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Abstract

It is well known that lifestyle and genetics play a role in the development of
cardiovascular diseases. Comparatively less is known about the impact of the
intrauterine environment on the adult cardiovascular system. Studies show a clear
link between prenatal insults and the development of different diseases. Insults
such as maternal nutrition, stress and low oxygen (hypoxia) can lead to the
developmental programming of heart structure and function, causing long-lasting
effects on the cardiovascular system. This study aimed to develop a mouse model
prenatal hypoxia and determine the effects on the adult cardiac phenotype. In
particular, the study focussed on the effects of prenatal hypoxia on structure and

function, as well as cardiomyocyte intracellular Ca** handling.

Pregnant mice were subjected to 14% oxygen between gestational days 6-18. This
level of hypoxia did not affect the dams’ body weight, food or water intake.
Newborn offspring showed no signs of intrauterine growth restriction. Prenatal
hypoxia had no effect on adult offspring whole heart function or response to
ischaemia and reperfusion. Mitochondrial content was unaffected by prenatal
hypoxia, but both adult males and females from hypoxic pregnancies showed
decreased cristae density, compared to their normoxic counterparts. Males from
hypoxic pregnancies exhibited no differences in mitochondrial enzyme activity or
mitochondrial oxygen consumption. However, prenatal hypoxia led to increased
ROS production in most of the male mitochondrial respiratory states. In females,
complex | and Il activity were decreased while complex IV activity was increased in
offspring from hypoxic pregnancies. In addition, mitochondrial respiration was
increased and ROS production was decreased in most respiratory states. Prenatal
hypoxia also had effects on intracellular Ca®" handling; increased Ca** clearance
capabilities were observed in adult females and increased SERCA 2a protein
abundance in males from hypoxic pregnancies. In summary, we showed prenatal
hypoxia had different effects in adult male and female offspring with regards to

Ca’* handling and mitochondrial function.
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1 Introduction

1.1 Cardiovascular diseases — an ever-growing health issue

In today’s ageing society, cardiovascular diseases are one of our greatest threats
which weigh heavily on healthcare systems across the world . Previously, the focus
has been on understanding the impact of lifestyle and genetics, and the
combination of the two 2. Indeed, it is almost considered common knowledge that
lifestyle plays a great role in the risk of developing cardiovascular disease.
Everything you eat and everything you do will tip the balance towards health or
disease. For example, obesity, smoking and alcohol use could all greatly increase
the risk of cardiovascular diseases, while exercise and a healthy diet can help keep
the risks down * *. However, lately, there has been increased interest in early life
conditions as the impact of the prenatal environment on the risk for developing
cardiovascular disease has become more apparent. Already in 1977, a correlation
was found between atherosclerotic heart disease and infant mortality in Norway °.
There was a higher risk of atherosclerotic heart disease if born in a year with high
infant mortality. The author suggested that heart disease could be a consequence
of poor living conditions during childhood and adolescence, and subsequent
prosperity, since the variations seen could not be explained by present-day living

standards. Similar observations were subsequently made in Finland ® and the USA

7

1.2 Prenatal environment

The British epidemiologist, David Barker, discovered correlations between the
prenatal environment and cardiovascular diseases around 1990. He observed that
cardiovascular diseases were more prevalent in certain parts of England and Wales.
He was also able to correlate the prevalence of heart disease with low birth weight
and further down the line with nutritional stress during pregnancy. He then formed
a hypothesis, now aptly called the ‘Barker hypothesis’, that the early life
environment can play an important role in the development of hypertension,
ischaemic heart disease and non-insulin-dependent diabetes 8. Barker suggested

that the environment during development could lead to “programming” of

16



behaviour, physiology and morphology in utero and that this phenomenon could

lead to altered functionality and the development of disease in adulthood.

1.2.1 Prenatal insults

Studies have shown effects from a range of prenatal stressors. There have been
very good reviews published for stressors such as nutrition °, hormonal stress *° and
oxygen ! utilizing epidemiological and animal studies. The stressor, timing,
duration and severity, of the insult, are all factors affecting the outcome. There are
also examples of combined stressors in utero, and separating the effects of one
from the other can be difficult. For instance, low oxygen (hypoxia) has been shown
to decrease appetite and could, therefore, lead to an additional nutritional insult **
% The current work will focus on hypoxia and the cardiovascular system, for
broader information, the author recommends the excellent work by Fowden et al.

1% or Padmanabhan et al. *°.

1.3 Prenatal hypoxia

The effects of hypoxia on the foetal phenotype are fairly well documented. There is
however far less information available on any changes to the adult phenotype. At
present, some changes have been recorded in adult offspring including; increased
sensitivity to ischaemia and reperfusion (I/R) injuries **, decreased expression of
protein kinase C epsilon (PKCe), ventricular diastolic dysfunction, sympathetic

19, 20 .
* °. So far, most studies have

dominance and increased resting contractility
focused on the phenotype at the whole-animal and isolated organ level, while the
cellular mechanisms underlying the phenotype remain largely unknown. Currently,
there are great knowledge gaps regarding the effect of prenatal hypoxia on
cardiomyocyte function, including; contractility, Ca®>* handling and cell metabolism
18 2023 More details about the known effects of prenatal hypoxia on cardiac

phenotype will be discussed in section 1.5.

1.3.1 Causes

Prenatal hypoxia can be caused by a range of different environmental and medical

circumstances and is, worldwide, the most common pregnancy-related
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complication %*. Medically, preeclampsia, placental insufficiency, cord compression
and anaemia reduces the oxygen availability for the foetus and causes prenatal
hypoxia. However, environmental factors also play a role. Maternal smoking may
affect arterial oxygen levels, and high altitude pregnancies have been shown to
affect foetal oxygen availability. It is worth noting that 140 million people live at an
altitude higher than 2500 metres above sea level and may, therefore, be affected

by these challenges

. When the insult is left untreated it leads to permanent
changes in protein expression and lifelong alterations to the cardiac phenotype.
These alterations may also be inherited and affect future offspring over
generations. When a prenatal event, such as hypoxia, permanently alters a

phenotype in this matter it is referred to as “developmental programming” ** 2.

1.3.2 Models and approaches

A range of models and approaches have been used in an effort to study the impact
of hypoxia on a foetus during pregnancy. From David Barkers epidemiological
studies to model animals, such as sheep, guinea pigs, rats, chicken and mice; all of
which have merit. Barker was able to show us that there is an effect of prenatal
stress in humans and that this may impact health across the world %°. Using sheep
as an experimental model gets us close to the human cardiac physiology but still
allows for better control of environmental influences, both prenatally and in
adulthood *’. While sheep have similar-sized hearts and similar heart rate, they also
have a fairly long lifespan and are difficult to keep in an experimental setting,
making it an expensive model to study. A lot of studies regarding prenatal hypoxia,

17.2831 Rodents have a short life span, making them ideal

therefore, involve rodents
models for longitudinal developmental studies. The full genome has been
sequenced in both mice and, at least 80% of human genes have a perfect match in
mice 2. Mice are commonly used for cardiovascular studies, and while there are
obvious differences between rodents and humans, a combination of genetic
knowledge, short gestation time and fast generation time make the mouse a viable
candidate for prenatal hypoxia studies. | also mentioned chickens as a model for
prenatal hypoxia. Although chickens are not mammals and the physiological

similarities to humans are less compared to rodents, they have allowed researchers
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to study the effect of prenatal hypoxia on an offspring without maternal influence
33

Despite all the differences in these models, they have all shown adverse effects of
prenatal hypoxia on the adult phenotype of a range of different systems, including
the cardiovascular system. To allow a deeper look at the effects of prenatal hypoxia
on the cardiovascular system, we first need to revisit the normal function of the

heart.

1.4 Cardiac function

Arguably the most important muscle in the human body is the heart; its four
chambers acting in an orchestrated unison, circulating blood through the human
body delivering oxygen and nutrients to the different organs and tissues. The
human heart beats approximately 100,000 times each day, pumping 23,000 litres of
blood through the body. Blood, low in oxygen, comes from the body to the right
side of the heart and, aided by the right atria, fills the right ventricle. The heart
contracts and blood is pumped out to the lungs where it can be re-oxygenated.
From the lungs, the oxygenated blood enters the left side of the heart, via the
pulmonary veins, and the left ventricle is filled with the aid of the left atria. The
heart contracts again, and the oxygenated blood is pumped through the aorta, out
through the body. Each heartbeat is responsible for sending deoxygenated blood to
the lungs as well as oxygenated blood to the body. During rest, each ventricle in the
adult human heart sends on average five litres of blood per minute through the
body which, during periods of increased activity, can reach up to 30 litres per
minute. Due to the nature of the two ventricles, the regulation of the contractions
of the heart needs to be precise to assure the same volume is pumped from each

ventricle and to meet increasing or decreasing demand from changes in activity **

35

1.4.1 Cellular function, E-C coupling and contraction

Contraction of the heart’s four chambers is instigated by electrical stimulations

(action potentials) leading to mechanical contraction of the myocyte. The action
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potential is initiated by the sinoatrial (SA) node which is a cluster of myocytes with
leaking ion channels, called ‘funny’ channels, allowing for spontaneous periodical
depolarisation. This is the heart’s own pacemaker and it is subject to control from
the autonomic nervous system and voltage hyperpolarisations. Once enough ions
leak in through the “funny’ channels a threshold is reached leading to depolarization
and an action potential. This action potential leads to an electric pulse that travels
through the electrical conduction system, to the right atrium and then through the
rest of the heart, culminating in a myocardial contraction pumping blood through

the body ¢’

The resting cardiomyocyte holds a membrane potential of around -90 to -80mV
meaning that the inside of the cell is negatively charged with respect to the outside.
This is mediated by ion pumps on the cell membrane. To trigger contraction, an
action potential arrives at a heart cell (cardiomyocyte) and depolarises the cell by
the inflow of Na®. This depolarisation allows for the opening of the L-type Ca*'
channel, which allows a small amount of Ca®* to enter the cell. This, in turn, triggers
the ryanodine receptors (RyRs), situated on the sarcoplasmic reticulum (an
intracellular Ca®* store; SR), to open and release a greater quantity of Ca®" into the
cytosol. At this point, the high concentration of Ca*" allows Ca®" to bind to the
myofilaments which generate a contraction of the cell. This describes the events
leading up to the systolic period. The diastolic period (relaxation) is controlled by
the removal of Ca®* from the cytosol. The majority of the Ca® is removed by
reuptake into the SR by the sarco/endoplasmic reticulum ATPase (SERCA), located
on the SR membrane, and the Na*-Ca®* exchanger (NCX), located on the cell
membrane. In addition to this, the plasma membrane Ca?* ATPase (PMCA) and the
mitochondrial Ca*" uniporter (MCU) are responsible for the removal of small

2+38-40

amounts of Ca . See figure 1-1 for a visual scheme of E-C coupling.
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Figure 1-1 lllustration of E-C coupling. Image from Eisner et al. of Ca** excitation-
contraction coupling *.

1.4.2 Metabolism

As the heart is constantly active it is one of the most energy-demanding organs in
the body. In the heart, the major cellular energy currency is adenosine
triphosphate, more commonly known by its abbreviation ATP, formed by the
addition of inorganic phosphate (P;) to adenosine diphosphate (ADP). The
production of ATP comes mainly from the catabolism of fatty acids (FAs) or glucose
through three consecutive processes, namely glycolysis, the Krebs cycle and

oxidative phosphorylation OXPHOS; *.

In the healthy adult heart, there is a
preference for FAs oxidation which supplies about 70% of ATP. However, studies
have shown that this preference is shifted towards glucose in diseased and

ischaemia stressed myocardium, in both animal models and humans 4345,
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1.4.3 Glycolysis

The lysing of glucose is called glycolysis. This is a process that occurs in the cytosol
of a cell and it is one of the three major aerobic energy-producing steps. Glycolysis
both utilizes and produces ATP, but more importantly, it breaks down the six-
carbon molecule, glucose, into two pyruvate molecules with three carbons each,
that can, later on, be utilized in the Krebs cycle to produce substrates for
mitochondria. Briefly, glucose is phosphorylated, reconfigured and divided in a
series of steps. Initially the process uses a total of two ATPs for each glucose
molecule, but eventually also produces four ATPs for each glucose molecule ending
up with a net production of two ATPs. In this process, there is also a reduction of
two NAD' to NADH. The produced pyruvate then goes through pyruvate oxidation
(not strictly a part of glycolysis nor the Krebs cycle) and becomes Acetyl CoA, a two-
carbon molecule, which can enter the Krebs cycle (discussed in detail in 1.4.3 and

1.4.5). As a bi-product, pyruvate oxidation also reduces one NAD" to NADH “°.

1.4.4 Fatty acid oxidation

As previously mentioned, the healthy adult heart relies more on FA oxidation than
on glycolysis. With the help of ATP, the FAs are activated in the cytosol, in the
presence of CoA-SH and acyl-CoA synthetase and bound to carnitine. The molecules
then go through pores in the outer mitochondrial membrane and are transported
past the inner membrane, by acylcarnitine transferase, into the mitochondrial
matrix where oxidation occurs. The carnitine is split off the acyl-CoA and the acyl-
CoA enters a cycle of oxidation. Briefly, Acyl-CoA dehydrogenase starts a
dehydrogenation, which is dependent on FAD, where a double bond is formed
between the second and third carbon freeing up two electrons and generating
FADH,. Water is then added by enoyl-CoA hydratase forming 3-hydroxy acyl-CoA.
This molecule is then dehydrogenated by 3-hydroxy acyl-CoA dehydrogenase, which
is associated with NAD+, which converts the hydroxyl group, located on the third
carbon, to a keto group with a 3-ketoacyl-CoA group as a result. The bond between
the second and third carbon can now be cleaved by thiolase, releasing acetyl-CoA

and acyl-CoA. The acyl-CoA is now two carbons shorter than it was initially and will
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again enter the cycle to be cleaved further. The newly formed NADH and FADH, are
used as substrates for the nearby complex | and Il, respectively (discussed further in

section 1.4.5.1) ¥/.

1.4.5 Krebs cycle

Also known as the citric acid cycle and the tricarboxylic acid cycle, the Krebs cycle
was discovered by Hans Krebs in 1937 for which he was awarded a Nobel Prize in
1953. The Krebs cycle is indirectly responsible for up to two-thirds of oxygen
consumption and total energy generation in the body. The cycle itself does not
consume any energy directly; it will however only operate during aerobic conditions
%8 As we remember from previous sections, one of the resulting products from
fatty acid oxidation is acetyl-CoA which can be directly used by the Krebs cycle. The
resulting product from glycolysis is pyruvate which enters the mitochondria, and in
the matrix, is decarboxylated and bound to CoA enzyme, forming an acetyl-CoA. In
the process, a CO, molecule is lost and one NAD" is reduced to NADH. Thereby, the
product from glycolysis is now also ready to enter the Krebs cycle. The Krebs cycle is
detailed in figure 1-2 and the details will not be discussed at any depths in this text.
Worth noting however are the three NADH producing steps and the FADH,
producing step as these are both electron donors for complex | and complex Il,

. 49
respectively ™.
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Figure 1-2 Graphical scheme of the Krebs cycle. The different steps of the Krebs cycle are
detailed in this diagram. The steps are as follows, starting from the acetyl-CoA in the top
moving clockwise: 1) Condensation, acetyl-CoA and oxaloacetate are converted to citrate
catalyzed by citrate synthase. 2) Isomerization of citrate, citrate is converted to isocitrate,
with cis-aconitate as an intermediate both steps involve aconitase. 3) Generation of CO, by
an NAD+ Linked Enzyme, isocitrate is dehydrogenated to oxalosuccinate which is
decarboxylated to alpha-ketoglutarate. This produces one NADH. 4) Second oxidative
decarboxylation step, alpha-ketoglutarate is converted to succinyl-CoA by alpha-
ketoglutarate dehydrogenase. This produces another NADH 5) Substrate-level
phosphorylation, Succinyl-CoA is converted by succinic thiokinase to succinate. This
reaction produces one ATP. 6) Flavin-dependent dehydrogenation, succinate
dehydrogenase converts succinate to fumaric acid. This step produces one FADH,. 7)
Hydration of a carbon-carbon double bond, fumarase catalyses a carbon double bond to
form malate. 8) Oxaloacetate regeneration, dehydrogenation of malate, by malate
dehydrogenase, produces oxaloacetate that can react with acetyl-CoA in step one and
restart the cycle. In this step, one NADH, is produced.
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1.4.6 Mitochondrial physiology

1.4.6.1 Electron transfer pathway

The electron transfer pathway (ET-pathway; figure 1-3) is a collective name for the
processes that create the proton motive force that is necessary for ATP production.
It is made up of five protein complexes aptly named Complex I-V. Complex | obtains
an electron donated from NADH which it transfers into the Q-junction where it is
picked up by the ubiquinol/ubiguinone cycle (Q-cycle). From there, the electron is
transported to complex Ill, picked up by cytochrome c (cyt-c) and further
transported to complex IV where water acts as a final electron receptor through the
reduction of oxygen. With each step through the pathway, the electron moves from
a higher to a lower energy state, releasing energy to facilitate proton pumping into
the intermembrane space. There is also complex Il, which receives an electron from
FADH, that is then transported along the same pathway as the electrons coming
through complex | from NADH. However, unlike complexes |, Ill and IV, complex I
does not pump a proton into the intermembrane space. The built-up energy, due to
proton motive force, is then used by complex V, where the protons go with the
gradient (as opposed of being pumped against), to create ATP from ADP and

inorganic phosphate (P;). *°.
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FADH, FAD + 2H* /\ H*

Figure 1-3 lllustration of the mitochondrial ET-pathway.

1.4.6.2 Reactive oxygen species

Electrons can leak prematurely during their transport through the ET-pathway and
generate reactive oxygen species (ROS). The two main ROS are superoxide radicals
(O7,), which are formed if a single electron is leaked, and hydrogen peroxide (H,0;),
formed if two electrons leak like a pair. The amount of leak is affected by several
factors but mainly it is dependent on the rate constant for the leak reaction in a
certain mitochondrial site and concentration of the reduced electron donor for that
site. During a state of clamped substrate concentrations, the level of available
oxygen does not play a major role in the rate of electron leak. At least not until the

>L'32 There are, at least, a total of 11

oxygen level is nearing the K, of complex IV
sites, related to substrate catabolism, in the mitochondria that produce ROS. Four
sites are in the 2-oxoacid dehydrogenase complexes, there are two sites in complex
| and one site in complex lll. In addition, there are four sites linked to the Q-
dependent dehydrogenase . Due to their reactivity, ROS is likely to interfere with

molecules and membranes, causing damage. Initially, it was believed that ROS was
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just a negative by-product but that is no longer the general belief. In addition to
apoptosis >%, ROS is also involved in processes regulating cell cycle *°, growth factor
signalling *® and transcription factors >/, just to mention a few. We will discuss how
ROS leads to apoptosis in a section 1.4.6.3, for any further reading we suggest the

review from Droge, 2002 >,

1.4.6.3 lon channels and apoptosis

For anyone who subscribes to the symbiosis hypothesis, it is easy to believe that
the mitochondria would have the ability to control the transport of more than
metabolic substrates. And in fact, there is a range of ion channels described in both
the inner and outer membrane of the mitochondria. This current work will only
focus on a subset of channels anchored in the inner mitochondrial membrane, for
further reading we suggest the review of O’Rourke *°. The aforementioned MCU
facilitates Ca®" uptake dependent on the mitochondrial membrane potential and
the Ca’*concentration in the cytosol versus the matrix. High levels of cytosolic
Ca”will activate the MCU and Ca®can enter the mitochondrion. The
intramitochondrial Ca**concentrations will affect the rate of OXPHOS and the Krebs
cycle. One study showed a two-fold increase in oxygen consumption of skeletal
muscle mitochondria when using 840nM Ca?* in media compared to Ca*-free
media. The effect seems to be fairly uniform over the different complexes,
however, complex Il is not mentioned in the study °°. Through this mechanism, the
Ca’*acts as a second messenger, signalling the increased need for energy with
increased muscular workload. At the same time, increased mitochondrial

2 . . . 61
Ca“’concentration also increases ROS production °*.

Increased Ca**concentrations in the matrix, as well as increased ROS production,
can both lead to the activation of the mitochondrial permeability transition pore
(mPTP). The structure of the mPTP is yet unclear but it is known that it is a pore
situated in the inner mitochondrial membrane and that openings will allow

6283 There have

molecules of up to 1500 Da to freely permeate the membrane
been suggestions that the mPTP has both physiological and pathological

applications. In a non-pathological capacity, mPTP opening, with shorter duration
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and smaller pore size, can allow mitochondria to be reset and thereby promote
mitochondrial and cell survival ®. There have also been studies suggesting that
mPTP is involved in hypoxic preconditioning ®. However, the mPTP can also act on
a larger scale and lead to cell death rather than cell protection. As an example, in
the case of ischaemia/reperfusion (I/R) Ca* is built up in the cytosol which in turn
triggers Ca”* transport into the mitochondrial matrix. This leads to increased ROS
production and together with the Ca?*, triggers the opening of the mPTP. As the
cytosolic Ca®" concentration remains high, so does the concentration of matrix Ca®',
leaving the mPTP open. The opening of the mPTP leads to lost membrane potential
and electron transfer ceases. In addition, prolonged loss of membrane potential
leads to release of pro-apoptotic proteins, such as cytochrome c, into the cytosol

® This activates caspases, which will start to break down protein and eventually kill

the cell.

1.4.7 Ischaemia/reperfusion injury

Explained so far in this work is the function of the healthy heart. But as previously
mentioned, there are adverse effects of prenatal hypoxia leading to a less healthy
heart, such as the response to I/R. Ischaemia is simply a lack of blood supply to the
heart, causing an unbalance between oxygen delivery and demand. An ischaemic
period can be caused during a range of different complications, such as circulatory
arrest, myocardial ischaemia and cardiac surgery which leads to damage and cell
death in the affected tissue. The treatment of choice is the restoration of blood
flow, which does prevent further damage. Conversely, however, this restoration of
blood flow also lead to tissue damage itself °® *°. The majority of this damage is due
to mitochondrial influences, discussed in more detail in a subsequent chapter, but

there are also effects on Ca** handling.

1.4.7.1 Calcium handling effects associated with (I/R)

Originally, it was believed that altered properties of Ca** handling were the
controlling factor of I/R damage, as the affected cell would store large quantities of
Ca" in the mitochondrial matrix leading to swollen and dysfunctional mitochondria

and cell death " %, It has later been shown that this accumulation of Ca® is
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mediated by reversal of the NCX, due to elevated intracellular Na* levels. It is
hypothesised that, during the ischaemic period, intracellular Na® is increased as a
result of a build-up of H" due to anaerobic metabolism, which is transported out of
the cell in exchange for Na" by Na'/H" exchanger to salvage intracellular pH.
Although the NCX is inhibited by lowered pH, its relationship with Na* allows the
NCX to stay active and in fact, leads to an uptake of Ca® through the NCX rather
than the normal extrusion of Ca®* (reversed NCX). This process leads to increased
mitochondrial Ca** (Ca**,,) uptake through the mitochondrial Ca** uniporter (MCU).
The increased [Ca®*'],, will lead to depolarization of the mitochondrial membrane
and opening of the mitochondrial permeability transition pore (mPTP). This leads to

mitochondrial swelling and cell death "% 73,

In support of the Ca** driven I/R injury, experiments which pharmacologically, or
genetically, block NCX have shown a lessened effect of I/R injury in mice "
Interestingly though, in transgenic mice where NCX is overexpressed, males suffer
greater damage from I/R compared to wild type. However, females with NCX
overexpression do not suffer more than their female wild type counterpart ”> unless
the transgenic females were oophorectomized, removing any effects from
oestrogen ’®. To further support the mechanism, pharmacological blockage of
Na'/H* exchanger, using amiloride, delays the increase in cellular [Ca®'] and thereby

1., 72 Cross et al saw that the Na* increase after I/R

also delays the increased in [Ca
was less in the females, and they, therefore, think that oestrogen is affecting this

channel and thereby counteracting (or possibly just delaying) Ca**influx "°.

1.4.7.2 |s mitochondrial ET-pathway itself driving I/R damage?

As previously mentioned, the damage from a period of I/R is most likely due to
excessive ROS production, which has been found in several previous studies ’"’°.
There are however two confounding hypotheses of how this works. The first, which
we have spoken about in the previous section, is via Ca** accumulation in the cell
through the NCX, which is eventually taken up into mitochondria through the MCU;

this process leads to depolarization of the mitochondria, which leads to mPTP

opening, swelling and apoptosis. The second hypothesis involves complex Il
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substrate (succinate) build-up around the electron-accepting site of complex Il, due
to lack of oxygen, and in extension, a lack of a final electron acceptor. Once the cell
is reperfused, electrons rush into the ET-pathway, through complex Il, creating an
increased redox pressure downstream in the ET-pathway that cannot be matched
by the activity of complex IV. This, in turn, puts pressure on the electron-donating
site in complex I, forcing complex | to go into reverse and leak the electrons out into
the matrix. This generates a massive spike of ROS that in turn leads to
mitochondrial, and cell, damage by membrane oxidation and altered redox
signalling. The succinate build up theory has been proven in rat brain, mouse

kidney, liver and heart when subjected to in vivo ischaemia .

1.5 Adverse effects of prenatal hypoxia

As previously mentioned, chronic prenatal hypoxia is a common complication
during pregnancy and both epidemiological and animal studies have shown that it
leads to adverse outcomes that are sustained until adulthood. This phenomenon,
where the intrauterine environment affects the adult phenotype, is termed
developmental programming. In this study, we will focus on the effects of the

cardiovascular system and mainly the heart.

1.5.1 Foetal response to hypoxia

Adults and foetuses respond differently to low oxygen and use different
compensatory mechanisms to mitigate injury. The adult body will respond by
changing ventilation and heart rate to increase oxygen uptake, as even though
levels of oxygen may be low, the amount of air in the atmosphere is great.
Therefore, a healthy adult can withstand fairly large changes in environmental
oxygen availability and still supply organs with oxygen to a satisfactory level &.
Inside the womb, on the other hand, the amount of oxygen is comparatively finite
and limited by the placenta. The first line of the foetal defence is that of a great
margin of safety at basal conditions. The foetus is, due to different species of
haemoglobin, able to bind more oxygen to the haemoglobin and release more
oxygen at lower oxygen tension leading to an increased capacity to deliver oxygen
8 The second line of defence in the foetus is to shunt blood to organs more likely
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to be damaged by the lack of oxygen and the ability to hinder processes consuming
oxygen % The shunting of the blood is believed to be facilitated by nitric oxide
(NO) regulating the constriction and dilation of vessels such as the ductus venosus

and arteriosus > 8

. In addition to regulation of NO, there has been a suggested
involvement of ROS in the regulation of vasoconstriction, the theory being that NO
is quenched by ROS which in turn leads to peripheral vasoconstriction %, But, if
hypoxia continues and becomes chronic, the redistribution of blood flow can lead

to some adverse effects °* .

1.5.2 Foetal outcomes of prenatal hypoxia

There are several documented pathological effects of hypoxia on the foetus. One of
the effects that, to some extent, sparked the interest in developmental
programming and led to continued research of prenatal hypoxia was that of
intrauterine growth restriction (IUGR). This is was what caught the attention of
David Barker . His work showed nutritional insults during pregnancy can lead to

IUGR, but more recent research has demonstrated IUGR from hypoxic pregnancies

92, 93 94-97

, even when separated from the nutritional component . Furthermore,
studies have shown decreased foetal cardiac output (mainly in the right ventricle) in
sheep being subjected to chronic hypoxia at high altitude (3820m) in the absence of
IUGR *® *. The authors suggest that a decrease in Rl-adrenoceptors could be
responsible for the decreased cardiac output *° but, as other studies have shown

0

. . . 10
increased Rl-adrenoceptor abundance, this seems less likely = . Furthermore,

studies by Browne et al. showed decreased contractility due to changes in E-C
coupling rather than Bl-adrenoceptors and suggest that the difference may lie in

‘activator calcium’, i.e. changes to the LTCC %%,

Studies in rats suggest an increased heart to body weight ratio °* % but there is a
lack of human studies regarding this. It appears that the relative increase in heart

weight is mainly due to hyperplasia (increased amount of cells) of cardiomyocytes

103,104 Mitochondrial biogenesis plays an important role in the development of

105, 106

cardiac hypertrophy (increased cell size) . As such, the data presented by Xiao

et al., which reported increases in the mitochondrial protein cytochrome c, suggests
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an increased mitochondrial abundance and thereby supports the results of
hypertrophy in the foetal heart subjected to hypoxia >. Furthermore, a cDNA array
to assess gene expression profile in foetal rats subjected to hypoxia (10.5%) showed
48 genes that differed from the normoxic control. For example, there was an up-
regulation of metabolic and oxidative stress-related genes, such as glutathione S-
transferase Yb subunit and cytochrome oxidase, subunit I. In addition, there were
downregulations in proliferation, cell signalling, protective and communication-

related genes '%’.

1.5.3 Adult adverse effect

There is a lack of epidemiological links between prenatal hypoxia and adverse
effects on the adult human offspring. However, when considering the
aforementioned IUGR and its link to adverse effects & there is a worrying pattern
arising. Both maternal smoking and high altitude living have been linked to reduced

97198 These data, coupled with animal studies that show

birth weight in humans
adverse effects in the adult offspring, support the idea that prenatal hypoxia can

have a major and long term impact on human health.

1.5.3.1 Effects on the whole heart, organ level

The effect of prenatal hypoxia will vary depending on the extent and timing of the
insult. The exact relationship between the level of hypoxia and effect is yet to be
explored. Nonetheless, several complications regarding the cardiovascular system
have been recorded. Rueda-Clausen et al. subjected pregnant rats to 12% oxygen
for the last seven days of the pregnancy. The treatment led to IUGR in both males
and females; body weight caught up at one week of age in both sexes. However,
after 16 weeks the males from hypoxic pregnancies again showed a lower body
weight than males from normoxic offspring. The females stayed unchanged after
catching up at week one. At 12 months of age, the males from hypoxic pregnancies
had a larger heart, and LV, to body weight ratio, compared to the males from
normoxic pregnancies. Using working heart perfusion they found that left
ventricular end-diastolic pressure (LVEDP) was almost twice as high in both males

and females from hypoxic pregnancies compared to offspring from normoxic
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pregnancies at 12 months of age *°. Niu et al. subjected male rates to 13% oxygen
for 12 days (GD 6-20) and they too reported increased LVEDP in adult (4 months of
age) offspring, they also reported increased cardiac sympathetic dominance but no
changes in protein abundance for Pl-adrenergic or muscarinic receptors.
Interestingly, both of these effects were reversed by maternal antioxidant

treatment 3.

In addition, an altered response to adrenergic and cholinergic stimulation has been
seen in several studies. Using the same treatment and model as Niu et al., Giussani
et al. showed not only an increase response to the f1-adrenergic receptor agonist,
isoprenaline, but also a decreased response with the muscarinic agonist, carbachol.
Again, these effects were reversed with maternal antioxidant treatment 20 Another
worrying effect reported by Niu et al. is increased susceptibility to I/R injury. This is
a commonly reported complication and has been seen in several studies using adult
rats previously exposed 10.5% oxygen for the last six days of gestation > 2% 1%,
11.5% oxygen for the same period *® and 13% oxygen during GD 6-20 3!, This
increased susceptibility to I/R injury has been suggested to link to decreased levels
of PKCe. Adult offspring, from hypoxic pregnancies, showed decreased levels of
PKCe in the heart. In addition treatment with PKCe translocation inhibitors, to
offspring from normoxic pregnancies, could mimic the increased susceptibility to

I/R injury seen in offspring from hypoxic pregnancies 2% 2% 1%,

PKCe interacts with both contractile proteins and mitochondria and thereby plays
an important role in cardioprotection **°. In the mitochondrion, PKCe interacts with

M This is further

a range of proteins including cytochrome ¢ oxidase complex IV;
supported by the findings of Thompson et al. who saw decreased complex IV
activity in adult male guinea pigs previously subjected to 10.5% oxygen for the last
14 days of gestation. In addition to this decrease in complex IV activity, they also
reported reduced cardiac output, reduced maximal oxygen consumption rates and
reduced respiratory reserve capacity. However, these effects were only seen in

adult male offspring, not in the female offspring ** which further supports the link

to PKCe as Xue and Zhang showed decreased PKCe levels in males but not in
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females %2

. In a follow-up study, Thompson et al. went on to show decreased
protein levels of all five respiratory complexes in adult male cardiac tissue from
hypoxic pregnancies while the females showed decreases only in complex |, Ill, and
IV. The same experiment was done in isolated cardiomyocytes which showed
decreased protein content only for complex IV in males but none of the other male
complexes and nothing in females. They also measured complex | and IV activity
rates in both tissue and isolated cardiomyocytes. In both preparations complexes |

and IV had decreased activity rate in male hypoxic offspring compared to male

normoxic offspring but no differences in females offspring 2.

1.5.4 The unknowns

As already discussed, the effects of prenatal hypoxia in the adult heart have been
explored to some extent. These previous studies, however, have mainly focused on
whole heart function and prevention. Little is known about altered cellular

processes and how these, in turn, affect the whole heart.

Reduced cardiac output and increased susceptibility to I/R injury have been shown
in a few separate studies 2 3113 put little research has been dedicated to exploring
the underlying cellular alterations. One such alteration could be Ca®* handling
maladaptation. Niu et al. showed increased SERCA2a protein abundance in males
from hypoxic pregnancies compared to males from normoxic pregnancies, which
could not be reversed by maternal antioxidant treatment *'. However, to our best
knowledge, the Ca®" handling properties in cardiac myocytes from adult offspring
subjected to prenatal hypoxia has not been explored. Finding answers on a cellular
level could better help us understand how to diagnose and possibly treat these

adverse outcomes.

At the mitochondrial level, as previously discussed, there have been studies
showing alterations to PKCe in prenatal hypoxia, but few studies have focused on
the effects this has on cardiac function in offspring from hypoxic pregnancies. There
are suggestions that PKCe could affect mitochondrial processes but to our

knowledge, there are limited mitochondrial studies and in those, much has been
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left unexplored. The study of Thompson et al., looking at mitochondrial oxygen
consumption and protein abundance, although an important first step, left a lot of
guestions unanswered as the many respiratory states of the mitochondria were not

d 3% ™2 |n addition, to our best knowledge, no previous studies

thoroughly explore
have explored possible changes to mitochondrial ROS production, abundance or
morphology in relation to prenatal hypoxia. As there is compelling evidence for a
link between mitochondria and I/R injury, exploring mitochondrial alterations in
adult offspring from prenatal hypoxia could prove crucial to finally elucidate the

source of the adverse outcomes.

A final consideration is a sexual dimorphism. One decade ago, Xue and Zhang
pointed to a sexual dichotomy in regards to the effects of prenatal hypoxia %%
Despite this, many studies regarding the effect of prenatal hypoxia on the adult
heart are still one-sided and look mainly at males. It could possibly be argued that

22,30, 112 "there lies more interest in the

as males seem to suffer a greater effect
exploration of males. However, in such an argument one is likely to overlook that
the answers could possibly lie in the intrinsic differences between males and
females. Lately, it has become very apparent that the differences between the
sexes affect the response to physiological challenges. It is crucial to assess males

and females separately and to take the sex into account whilst doing basic research

and possibly even when prescribing medicine ***.

1.5.5 Possible interventions

Currently, there are no obvious tools available to show that an adult was previously
subjected to prenatal hypoxia during development. Birth weight may be an
indication but as animal studies have shown adverse outcome with no IUGR, this is

22,31, 98, 99 As such, there lays great importance to

not a reliable measurement
characterise the phenotype and pinpoint a consistent marker for prenatal hypoxia.
At the current time, there are however studies suggesting that intervention may be
possible on the maternal level. Giussani’s group have demonstrated that maternal
antioxidant treatment can reverse the majority of adverse effects seen 3% 8 113,

However, as treatment of non-hypoxic mothers generated an increase in SERCA2a
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in the adult offspring and ROS acts as cell signalling molecules, this might be a
dangerous path to walk and more studies are needed to determine whether or not

this is a suitable treatment.

1.6 Aims

Prenatal hypoxia leads to developmental programming that in turn leads to adverse
adult cardiac phenotypes. A common complication is increased susceptibility to I/R
injury and it seems that males are more affected than females. A range of animal
models and approaches have been used to generate the literature currently
available. Previous literature has mainly been focused on whole heart function and,
to some extent prevention, but very little research has been made on the cellular
and intracellular level. In addition, although there have been results pointing
toward different responses in male and female offspring, much of the current
literature has overlooked this variable and not taken sex into account. Therefore,

the current study aimed to:

1) Establish a murine model of chronic hypoxia (14% oxygen; GD 6-18) taking
into account litter size, maternal body weight, food and water intake,
offspring birth weight, sex ratio as well as to characterise the whole heart
function and morphology (Chapter 2)

2) Explore the metabolic phenotype of adult offspring from prenatal hypoxia,
mainly focusing on the capacity for mitochondrial oxygen consumption and
ROS production, but also mitochondrial morphology and abundance
(Chapter 3)

3) Asses cardiomyocyte Ca’" amplitudes, SR Ca?* content, Ca** clearance

mechanisms and response to adrenergic agonists (Chapter 4)
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2 Model validation

2.1 Introduction

There are several ways to simulate prenatal hypoxia but many of these methods
come with varying degrees of clinical relevance and mimic different complications
for human pregnancies. The ligation of uteroplacental vessels, bilateral uterine
vessel ligation and placental restriction have all been used as models for pre-
eclampsia; however, these methods do not just affect oxygen delivery, but also
glucose and insulin. As such, these models make it hard to separate and interpret

the impact of hypoxia from the other insults **°

. Hypoxic pregnancies where
ambient oxygen levels are altered (as used in this study) are also a common way to
induce prenatal hypoxia. This latter model is good for mimicking pregnancy
complications at high altitude. High altitude has been shown to alter the maternal
blood pressure curve associated with uncomplicated pregnancies. In the
uncomplicated pregnancy maternal blood pressure declines, due to peripheral
vasodilation, until week 18-20 of pregnancy where blood pressure starts to
increase. At high altitude (3100 metres; approx. 14% O,) however, blood pressure
decline is lost and instead blood pressure was increased throughout the entire
pregnancy, which resulted in a higher mean arterial blood pressure during week 14
through 33 compared to pregnancies at lower altitude (1260 metres; approx. 17.5%
0,). Pre-eclampsia at sea level generates a similar pattern in blood pressure,
although more pronounced, thus validating studies of high altitude pregnancies for

| 87, 117, 118

mimicking complications at sea leve . Experimentally, the oxygen levels

used in previous studies vary from 9% — 14% oxygen, generating a variety of
responses in the offspring. Lower levels have been suggested to cause nutrient

restriction, leading to an additional insult *** **°

, which could be accounted for by
pair feeding in a control group. Giussani et al. designed a prenatal hypoxia protocaol,
with 13% 0,, which was based on oxygen levels that are known to lead to
complication of pregnancies in the Bolivian highlands (=3600 metres) located at an

97,121

altitude that has been well correlated with IUGR . This study also showed that
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this level of hypoxia did not affect maternal food intake and, therefore, did not

cause a nutritional insult %,

Prenatal hypoxia has been studied in a range of animals, including sheep, rats, mice
and guinea pigs. As previously mentioned (in section 1.3.2.), each model has its
benefits and drawbacks. Mice, chosen for this study, have several advantages, e.g.
mice have a short generation time which is useful for longitudinal studies and
investigating multiple generations. Additionally, mice are relatively easy to modify
genetically which allows the study of particular genes of interest (e.g. knockout and

knockin models)*?* 2

. For this study, the obvious differences between mice and
men, e.g. short gestation time and differences in physiology were considered
acceptable in comparison to the advantages. The mouse model of prenatal hypoxia
was novel to the University of Manchester and was developed and explored

throughout the duration of this study.

In the first section of this study, our aims were to explore the effects of prenatal
hypoxia on maternal parameters (food intake, water intake and body weight),
offspring body weight (including whether or not there are signs of IUGR) and whole

heart physiology.
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2.2 Methods

2.2.1 Animal husbandry and incubations

Animal studies were performed in accordance with the United Kingdom Animals
(Scientific Procedures) Act 1986 and were approved by the University of

Manchester Ethics Committee.

Pregnant, previously un-littered, C57BL/J6 mice weighing 18-30 grams, were
acquired from Manchester University incubator building and housed in the
University of Manchester animal facilities under 12:12 light cycles with ad libitum
food and water availability in normal oxygen condition (21% 0,). Mice were
randomly assigned to two groups; one group was kept under normoxic (N)
conditions in the normal animal facility (21% 02; N) as a control, and the other
group were transferred to an oxygen-controlled environment, Coy O, InVivo Glove
Box (Coy Laboratory Products, Grass Lake, MI) at gestation day (GD) 6, where they
were subjected to a hypoxic (H) environment (14% 02; H) until GD 18, at which
point they were returned to normal conditions to litter. In addition to controlling O,
concentration, the Coy O, InVivo Glove Box also maintains humidity (matched to
control level), CO, and has a separate air-lock chamber which can be purged for
transferring materials; this system makes the chamber ideal for long-term studies.
Maternal food intake (FI) and water intake (WI) were monitored daily (weekends
exempt) and are reported as a relative change from GD3 to assure that the hypoxic
insult was not accompanied by a nutrient insult. In addition, maternal body weight
(BW) was measured at the same time as food and water for the normoxic group.
However, this was not possible for the hypoxic group, as the setup did not allow for
safe weighing of the dams in the hypoxic chamber, as such these days were not
monitored. The mice littered at GD 20-22 day in the animal facility, in normoxic
conditions. If the litter was larger than six pups it was culled down to six to assure
standardized maternal care and feeding. When possible, the cull was made to leave
three of each sex. Sexing was done by visual determination of the presence or

124,125 The offspring were weaned

absence of dark pigmentation on the perineum
off the mother at 4-6 weeks of age. Offspring were then kept in the same
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conditions up until an age of between four and ten months old (experiment
dependent, specified in each subsection) upon which they were sacrificed by

cervical dislocation.

2.2.2 Model validation and characterisation of the cardiac phenotype

Before assessing the impact of prenatal hypoxia on cellular and intracellular
function (chapter 3 and 4), the whole heart function and structure were assessed
both at rest and after an in vitro period of I/R. Increased susceptibility to I/R injury
is @ common characteristic of adults from hypoxic pregnancies. As previously
mentioned, a link between I/R damage and mitochondrial ROS production has been
established and this led us to take an interest in the programming of mitochondrial
function following a prenatal hypoxic insult. As such, it is important to explore the
response to I/R in our model as well as to characterise any alterations to the normal

cardiac function.

2.2.2.1 Echocardiography

Mice (from normoxic and hypoxic pregnancies) of 25+2 weeks of age had fur from
the neckline to mid-chest level removed with hair removal cream (Veet, Slough, UK)
one day prior to echocardiography. On the day of data collection, mice were
anaesthetized using isoflurane and kept anesthetised on a heated mat by the use of
a nose cone with a continuous flow of 1.0% isoflurane mixed with 0.5 L/minute
100% O,. Preheated (37°C) ultrasound gel was applied to the chest and
transthoracic two dimensional and M-mode echocardiography was performed by
Dr Min Zi (Elizabeth J. Cartwright’s group, University of Manchester, UK) %% %/,
Parameters recorded were: body weight (BW), heart rate (BPM), left ventricular
diameter (dD and sD; diastolic and systolic, respectively), intraventricular septum

diameter (dIVS and slVS), posterior wall thickness (dPW, sPW) and ejection fraction
(EF).

2.2.2.2 Ischaemia-reperfusion

Adult male and female offspring (39 + 2 weeks of age) from hypoxic and normoxic

pregnancies were sacrificed by cervical dislocation, and the heart was rapidly
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excised and washed in ice-cold phosphate-buffered saline (PBS). The aorta was
cannulated with a 24 gauge reusable feeding needle (Fine science tools, Heidelberg,
Germany) and sutured using cotton thread. The feeding needle was attached to a
1ml syringe filled with ice-cold Krebs solution (NaCl 120mM, NaHCO3; 25mM, KCI
5.9mM, MgS0, 1.2mM, CaCl, 1.75mM and glucose 10mM) that had previously been
aerated with 95% O, and 5% CO, for a minimum of 30 minutes. The positioning of
the cannula was deemed correct if the coronary arteries were cleared of blood
when the solution was carefully pushed through using the 1ml syringe. The heart
was then rapidly transferred to a langendorff perfusion system with gravity fed
Krebs (figure 2-1); constant pressure at 100 cm H,O; constantly aerated with 95%
0, and 5% CO,). Krebs was heated so the effluent reached 37°C. The left atrium was
removed with a single cut and a deflated silicone balloon (kindly produced and
donated by Dr Junhui and Prof. Murphy, Bethesda, MD) was inserted into the
lumen of the left ventricle and then inflated to reach a diastolic pressure of 5-
10mmHg. The balloon was tied onto thin tubing, filled with PBS, and connected to a
pressure transducer (ADInstrument MLT0380D, Colorado Springs, CO) to a
computer running LabChart (LabChart 7 Pro, ADInstruments, Colorado Springs, CO).
The heart was left to stabilize for 15 minutes and then lowered into a jacketed
beaker filled by the effluent of the heart. The beaker was covered with parafilm and
perfusion was stopped for 20 minutes (ischaemia). The heart was then reperfused
for 30 minutes by allowing Krebs to once again flow and values were taken at -10, -

5, 5, 10, 15, 20 and 30 minutes where minute zero is the start of the ischaemia.
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Figure 2-1 Gravity fed langendorff. A representative picture of the gravity-fed langendorff
set up for the I/R challenge.

2.2.3 Statistical analysis

Maternal body weight (BW), food intake (FI) and water intake(WI1) are expressed as
scatter plots (including all measured points). BW was statistically tested using
mixed-effects analysis comparing treatments at day 6 and 19 and showed no
differences between dams from normoxic environment compared to hypoxic
environment at day 6 or 19. The FI and WI data from the dams in a normoxic
environment were statistically compared with data from dams in a hypoxic
environment by fitting linear regression curves to compare slopes. Offspring BW is
presented as scatter plots expressing means + SEM. These data were statistically
compared by mixed-effect analysis using maternal oxygen level as random effect
and Tukey’s correction for multiple comparisons test. Maternal data were
compared normoxic versus hypoxic treatment and for offspring; BW was compared
within sexes between treatments. Fitted slopes were compared statistically using
Graphpad Prism®, version 8 (Graphpad Software, San Diego, CA). Ischaemia-
reperfusion data are presented as scatter plots expressing mean + SEM. The data
were only statistically tested for females, due to low n-values in the male group,

using Wilcoxon test in SigmaPlot, version 12.5 (Systat, San Jose, CA).
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2.3 Results

2.3.1 Biometrics

Maternal body weight (figure 2-2 A) is presented as an accumulative increase. . The
data showed no significant difference between normoxic (N) and hypoxic (H) dams
at day 6 (p=0.41) or day 19 (p=0.63, n=16 N and 11 H). Maternal food intake (figure
2-2 B) is presented as accumulative food intake, also fitted with a linear regression
curve. No significant difference was recorded as the slopes of the two regressions
were tested against each other (p=0.44, n=16 N and 11 H). In addition, maternal
water intake is presented as an accumulative water intake (figure 2-2 C) and linear
regression curves were again fitted and compared but showed no significant
difference (p=0.28, n=16 N and 11 H). To assess if the hypoxic offspring exhibit
IUGR, offspring body weight was monitored weekly at weeks 0-5 as well as 8 and 12
of age (figure 2-2 D and E, males and females, respectively). A mixed-effect analysis
showed no significant differences in birth weight (week 0, p=0.97 in males and
p=0.95 in females, n=20-24) between the groups. At week 3, the males from
normoxic pregnancies were significantly heavier than the females from hypoxic
pregnancies. At week 5 and onwards, both groups of males were heavier than
either group of the females. There was still no significant difference between mice
subjected to prenatal hypoxia compared to mice from normoxic pregnancies within

the sexes (p=0.60 for males and p=0.82 for females, n=5-7) at week 12.
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Figure 2-2 Maternal BW, Fl, WI and pup BW. Maternal health was assessed by measuring body weight (A) food (B) and water intake (C) throughout
gestation. Hypoxic dams are symbolized in filled circles and normoxic in grey boxes. Data are presented in scatter plots containing all data points, n=16N,
11H dams. Maternal Fl and WI data and fitted with linear regressions to allow comparison between groups. Maternal BW was tested using mixed-effects
analysis comparing hypoxic and normoxic treatment at day 6 and 19. There were no differences between treatments in BW, Fl or WI. Offspring from
hypoxic and normoxic pregnancies were observed for body weight. No differences in body weight in males from hypoxic pregnancies (black circle)
compared to normoxic pregnancies (grey square; D) nor in females from hypoxic pregnancies (black circle) compared to normoxic pregnancies (grey square;
E) at any of the time points measured. Data are presented as mean + SEM, n=20-24 pups at week 0 and n=5-7 pups at week 12 and tested for mixed-model
effects with Tukey’s correction for multiple comparisons.



2.3.1.1 Litter sizes and sex ratios

Litter size and sex ratios were noted before culling to further assess the effect of
hypoxia during pregnancy. Total litter size was 6.1 £ 0.5 from normoxic pregnancies
and 6.6 + 0.6 for hypoxic pregnancies. There were no differences in the litter sizes
or in the ratio between males and females when comparing litters from hypoxic

pregnancies with litters from normoxic pregnancies (figure 2-3).

Normoxic Hypoxic

H 50.52% Males B 52.68% Males
H 49.48% Females H 47.32% Females

Total avg. 6.1 Total avg. 6.6

Figure 2-3 Litter sizes and sex ratio. There were no differences in litter size or sex ratio
between litters from hypoxic and normoxic pregnancies as tested with both two-way
ANOVA (based on percentages) and a Fishers exact test (on the sum of all animals).
Presented as a total mean for both groups and a percentage of males and females in each
group with males in pink and females in blue; n=16 normoxic litters and n=17 hypoxic
litters.
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2.3.2 Echocardiography

Echocardiography allowed for the assessment of whole heart function at rest. There

were no significant differences seen in the parameters measured (in mm unless

stated otherwise): left ventricular diastolic diameter (dD), left ventricular systolic

diameter (sD), diastolic intraventricular septum (dIVS), systolic intraventricular

septum (slVS), diastolic

posterior wall thickness (dPW), Systolic posterior wall

thickness (sPW) and ejection fraction (EF, in %). Recorded values for these

parameters are presented in table 2.1.

MALE

FEMALE

Normoxic

Average SEM

Hypoxic
Average SEM

Normoxic

Average SEM

Hypoxic
Average SEM

Body
weight (g)

HR (bpm)
dD
sD
divs
sIVS
dPW
sPW
EF (%)

36.45 1.06
494.00 7.94
4.20 0.15
2.54 0.14
0.86 0.02
1.42 0.04
0.82 0.01
1.26 0.04
77.77 234

40.36 1.85
539.40 14.92
4.51 0.12
2.68 0.17
1.02 0.02
1.63 0.05
0.78 0.03
1.25 0.08
78.69 2.77

29.68 4.46
540.00 31.94
3.98 0.07
2.65 0.09
0.85 0.02
1.29 0.06
0.72 0.06
1.13 0.01
70.00 3.64

32.82 1.78
529.40 16.78
4.06 0.06
2.42 0.13
0.93 0.04
1.44 0.06
0.81 0.06
1.26 0.06
78.59 2.97

Table 2.1 Echocardiography parameters.
There were no significant differences in the whole heart parameters measured. Data are
presented as mean + SEM, n=3 offspring from normoxic pregnancies of each sex and n=6
offspring from hypoxic pregnancies of each sex.
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2.3.3 Ischaemia-reperfusion

Subjecting hearts from hypoxic and normoxic pregnancies to in vitro
ischaemia/reperfusion (I/R) on a langendorff perfusion system allowed us to assess
susceptibility to I/R injury. Males (figure 2-4 A) and females (figure 2-4 B) were
subjected to a 20-minute long ischaemic period, in vitro, on a langendorff setup.
This was followed by 30-minute long reperfusion. Left ventricular developed
pressure (LVDP) was measured before the ischaemic period and during reperfusion.
There were no differences in recovery of left ventricular developed pressure
between offspring from hypoxic pregnancies compared to offspring from normoxic

pregnancies (not tested statistically due to low power).

A Males B Females
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Figure 2-4 I/R recovery. Recovery from ischaemia-reperfusion was not statistically tested
for males (A) and showed no differences between females (B) in offspring from normoxic
pregnancy (black filled circles) compared to offspring from hypoxic pregnancies (open grey
square). Data are presented as mean + SEM, n=2-6 for males and 3-4 for females.
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2.4 Discussion

This study showed no changes in maternal body weight, food intake or water
intake. Additionally, there were no changes in basal heart function and no
ventricular hypertrophy. The offspring showed no signs of nutrient restriction or
IUGR and there were no differences in response to I/R in offspring from hypoxic
pregnancies compared to offspring from normoxic pregnancies. The model did not
show any of the conventional traits of prenatal hypoxia, but, as discussed in chapter

3, is not exempt from a cellular phenotype.
2.4.1 Maternal data

The link between altitude and weight loss is well established regarding its
occurrence, although the mechanisms are somewhat debated. A combination of

reduced food intake and increased metabolic rate at high altitude (>2700 metres)

128,129

has been shown to lead to weight loss , With energy regulating hormones such

as ghrelin and leptin being suggested as key regulators of this phenomenon *** *3°,

Food intake and body weight reduction due to hypoxia have previously been seen

18, 131-134 135, 136

during a hypoxic period in both pregnant rats and mice , that showed

reduced food intake. In three of the aforementioned cases *% 3% 13

, the reduced
food intake was accompanied by a reduction in maternal body weight gain.
Maternal body weight was not reported in the other studies *® ** *°* while
maternal nutrition itself can affect a developing foetus *® *’**°, lack of difference in

maternal food intake, water intake and body weight in the current study, suggests

that any phenotype alterations are solely due to the hypoxic insult **.
2.4.2 Intrauterine growth restriction

David Barker’s theory stated that IUGR was the cause of altered adult phenotypes

%6 There are many reports of IUGR coupled with hypoxic pregnancies in both rats **

19, 131-133, 140, 141 135, 142, 143

and mice . However, in support of the data presented here,

several studies have shown adverse adult phenotypes in the absence of IUGR

20, 22, 31, 144, 145

following hypoxic pregnancies . Moreover, the occurrence of IUGR is
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difficult to predict. One study with 14% O, during GD 18-21 showed a 20% decrease

in birth weight **

while another study showed no changes in birth weight, using
14% 0, during GD 17-21 8, despite the insult in the latter study lasing one day
longer, both studies were done using rats so the reasons for these discrepancies are
unclear. It is worth noting that neither study reported maternal food intake. While

interesting, the reasons for these discrepancies cannot be discerned in this current

study.
2.4.3 Litter size and sex ratios

Hypoxic pregnancies have been shown to reduce litter sizes in a few studies with

132,134,147 3nd one study in mice 13 In these studies, however, O, levels varied

rats
between 9.5-12%, and to our knowledge, alterations in litter size have not been

shown in studies with higher levels of O, concentration.

As previously mentioned, there are differences in the response to prenatal hypoxia
when comparing male and female offspring. Therefore, this study also investigated
the number of males and females born from hypoxic pregnancies compared to
normoxic pregnancies. No differences were seen in this current study which may or
may not explain the lack of this metric in previous literature. Another explanation
for the lack of reported sex ratios could stem back to the issue raised in Lee’s

148

review from 2018 ™ where it was pointed out that during 1909-2009, only 15% of

biomedical research included both males and females.
2.4.4 Whole heart function

2.4.4.1 Resting

Resting whole heart function in the adult offspring was not affected by prenatal
hypoxia in the current study. While a subset of previous studies has seen changes to
resting heart function such as ventricular wall hypertrophy and impaired relaxation
in adult offspring from hypoxic pregnancies compared to normoxic pregnancies >*,
several studies show that the main adverse outcome of prenatal hypoxia is

intolerance to stressors. Most commonly reported is an increased susceptibility to
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I/R injury and decreased LV recovery post-ischaemia in adult offspring from hypoxic

29, 31, 109, 113

pregnancies . In addition to this, experimental studies have also shown

altered handling of cholinergic and adrenergic tones in adult rats from hypoxic

31

pregnancies “°, as well as in foetal and juvenile chicks incubated in hypoxic

conditions 3> %,

2.4.4.2 Response to I/R challenge

Due to the proposed increased susceptibility to stressors (discussed in the previous
section) excised adult hearts from hypoxic pregnancies were subjected to an in vitro
I/R challenge. In the current study, no differences were seen between offspring
from hypoxic pregnancies compared to offspring from normoxic pregnancies. This
could be explained by circumstances discussed in study limitations (section 2.4.5),
but could possibly also be explained by the milder nature of the insult as previous

studies showing increased susceptibility to I/R, have used 13% O, or lower.

2.4.5 Study limitations

As stated in the discussion, there are doubts regarding the I/R data. The langendorff
whole heart I/R preparation was new to our group and there was little to no
knowledge regarding the technique in our vicinity. Experiments were performed on
a trial and error basis with help, via email communication, from Junhui Sun, a staff
scientist in Elizabeth Murphy’s group at the National Heart, Lung, and Blood
Institute in Bethesda, Maryland. While other studies report left ventricular end-

diastolic pressure (LVDP) >80mmHg at baseline 2% 1% 10

, this study generated at
best 65.74mmHg in one normoxic male with the second normoxic male at
16.55mmHg. Hypoxic males spanned from 66.18mmHg to 2.12 mmHg. Similar span
was seen in females, both normoxic (5.92mmHg to 46.8mmHg) and hypoxic
(1.39mmHg to 20.04mmHg). As such, it can be concluded that these data are not
particularly reliable and therefore this study would have benefited from more time

to perfect the technique. In addition, to the aforementioned issues, the number of

repeats was very low.
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3 Metabolic study

3.1 Introduction

The effects of prenatal hypoxia on cardiac structure and function have previously
been studied in the adult offspring with a variety of outcomes, seemingly
dependent on oxygen level, duration of insult and animal model. The most frequent
complication and the complication with the most supporting literature is that of
increased susceptibility to ischaemia/reperfusion (IR) injury v 2% % 2% 31,109, 144
Myocardial infarction and associated I/R injuries are still a great concern in the
world. Although there are reports of a decline in the instance of ischaemic heart
diseases, acute myocardial infarction still affects more than 1 in 100 people and,

due to an ageing population, the years of subsequent disability related to ischaemic

heart diseases are still growing ***

The link between mitochondria and I/R injury is well-established with increased
mitochondrial ROS production leading to cellular damage and apoptosis "7 1%,
Comparatively recently, a more causative effect has been suggested, whereby
mitochondria act as the catalyst for the increase in ROS production. The hypothesis
states that during the ischaemic period, complex Il substrate, succinate, builds up in
the mitochondrial matrix due to a lack of oxygen, the final electron acceptor. Once
reperfused, redox potential in the ET-pathway (e.g. the Q-pool) is increased to a
level where complex | begin to run in reverse. This creates a greatly increased
electron slippage out of complex | and, subsequently a spike in ROS production,

8 The baseline production of ROS is a balance between

leading to damage
mitochondrial respiration and redox potential in the ET-pathway. Therefore, one
explanation for the increased susceptibility to I/R injury in offspring from hypoxic
pregnancies is that they’re prone to greater ROS production due to differences in
electron transport chain function programmed by prenatal hypoxia. Moreover,
although often overlooked, there are sex-dependent differences in the ability to

tolerate I/R in adult offspring from hypoxic pregnancies *°. For example, recent

studies have shown pregnant guinea pigs subjected to 10.5% oxygen produce
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offspring with IUGR, but only males show signs of altered basal heart function,
while females cardiac function is similar to controls. In line with this data, male
guinea pigs from hypoxic pregnancies had decreased mitochondrial respiratory
capacity, decreased complex IV activity and decreased protein expression of all five
respiratory complexes of the mitochondria. The same study showed prenatal
hypoxia had no effects on female mitochondrial oxygen consumption or complex IV
activity. However, protein expression of complex |, lll and IV was lower in females

from hypoxic pregnancies, compared to normoxic pregnancies 30,112

. Unfortunately,
these studies did not investigate how prenatal hypoxia may impact other aspects of
mitochondrial physiology, including mitochondrial ROS production, the response to
I/R, mitochondrial morphology or activity of antioxidant systems. Therefore,
additional studies are necessary to fully answer the question of whether prenatal

hypoxia alters mitochondrial function and ROS production, in the absence of any

nutritional stress.

In this current study, we hypothesised that altered mitochondrial function in males
from hypoxic pregnancies would lead to increased ROS production. We
hypothesised that prenatal hypoxia would have less of an effect on the female
mitochondrial phenotype, and in this way, they would be somewhat protected from

the negative effects of prenatal hypoxia.
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3.2 Methods

3.2.1 High-resolution oxygen consumption and ROS production

Mitochondrial oxygen consumption was assessed by high-resolution respirometry
using an Oroboros Oxygraph-2k (Oroboros Instruments, Innsbruck, Austria) which
measures the oxygen content in a semi-closed chamber. In addition to this,
Oroboros instruments have developed a fluorescent probe to excite and measure
fluorophores at different wavelengths (O2k-Fluo LED2-Module, Oroboros
Instruments, Innsbruck, Austria); this module was used in the current study to
measure ROS production. A small piece (~50mg) of fresh left ventricular tissue from
adult mice from hypoxic and normoxic pregnancies, sacrificed by cervical
dislocation, was homogenized (IKA Ultra-turrax T25) in mitochondrial respiration
media (MiR05; containing: EGTA 0.5mM, MgCl, 3mM, K-mes 60mM, KH,PO4 10mM,
HEPES 20mM, sucrose 110mM and 1% BSA). Subsequently, 0.16 +0.04 mg of
homogenised tissue was injected into each chamber of the Oxygraph-2K. The two
chambers of the Oxygraph were prepared with 10uM Amplex® UltraRed and 1U/ml
horseradish peroxidase (HRP). Amplex® UltraRed oxidizes in the presence of H,0,
and forms resorufin in the presence of H,0,, using HRP as a catalyst (figure 3-1).

Amplex® UltraRed was excited at 563nm and emission was read at 587nm.

This method allowed for sensitive measurements of H,0, production. In addition,
5U/ml superoxide dismutase (SOD) was added to convert superoxide into H,0,,
allowing the majority of extracellular ROS to be quantified as fluorescence through

the Amplex® UltraRed system.
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Peroxidase
HRP

Amplex red (AmR) Resourfin

Figure 3-1 AmR oxidates to form the fluorophore resorufin

3.2.1.1 Substrate-inhibitor titration (SUIT) protocol

Leak respiratory state, through complex |, was achieved by the addition of 5mM
pyruvate (P), 2mM malate (M) and 10mM glutamate (G) to each chamber which
assured full substrate saturation at complex I. Full saturation minimizes the risk of
any limiting factors occurring within the Kreb’s cycle. In this state, a lack of ADP
means protons cannot enter the matrix through complex V, therefore protons can
only re-enter the matrix via proton leak pathways. As soon as oxygen consumption
was stable, ADP was injected to saturated concentrations (5mM) to activate
oxidative phosphorylation through complex | pathways (OXPHOS(). To saturate
complex Il pathways, 10mM of succinate was added to the chambers (OXPHOS¢+ci)
followed by titration of Carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP) to a final concentration of 0.1-0.3uM, to
uncouple the ET-pathway. This latter state allows the free movement of protons
from the inter-membrane space across the inner membrane to the mitochondrial
matrix and thereby assesses the maximum uncoupled ET-pathway capacity (ET-
maxc:ci), Which removes any respiratory limitation from complex V. During ET-
maxc:ci, 0.5UM rotenone (complex | blocker) was added to assess the succinate
driven oxygen consumption separately (ET-maxc). To block the ET-pathway and

assess residual non-mitochondrial oxygen consumption (ROX), 2.5 uM of complex IlI
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inhibitor, antimycin A, was added. At this point, there will be no electrons
transported to complex IV. N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD) can
act as an electron donor straight to complex IV and therefore allow measurement
of maximum capacity of the complex. TMPD is easily auto oxidised, therefore 2mM
of ascorbate was added with the TMPD to keep it in its reduced state. Due to the
reactive nature of TMPD, a separate background measurement after the addition of
TMPD was needed; this was done by adding 50mM of sodium azide, a complex IV
inhibitor (see top trace figure 3-2 for sample trace). The oxygen consumption rate
after sodium azide addition was subtracted from the oxygen consumption before

addition to establish maximal capacity of complex IV.

3.2.1.2 Effect of CIV inhibition on ROS production

A separate protocol was used to assess the impact of changes in complex IV on ROS
production. The homogenate sample was incubated with substrates for
OXPHOS¢sci and measurement of ROS production (HRP, AmR, SOD, P, M, G, ADP);
the sample was then left to respire until a steady state was reached. Thereafter,
sodium azide was titrated in 0.25mM steps from 0 to 1.75 mM to inhibit complex IV
(see the bottom trace of figure 3-2 for sample trace). The resulting value from
measured ROS production is presented in relation to simultaneously measured
oxygen consumption to allow for assessment of alterations to electron slippage. In
a theoretical ET-pathway where there was no slippage, all electrons would be

accounted for in O, consumption in a relationship of four electrons per one O,.

3.2.1.3 Calculations and normalisation

All homogenates used in the Oxygraph 02k were frozen to allow for assessment of
CS activity (see 3.2.2.2 for detailed methods) at a later date. All O, consumption
data were normalized to CS activity (O,/CS). The respiratory acceptor control ratio
(RCR) is a measurement of OXPHOS coupling efficiency. RCR was calculated by
dividing oxygen consumption after the addition of succinate (with complex | and
complex Il substrates as well as ADP; OXPHOS¢.ci)) with oxygen consumption during
leak (complex | substrates only). The phosphorylation system control ratio (P/E), a

measurement of how well the phosphorylation system matches the ET- pathway
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capacity, was calculated by dividing oxygen consumption after the addition of
succinate (with complex | and complex Il substrates as well as ADP; OXPHOS¢.ci)
with oxygen consumption after the addition of FCCP (ET-maxci.ci). The leak control
ratio was calculated by dividing oxygen consumption in leak state (complex |
substrates only) with the oxygen consumption after addition of FCCP (ET-maxcj.cy).
A completely uncoupled system shows L/E=1 and completely coupled at L/E=0. For
assessment of the effect of sodium azide on ROS production, the value of ROS given

was divided by the amount of O, consumed (ROS/0,).
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Figure 3-2 Sample trace from intact mitochondria. Oxygen consumption and ROS production measured in an Oroboros Oxygraph 02k with attached O2k-
Fluo LED2-Module. Left Y-axis signifies oxygen consumption (black line) and right Y-axis, ROS production (grey line). In the top trace; a SUIT protocol, each
titration step can be seen in blue below the X-axis. Injections are, in order, 2x 5 ul H,0, ADP, succinate, FCCP, rotenone, antimycin A, TMPD+ascorbate and
sodium azide, Not shown is the addition of 2 ul Amplex Ultrared, 5 pl horseradish peroxidase, 5 pl SOD, 5 pl malate, 5 pl pyruvate and 10 ul glutamate. In
the bottom trace; CIV inhibition with azide, each vertical blue line represents one titration of 0.25mM azide not seen in the figure is titration of 2 ul Amplex
Ultrared, 5 pl horseradish peroxidase, 5 pl SOD and substrates for OXPHOS¢.¢;



3.2.2 Spectrophotometry

Spectrophotometric assays were undertaken to assess protein content and the
enzymatic activity of different complexes in the ET- pathway. Citrate synthase was
also measured and considered as an indicator of mitochondrial density; this
parameter was then used to normalize oxygen consumption to mitochondrial

content.

3.2.2.1 Protein content

Protein content was assessed using Quick start Bradford dye reagent (Bio-Rad
laboratories, Watford, UK); 5ul of the sample was left to react with 250pul Bradford
quickstart reagent for 5 minutes in a 96 well plate. Quickstart BSA standard set (Bio-
Rad laboratories, Watford, UK) were put in separate wells on the same plate and
were used to create a standard curve to which samples were compared. Absorption
was thereafter read at 550nm using a BioTek Synergy HTX multimode reader

(BioTek, Swindon, UK) at 25°C.

3.2.2.2 Enzyme activity assays

Enzyme activity assays were inspired by Spinazzi et al. *® and adapted to run in a 96
well plate. Approximately 20-50mg of tissue was homogenized in solution
containing 20mM TRIZMA-base, 40mM KCI, 2mM EGTA and 250mM Sucrose (pH
7.4) using a FastPrep-24™ 5G instrument (MP Biomedicals, Santa Ana, CA). The
tissue was homogenized in two cycles of 30 seconds with a 180-second pause in-
between. Samples were then spun at 600g for 10 minutes at 4°C and the
supernatant was stored in -80°C until the day of the assay. Maximal enzymatic
activity rate (Vmax) was assessed with a BioTek Synergy HTX multimode reader
(BioTek, Swindon, UK) at 37°C. The buffer components for each individual; assay are

given below.

3.2.2.3 Citrate synthase

Citrate synthase activity was assessed in the presence or absence of oxaloacetate.

Free acetyl-CoA would react with 5,5'-dithiobis(2-nitrobenzoic acid) and result in 5-
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thio-2-nitrobenzoic acid that was read at 412nm over 10 minutes in a buffer with
100mM TRIS-base, 0.1% Triton-X-100, 0.5mM oxaloacetate, 0.3mM acetyl-CoA,
0.15 mM 5,5-dithiobis(2-nitrobenzoic acid) at pH 8.0.

3.2.2.4 Mitochondrial complex assays

Potassium phosphate buffer (KP) was used as the assay buffer for measuring the
enzymatic activity of complex I, Il and IV of the ET- pathway. The pH of the
phosphate buffer was 7.5 and was achieved by titrating K;HPO, with an equal

concentration of KH,PO,.

Mitochondrial complex | activity was assessed by reading the reduction of 1,2-
Diamino-2-methylpropane (DCPIP) at 600nm over 5 minutes. Assays were run in
50mM phosphate buffer with the addition of 3mg/ml BSA, 80uM DCPIP, 100uM
NADH, 60uM Coenzyme Q; and 300uM KCN. To assure specificity, one replicate well
included rotenone to block complex | (10uM). Complex Il was also assessed by
reading the reduction of DCPIP at 600nm over 5 minutes but in 25mM phosphate
buffer with the addition of 80uM DCPIP, 20 mM succinate, 50uM decylubiquinone
and 300uM KCN. For specificity, complex Il activity was blocked in one replicated
well using 10mM malonate. Mitochondrial complex IV activity was assessed in 50
mM KP buffer with 60uM reduced cytochrome c (cyt-c). Cyt-c was oxidized through
complex IV and the change in redox status could be measured as absorption at
550nm over time without further chemical addition. To assure specificity complex
IV was blocked in one replicate using 300uM KCN. The quality of the reduced cyt-c
was assessed by measuring absorption of 20 uM reduced cyt-c at 550 nm and 565
nm, quality was deemed acceptable if this measurement generated a ratio of 6 or
higher. KP buffer for complex | and complex Il had pH 7.5 while the KP buffer for CIV
had pH 7.0.

3.2.2.5 Calculations

For protein content, a standard curve was plotted with linear regression and
accompanying formula. Formula was then applied to sample values to acquire the

concentration in mg/ml. Values, for enzyme activities, were acquired as Vmax
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(maximum activity over time) and divided by protein content to correct for protein

content in each sample.
3.2.3 Electron microscopy: Tissue preparation

Approximately two-millimetre pieces of the free wall of the left ventricle were
dissected and immediately transferred to a solution of 2% formaldehyde, 2%
glutaraldehyde and 0.1M HEPES for fixation. Tissue was removed from the initial
fixation solution and prepared by Samantha Forbes at the Electron microscopy core
facility at University of Manchester using what is known as the Elisman protocol ***.
Briefly, the tissue was stained with a series of different heavy metals to allow for
increased resolution and contrast whilst imaging *>>. Following this, the tissue was

dehydrated (stepwise), infiltrated with Taab 812 Hard Resin (stepwise), embedded

in silicon wells and finally polymerized at 60°C for 24 hours.
3.2.4 Electron microscopy: Image acquisition

Images were taken at two different magnifications (x890 and x4800) using a
transmission electron microscope (TEM; FEl Tecnail2 BioTwin at University of
Manchester, EM facility). The lower resolution was used to analyse the
mitochondrial abundance and the higher for cristae density within the
mitochondria. Image analysis was done by our very talented student, Hajani

Premanandhan.

3.2.4.1 Mitochondrial abundance

For mitochondrial abundance measurements, five images per mouse were acquired
with n=2 (10 images) for males and females from normoxic pregnancies and n=4 (20
images) for males and females from hypoxic pregnancies. Using the freehand tool in
the software Image J (version 1.52k, National Institute of Health, MD) mitochondria
were traced and total area was expressed relative to the total area of the cell,
which was also traced by the use of the freehand tool (see example in figure 3-3).

Abundance is presented as a percentage, calculated as shown in equation 3-1

60



] ] total mitochondrial area (um2)
Mitochondrial abundance as percentage = — * 100
total cell area in image (um2)

Equation 3-1 Mitochondrial abundance as percentage.

Figure 3-3 Mitochondrial abundancy analysis. Example image showing a subsection of an
EM-image at 890x. Mitochondria- and cell-borders are marked with a white line. For
calculations, total mitochondrial area (in blue) was divided with total cell area (red)
including total mitochondrial area, and considered abundance for one cell.
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3.2.4.2 Mitochondrial cristae density

High-resolution images of between 50 and 150 mitochondria per animal were
examined for cristae density. To measure this parameter, the number of cristae was
calculated across a 5 pum section of the mitochondrion (Feret’s diameter **°). The
profile for this section was plotted in Image J (Analyze > Plot Profile) and peaks,
ranging in intensity from at least 150 to 50 were counted to represent cristae

density (figure 3-4 for reference).
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Figure 3-4 Determining crista density from EM. A TEM image of a mitochondrion (B) at
x4800 is analyzed using a plot profile (A). Peaks are counted as cristae if the grey value
spans 100 units or more, shown here as orange lines in the plot profile and as red crosses in
image. The white line is 0.5um for scale.

3.2.5 Quantification of protein expression

Western blots were performed for quantification of expression for proteins related
to the ET-pathway. Left ventricular wall tissue was dissected and rapidly snap-

frozen in liquid nitrogen and stored in -80°C until use.

3.2.5.1 Protein extraction

Western blots were performed, with assistance from Callum Quinn, for
quantification of expression for proteins related to the ET- pathway. Left ventricular
wall tissue was dissected and rapidly snap-frozen in liquid nitrogen and stored in -
80°C until use.
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3.2.5.2 Protein extraction

Samples were homogenized, using a FastPrep-24™ 5G instrument (MP,
Biomedicals, Santa Ana, CA; same cycles as described in chapter 3.2.2.1) in Radio-
Immuno Precipitation Assay buffer (RIPA; Phosphate buffered saline, Igepal CA360
1%, sodium deoxycholate 0.5% and sodium dodecyl sulfate 0.1%) with added
phosphatase and protein inhibitors (Phenylmethanesulphonylfluoride 0.1mg/ml,
sodium orthovanadate 100mM, aprotinin Img/ml and leupeptin 1mg/ml). Samples

were then again stored in -80°C and were discarded after two freeze-thaw cycles.

3.2.5.3 Protein content

Protein content was determined using the Bio-Rad DC protein colourimetric assay
kit (BioRad, Hercules, CA) following instructions given in the accompanying
instruction manual. Briefly, a combination of an alkaline copper tartrate solution
and folin reagent is added to the sample in a 96-well plate. The mix then develops a
colour which, measured using BioTek Synergy HTX multimode reader (BioTek,
Swindon, UK), is relative to the concentration of protein in the sample. Bio-Rad
protein standards (BioRad, Hercules, CA) were measured simultaneously in
separate wells and used to create a concentration curve to which the samples were

compared.

3.2.5.4 Sample preparation

For each sample, 10ug of protein was prepared with 1x NUPAGE® Lithium Dodecyl
Sulphate (LDS; anionic detergent adding a negative charge to the proteins) Sample
Buffer from 4x stock and 1x NuPAGE® Sample Reducing Agent from 10x stock (both
Thermo Fisher, UK). The final volume was adjusted to 20pl with RIPA and denatured
on a hot block at 70°C. The LDS sample buffer contained the dyes Coomassie G250
and Phenol red to allow for visual confirmation of the protein position during the
running of the gel. To further help to unfold the proteins, the reducing agent
contained 500mM of dithiothreitol leading to a reduction of covalent disulphide

bonds and unfolding of the protein.
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3.2.5.5 Gel electrophoresis

NuPAGE™ Novex™ 4-12% Bis-Tris pre-cast polyacrylamide protein gels were used
for separation of the proteins. The gels were inserted into XCell SureLock® Mini-Cell
(Thermo Fisher, UK) as described in the XCell SureLock® Instruction Manual with 1x
MOPS running buffer (made from 20x NUPAGE MOPS SDS Running Buffer; Thermo
Fisher, UK) in the upper and lower buffer chamber. The upper buffer chamber was
then prepared with 0.25% of NuPAGE® Antioxidant before each of the 20ul of
prepared sample solution was loaded into separated wells in the gel. One well was
loaded with 7ul Precision Plus Protein™ All Blue Prestained Protein Standards (Bio-
Rad, USA) as a ‘ladder’ to identify the different molecular weights on the gel. As an
internal control, one sample was loaded onto each gel to allow for comparison

between gels. Gels were run at room temperature at 200V for 45 minutes.

3.2.5.6 Protein transfer

As the electrophoresis was running, XCell II™ Blot Module (Thermo Fisher, UK)
transfer kits were prepared by cutting Amersham Protran supported 0.45
nitrocellulose membrane (GE Healthcare, UK) and filter paper to size. One
membrane and two filters per gel were then soaked in 1x transfer buffer made
from 20x NUPAGE® Transfer Buffer (Thermo Fisher, UK) with the addition of 20%
methanol. Methanol is added as it helps increase the affinity of proteins to the

membrane by removing SDS.

Once electrophoresis was complete, the gel was removed from the casing. The gel
was made to fit the membrane by cutting off the wells at the top and removing the
ridge at the bottom. The gel was placed with the membrane, sandwiched between
foam pads and filter paper (all soaked in transfer buffer) with care taken to avoid
air bubbles. Each transfer kit was prepared with two filter paper-gel-membrane-
filter paper sandwiches and extra foam pads on each side of the two sandwiches
were used to allow sufficient contact between gel and membrane to ensure good

protein transfer.
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Transfer kits were then inserted into the tank module and secured in place by the
gel tension wedge. The transfer was run at 30V for 70 minutes with Milli-Q ddH,0
in the outer chamber as a coolant and 1x transfer buffer with 20% methanol and
0.1% antioxidant in the inner chamber. This preparation is in accordance with the

XCell 1™ Blot Module Instruction Manual.

Once transferred, membranes were placed in LI-COR Revert™ total protein stain
(LI-COR, Lincoln, NE) for 5 minutes and imaged on a LI-COR Odessey® CLx at 700 nm
wavelength. The total protein stain allows for visual confirmation of satisfying
transfer and was after used to normalise for levels of loading (described in more
detail below). Membranes were then washed with LI-COR Revert™ Wash Solution

to remove the total protein stain.

3.2.5.7 Blocking and detection of protein

To reduce background noise and non-specific binding, membranes were blocked
with 5% milk in tris buffered saline plus tween (TBS-T) in room temperature and
subsequently washed in TBS-T for 3 x 5 minutes. Primary antibody cocktail (Abcam
ab110413; Abcam, Cambridge, UK) was diluted 1:1000 in TBS-T and 5% milk and
incubated at 4°C on roller overnight. The cocktail contains antibodies for subunits
on each of the five respiratory complexes (Cl subunit NDUFBS8, ClI-30kDa, CllI-Core
protein 2, CIV subunit | and CV alpha subunit).

Following primary antibody incubation, membranes were washed in TBS-T for 3 x 5
minutes. Secondary antibody (IRDye® 800CW Goat anti-Mouse 1gG,,-Specific, LI-
COR) was diluted 1:20,000 in TBS-T with 5% milk and membrane was incubated for
1 hour, on a rocker, in room temperature covered by aluminium foil to minimize
light exposure. Protein content was visualised at 800 nm using LI-COR Odessey®

CLx.

3.2.5.8 Analysis of Western blots

For acquisition and analysis of protein abundance as well as total protein, the
software Image Studio™ was used (LI-COR). For total protein, the ‘Analysis > Draw

rectangle’ function was used. The rectangle was placed in such a way that it
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encompassed a large area in one well but avoiding any possible artefacts on the
membrane. This allows for accurate quantification of a range of proteins and avoids
misrepresentation by technical artefacts. Background was chosen as a field, 2 pixels
wide, on each side of the measured box and was subtracted from the total

fluorescent value.

Protein bands were analysed by the built in function ‘Analysis > Add rectangle’
where the size of the rectangle is chosen by the software. This allows for unbiased
quantification of the protein abundance. Background was set as 2 pixels around the
entire rectangle and was, again, automatically subtracted from the total fluorescent

value.

The antibody used in this study generated five separate bands, one for each protein
corresponding to the five complexes of the ET- pathway (figure 3-5). The value for
each separate protein in each sample was divided by the total value for the total

protein as well as the internal control.

Internal ctrl Sample Ladder Total protein

Figure 3-5 Western blot representative image. Each gel was loaded with an internal
control (random LV mouse sample that was reused for all blots), samples and ladder. To
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allow for normalization to loading, a total protein stain was used. The bands shown in
sample and internal control lanes are, top to bottom; complex V, complex lll, complex IV,
complex I, and complex I.

3.2.6 Antioxidant activity assays

Left ventricular tissue was homogenized using a FastPrep-24"™ 5G homogeniser at
6m/sec during 2 x 30 second cycles with 1 minute in between, in dibasic potassium
phosphate buffer with 0.2 M KH,PO4 and 0.2 M K,;HPO,4 in pH 7.8 at 4°C. Samples
were subsequently centrifuged at 600G for 10 minutes at 4°C. The supernatant was
divided into aliquots, snap frozen in liquid nitrogen and then kept in -80°C until time
of experiment with no freeze thaw cycles to avoid deterioration. Protein content
was determined by the use of Quickstart Bradford dye reagent (Bio-Rad
Laboratories, USA) to allow for normalisation (as described in 3.2.2.1). The

following antioxidant experiments were performed by Hajani Premanandhan.

3.2.6.1 Superoxide dismutase activity

A modified version of the protocol described by Sun et al, as well as Weydert and

Cullen, was used for measurement of SOD activity 157,158

. Briefly, xanthine-xanthine
oxidase is used to produce O, in the presence of nitroblue tetrazolium (NBT). The
reduction of NBT by O,"", forms diformazan which optical density can be measured
and quantified at a wavelength of 560nm. In the presence of SOD, the reduction of
NBT becomes competitive. Thereby, by monitoring the reduction rate of NBT in the
presence and absence of a SOD containing sample, the SOD content of the sample
can be quantified by quantifying non-reduced NBT. Bathocuproine disulfonic acid

disodium salt (BCDA) and diethylenetriaminepentaacetic acid (DETAPAC) were both

added to avoid unwanted free radical production.

Homogenates from samples (n= 3 from each experimental group) were diluted with
50mM potassium phosphate buffer to concentrations 1:1, 1:25. 1:50 and 1:75 and
10ul was added to 96-well plate (in triplicates). The final assay mix contained 0.13
mg/mL BSA in 1 mM DETAPAC, 1 U of catalase, 56 pM of NBT, 0.01 M of xanthine, 5
mM phosphate buffer and 50uM BCDA that was added to a xanthine oxidase
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solution (13 U/mL xanthine oxidase and 1.34 mM of DETAPAC) in sequential order
to avoid premature reactions. 250 pL of this final assay mix was then added to the
samples in the 96-well plate and immediately read at 560 nm in a

spectrophotometer (BioTek Synergy HTX multimode reader) in 25°C.

3.2.6.2 Catalase activity

Catalase activity was assessed by measuring the clearance of H,0, in LV samples,
prepared as described above. We utilized the reaction of AmplexUltrared, in the
presence of horseradish peroxide, measuring the optical absorbance of resorufin
(detailed in section 3.2.1). A known quantity of H,0, was added with or without
sample and discrepancies between the two was attributed to endogenous H,0,

clearance (mainly mediated by catalase).

Briefly, samples (n= 3 from each experimental group) was diluted with 50mM
potassium phosphate buffer to generate dilutions of 1:1, 1:20, 1:50 and 1:75. A
volume of 50 pL of sample was added to a 96-well plate (in triplicates) followed by
100 pl of working assay mix (10 mM AmplexUltrared, 1 U/l horseradish peroxide
and 50 mM sodium citrate, pH6). Reaction was triggered by the addition of 50 pl of
160 uM H,0; and read at 565 nm in a spectrophotometer (BioTek Synergy HTX
multimode reader). Mean absorbance after 5 minutes was compared to that of a
standard curve (addition of known concentrations of catalase instead of samples)

and activity was expressed as pmol H,O, clearance per mg.

3.2.7 Statistical analysis

All data are expressed as means + SEM and were graphed using Graphpad Prism®,
version 8 (Graphpad Software, San Diego, CA). Throughout, offspring from
normoxic pregnancies are denoted by N and from hypoxic pregnancies by H. Males
are shown in filled pink circles and females in open blue boxes. All data, save
complex IV inhibition, cristae density and antioxidant activity, were statistically
tested using a 2-way ANOVA, with sex and intrauterine oxygen levels as two
between-subject factors using SigmaPlot version 12.5 (Systat, San Jose, CA) and

Tukey’s correction for multiple comparisons test to determine significant
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differences between groups. Prior to the ANOVA, oxygen consumption was
transformed using the natural logarithm and all data was tested for equal variance
and normal distribution (Shapiro-Wilk). For complex IV inhibition, a linear
regression curve was fitted to the data to assess if the slope was significantly non-
zero using Graphpad Prism®, version 8 (Graphpad Software, San Diego, CA).
Mitochondrial cristae density was tested by a linear mixed model with treatment
(hypoxic/normoxic), sex and animal as co-factors using IBM SPSS Statistics version
25 (IBM, Chicago, IL). Antioxidant activity and protein abundance for complex IlI-V
were assessed by a Kruskal-Wallis test using Graphpad Prism® as they did not pass

normality test, equal variance test or both.
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3.3 Results

3.3.1 Spectrophotometry

There were no significant differences in citrate synthase (CS) activity (figure 3-6 A)
between gender or treatment. Prenatal hypoxia had no effect on complex | and
complex Il activity (figure 3-6 B and C, respectively) in males but these parameters
were significantly reduced in females. Complex IV activity (figure 3-6 D) was, again,

unchanged in males but increased in females.
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Figure 3-6 Enzyme activity assays. Prenatal hypoxia did not lead to any changes in citrate
synthase activity (A). However, both complex | (B) and complex Il (C) activity were lower in
adult female offspring following prenatal hypoxia. To the contrary, complex IV activity (D)
was higher in adult female offspring following prenatal hypoxia. No differences in complex
activities were recorded in the males subjected to prenatal hypoxia compared to the
normoxic males. Males are shown in filled pink circles and females in blue open boxes. Data
are presented as mean * SEM, n=5-6 animals in each group. Significance was given by two-
way ANOVA with a Tukey’s posthoc. For all panels *p <0.05, ***p<0.001.
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3.3.2 High-resolution respirometry

3.3.2.1 Effects of prenatal hypoxia on mitochondrial oxygen consumption

For males, previous exposure to prenatal hypoxia had no significant effect on any of
the mitochondrial respiratory parameters tested, except for the phosphorylation
system control (P/E) ratio, which was increased in males from hypoxic pregnancies
(figure 3-7). In contrast, females from hypoxic pregnancies exhibited increased
oxygen consumption in the OXPHOS state (figure 3-7 B and C) and after uncoupling
(figure 3-7 D and E), regardless of substrate combination. Furthermore, oxygen
consumption rate through complex IV was greater in females previously exposed to
prenatal hypoxia, compared with normoxic controls (figure 3-7 F). While Leak
oxygen consumption rate in females was unchanged by prenatal hypoxia (figure 3-7
A), the increased OXPHOS meant the respiratory control ratio (RCR), and therefore
mitochondrial efficiency, was significantly greater in females from hypoxic
pregnancies (figure 3-7 G). Lastly, while the P/E ratio was similar between females,
the leak control (L/E) ratio was lower in females previously exposed to prenatal

hypoxia, compared with controls (figure 3-7 1).

3.3.2.2 Gender differences in mitochondrial oxygen consumption

In adult offspring from normoxic pregnancies (control), there were gender-
dependent differences in oxygen consumption. Females respired less during leak
state as well as in OXPHOSc, and in the uncoupled state, ET-maxcj:ci, compared to
males (figure 3-7 A, B and D). This difference was inversed, meaning males respired
less, if the offspring had been subjected to prenatal hypoxia in several states
namely, OXPHOS state, regarding of substrate combination, as well as during the
uncoupled state (ET-maxci.ci) and when complex IV was assessed separately with

TMPD (figure 3-7 B, C, D and F).
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Figure 3-7 Effect of prenatal
hypoxia on intact mitochondrial
oxygen consumption and coupling
control ratios. Few differences
were seen in males. Females from
hypoxic pregnancies had higher
respiratory rates with more
efficient production of ATP. A) Leak
oxygen consumption with Complex
(C) I substrates, B) OXPHOS with ClI
substrates, C) OXPHOS with CI+lII
substrates, D) uncoupled state with
Cl+ll substrates, E) uncoupled state
with the addition of Cl blocker
rotenone, F) oxygen consumption
through CIV, G) respiratory
acceptor  control ratio, H)
phosphorylation system control
ratio and 1) leak control ratio.
Males shown in pink filled circles
and females in blue open boxes.
Data presented as mean = SEM,
n=7-9 in each group. Significance is
given by two-way ANOVA with a
Tukey's post-hoc. *p<0.05,
**p<0.01, ***p<0.001.



3.3.3 Reactive oxygen species production

3.3.3.1 Effect of prenatal hypoxia on mitochondrial ROS production

ROS was measured simultaneously with oxygen consumption. In males from
hypoxic pregnancies, there were increases in ROS production during Leak,
OXPHOS and OXPHOS¢.c; (figure 3-8 A, B and C, respectively), compared to males
from normoxic pregnancies. There were, however, no differences in ROS
production during the two uncoupled states (ET-maxcj:cy and ET-maxcy, figure 3-8 D
and E) between males from normoxic and hypoxic pregnancies. Females from
hypoxic pregnancies showed no difference in ROS production during Leak state or
ET-maxci.ci (figure 3-8A and D respectively). However, during OXPHOS¢ and
OXPHOS¢scii as well as during ET-maxc, (figure 3-8 B, C and E, respectively), there
was decreased ROS production by females from hypoxic pregnancies compared to

females from normoxic pregnancies.

3.3.3.2 Gender differences in mitochondrial ROS production

Throughout all states that were measured, females from normoxic pregnancies
produced more ROS than males from normoxic pregnancies (figure 3-8 A-E). This

difference, however, was abolished in offspring from hypoxic pregnancies.
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Figure 3-8 Effect of prenatal hypoxia on ROS production in intact mitochondria. Males from hypoxic pregnancies showed a higher ROS production, while
respiration was coupled, compared to males from normoxic pregnancies. Females from hypoxic pregnancies produced less ROS during OXPHOS states,
regarding substrates, and during the ET-maxc, state. A) Leak state, B) OXPHOS with complex | substrates, C) OXPHOS with complex | and Il substrates, D)
uncoupled state with complex | and Il substrates, E) uncoupled state with complex | blocked by rotenone. Males are shown in pink filled circles and females
in blue open boxes. Data are presented as mean * SEM, n=6-9 in each group. Significance was given by two-way ANOVA with a Tukey’s post-hoc. For all
panels *p < 0.05, **p<0.01, ***p<0.001.



3.3.4 The role of complex IV in ROS production

The altered oxygen consumption and ROS production in females from hypoxic
pregnancies could be explained by numerous factors, one being the increased
oxygen consumption of complex IV (figure 3-7 F). To explore this possibility, sodium
azide was titrated (0-1.75mM in 0.25mM increments) into one chamber of the
Oroboros Oxygraph 02k containing a homogenate from a normoxic female with
substrates for the OXPHOSc.q; state. This led to dose-dependent inhibition of
complex IV, seen as inhibition in oxygen consumption (figure 3-9 A). Linear
regression was fitted with a slope of -0.4167, which was significantly non-zero
(p=0.0005; R?=0.8879). The experiment was repeated with the addition of
substrates allowing for simultaneous measurement of ROS production. The
measured ROS production was divided with the corresponding O, consumption
(figure 3-9 B). Linear regression gave a slope of 0.0005372, which was significantly
non-zero (p<0.0001; R2=0.9332). In aggregate, these results suggest that ROS

production is inversely related to complex IV activity.

17 ¢ 0.004
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0 0.000
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Figure 3-9 CIV inhibition. Complex IV inhibition using azide led to significantly reduced
oxygen consumption (A) and increased ROS production in relation to oxygen consumption
(B). Data are presented as mean + SEM, n=4 adult females from normoxic pregnancies in
both panels. A linear regression curve was fitted to the data and was significantly different
from zero.
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3.3.5 Protein abundance

Western blots were performed to assess the level of proteins related to each
complex in the ET-pathway (figure 3-7). Compared to females from normoxic
pregnancies, females from hypoxic pregnancies showed no significant differences in
protein content with regards to complex I, complex Il, complex Ill, complex IV or
complex V (figure 3-10 A-E, respectively). Males from hypoxic pregnancies had
lower protein content with regards to complex | and complex Il (figure 3-10 A and
B) but no differences in regards to complex Ill, complex IV or complex V (figure 3-

10 C-E, respectively) compared to males from normoxic pregnancies.
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Figure 3-10 Mitochondrial protein content.
Western blots revealed changes in male
complex | and complex I (A and B,
respectively) but no changes in complex Il (C),
complex IV (D) or complex V (E). Females
showed no significant differences in any of the
proteins measured (A-E). Males are shown in
filled pink circles and females in open blue
boxes. Data are presented as mean + SEM,
n=5 in each group. Significance for A and B
was given by two-way ANOVA with a Tukey’s
post-hoc, C-E with Kruskal-Wallis test. For all
panels ¥*p < 0.05.



3.3.6 Electron microscopy

Electron microscopy, used to determine mitochondrial structural properties,
revealed prenatal hypoxia had no effect on mean mitochondrial density per cell
(figure 3-11 A). Cristae density (figure 3-11 B) of the mitochondria was significantly
lowered in both males and females from hypoxic pregnancies. There was also a
difference comparing between the sexes, i.e. normoxic males had higher cristae

density than hypoxic females and vice versa (figure 3-11 B).
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Figure 3-11 Mitochondrial and cristae density. Electron microscopy revealed no
differences in mean mitochondrial density (A). Cristae density (B) however, was lower in
both hypoxic males compared to normoxic males (pink bars) and hypoxic females
compared to normoxic females (blue bars). Data are presented as mean +* SEM n=2
normoxic and n=5 hypoxic animals. For mitochondrial density n=5 images per animal and
for mitochondrial cristae n=50-150 mitochondria per animal. Significance was given by two-
way ANOVA with a Tukey’s post-hoc for abundance and linear mixed model for cristae
density. For all panels *p < 0.05, **p<0.01, ***p<0.001.
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3.3.7 Antioxidant activity

Two components of the antioxidant system were assessed during this study. Firstly
capacity for H,0, clearance (mainly due to catalase) was unchanged in both males
and females from hypoxic pregnancies compared to their counterparts from
normoxic pregnancies (figure 3-12 A). The second antioxidant component
measured, SOD activity, was also unchanged when comparing offspring from

hypoxic pregnancies with offspring from normoxic pregnancies (figure 3-12 B).
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Figure 3-12 Antioxidant capacity. Both H,0, clearance and SOD activity were unchanged in
adult offspring subjected to prenatal hypoxia. Males are shown in pink filled circles and
females in blue open boxes. Data are presented as mean + SEM, n=3 in each group and
statistically tested by a Kruskal-Wallis test.
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3.4 Discussion

This study has shown that prenatal hypoxia affects mitochondrial function of adult
offspring in a sex-dependent matter. Gender dichotomy, following prenatal insults,
has been reported previously. Bae et al observed increased susceptibility to I/R

15

injury following prenatal cocaine exposure in male rats *° while Lawrence et al

reported more pronounced adverse effects in female rats exposed to prenatal

. . . . . . 160
nicotine, following an ischaemic period

. Furthermore, in agreement with the
work presented here, there have also been previous reports of sex-dependent
differences following prenatal hypoxia. Xue and Zhang showed increased
susceptibility to I/R in adult male rats from hypoxic pregnancies when compared to
female rats 2. In addition, Thompson et al saw reduced basal functionality in male
adult guinea pigs from hypoxic pregnancies, but not in females *°. Although neither
echocardiography nor I/R experiments showed any significant changes in our study

(as mentioned in chapter 2), a range of metabolic processes were altered which

may have implications for energy and ROS balance when the heart is under stress.

3.4.1.1 Mitochondrial density

With our combined results of citrate synthase activity and mitochondrial density
from EM studies, we concluded that there were no alterations to mitochondrial
abundance following prenatal hypoxia in males or in females. Larsen et al
concluded that the top three biomarkers for mitochondrial abundance in skeletal
muscle were, in order, cardiolipin, citrate synthase and complex | activity ***. Our
study supports this finding in regards to citrate synthase (as strengthened by the
measurement of mitochondrial density through EM) but not in the case of complex
I. At this point, it should be noted that Larsen et al expressed a bigger difference, in
regard to accuracy, between complex | activity and citrate synthase than that
between cardiolipin and citrate synthase and that this current study, therefore, in

no way, invalidates the results of Larsen et al.
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3.4.1.2 Mitochondrial cristae density

Our study showed reduced mitochondrial cristae density in adult offspring from
hypoxic pregnancies in both males and females. Nielsen et al. suggested that
increases in cristae density can facilitate increased oxygen uptake and studies have
shown that endurance training may increase cristae density in skeletal muscle **2.
The findings in this study, however, are quite contrary to the findings of Nielsen et
al.; we see hypoxic pregnancies have decreased cristae density which is associated
with no change in adult male mitochondrial respiration, and an increase in
respiratory capacity in adult female offspring. With the data available to us, it is
difficult to conclude the reason for this discrepancy. It is, however, worth noting
that Nielsen et al. used only male subjects and that respiratory capacity was
examined by whole body maximal oxygen uptake. It is also worth considering that
the breaking of the cell membrane, during homogenization, could lead to
mitochondria which are structurally similar to that of isolated mitochondrial
preparations; i.e. swollen mitochondrial morphology, diluted matrix content and

163

disorganized cristae ~°. This morphological disturbance could over shadow any in

vivo alterations caused by decreased crista density.

3.4.1.3 Mitochondrial enzyme activities

Male offspring showed no significant changes in the activity of complex |, Il or IV. In
contrast, previous studies have shown reduced amounts of proteins for complex IV
subunit | and IV, reduced mRNA expression of COX4.1 and COX5b as well as
reduced complex IV activity in male adult guinea pigs, but no differences in females
30195 The discrepancies in these studies could be explained by different hypoxic
conditions as Al-Hasan and Thompson subjected their sows and dams to 10.5% O,
for a shorter period of gestation, compared to our study which used 14% O, for the
majority of the gestation. The lowered activity and expression of complex IV in the
male guinea pig model were hypothesised to be due to altered PKCe expression
which has been reported to be repressed in adult males from hypoxic pregnancies

2% Furthermore, PKCe may also interact with complex IV subunit IV expression and

111, 164

complex IV activity . In addition, PKCe is believed to be cardioprotective and
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interact with the mpTp 16 166

. The reduction in PKCg, shown by others, could not
only be responsible for reduced complex IV but also increase the chance of the
mPTP opening, leading to cell death. We believe that the lack of alteration to
complex activity in the males in our study is due to the comparatively mild level of
hypoxia. It is worth noting however, the variation in male protein abundancy of
complex IV subunit | across the males. Although not statistically significant, male
offspring from normoxic pregnancies had a wide spread of data in complex IV
subunit | abundance, while in males from hypoxic pregnancies the spread of data

was narrow. This suggests that prenatal hypoxia may have had a mild affect

complex IV activity in males.

Interestingly, while previous work on prenatal hypoxia at 10% oxygen found clear
effects on male mitochondrial enzymatic activity, there were no significant effects
on females. In contrast, the present study found no effects in males, but female
offspring from hypoxic pregnancies had lowered activity of complexes | and Il, as
well as higher activity in complex IV, compared to females from normoxic
pregnancies. As far as Complex IV goes, to our knowledge, this is novel information
which is further strengthened by the significantly increased level of oxygen
consumption in the intact mitochondria (figure 3-7 F) as well as a trend towards
increased protein abundance of complex IV subunit | (figure 3-10 D). We believe
that this is a reflection of the aforementioned lack of alteration to PKCe and could
partly explain the protection to I/R injury seen in females (further discussed in
section 5.4). This theory is currently only speculative and needs further studying.
Although no changes are seen in protein abundance regarding complexes | and II,
we saw reduced enzymatic activity in females from hypoxic pregnancies compared
to females of normoxic pregnancies. It is reasonable to think that, as electron
transport, through complexes | and Il are greatly involved in the production of the
aforementioned ROS spike following I/R ¥, this could be a protective response to
lessen damage following reperfusion. As blockage of complex | reduce ROS
production during reperfusion, reduced complex | activity might play a similar role

(further discussed in section 5.4).
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3.4.1.4 Male intact mitochondrial oxygen consumption and ROS production

In line with the enzymatic activity data above, intact mitochondrial oxygen
consumption was unchanged between males from normoxic pregnancies compared
to males from hypoxic pregnancies, regardless of respiratory state. However, the
calculated phosphorylation system control ratio (P/E) is increased in males from
hypoxic pregnancies compared to males from normoxic pregnancies. This tells us
that males from hypoxic pregnancies are less limited by their phosphorylation

167, 188 There were

system and/or the pressure from the proton motive force
however significantly higher levels of ROS production in males from hypoxic
pregnancies during Leak state, OXPHOS¢ and OXPHOSc.c), compared to their
normoxic counterparts. Despite this, the difference in ROS production was not seen
during the uncoupled state with or without rotenone; this result could be explained
by the loss of the tight link between membrane potential and ROS production due

to the uncoupled membrane **°

. When uncoupled, the forces asserted on the ET-
pathway by the proton gradient, is relieved, which, in theory could lead to less
electron slippage. However, examining the separate data points it is worth

considering that this might just be the result of a statistical false negative.

The reason for the increased male ROS production, in the coupled states, therefore
cannot be discerned from this current study. Preliminary SOD data show that two
out of three samples have lower activity in males from hypoxic pregnancies
compared to males from normoxic pregnancies. As the ROS measurements in the
current study are under saturated SOD levels, it is unlikely that changes in
endogenous SOD production was the cause to the increased ROS production seen
in males subjected to prenatal hypoxia but it cannot be conclusively excluded and

should be further investigated.

3.4.1.5 Female intact mitochondrial oxygen consumption and ROS production

Females showed increased oxygen consumption, accompanied by decreased ROS
production, in all states apart from leak and the uncoupled state. As ROS
production is a balance between respiratory rate and redox potential in the ET-

170-172

pathway , an increase in oxygen consumption combined with reduced ROS
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production points towards involvement of altered redox potential in the ET-
pathway or alterations to antioxidant capacity. Although underpowered in this
current study, we saw no effect of prenatal hypoxia on female antioxidant activity.
The altered redox potential hypothesis is supported by the lack of significant
differences in leak and uncoupled state. While leak state causes high redox and
membrane potential, uncoupling the ET-pathway creates the opposite situation
with no membrane potential and low redox potential > *’*. In both cases the ET-
pathway is kept in, what can only be described as, a theoretical maximum, which
would overshadow the innate changes caused by different prenatal environments.
Once the forces of membrane and redox potential are lessened, by the addition of
ADP, the differences become apparent. We believe that the reduced activity of
complexes | and Il in the females reduce pressure, asserted by the transported
electrons, in the ET-pathway. Alterations to complex | alone would affect ROS

75 In turn, increased

production as complex | is one of the major sources for ROS
activity and respiratory capacity of complex IV further reduced pressure by
facilitating more electrons and maintaining an intermediate redox potential inside
the ET-pathway. To test the latter hypothesis, we performed experiments where
we partially inhibited complex IV. We saw that sodium azide was able to block
respiration in a dose-dependent manner and while doing so, ROS production was
increased in relation to oxygen consumption. By doing this we confirmed that
complex IV can affect ROS production, which supports our hypothesis. The same
response has been shown previously in whole embryonic chick cardiomyocytes

where reduced complex IV did not only lead to increased ROS production but also

decreased contractility 176,

Could these alterations in the ET pathway be an explanation for why females from
hypoxic pregnancies have greater recovery from I/R compared to males from
hypoxic pregnancies 2?? It stands to reason that lowered complex Il activity could
lessen the sudden influx of electrons from succinate build up, and lowered complex
| activity would reduce the amount of RET; therefore, the ET-pathway would be

more capable of handling the electron burst during reperfusion due to the
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increased activity in complex IV. However, this is all theoretical and requires further

investigation.

3.4.1.6 Sexual dimorphism

We showed a sexual dimorphism of intact mitochondrial function in adult offspring
from normoxic pregnancies. We saw that females had lower oxygen consumption in
Leak, OXPHOS and ET-max (figure 3-7 A, B and D, respectively) compared to that of
males. In addition, we showed increased ROS production from adult females from
normoxic pregnancies compared to that of adult males from normoxic pregnancies,
in all states measured (figure 3-7 A-E). If subjected to prenatal hypoxia, however,
females showed increased respiration in states; OXPHOS |, OXPHQOS I+Il, ET-max and
after isolation of complex IV (figure 3-7 B, C, D and F, respectively) compared to
males from hypoxic pregnancies. As such, we see the opposite difference compared
to offspring from normoxic pregnancies. This could be explained by alterations in
ROS production. As ROS production is increased in males and decreased in females,
following prenatal hypoxia, it is likely that this increase ROS production is inhibiting
respiration. In addition, oxygen consumption in males is more affected by ROS

production compared to females '’

. The differences seen in offspring from
normoxic pregnancies are contradictory to those reported by Khalifa et al. Their
study, like ours, was on homogenates from C57BL6 male and female hearts, but at
an age of six weeks compared to seven months in the current study. However,
although they do not report any significant differences, by visual assessment of the
graphs presented, there seemed to be trends towards increased oxygen
consumption in female mitochondria in all states. They also report higher ROS

178

production in males compared to females ~°. The reason for these discrepancies

remains unknown to us.
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3.4.2 Study limitations

Time constraints affect all studies, including this one. This chapter covers some of

the limitations and explains some methodological choices.

3.4.2.1 Mitochondrial preparation

Complimentary to this study it would have been beneficial explore the differences
in intact mitochondrial oxygen consumption and ROS production in other
mitochondrial preparations. The homogenization preparation used here has
advantages and disadvantages, as does any technique. Compared to isolated
mitochondria, homogenates allow for assessment of mitochondrial functionality of
different cell types (e.g. cardiac myocytes, fibroblasts and adipocytes) and with all
mitochondrial subpopulations present (e.g. subsarcolemmal, interfibular or
nuclear). In contrast, different populations of mitochondria can be separated
during differential centrifugation that is associated with the classical methods of
mitochondrial isolation. Tissue homogenisation also requires less tissue compared

179

to mitochondrial isolation ~*°. While older publications mention 0.5g as a small

piece of tissue &

, the manual of Abcam’s isolation kit still suggests 0.2-0.4g of
heart tissue (Abcam Mitochondrial Isolation Kit for Tissue, ab110168). As this study
aimed to assess left ventricle only, the available amount of tissue was often 5-10
times less than 0.2g. This meant that several animals would have had to be used for
mitochondrial isolation. Permeabilized fibres are also commonly used preparations
which wield the advantage of using a mitochondrial preparation in close proximity
to intact intracellular architecture (e.g. the sarcoplasmic reticulum, myofilaments)
which allows for intracellular signalling. For comparison, in homogenates and
isolated mitochondria these connections are severed or absent. However, it is very
difficult to accurately normalise values for protein or mitochondrial content in
permeabilised fibres because the fibre bundles are extremely small (<2mg) and full
of water; in contrast, it is very easy to accurately assay for protein or markers of
mitochondrial content (e.g. citrate synthase) in homogenates and isolated

mitochondria with very little margin for error (Doerrier et al., MiPNet17.03(4:1-12),

2015). In addition, permeabilized fibres have large diffusion distances and hyperoxic
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respiration media is required. Intact cells have the upside of high relevance to an in
vivo environment, similar to permeabilized fibres. They are also relatively easy to
normalise but it has been suggested that different results can be generated based

on normalization method ®!

. Intact cells do not allow for easy access to the
mitochondria while the cell membrane is still intact. They can, however, be
permeabilized with detergents (e.g. saponin or digitonin), but optimisation of
concentration is crucial as high concentrations of e.g. digitonin can act in an
inhibitory manner *®2. For this current study, it was decided that the method of
homogenised tissue with the advantages e.g; original abundancy of mitochondria,
easy access for substrate and inhibitors, accurate normalisation options and the

possibility to use one animal for several experiments (due to the need of small

amount of tissue) outweighed any negatives.

3.4.2.2 Antioxidant assays

The modest number of animals in this study does not allow for a true
representation of possible changes. An n of 3 per group generated far less than the
recommended 0.8 in statistical power with only 0.093 for males and 0.12 for
females regarding H,0, clearance as well as, 0.058 for males and 0.064 for females
regarding SOD activity. Calculations suggested that to achieve a statistical power of
0.8, an additional 14 male and 19 female animals would be needed for H,0,
clearance. In regards to SOD activity an additional 5 males and 282 females were
suggested necessary by calculations. The data presented suggest a trend towards
increased activity in SOD in males from hypoxic pregnancies compared to males

from normoxic pregnancies, but we cannot conclude anything at the current time.

3.4.2.3 Western blots

Western blotting has become one of the most commonly performed techniques for

8 The method allows for qualitative

protein identification and semi-quantification
assessment of protein content and size. It is highly sensitive and can detect nano to
picomolar concentrations, but as with any method, it has its limitations. Western
blotting is a complicated procedure and there are many steps where results can be

skewed. One study showed that almost 80% of the total variance of their western
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d ¥ making

blotting results was due to the analyst performing the metho
comparison of quantification difficult between experiments performed by different
researchers. As such, although help was given by a very talented and capable
student, Callum Quinn, the addition of a second analyst could cause additional
variance. The study also pointed out a range of error sources including
inhomogeneous electrical fields during electrophoresis and transfer. With this in
mind, we interpret the results with some caution. Going forward from here, we
recommend the combination of western blot for quality control and addition of the

enzyme-linked immunosorbent assay (ELISA) which would allow for accurate

quantification .
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4 Calcium handling

4.1 Introduction

In the previous chapters, we have shown that our model expressed a mitochondrial
phenotype with increased ROS production in males from hypoxic pregnancies and
decreased ROS production in females from hypoxic pregnancies when comparing to
their normoxic counterparts. In addition, we have shown that complex IV activity
was higher in females from hypoxic pregnancies, compared to females from
normoxic pregnancies, and that altered complex IV activity affected ROS
production. Although the study showed no differences in adult whole heart
function, previous literature has shown isolated hearts from hypoxic pregnancies
exhibit diastolic dysfunction, heightened contractility and enhanced sympathetic

sensitivity 31,33,109

Considering the nature of the heart and the cardiomyocyte, it is easy to understand
that Ca®* handling plays an important role in its function, and that dysfunctional

186, 187 ~_2+
. Ca

Ca’* handling can be linked to cardiovascular diseases e.g. heart failure
handling in the cell is controlled by a range of processes (described in more detail in
1.4.1.1) some of which are affected by alterations in ROS production. As an
example, increased H,0, levels affect E-C coupling and can increase the activity of

8 In fact,

ryanodine receptors and decrease the activity of SERCA, for review, see
previous studies have shown increased SERCA2a abundance in adult offspring from
hypoxic pregnancies ** but to our knowledge, no studies have looked at the effect

prenatal hypoxia on adult cardiomyocyte contractility and Ca** handling.

Isolated cardiomyocytes allow for the exploration of intracellular Ca®'
concentrations while allowing for pharmacological alteration of cardiomyocyte
function. Therefore, this section of the study aimed to assess Ca** handling in the
cardiomyocyte both during baseline and isoprenaline-induced (B-adrenoreceptor
agonist) contractions. This section also aimed to investigate the amount of Ca**

stored in the SR and the kinetics of Ca®* clearance from the cell.

89



4.2 Methods

4.2.1 Cellisolation

Alterations to Ca®* handling were measured in isolated LV cells from 19 C57BL/6
mice (n=5 male normoxic, n=4 male hypoxic, n=6 female normoxic and n=4 female
hypoxic) at 23+6 weeks of age. The perfusion solution was prepared by mixing an
isolation solution (134mM NaCl, 10mM HEPES-acid, 11.1mM glucose, 1.2mM
NaH,P04, 1.2mM MgS0O4 and 4mM KCI, pH 7.34) with taurine solution (115mM
NaCl, 10mM HEPEPS-acid, 11.1mM glucose, 1.2mM NaH,P04, 1.2mM MgS0,4, 4mM
KClI and 50mM taurine, pH 7.34) in a 1:1 ratio. Mice were sacrificed by cervical
dislocation and hearts were rapidly excised and washed in ice-cold perfusion
solution. The aorta was cannulated using a 24-gauge reusable feeding needle (Fine
science tools, Heidelberg, Germany), attached to a 1ml syringe containing perfusion
solution and sutured using cotton thread. A small amount of perfusion solution was
carefully pushed through the needle and the position was deemed correct if the
coronary arteries cleared of blood. The heart was then rapidly mounted onto a
langendorff perfusion system set to 37°C and perfusion was started immediately,
using a peristaltic pump, creating a constant flow of 5ml/minute. The heart was left
to wash through for 4-5 minutes to assure all blood was washed out of the arteries.
Following this wash step, a three-way tap was used to switch to a separate
perfusion solution containing 1.33mg/ml Type Il collagenase (Worthington, USA),
which was manually recirculated using a Pasteur pipette, to start digestion.
Digestion was carried out for 9-13 minutes and optimal digestion was determined
by assessing the firmness of the heart through careful pinching. Once digested, the
ventricles were cut down and carefully washed with 0.5ml perfusion solution which
was then carefully removed. Following this, the tissue was minced with scissors in
stop solution (9-10ml perfusion solution containing 12.5uM CaCl, and 0-1ml fetal
bovine serum) and filtered through a matrix filter (CellMicroSieves™, 200um pore,
Fisher Scientific, UK). This step was repeated two times, on the remaining tissue,
with decreasing amounts of fetal bovine serum (1ml, 0.5ml and Oml); the volume

was corrected with perfusion solution. In the latter repeats, the tissue was also

90



subjected to trituration with a Pasture pipette to further separate the cells. In total,
this led to three subsets of cell suspensions with varying levels of fetal bovine
serum. Viability of cells from each subset was assessed visually with a light
microscope and cells presenting with well-defined membranes and visual

sarcomeres were kept and used experimentation.
4.2.2 Cell preparation and loading

The cells, chosen for experiments were kept in a ‘half-in-half’ solution made up by
mixing taurine solution and normal Tyrode’s (NT; 134mM NaCl, 10mM HEPES-acid,
11.1mM glucose, 1.2mM MgCl. 4mM KCl, and 1mM CaCl,, pH 7.34) in a 1:1
relationship. This ‘half-in-half’ solution gave the cells a chance to recover from the
isolation in a medium with lower Ca** levels. Cells were then loaded with 100nM of
the cell-permeable Ca®* indicator fura-2-acetoxymethyl ester (Fura2-AM;
Invitrogen) for 10 minutes at room temperature. The ester group allows the
compound to cross the cell membrane. Once inside the cell, the ester is cleaved off
by esterase and Fura2-AM is left as a charged fluorophore with diminished cell
permeability. During the 10 minutes, cells would sediment and once loading was
complete, the majority of the supernatant was removed and the cells were re-
suspended in a fresh solution of NT and taurine solution (1:1 relationship) to allow

for de-esterification of the indicator and to stop further loading.
4.2.3 Field stimulation and measurement of calcium

Loaded cells were left to settle on a microscope slide in a custom-made field
stimulating bath (figure 4-1). Briefly, the bath had two 1mm thick silver electrodes
running along the bottom of the bath thus covering the bottom surface with an
electrical field controlled by a Grass instruments SD9 stimulator. The stimulator
would trigger a 0.4ms pulse with each received digital trigger signal from an Axon
Digidata 1440A (Molecular Devices, CA). Cells were imaged on a Nikon Eclipse Ti
fluorescence microscope (Scientifica, UK). Ca** was measured by excitation of the
ratiometric dye fura-2 AM. The dye was excited at wavelengths 340nm and 380nm,

using a xenon arc lamp (Cairn Research, UK). Emission was measured at 510nm
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amplified by a photon multiplier tube and digitised by the DigiData 1440A. All
signals were recorded using Clampfit (Clampfit 10.4, Axon Instruments) which also
generated a raw ratio from the 340nm signal and the 380nm signal (see example in
figure 4-2). During baseline measurement, cells were washed with a constant flow
of NT and stimulated at 0.5Hz (see sample trace figure 4-3) and a minimum of 10
stable contractions were recorded. To measure the Ca®" stored in the SR,
stimulation was turned off and the flow of NT was switched to an NT solution
containing caffeine and 2,3-Butanedione 2-monoxime (BDM; 10mM and 10mM,
respectively); caffeine increases the opening probability of the ryanodine receptors
allowing all the Ca** in the SR to be released (see sample trace figure 4-6). The
caffeine solution was on for 3 seconds (pre-determined as the time needed to
release all Ca** from the SR) after which the flow was switched from caffeine
solution back to NT. Once the trace with caffeine had peaked and returned to base
level, stimulation was started again and the cell was left to stimulate until the trace
stabilised. Following this, the flow was changed to an NT solution containing 100nm
isoprenaline (ISO) to stimulate the beta-adrenergic pathway. ISO gradually
increased the amplitude of the fluorescence trace (see sample trace figure 4-4),
thus cells were left in ISO until a peak was reached and the traces were once again
stable. Once cells had reached satisfactory stability (see sample trace figure 4-5), 10
contractions were measured after which stimulation was again turned off and the
cells were subjected to another 3 seconds of caffeine solution (see sample trace
figure 4-7). The cells were again left to stabilize after which the protocol was
terminated. The viewpoint was then moved so that the cell was just outside the

field of view and 4 sweeps of background fluorescence were recorded.
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Figure 4-1 Custom made stimulator bath. Schematic Images showing the custom made
stimulator bath. The image on the left shows the bath as a whole while the image on the
right is a cross-section to clarify the position of the electrodes. The model was created by
David Chorlton in collaboration with the authors.
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Figure 4-2 Sample trace from Clampfit. As Fura-2 is a ratiometric dye, it excites at two
wavelengths which are then recorded separately. Top trace from the 340 nm excitation (A)
and mid trace from the 380nm excitation (B). Clampfit then calculates a ratio of the two
recordings, which correspond to intracellular Ca** concentration (C).
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Figure 4-3 Sample trace of baseline. The sample of raw ratio trace from 8 seconds of
stimulation (0.5hz) with NT solution.
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Figure 4-4 Sample trace of baseline fluorescence to fluorescence with isoprenaline. A
sample trace to show the transition from the baseline to when the isoprenaline is at full

effect.
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Figure 4-5 Expanded sample trace of isoprenaline. The sample of raw ratio trace from 8
seconds of stimulation (0.5hz) with isoprenaline solution.
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Figure 4-6 Sample trace of baseline caffeine. The sample of raw ratio trace from 8.5
seconds of no stimulation following caffeine solution.

IsoCaff

Ratio

10000

o

Time (ms)

Figure 4-7 Sample trace of isoprenaline caffeine. The sample of raw ratio trace from 10
seconds of no stimulation following caffeine solution.
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4.2.4 Western blots

Western blots were performed as previously described in chapter 3.2.5 with only a
few alterations, including loading of 5ug tissue (compared to 10ug) as well as the

modifications detailed below.

4.2.4.1 Blocking and detection of protein

For reduction of background noise and non-specific binding, membranes were
blocked with SuperBlock™ (Thermo Fisher, UK) at room temperature and
subsequently washed in TBS-T for 3 x 5 minutes. Membranes were then incubated
on an orbital roller with a SERCA2a primary antibody (sc73022; Santa Cruz
Biotechnology, Inc., TX) diluted 1:5000 in TBS-T at 4°C overnight.

Following primary antibody incubation, membranes were washed in TBS-T for 3 x 5
minutes. The secondary antibody was a horseradish peroxidase-conjugated, Pierce
goat anti-mouse, which was diluted 1:20,000 in TBS-T. The membranes were
incubated for 1 hour, on a rocker at room temperature. Protein reactivity was
detected using chemiluminescence (Price Supersignal West Pico, Thermo Fisher,
UK) imaged digitally in a Syngene Chemi genius (Syngene, UK) and analysed with

the software Genesnap (Syngene, UK).
4.2.5 Calculations

Fluorescent traces (equating to Ca®*) were analyzed using an excel based program
detailed in Greensmith 2014 **°. Briefly, 10 sweeps from the 340 and the 380
channels were averaged and exported from Clampfit (Clampfit 10.4, Axon
Instruments). In addition to this, 4 sweeps from the no-cell measurements were
also averaged and exported. In Greensmith’s program, the no-cell measurement is
subtracted from the raw 340 and 380 measurements to remove the background
signal from non-cellular sources. Following that, the 340 signal is divided by the 380
signal (see equation 4-1) to give a single curve representing intracellular Ca®*

concentration.
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340nm
380nm

Ratio =

Equation 4-1 Calculation of fluorescence ratio. The ratio for the Ca®* measurements is
calculated by dividing the 340nm signal with the 380nm signal.

4.2.5.1 Rate of decay

The rate constant of decay, which is a measurement of Ca’' clearance in the cell,
was also calculated by Greensmith’s program. The program fits a single exponential

curve, to the ca® transient, between the peak and the baseline.

4.2.5.2 SERCA activity

The main route of Ca** clearance in a myocyte is through SERCA, and as such, it is a
major controlling factor of the previously mentioned rate of decay. To measure
SERCA activity, the activity of additional Ca®* clearance pathways (mentioned in
section 1.4.1) are determined while the cell is treated with caffeine. As the open
probability of the ryanodine receptors is heightened during incubation with
caffeine, the clearance of Ca?* through SERCA is nullified and the remaining Ca*
clearance pathways become responsible. As such, by subtracting the rate of decay
during caffeine with the rate of decay during baseline, we get insight into the

activity of SERCA (see equation 4-2).

SERCA activity = Rate of decaypgseiine — Rate of decaycqrr

Equation 4-2 Equation for calculation of SERCA.
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4.2.6 Statistics

Ca®* handling data are expressed as means + SEM and were graphed using
Graphpad Prism®, version 8 (Graphpad Software, San Diego, CA). Throughout,
males are shown in filled pink circles and females in open blue boxes. Data were
tested for equal variance and normal distribution before statistically tested using a
2-way ANOVA, with sex and intrauterine oxygen levels as two between-subject
factors using SigmaPlot version 12.5 (Systat, San Jose, CA) and Tukey’s correction

for multiple comparisons test to determine significant differences between groups.
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4.3 Results

4.3.1.1 Calcium handling

To assess the impact of prenatal hypoxia on Ca** handling in the adult
cardiomyocyte, LV cells were isolated and field stimulated while loaded with the
Ca’*-sensitive dye fura-2AM. There were no differences seen in either males or
females from hypoxic pregnancies regarding systolic Ca?* transient amplitude
during stimulation in NT (figure 4-8 A) or during stimulation in ISO (figure 4-8 B),

compared to offspring from normoxic pregnancies.
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Figure 4-8 Ca’* amplitudes. Ca** transient amplitudes were measured by stimulating
isolated LV cardiomyocytes loaded with the fluorescent dye fura-2. There were no
differences during baseline concentrations (A) or during contractions under the influence of
isoprenaline (B). Males are shown in filled pink circles and females in open blue boxes. Data
are presented as mean + SEM, n=9 cells from 5 normoxic males, 11 cells from 4 hypoxic
males, 22 cells from 6 normoxic females and 8 cells from 4 hypoxic females for baseline
amplitude. For isoprenaline amplitude, n=6 cells from normoxic males, 6 cells from hypoxic
males, 15 cells from normoxic females and 6 cells from hypoxic females with the same
amount of animals as baseline amplitude. Significance was tested by two-way ANOVA with
a Tukey’s posthoc.
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4.3.1.2 SR calcium content

The amount of Ca®* stored in the SR was assessed in offspring from hypoxic
pregnancies and compared to offspring from normoxic pregnancies. There were no
differences in SR Ca** content, under baseline conditions or following application of
ISO (figure 4-9 A and B respectively), in either males or females from hypoxic

pregnancies compared to offspring from normoxic pregnancies.
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Figure 4-9 SR content. SR content was measured by the addition of caffeine to baseline
and isoprenaline treated cells to assess Ca** loading of the SR. There were no differences
during baseline (A) or under the influence of isoprenaline (B). Males are shown in filled pink
circles and females in open blue boxes. Data are presented as mean + SEM, n=7 cells from 5
normoxic males, 10 cells from 4 hypoxic males, 19 cells from 6 normoxic females and 7 cells
from 4 hypoxic females for baseline SR content. For SR content with isoprenaline, n=6 cells
from normoxic males, 6 cells from hypoxic males, 12 cells from normoxic females and 5
cells from hypoxic females with the same amount of animals as baseline amplitude.
Significance was tested by two-way ANOVA with a Tukey’s posthoc.
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4.3.1.3 Calcium clearance

There was no difference in the time it takes for Ca®* to be cleared from a cell in
male offspring from hypoxic or normoxic pregnancies at baseline. However, females
from hypoxic pregnancies were able to remove cytosolic Ca®* faster than females
from normoxic pregnancies (figure 4-10 A). Under the influence of ISO, however,
the difference was no longer seen and neither males nor females from hypoxic
pregnancies showed any differences in Ca®* clearance time, compared to males and

females from normoxic pregnancies (figure 4-10 B)
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Figure 4-10 Ca®* clearance. The rate with which the Ca** is removed from the cytoplasm
was higher in females from hypoxic pregnancies compared to females from normoxic
pregnancies during baseline but no differences in males (A). During ISO there were no
differences in Ca®* removal in either males or females (B). Males are shown in filled pink
circles and females in open blue boxes. Data are presented as mean + SEM, n=9 cells from 5
normoxic males, 11 cells from 4 hypoxic males, 22 cells from 6 normoxic females and 8 cells
from 4 hypoxic females for Ca’* clearance at baseline. For Ca’* clearance with isoprenaline,
n=6 cells from normoxic males, 7 cells from hypoxic males, 15 cells from normoxic females
and 7 cells from hypoxic females with the same amount of animals as baseline amplitude.
Significance was tested by two-way ANOVA with a Tukey’s posthoc.

102



4.3.1.4 SERCA activity and abundance

The next series of experiments aimed to determine if Ca®* removal via SERCA was
altered in response to hypoxia. The data shows that although, there were no
alterations to SERCA activity across groups, (figure 4-11 A), the abundance of
SERCA2a protein was altered. Males from hypoxic pregnancies had higher amounts

of SERCA2a protein in the LV than the males from normoxic pregnancies (figure 4-

11 B).
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Figure 4-11 Calculated SERCA activity and protein abundance. (A)SERCA activity was
calculated as the difference of Ca** removal in the presence and absence of caffeine. No
differences were seen in SERCA activity in offspring from hypoxic pregnancies compared to
offspring from normoxic pregnancies. (B) SERCA2a protein levels, however, were higher in
males from hypoxic pregnancies compared to males from normoxic pregnancies. There
were no differences in females. Males are shown in filled pink circles and females in open
blue boxes. Data are presented as mean + SEM, n=9 cells from 5 normoxic males, 11 cells
from 4 hypoxic males, 22 cells from 6 normoxic females and 8 cells from 4 hypoxic females
for SERCA activity at baseline. For SERCA2a protein abundance, n=5 for each group.
Significance was tested by two-way ANOVA with a Tukey’s posthoc.
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4.4 Discussion

The results from this study showed that hypoxia during pregnancy had very little
effect on Ca** handling in the heart of adult offspring. Although beat-to-beat Ca**
concentrations and the amount of Ca®" stored in the SR were unaltered following

hypoxia, there was a sex-dependent effect on Ca®" clearance and SERCA 2a activity.

4.41.1 Beat-to-beat calcium amplitudes

This study showed no effect of prenatal hypoxia on adult beat-to-beat Ca®*
transient amplitude. Neither males nor females from hypoxic pregnancies showed
any differences in Ca®>* amplitude during baseline contractions or contractions with
ISO. The lack of differences during baseline contraction was not surprising as there
were no effects seen on whole heart function in this current study (Table 2.1).
However, somewhat surprising was the lack of an effect during ISO, as previous
studies of prenatal hypoxia have shown altered response to adrenergic signalling.
Niu et al. showed an increased cardiac sympathetic dominance in rats >!. While that
study used a lower amount of oxygen (13% compared to 14% in this study) in their
experiment, which could account for the differences, there are reasons to question
their conclusion. The parameters presented by Niu et al. are not strictly response to
adrenergic stimulation but a ratio between response to isoprenaline and carbachol
(muscarinic receptor agonist). As such, an additional factor could lie in the
parasympathetic response rather than the sympathetic. Previous studies have
demonstrated increased Bi-adrenergic receptor expression in foetal rat hearts ' as
well as sensitivity of B-adrenergic receptors in chicken embryos **°. This increased
sensitivity in chick embryos was, however, decreased postnatally. Considering this,
the age of the studied adult might be of importance. It is difficult to compare ages
between species but the rats used by Niu et al were considerably younger (4

months of age) than the mice used in this current study.

104



4.41.2 Calcium clearance

As discussed in section 1.4.1, during normal contractions, a small amount of Ca®'is
taken into the cell through the L-type Ca®* channel which in turn stimulates a
greater release of Ca®" from the SR through the RyR. The high concentration of Ca®*
in the cytosol allows for Ca*" binding to the myofilaments and leads to a
contraction. For relaxation, Ca*" is removed from the cytosol through four different
pathways. The majority of Ca®* is removed by reuptake to the SR through SERCA. In
addition, there is also the antiporter, NCX and ATP driven PMCA that both transport

Ca’* out of the cell and the MCU that transports Ca** into the mitochondria.

This study has shown that females from hypoxic pregnancies are able to extrude
Ca’* faster under baseline conditions (figure 4-10 A), but not while under the
influence of ISO (figure 4-10 B). As there were no differences in SERCA2a activity or
abundance we conclude that the difference seen in extrusion is due to one or
several of the remaining three pathways 2. Interestingly, males showed an increase
in SERCA2a abundance but no difference in SERCA activity or overall Ca®" extrusion.
Increased SERCA in adult males from hypoxic pregnancies has previously been

shown 3.

In this study, the authors speculate that the increased SERCA2a
abundance could be a compensatory mechanism to combat increased diastolic
Ca’*. However, considering our results, it is likely that the SERCA2a abundance is a
compensatory mechanism for a lowered activity. We speculate that the lack of
difference in SERCA activity, in the presence of increased protein abundance, could
be due to inhibitory effects of phospholamban **° or the increased ROS production

in the male offspring from hypoxic pregnancies *°*. This would make an interesting

area of future study.
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5 General discussion

This study aimed to develop a mouse model of prenatal hypoxia and assess the
impact on birth weight and the adult cardiac phenotype. Specifically, adult whole
heart function, response to I/R, alterations to mitochondrial function and
morphology as well as cellular Ca** handling and response to a B-adrenoreceptor

agonist were studied.
5.1 A brief summary of the results

During the hypoxic insult, there were no alterations to maternal body weight, food
or water intake. At birth the offspring from hypoxic pregnancies showed no signs of
IUGR and body weight stayed un-affected throughout adulthood. Adult whole heart
function was assessed by echocardiography which showed no differences between
offspring from hypoxic pregnancies compared to offspring from normoxic
pregnancies. Prenatal hypoxia showed no effect on the response to an in vitro I/R

challenge.

Mitochondrial abundance in left ventricular tissue was not affected by prenatal
hypoxia as assessed with EM and by the exploration of citrate synthase activity.
However, mitochondrial cristae density was reduced in both male and female
offspring from hypoxic pregnancies. Complex |, Il and IV activity was also assessed.
There was no impact of prenatal hypoxia seen in males. Females, however, had
reduced activity of complex | and Il but increased complex IV activity. High
resolution respirometry coupled with simultaneous fluorescent measurement of
ROS production allowed for assessment of mitochondrial respiration and ROS
production throughout several mitochondrial respiratory states. Mitochondria from
male and female offspring responded differently to the prenatal insult. While males
from hypoxic pregnancies showed lessened limitation from the phosphorylation
system and/or the indicated pressure from the proton motive force, there were no
other alterations in the mitochondrial oxygen consumption measurements.
Females, on the other hand, showed increased respiration in most respiratory

states measured. Regarding ROS production, compared to their normoxic

106



counterparts, males from hypoxic pregnancies produced more ROS in almost all
states measured while females from hypoxic pregnancies produced less ROS is most
states measured. Additional experiments lead us to the conclusion that this relief of
ROS production in the females was most likely due to increased activity of complex

Iv.

Ca?* handling in isolated cardiomyocytes was largely unaltered by prenatal hypoxia.
There were no differences in Ca®* amplitude in males or females during baseline or
under the influence of isoprenaline. There were no changes in SR Ca’" loading
during baseline or with isoprenaline. However, adult females from hypoxic
pregnancies showed an increased Ca* clearance during baseline but no difference
in SERCA 2a protein abundance, compared to females from normoxic pregnancies.
Conversely, males from hypoxic pregnancies had increased SERCA 2a protein
abundance but no difference in Ca** clearance, compared to males from normoxic

pregnancies. The results of this study are detailed in table 5.1.
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Sex Treatment
(males vs females) | (hypoxic vs normoxic)

Parameter Normoxic | Hypoxic Male Female
c Body weight 1 ) > “
T 2 Litter size A « « >
S 8| Heartrate “ - VN PN
2 E Whole heart basal function > — - —
Ischaemia/reperfusion > -
v = Citrate synthase activity > > > >
E I | Complex | activity — !
HE_I © | Complex Il activity “ !
Complex IV activity — 1
Leak + Cl substrates 1 « > -
_§ OXPHOS + Cl substrates i ! > 1
B | OXPHOS + CI+ll substrates — ! > 0
g ET-max + Cl + ClI 1 l o 1
S | ET-max+Cll > PN PEN 0
c | Complex IV e ! > 1
@ | RCR o o o |
& | Phosphorylation control (P/E) - - 1 -
Leak control ratio (L/E) > > VN VN
< | Leak+ Cl substrates ! — 1 “
" -g OXPHOS + Cl substrates ! o 0 !
8 3 OXPHOS + Cl+ll substrates 1 - i l
g_ ET-max + Cl + ClI i} — - -
ET-max + Cll l > > !
< | Complex| “ > ! >
£ .2 | Complex|I “ > ! “
g g | Complex I - < < <

a 2| Complex IV o “ “ p=0.08
¢ Complex V — — <~ —
s | Mitochondrial density > — — -
| Cristae density 1 ! ! !
Antioxidant activity > - — —
Ca amplitude (baseline) - - — >
¥ | Ca amplitude (iso) > - « «
:?;: SR Ca content (baseline) > > > >
8 | SR Ca content (iso) > - > «
g Calcium clearance (baseline) > > > T
‘S | Calcium clearance (iso) > > > >
O | SERCA activity T - M M
SERCA2a protein > > T >

Table 5.1 Summary data for newborn and adult offspring from hypoxic pregnancies.
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5.2 Study relevance

Cardiovascular disease is still one of the leading causes of death in the world today
Insufficient oxygen supply to a developing foetus can lead to increased

14, 97, 107

susceptibility to cardiovascular disease . To our knowledge, there are no

conclusive studies regarding maternal smoking and oxygen delivery to the foetus,

108
. As an

but there are obvious links between smoking mothers and birth size
example, let’s consider people born in America in the year 1920. By the time they
reached 20 years of age, there was ~75% chance they would be smoking if they
were male and ~50% if female. These numbers have gone down but for women
born in 1960 there was still ¥40% chance they would have become smokers at the

192 As times have moved on, the general population are now more aware

age of 20
of the dangers involving smoking, including smoking during pregnancy. Even so, in
2005, 10%-12% of women giving birth in America reported smoking during the
pregnancy 2. As the links aren’t completely clear, we can only delve so deep into
this but it is an unsettling thought how many of us today could be suffering from
the adverse effects of prenatal hypoxia. In addition, there are studies suggesting

lowered air saturation with increased pollution which further complicates the

situation "%,
5.3 Animal model and the difficulty of diagnosis

In this study, we created a mouse model of chronic prenatal hypoxia using 14%
oxygen during GD 6-18. We showed no signs of effect on either the dams or the
offspring at basal levels. Our echo results showed no alterations to whole heart
function and we saw no differences in susceptibility to I/R injury. However, as
shown in chapter 3 and 4, there is reason for concern. The main goal with most
medical research is to gain understanding so to allow for prevention, treatment
and/or cures for the condition studied and thereby increase a population’s quality
of life. However, to be able to treat or cure any ailment, there must first be a
concise, conclusive way of diagnosing its presence. In the case of prenatal hypoxia

this is not currently possible. The occurrence of IUGR is common with prenatal

109



hypoxia % 3% 112.195.1% b 1+ ot obligate for adverse outcomes as seen in this current

22,31

study as well as others . In addition, IUGR cannot be considered a hallmark of

prenatal hypoxia exclusively because it also commonly occurs with other prenatal

8, 197

insults, e.g. nutritional deficiency and substance abuse . Unfortunately this

current study does not further the cause of finding a concise mean of diagnosis.

This current study does, however, show that mice can be used as a suitable model
for future research into the effects of prenatal hypoxia on the adult cardiac
phenotype. As technology advances, we continue to find new opportunities for
discovery. For example, CRISPR/Cas9 technology is allowing alterations of the
genetic makeup of the mouse as a model, opening up a great range of possibilities
198,199 1t is known that maternal antioxidant treatment can have a positive effect on
the offspring’s adult cardiac phenotype **; would there be similar a phenotype in
mice with overexpressed foetal catalase or SOD activity? Such an experiment may
gain insight into whether H,0, or 0% or both were involved in the effects of
prenatal hypoxia. As some studies, including this current study, have pointed
toward alterations in the mitochondrial electron transport and ROS production 3%
112 3+ would be of great interest to alter the activity and abundance of selected
mitochondrial complexes and thereafter assess the impact of prenatal hypoxia. In
addition, to allow for genetic alterations, mice also offer a short generation time 200
which makes longitudinal studies over multiple generations possible. In this regard,

it would be interesting to look at the trans-generational effects of prenatal hypoxia

in mice.
5.4 The importance of complex activity

Considering the nature of the ET-pathway and the need for strict coupling between
the four complexes, any alterations downstream may lead to imbalanced and
inadequate transport of the electrons, changing the redox potential upstream
which in turn leads to greater slippage. The results of intact mitochondrial function
in females from hypoxic pregnancies suggest that the relationship between the
electron transport complexes has a greater impact than the activity or abundance
of each separate complex. Although complex | and Il activity were reduced, the
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combined respiration from the complete pathway was increased. We believe that
zones of increased redox potential act as a bottleneck in the pathway. As complex
IV activity was increased in combination with the decrease of complex | and Il, the
population of Q-pool experiences a shift in redox potential as the influx of electrons
transported by complex | and Il are reduced in combination with increased efflux by
complex V. Studies have shown that addition of coenzyme Q10 can reduce ROS

201 We propose that the function is similar in

production and increase respiration
this study where there is a shifting redox potential of the Q-pool, either due to the
addition of coenzyme Q10 or as in our case, due to lowered electron influx and

increased efflux.

This theory also bears relevance to other studies that have shown females from
hypoxic pregnancies respond better to an I/R challenge than males from hypoxic
pregnancies 2. When the reduction of the Q-pool becomes too great, due to
increased electron influx from complex Il, complex | go in reverse. This leads to the
reduction of NAD" to NADH and a spike in ROS production 3% 22, We propose that,
in the case of an adult female who has previously been subjected to prenatal
hypoxia, there are several alterations that help lessen this response: 1) Complex I
activity is decreased, slowing down the influx of electrons during reperfusion. 2)
Complex | activity is decreased, reducing the number of electrons that are accepted
for reversed efflux. 3) Complex IV activity is increased, allowing more electrons to
move in the intended direction oxidising complex Il and IV. Our data suggest these
three parameters act as a protective response in females from hypoxic pregnancies,
but they appear absent in the males. In addition, males had an increased basal ROS
production which may lead to increased damage during the reversed electron

transport that occurs with reperfusion.
5.5 The difference between males and females

Unfortunately, this study was not able to address the reason for the differences
between the response to prenatal hypoxia in males versus females. Studies have
shown that oestrogen can lower myocardial necrosis from I/R *% and that
oestrogen can have an effect on mitochondrial complex activity *°*. It is possible
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that either or both of these effects play a role in developmental programming. In
addition, previous studies have shown sex-dependent differences in cardiac S-
nitrosylation and suggested that this can be cardioprotective in females **. As this
current study has not added to the knowledge in this regard, it will not be discussed

in any further detail.
5.6 Future work

As a first step towards identifying the mechanism for sex-dependent differences,
we could subject oestrogen receptor knockout mice to prenatal hypoxia; this could
give us a chance to distinguish what role oestrogen plays in developmental

programming.

The theory of complex IV’s involvement in ROS production and in I/R damage
should be further studied. To some extent, this pathway could be studied with
pharmacological inhibition of certain complexes, but it would be better to use gene-
modified mice. By alteration of the genome, one could mimic the changes seen in
females from hypoxic pregnancies in this study. That altered mouse could then be
used to explore oxygen consumption and ROS production as well as the response to
in vitro I/R. As the current study was subject to technical limitations, regarding the
in vitro I/R, it would also be beneficial to repeat these experiments to assure the

observations in this study were correct.

Unfortunately, this study could not answer questions regarding antioxidant systems
to a satisfactory level. The activity of SOD and H,0, clearance should be repeated
and it would beneficial to explore protein contents related to these systems as well.
It would also be interesting to assess whether or not PKCe is altered in our model of

prenatal hypoxia the same way that has been shown by e.g. Xue and Zhang .

There is a gap in the literature regarding how maternal smoking relates to prenatal
hypoxia, possibly due to the issue of separating the effects of nicotine and the
combustion of the cigarette itself. However, with the fast rise of the e-cigarettes,

there should now be possibilities to design a study with sufficient controls. The so-
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called e-liquids are available with different amounts of nicotine content, which
should allow for separation of the effects with the right combination of control

groups.

Throughout the course of this study, it has occurred to us that the hormone leptin
could possibly play a role in the adverse effects of prenatal hypoxia as well as other
cardiovascular diseases. As an example, obesity is associated with increased risk of
cardiovascular diseases, and it is also associated with increased levels of leptin (and

206

leptin resistance) Leptin has also been associated with increased ROS

production and hyperleptinaemia predicts acute cardiovascular events 2°’. As

discussed in section 2.4.1, leptin has been shown to increase with altitude 129,130 o

o
the question is what are the leptin levels in the offspring during hypoxia and are
these hypoxic offspring leptin resistant? This is an interesting avenue for future

research.
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