chronically elevated free fatty acids.

Fetal hypoxia is one of the most common consequences of complicated pregnancies
and may be fetal, placental or maternal in origin.*”®* Clinically, maternal hypoxia is a
consequence of pregnancy at high altitude, maternal respiratory illnesses such as asthma,
pneumonia and cystic fibrosis, maternal anaemia and sleep apnoea and likely cause fetal

hypoxaemia due to decreased uteroplacental blood flow.*"

Maternal hypoxia also results in a
greater dependence on glucose for anaerobic ATP production in both the mother and placenta,
which combined with decreased uteroplacental blood flow may result in decreased glucose
delivery to the fetus.*”® Likewise, decreased maternal nutrition may reduce placental growth
or transport efficiency,*”? which may decrease oxygen delivery to the fetus. Consequently,
isolating the specific cause of fetal abnormalities associated with IUGR is difficult. For this
reason, the use of multiple animal models of IUGR, each with a different profile of insults
that lead to IUGR allow us to tease out the profile of pathologies an IUGR infant may exhibit.

Data from this thesis highlights that the consequences of being IUGR are most likely specific

to the cause of IUGR, not a generalised outcome from being IUGR.
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Figure 2. The present study demonstrates that IUGR programs changes in cardiometabolic
genes, which we speculate underlie the pathological metabolism that occurs in response to
secondary insults, such as ischaemia/reperfusion, obesity and hypertrophy in postnatal life.

Secondary insults may also be caused by IUGR.
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5.2 Overall Conclusion

In conclusion, this thesis demonstrates that IUGR offspring can have reduced cardiomyocyte
endowment and altered expression of cardiometabolic genes, which is specific to the cause of
IUGR and sex of the offspring. Furthermore, these data suggests that females may be more
vulnerable to ITUGR associated deficits in cardiomyocyte endowment and that males may be
more vulnerable to inefficient fatty acid metabolism due to IUGR associated changes in gene
expression. Importantly, this study demonstrates that changes in the expression of
cardiometabolic genes occurs in the absence of other IUGR associated pathologies that can
influence cardiac metabolism, such as hypertrophy, hypertension, insulin resistance, obesity
and increased cortisol concentrations, suggesting that cardiac metabolism may be

programmed in IUGR offspring.
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