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1. INTRODUCTION
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1.1. Developmental origins of cardiovascular disease

Cardiovascular diseases are the leading cause of mortality in developed countries, with an
estimated 23% of all disease burdens and over 4 million deaths each year in Europe
(European Heart Network). It has been historically thought that cardiovascular diseases are
determined by genetic factors and lifestyle, amount of physical activity and quality of
nutrition in early adulthood. In most cases, cardiovascular diseases undergo a long
subclinical phase that can last decades before the first clinical symptoms appear. Barker's
studies were the first to show a direct correlation between low birth weight and
cardiovascular diseases in adulthood, including hypertension, stroke, myocardial infarction
or cardiovascular dysfunction [1]. They proposed the hypothesis of “developmental origins
of disease”, which stipulated that low birth weight was associated with the presence of
cardiovascular disease in the adult [1], and suggested the idea that in utero programming of
disease could occur. This concept is now known as “fetal programming” and is defined
when an insult in utero leads to functional changes in key organs that remain in postnatal

life and lead to a greater risk of disease in adulthood [2,3,4,5].

1.2. Intrauterine Growth Restriction

Intrauterine growth restriction (IUGR) affects 7-10% of all pregnancies and is a major cause
of perinatal mortality and long-term morbidity [6]. Low birth weight, most likely due to IUGR
is strongly associated with increased risk of cardiovascular mortality in adulthood [7]. This
association is thought to be mediated through fetal cardiovascular programming. IUGR is
diagnosed when a fetus does not reach its growth potential. The concept of “normal” birth
weight or “adequate” fetal growth has changed throughout the years [8,9]. IUGR is
characterized by the birth weight and body mass lower than normal with respect to the
number of gestational weeks [10]. It is generally accepted that IUGR fetuses are those that
have an estimated fetal weight below the 3rd centile [9], or below the 5th centile of
abdominal circumference, who have no other abnormalities (chromosomal, structural,

infectious or other diseases) [11,12,13].
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Placental insufficiency is the main cause of IUGR, and it also constitutes the major cause of
perinatal mortality and severe morbidity [6]. IUGR can be classified into early- and late-
onset IUGR based on gestational age at diagnosis and umblical artery Doppler patterns
[14,15]. Early-onset IUGR results from severe placental insufficiency before 34 weeks of
gestation, affects less than 1% of deliveries and constitutes a main cause of perinatal
mortality and morbidity [6]. It is characterized by an increase in impedance to blood flow at
the umbilical artery and subsequent fetal vasodilatation mechanism to maintain cerebral
oxygen supply [16]. The severity of placental dysfunction is determined by the grade and
the progression rate of Doppler abnormalities [17]. Late-onset IUGR occurs after 34 weeks
of gestation and differs by clinical manifestations, patterns of deterioration and severity of
placental dysfunction which is normally milder and with normal umbilical artery blood flow
[18,19].

1.3. Fetal cardiac function and remodeling

The heart achieves its function by contracting its muscular walls around a closed chamber
to generate sufficient pressure to eject blood. Its main purpose is to generate the required
cardiac output to assure adequate perfusion to organs and to be able to adapt to changing
demands, like exercise, and changing working conditions, like cardiovascular diseases
[20,21,22]. Systolic and diastolic processes must occur in a specific time course and
synchronized manner to maintain cardiac function. Cardiac cycle is integrated by five
phases, which define main features of cardiac blood flow movement and myocardial
motion: isovolumetric relaxation phase, early diastole, atrial contraction period,

isovolumetric contraction phase and ejection period [21].

Cardiac function and shape are mainly determined by myocardial contractility, fiber
orientation, tissue elasticity, heart geometry, loading conditions, electrical activation and
myocardial perfusion. In the fetal heart, however, other factors play a relevant role:
myocardial maturation and fetal blood circulation [23]. During in utero development
myocardial maturational changes lead to changes in elasticity and contractility throughout
the pregnancy [24]. While structural arrangements are established during the embryonic
period, the fetal heart continues to grow by cell division and cell enlargement. The fetal
circulation has some specific properties compared to postnatal life. A small proportion of the

right output is directed to the lungs, while the systemic circulation is fed from the left and
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right ventricles in parallel [23]. There are three shunts - ductus venosus, ductus arteriosus
and foramen ovale - whose hemodynamic properties are key determinants for the
development of the fetal heart and circulation during the second and third trimester of
pregnancy [23]. Therefore, in the fetal heart, changes in ventricular loading are important
factors for cardiac maturation and cardiac function. Preload refers to the (volume) load prior
to contraction and is mainly determined by venous return. In fetal heart, for instance, an
increase in pulsatility of the ductus venosus will increase the venous return, causing a
volume overload. It will lead to heart dilatation to make the heart able to cope with the
increased blood volume while increasing its efficiency [25]. Afterload is defined as the
tension against which the ventricle must contract, and is detemined by pressures at the
aorta (left ventricle) and pulmonary artery (right ventricle). An increase in this tension, for
instance due to abnormally higher vascular or placental resistance, will lead to a pressure
overload condition, which will cause myocardial hypertrophy in order to increase contractile

mass to overcome the higher afterload [25].

Fetal cardiac function is usually assessed by measuring blood flow through conventional
Doppler, cardiac morphometry in 2D or M-mode, tissue Doppler and 2D speckle tracking
imaging [21]. Table 1 shows the most common parameters used to evaluate fetal cardiac

function as well as their definition.

Hence, fetal cardiac structure and function can be affected by a variety of abnormal fetal
conditions like pressure or volume overload, hypoxia, hyperglicemia, heart compression or
direct myocardial damage. When the heart receives an insult, during its initial stages, the
heart usually manages to adapt and there is a long subclinical phase that can last decades
before the first clinical symptoms appear. During this period of cardiac adaptation, changes
in cardiac function and in the heart’s shape and size can be measured. These changes are

the heart’s attempt to adapt to the insult; this process is known as cardiac remodelling [21].
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Table 1. Common parameters used to evaluate fetal cardiac function

Parameter Definition
SYSTOLIC FUNCTION
Ejection fraction Fraction of blood ejected from the ventricle with each heart beat
Cardiac output Volume of blood pumped from the ventricle per minute
Annular displacement Distance of the movement of the atrioventricular valve annulus
Systolic annular peak velocity Speed of movement of the atrioventricular valve annulus in systole (S’)
DIASTOLIC FUNCTION

Precordial vein blood flow patterns (DV and others) Pattern o blgod in pre_cordlal veins during atrial contraction that indirectly
reflects cardiac compliance
E/A ratio Ratio between early (E) and late (A) ventricular filling velocity

Speed of movement of the atrioventricular valve annulus in early and late

Diastolic annular peak velocities !
diastole

Isovolumetric relaxation time (IRT) Time between closure of the aortic valve and opening of the mitral valve

Modified from [21].

1.4. Cardiac dysfunction and remodeling associated to IUGR

The heart is a central organ in the fetal adaptive mechanism to placental insufficiency and
cardiac dysfunction is recognized as being among the central pathophysiologic feature of
both early- and late-onset IUGR [26]. The prediction of mortality, morbidity and the
subclinical cardiac dysfunction associated with IUGR is critical for the management of these
fetuses [27]. Cardiac dysfunction in early-onset IUGR fetuses is mainly characterized by
signs of decreased longitudinal motion and impaired relaxation (diastolic dysfunction) from
the early stages of deterioration, showing increased ductus venosus pulsatility index, higher
E/A ratio, increased isovolumic relaxation time, reduced annular peak velocities, and
increased levels of atrial natriuretic peptide and B-type natriuretic peptide on cord blood
[27]. Late-onset IUGR fetuses might also show features of cardiac dysfunction [28,29] with
increased values of myocardial performance index, decreased annular peak velocities and

increased cord blood levels of troponins.

Fetal abnormal conditions in placental insufficiency that are believed to lead to cardiac
dysfunction in IUGR are: hypoxia, volume and pressure overload [21,30]. All of them are
considered insults for the heart. A chronic restriction of oxygen and nutrients [31] triggers
the initiation of a variety of adaptive structural [26,27,32,33] and metabolic responses [34].
Under the state of chronic hypoxia and undernutrition, the objective of the IUGR fetus is to
preferentially divert its cardiac output to its vital organs (brain, heart, adrenal glands and

liver). This effect is known as “brain sparing effect” and mainly causes an increase in the
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pulsatility of precordial veins (ductus venosus), which increases preload [35]. This
redistribution together with an increased placental resistance, results in a combined volume
and pressure overload condition of the fetal heart [30]. As a consequence, IUGR fetuses
and newborns show signs of cardiac remodeling and altered function [27,36,37].

The effect of hypoxia and nutrient restriction in cardiac development and function has been
previously studied, demonstrating the actual association of IUGR to a cardiac remodeling.
Maternal hypoxia has been related to changes in cardiac structure and function [38,39,5],
increased cardiac collagen content [40], changes in cardiomyocyte proliferation and
apoptosis [41,42] and to long-term effects increasing cardiac susceptibility to ischemia-

reperfusion injury by causing changes on myocardial energetic metabolism [43,44].

The cardiac hemodynamic changes due to IUGR also induce adaptive changes to the
coronary circulation. The coronary vascular tree in the immature heart is very plastic and
has the ability to remodel to meet the oxygen demands of the myocardium, however, this
remodeling may predispose for adult coronary disease [45]. Doppler evaluation of human
fetuses has shown changes in coronary flow that seem to be one of the last stages of
cardiac decompensation and dysfunction before death [35,46]. However, the remodeling of
the coronary vascular tree may occur before its visualization is possible on colour Doppler
evaluation [35]. It has been observed that coronary vascular tree responds to conditions of
chronic hypoxemia by a substantial increase in the cross-sectional area of the vessels [45]

or by increasing coronary vessel growth and myocardial vascularization [47].

Although effects of hypoxia on fetal heart adaptation have been characterized, it is not clear
how the fetal heart manages to adapt to the in utero pressure/volume overload condition. It
is believed that cardiac remodeling in IUGR may result from a combination of strategies to
adapt to the three different insults, but the underlying events of this remodeling in IUGR at

the organ, cellular and subcellular scale still remain poorly understood.

The postnatal persistence of cardiac remodeling has been demonstrated in a cohort of 5-
year old children that suffered from IUGR. IUGR children show a more globular cardiac
morphology, subclinical cardiac dysfunction and vascular remodeling [36]. Additionally,
several studies using animal models give support to the postnatal persistence of changes
induced by prenatal hypoxia [5,38]. This notion is extremely relevant to reinforce the
association of IUGR with increased risk of cardiovascular disease in adulthood. Overall,

these studies suggest that IUGR induces primary cardiac changes.
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Consequently, the early identification of signs of cardiac remodeling due to IUGR as well as
an intensive cardiac function assessment could help to identify IUGR cases at higher
cardiovascular risk later in life and therefore could allow the implementation of timely

preventive interventions [17].

1.5. Detailed cardiac anatomy

The myocardium is made of millions of cardiomyocytes that are aggregated together as a
three-dimensional mesh within a supporting matrix of fibrous tissue [48,49].
Cardiomyocytes are arranged in a very specific way within ventricular walls, forming the
fibers. The organization of the fibers within the walls forms the cardiac geometry with a
specific curvature and thickness. This complex cell organisation is what allows the heart to
efficiently pump a large volume-fraction, because cardiomyocytes can only maximally
shorten by 10-15%, so their ability to shorten is limited [50].

Myocytes are aggregated and aligned in a predominant direction, depending on their
position with the myocardial wall [49]. At the epicardium as well as the endocardium, they
are aligned tangential with a predominant longitudinal (base-apex) direction, while in the
mid-myocardium they are predominantly circumferential [49] The change in angulation
relative to the ventricular equator (helical angle) is gradual and the helical angle in the
epicardial layers is opposite to the helical angle in the subendocardial layers [49,51], and

tends to approach 90° at the endocardium and -90° at the epicardium [52].

The cardiac contraction, in terms of motion, results from a complex three-directional
movement that involves longitudinal and circumferential contraction, radial thickening and
rotation of the basal versus the apical planes. These cardiac movements are determined by
the complex three-dimensional organization of the fibers within the cardiac walls.
Longitudinal contraction is determined by predominantly longitudinally oriented fibers in the
endo- and epi-cardium, of which the endocardial ones are the most sensitive to hypoxia
because of being localized most distal in the coronary tree originating from the epicardium.
Circumferential contraction is predominantly determined by fibers located in the mid
myocardium. The rotation and twisting depends on the obliqueness of the fibers in the

myocardial wall [20].
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Several studies provide evidence of the strong relationship between regional cardiac
architecture, myofiber alignment and cardiac function. The three dimensional cardiac and
cardiomyocyte architecture and organization are established early in prenatal life, but
exhibit high plasticity afterwards [53]. However little is known about the changes of cardiac
architecture over cardiac development. The normal 3D fiber architecture in embryonic and
fetal myocardium has been studied using polarized light microscopy and laser scanning
confocal microscopy [54,55,56]. Tobita et al. showed that during normal development, in
the left ventricle myocardium, fiber angle distribution changed from a uniform transmural
circumferential orientation to a gradual transmural shift in orientation from circumferential
(endocardium) to longitudinal (epicardium) [56]. Fiber orientation is sensitive to changes in
mechanical load. When there is a reduction in the mechanical load, the left ventricle
undergoes a hypoplasic adaptation and transmural variation of fiber angle results to be
immature. On the contrary, an increased mechanical load induces ventricular hyperplasia

and an acceleration of fiber maturation [56].

Linking information on individual cells to their spatial organization and functioning of the
whole organ is essential for understanding diseases and remodeling. Several techniques
have been used to study fiber organization, such as diffusion tensor MRI or
echocardiography, but without enough resolution to detect the orientation of individual
cardiomyocytes [57,58]. Histology and optical microscopy provide sufficient detail, but do
not allow to image whole hearts, and slicing/processing is required, which could be a
source of artefacts on the actual cardiac structure [54,55].

In this Thesis we used an integrated, high resolution, image acquisition and quantification
approach to study a whole heart at myofiber resolution, providing structural information at
microscopic level without need of slice processing (Fig 1). The imaging is based on X-ray
phase-contrast synchrotron radiation-based micro-CT [59]. Phase-contrast imaging with
synchrotron radiation has emerged as a novel X-ray-based imaging approach providing
enhanced image contrast in some biological tissues and additionally suggesting the

potential to improve the diagnostic work-up [60].
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Figure 1. X-ray phase-contrast synchrotron radiation-based micro-CT imaging of a rat heart. A, When performing
volume rendering of the raw images, cardiac architecture can be observed in great detail. B, the architecture of the
tricuspid valve as well as C, the aortic valve are clearly visualised. D, volume rendering of a transverse section where
ventricular walls architecture as well as fiber orientation can be recognized. E, shows a detailed view of part of the heart
tissue, where fiber orientation can be recognised in the ventricular walls.

1.6. Cardiomyocyte intracellular organization

Differentiation and maturation of cardiomyocytes lead to a complex specialization and a
high degree of intracellular structural organization. This allows a high degree of
organization of specialized cellular functions within structural and functional compartment
[61]. Perinatal development of cardiomyocytes is associated with a profound reorganization
of the cell architecture whose main changes are an increase of the mitochondrial and
myofibrillar mass, sarcoplasmic reticulum (SR) maturation, compaction of the cellular
components and as a consequence there is a decrease of the amount of cytoplasm [62,63].
It is during this period that a complex compartmentation of the structures involved in
calcium handling system and energy transference starts [64,65]. SR and T-tubules
organization is built up for a maximum excitation-contraction coupling efficiency and
energetic compartmentation is as well established for an optimal energy production and
transference [64,65,66]. Therefore mitochondria, myofibrils and SR acquire their fixed
position during cardiomyocyte maturation. It is well studied that in cardiomyocytes there is a

complex relationship between cellular architecture and cell function, and there is a need for
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a very early optimization of the cardiomyocyte cytoarchitecture for a proper optimization of
cardiac function [65]. Cytoarchitectural disarrangements such as misalignment of
mitochondria and myofibrils, heterogeneity of mitochondrial shape and size and
mitochondrial degradation, have been observed in several models of heart failure [67,68].

The heart has high-energy requirements in the form of ATP, and it has to permanently
adjust energy production to energy consumption [69,70]. For this, the heart mainly depends
on oxidative metabolism for adequate energy production and on efficient energy transfer
systems. More than 90% of heart's muscle energy is produced from mitochondrial
respiration. Mitochondria occupy more than 30% of the cardiomyocyte volume and are
densely packed, organized under the sarcolemma and in rows between myofilaments in the
adult cardiomyocyte [69]. The main cardiac energy consumers are SERCA
(sarcoendoplasmic reticulum calcium-ATPase) located in the sarcoplasmic reticulum and
the MHC-ATPase (myosin heavy chain ATPase) located in the sarcomere thick filaments.
The highly ordered mitochondrial spatial distribution constitutes an optimal organization for
energy transference between mitochondria and the main energy consumers and provides a
constant diffusion distance between mitochondria and the core of myofilaments [69]. The
intracellular energetic units (ICEUs), are structural and functional units, consisting of
mitochondria located at the level of the sarcomeres between Z-lines interacting with
surrounding myofilaments, sarcoplasmic reticulum, cytoskeleton and cytoplasmic enzymes,
that promote an endogenous cycling of adenine nucleotides between mitochondria and
ATPases [71,72,73]. Alterations in ICEUs arrangement together with an impaired local
energetic regulation of the main cardiac ATPases have been described in cardiac
pathophysiological processes [67]. In addition to the highly specialized intracellular
organization, cardiomyocyte energetic homeostasis is regulated by a complex interaction of
molecular pathways, mainly involving energy production through oxidative phosphorylation
in the mitochondria [74]. It has been widely described that disruption of mitochondrial
oxidative phosphorylation plays a critical role in the development of heart failure [75,76,69].
The oxidative phosphorylation takes place in the mitochondrial electron transport chain. It is
composed of five complexes; in the complex | the enzyme NADH dehydrogenase catalyzes
the reaction [77]. Deficiencies in complex | function have been observed in dilated

cardiomyopathy and in failing myocardium [78].
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1.7. Ultrastructure of the sarcomere

The sarcomere is the elementary contractile unit in cardiac muscle. It is mainly composed
of myosin (thick) filaments and actin (thin) filaments. Contraction is produced thanks to
myosin sliding over actin filaments, while other proteins form a scaffold that ensures the
efficiency of their interaction and optimal transmission of the generated force [79]. The
arrangement of the filaments into parallel bundles gives a characteristic striated pattern to
sarcomeres under electron microscope, in which different transverse structures can be
identified: the Z-discs that define sarcomere borders and anchor the antiparallel thin
filaments of adjacent sarcomeres; the I-band, which is occupied only by thin filaments; the
A-band, which contains thick filament bundles; the M-band, which is the lighter zone in the
center of the A-band and corresponds to the crossbridge-free portion of the thick filament.
The giant protein titin spans from Z-disc to M-band, it acts as a scaffold protein by
integrating thick and thin filaments into the sarcomeric unit and it is believed to define the
resting sarcomere length in addition to be the main stress sensor [79].

The expression of sarcomeric proteins is well documented to respond to physiological
activity or disease, making the sarcomere a prime candidate for a visible indicator of
myofiber integrity [80,81,82]. The study of sarcomere morphometry provides information
about the sarcomere’s structure and function and thus about cardiac contractility [83]. For
this, end-diastolic sarcomere length has been widely used as a feature of sarcomere
morphometry [84,85]. Sarcomere length is strongly related to sarcomere function and
contraction force, and has been described to be consistently altered in a substantial number
of conditions associated with cardiac failure [86,87,88]. Changes in sarcomere structure
and its key proteins have been observed in models of cardiac dysfunction and failure
[89,90,91]. In a previous experimental study, it was demonstrated that chronic pre-natal
hypoxia induced permanent post-natal changes in the isoforms and content of sarcomeric
proteins, including titin and myosin [5].

In this Thesis sarcomere was studied by using multiphoton and second harmonic
generation (SHG) microscopy, which is a technique based in a nonlinear optical effect
known as second harmonic generation. It is widely used in biomedical research as an
imaging technique allowing measurement of morphological features at subcellular level,
including sarcomere length and pattern [92,93] by identifying the myosin from the
sarcomere [94,95] without the need of staining, and thus eliminating artefacts associated to

staining processes. The SHG signal along a muscle fiber shows a biperiodical pattern as
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shown in Figure 5 (methods). The two periods are associated with characteristic sarcomeric
lengths that provide information of the ultrastructure of the cardiac tissue [84,96,97].
Particularly, the shortest period corresponds to the A-band distance and the longest period
to sarcomere length (distance between Z discs). Our group recently developed an
automated and accurate methodology, based on the autocorrelation quantification, which
allows to sistematically measure sarcomere morphology from SHG images of unstained
cardiac tissue. With this method several parameters can be quantified: sarcomere length
(SL), A-band length (ABL) and thick-thin filament interaction length (TTIL) [98].

1.8. Relevance and justification of the research study

Most factors leading to cardiovascular disease are already present in childhood and the
importance of early identification of cardiovascular risk factors is now well recognized.
Primary cardiac remodeling and programming might be one of the causes of increased
cardiovascular disease and mortality in adults born with [IUGR. Although clinical features of
fetal IUGR and cardiac dysfunction have been studied [27,26], the underlying
pathophysiological mechanisms leading to this dysfunction, at cellular and subcellular level
are still not well understood. Gaining understanding on the responsible mechanisms for
cardiac remodeling and programming in IUGR might help to open new opportunities for
monitoring, identifying therapeutic targets or designing new interventional strategies in
newborns and children affected by this condition. Since IUGR affects 7-10% of all
newborns, designing new strategies to detect and assess the risk of cardiovascular

programming might benefit thousands of children yearly.

This thesis consists on a comprenhensive study to evaluate cardiac remodeling due to
IUGR at all levels, from the whole cardiac architecture, through cardiomyocyte architecture,
to the ultrastructure of the sarcomere. The characterization of this remodeling might help to
better understand the pathophysiological mechanisms underlying cardiac dysfunction in
IUGR. To achieve our objectives, novel imaging techniques have been used. The novel
implemented imaging techniques could also have a potential application in understanding
other cardiac diseases and open up new possibilities for a systems approach towards
cardiac function. In the study 1, the detailed anatomy of the whole heart has been studied
using X-ray phase-contrast synchrotron radiation-based micro-CT. The study 2 focuses on

the study of the cardiomyocyte intracellular organization using transmission electron
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microscopy. Finally, in studies 3 and 4, the ultrastructure of the sarcomere, the basic
contractile unit, was evaluated using multiphoton microscopy and second harmonic

generation imaging.

The main goal of this Thesis is to provide a comprehensive understanding of the cardiac
structural changes induced by IUGR. In order to achieve this objective, four specific
projects with specific hypothesis and objectives were designed. This introduction aimed to

globally explain and justify each specific project.
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2.1. Main hypothesis

Intrauterine growth restriction induces cardiac remodeling and dysfunction at organ, cellular

and organelle level.

2.2. Specific hypothesis

e Cardiac anatomy and fiber orientation change as an adaptation to IUGR.

¢ |UGR cardiomyocytes present abnormal intracellular arrangement of the organelles.

e The contractile machinery presents structural alterations in IUGR hearts.

e The structural alterations in IUGR hearts are present in utero and persist postnatally.

e Cardiac remodelling in IUGR is associated with cardiovascular dysfunction.
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3.1 Main objective

To characterize cardiac remodeling and function in IUGR, at organ, cellular and cell-

organelle level.

3.2 Specific objectives

e To analyze detailed cardiac anatomy, fiber orientation and coronary vasculature in

IUGR fetal hearts using X-ray synchrotron radiation.

e To evaluate the intracellular organization of the cardiomyocytes’ organelles using

transmission electron microscopy in IUGR fetuses.

e To evaluate the morphometry and ultrastructure of the contractile machinery, the

sarcomere, of IUGR fetal hearts using second harmonic generation microscopy.

e To determine the postnatal persistence of the fetal morphometric changes of the

sarcomere in IUGR.

e To assess the association of cardiac remodelling with functional parameters in IUGR.
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4.1. Study populations
4.1.1. Human IUGR population (study 3)

The human study population included 9 severe early-onset IUGR and 9 control fetuses from
19 to 33 weeks of gestational age, who died in the perinatal period due to perinatal
complications or medical termination of pregnancy. Cases were singleton pregnancies with
IUGR that had been included in a large prospective cohort evaluating cardiac dysfunction in
IUGR [36]. IUGR was defined as an estimated fetal weight below the 10th centile according
to local reference curves [99] together with umbilical artery (UA) pulsatility index (Pl) above
2 standard deviations [100]. Controls were selected among women undergoing termination
of pregnhancy due to severe maternal disease or non-cardiac malformations. Intracardiac
injection of potassium chloride was electively performed to induce cardiac arrest before
induction of labor according to local standard protocols in those cases undergoing
termination of pregnancy after 22 weeks of pregnancy.

The study protocol was approved by the Ethics Committee at the participating institution,
and all patients provided written informed consent. Exclusion criteria were chromosomal
anomalies or evidence of fetal infection. In all pregnancies, gestational age was calculated
based on the crown-rump length at first trimester ultrasound.

All cases underwent ultrasonographic examination of fetal wellbeing and hemodynamics
within 48 hours of delivery or fetal death, including complete morphological examination,
fetal weight, UA, middle cerebral artery (MCA) and cerebro-placental ratio (CPR). All
Doppler estimations were done in the absence of fetal body movements and, if required,
with maternal voluntary suspended respiration. The mechanical and thermal indices were
maintained below 1. UA pulsatility index was obtained from a free loop of the umbilical cord.
MCA Pl was measured in a transverse view of the fetal skull at the level of its origin from
the circle of Willis. Cerebro-placental ratio was calculated as MCA Pl / UA PI [99]. All
individual Doppler data were normalized by converting the measurements into z-scores

(standard deviation from the gestational age mean) [100].
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4.1.2. Experimental model of IUGR (studies 1, 2 and 4)

In order to reproduce the IUGR condition, an experimental model previously validated was
reproduced [101,102]. New Zealand white rabbits were provided by a certified breeder.
Dams were housed for 1 week before surgery in separate cages on a reversed 12/12 h light
cycle. Animals were fed a diet of standard rabbit chow and water ad libitum. Animal
handling and all procedures were performed in accordance to applicable regulations and
guidelines and with the approval of the Animal Experimental Ethics Committee of the
University of Barcelona.

A selective ligature of uteroplacental vessels was performed in pregnant rabbits at 25 days
of gestation [101] (Fig 2). Briefly, tocolysis (progesterone 0.9 mg/kg intramuscularly) and
antibiotic prophylaxis (Penicillin G 300.000 Ul intravenous) were administered prior surgery.
Ketamine 35 mg/kg and xylazine 5 mg/kg were given intramuscularly for anesthesia
induction. Inhaled anesthesia was maintained with a mixture of 1-5% isoflurane and 1-1.5
L/min oxygen. After a midline laparatomy, both uterine horns were exteriorized. The number
of gestational sacs from each horn were counted and numbered. Pregnant rabbits have
between 4 and 7 gestational sacs per horn. At random, one horn was assigned as the
IUGR horn and the other horn was considered as the normal control growth. In all
gestational sacs from the horn assigned as IUGR, a selective ligature of the 40-50% of the
uteroplacental vessels was performed. No additional procedure was performed in the horn
assigned as control. After the procedure, the abdomen was closed and animals received
intramuscular meloxicam 0.4 mg/kg/24 h for 48 h, as postoperative analgesia. Five days
after surgery, at 30 days of gestation, a caesarean section was performed under the same
anesthetic procedure. Before extracting the fetuses, an echocardiographic evaluation was
performed as described below (section 4.5.1.). Thereafter all living rabbit fetuses and their
placentas were obtained, identified and weighted. Kits were randomly assigned to two age
study groups: i) fetal (30 days of gestation) and ii) young adult (70 postnatal days) group.
Kits assigned to the young adult group were breast-fed by a wet nurse rabbit until 25
postnatal days. They were then placed on separate cages and were fed a diet of standard

rabbit chow and water ad libitum until 70 postnatal days.
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Figure 2. Experimental model of IUGR. A, preparation of the pregnant rabbit, at 25 days of gestation, for the surgery.
B, ligature of the 40-50% of the uteroplacental vessels of each gestational sac from one uterine horn (blue arrows). C,
echocardiographic evaluation of the two uterine horns before the cesarean section at 30 days of gestation (picture from
[102]). D, offspring clearly showing different sizes of the kits, smaller are IUGR while bigger are controls. E, detail of a
IUGR kit (left) and a control kit (right) at 30 days of gestation. F, adult young rabbit at 70 postnatal days.

4.2. Detailed cardiac anatomy of IUGR hearts (study 1)
4.2.1. Sample preparation

In order to evaluate detailed cardiac anatomy, fiber orientation and coronary vasculature,
three control and three IUGR fetal rabbit hearts were analyzed. They were obtained after
the caesarean section at 30 days of gestation, and were subsequently administered
intramuscular ketamine and xylazine for anaesthesia induction. The kits’ chest was opened
to expose the heart and abdominal aorta. Heparin 500 U was administered through the
aorta as well as saturated KCI to arrest hearts in diastole. The abdominal aorta was
cannulated and connected to a perfusion pump. A phosphate buffer saline solution was
passed through the circulation to rinse blood and subsequently a 10% neutral buffered
formalin solution to fix the heart. Hearts were then excised from the animal, immersed in 10
% formalin solution and stored at 4°C until processing. Before imaging hearts were

dehydrated in increasing ethanol concentrations from 10% to 80% in 10% steps. In order to
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avoid movement artefacts, hearts were immobilized in 1% agarose solution into a tube that

fitted the size of the heart and the size of the sample holder, as shown in Figure 3.

4.2.2. Image acquisition

X-ray phase-contrast synchrotron radiation-based micro-CT was performed at the
European Synchrotron Radiation Facility (ESRF, Grenoble), beamline ID19. The X-ray
beam energy range was 19Kev and propagation distance between the object and the
camera was 1100 mm, obtaining a field of view of 5,68x15,96 mm, and a pixel size of
7.43um. The heart was maintained inside a tube at room temperature, was placed on top of
a holder, and was positioned remotely at the center of the beamline (Fig 3B). The sample
was rotated 360 degrees acquiring a total of 2499 projections during the whole rotation (Fig
3C, D). The exposure time for each projection was 0.3 seconds and the total time of each
rotational acquisition was 14 minutes. Four to five rotational acquisitions were necessary to
fully cover the whole heart along its long axis. These acquisitions were taken sequentially
with an overlap of 363 slices (2,697mm) always from base to apex. After each acquisition, a
set of 41 reference flat field images (with the sample removed), and 21 dark images (with
sample removed and shutter closed) were taken for background removal. Therefore, total

acquisition time was approximately 1h or 1,25h/sample in case of 4 or 5 different chunks

were necessary respectively.

Figure 3. X-ray phase-contrast synchrotron radiation-based micro-CT image acquisition at the ESRF. A, a fixed rabbit
fetal heart, dehydrated in ethanol and embedded in agarose; the size of the tube is optimal for the sample holder at the
beamline. B, sample holder (*) and X-ray beam at the ID19 beamline, ESRF. C, detail of the sample placed on the holder,
where it rotates over 360° during the imaging. D, projection image obtained from a heart, before the 3D reconstruction
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4.2.3. Image post-processing and quantification

Each projection series was reconstructed at the ESRF computing facilities using a state of
the art filtered backprojection approach as well as the method described in Paganin et al.
[103]. The reconstructed volumes were then converted to 16 bits tiff image series, merged
into a single dataset, and cropped to the desired region of interest. In all cases the whole
heart was kept in the resulting 3D dataset. Images were analysed with Fiji
(reslicing/rendering) [104], ICY (rendering) [105], llastik (vessel segmentation) [106] and in-
house developed software for fibre analysis based on Matlab (Mathworks 2007b, version
7.5.0.342; MATLAB, The MathWorks Inc., Natick, Massachusetts, USA).

4.3. Cardiomyocyte intracellular organization in IUGR hearts (study 2)
4.3.1. Sample preparation

A transmission electron microscopy study was designed aiming to analyze the intracellular
cardiomyoycte organization of control and IUGR fetal rabbit hearts. For this, 3 control and 3
IUGR rabbit fetuses, were obtained at the caesarean section and anesthetized with
intramuscular ketamine and xylazine. Hearts were then harvested and immediately arrested
in an ice-cold Ca**-free solution. Random areas of left ventricle were dissected and cut into
small pieces. Approximately 10 pieces from each left ventricle were incubated with 2%
parafomaldehyde and 2.5% glutaraldehyde in phosphate buffer (PB) during 24 hours at
4°C. Then, tissue pieces were washed in PB and post-fixed with 1% osmium tetroxide in PB
containing 0.8% potassium ferricyanide at 4°C for 2 hours. Samples were then dehydrated
in acetone, infiltrated with Epon resin during 2 days, embedded in the same resin and
polymerized at 60°C during 48 hours.

4.3.2. Image acquisition and quantification

Morphological analysis of intracellular cardiomyocyte organization was performed in 2
randomly selected left ventricle epon resin blocks, from each subject. Semi-thin 500 nm
sections were made from the epon resin blocks in order to confirm the longitudinal
orientation of cardiac sarcomeres under light microscope. If confirmed, 50 nm ultra-thin

sections were obtained from each block from two tissue areas separated 1 um of distance
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(Fig 4A). Ultra-thin sections were cut using a Leica UC6 ultramicrotome (Leica
Microsystems, Vienna, Austria) and mounted on Formvar-coated copper grids, stained with
2% uranyl acetate in water and lead citrate. Tissue sections were imaged using a JEM-
1010 electron microscope (Jeol, Japan) equipped with a CCD camera Megaview Ill and the
AnalySIS software (Soft Imaging System GmbH, 1998). Images were taken at 20000x
magnification when an area containing longitudinal myofilaments surrounded by a
mitochondrial network was observed. Micrographs with disrupted mitochondria, disrupted
sarcomeres or transversal or oblique orientation of sarcomeres were excluded from the
quantification. Electron micrographs were taken and quantified in a blinded fashion. Images

were analyzed from three viewpoints:

General cardiomyocyte cyotarchitecture: The volume densities of myofilaments,

mitochondria and cytoplasm were estimated in 10 electron micrographs acquired from each
heart. For this purpose, a grid in which each line intersection served as a sample point was
generated on each image using Image J [107], according to standard stereological methods
[108] (Fig 4B). Volume densities of the different structures were calculated by counting the
number of points hitting the studied structures divided by the total number of points hitting

the section, using a grid size of 0,02 a.u.

Mitochondrial area and number: The area of individual mitochondria was determined from

193 mitochondria in each study group. Individual mitochondria were delineated and their
area was measured using the AnalySIS software. The number of mitochondria was counted

by using 10 randomly chosen images from each heart as previously described [109].

ICEUs arrangement: The cytoplasmic area and the mean distance between mitochondria

and myofilaments within ICEUs were measured by delineating the area of cytoplasm
existing between two consecutive z-disks and the immediately adjacent mitochondria using
a custom-made GUI (Graphical User Interface) designed in MatLab. The area was
automatically calculated and the mean distance between mitochondria and myofilaments
within ICEUs was obtained by evaluating the Euclidean distance of the delineated region
[110]. A total of 169 ICEUs were analyzed in the control group, whereas 154 ICEUs were
analyzed in the IUGR group, obtained from 10 to 15 electron micrographs from each heart.
We analyzed all the ICEUs found in the transmission electron microscopy images.
However, ICEUs were discarded from the quantification when they were not clear, blurred
or if the limits to mitochondria were not sharp enough
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Figure 4. Sampling procedure for transmission electron microscopy imaging. A, sampling procedure of fetal rabbit
hearts: two different tissue pieces from left ventricle were embedded in epon resin. From each epon resin block, 500 nm
thick semithin sections were obtained in order to confirm longitudinal orientation of myofibers. Then two grids containing
several 50 nm thick slices were obtained from each block; slices from each grid were separated 1 ym of distance to
assure different tissue areas were analyzed. B, example of an electron micrograph and the grid generated over it for the
stereological quantification (magnification 20000x, scale bar = 2 ym).

4.4. Morphometry of the sarcomere in IUGR hearts (studies 3 and 4)
4.4.1. Sample preparation

We aimed to study the ultrastructure of the basic contractile unit (sarcomere) by means of
second harmonic generation microscopy, in human post-mortem fetal cardiac samples and
in hearts from the experimental model of IUGR. For this characterization, on one hand, 9
controls and 9 IUGR post-mortem human fetal cardiac samples were collected at autopsy
(refer to section 4.1.1. for details regarding human population). A transverse section of the
upper third of posterior left ventricular wall was obtained and then fixed in 3.7%
paraformaldehyde, dehydrated and embedded in paraffin. On the other hand, regarding
samples from the experimental model of IUGR, at 30 days of gestation rabbit fetuses were
obtained after the caesarean section and randomly assigned to two age study groups: i)
fetal (30 days of gestation) and ii) young adult (70 postnatal days) group. Hearts from
rabbits were obtained through a thoracotomy after anaesthesia (7 Controls and 7 IUGR for

both age groups), arrested in Ca®*-free buffer and fixed in 4% paraformaldehyde in PB for
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24 hours at 4°C. Fixed fetal and young adult hearts were dehydrated and embedded in
paraffin. The subsequent procedures were the same for both human and animal samples.
Transversal heart 30 ym thick sections were cut in a microtome (Leica RM 2135) and
mounted onto silane (Sigma-Aldrich) coated thin slides. Tissue sections were deparaffined
with xylene and hydrated with decreasing ethanol concentrations (100° / 96° / 70°), and

finally covered with Mowiol 4-88 mounting medium (Sigma-Aldrich).

4.4.2. Image acquisition

Unlabelled cardiac tissue samples were identified to contain mostly cardiomyocytes and no
collagen. Detection of SHG signal was performed with a Leica TCS-SP5 laser scanning
spectral confocal multiphoton microscope (Leica Microsystems Heidelberg GmbH,
Manheim, Germany) equipped with a Near Infrared laser (Mai Tai Broad Band 710-990 nm,
120 fempto second pulse) and a DMI6000 inverted microscope, from the Advanced Optical
Microscopy Unit from Scientific and Technological Centres from University of Barcelona. A
25x water immersion objective (numerical aperture 0.95) and an oil immersion condenser
(NA 1.40 OilS1) were used. Acquisition features were 400 Hz of scan speed, 810 nm
excitation light of a two-photon laser and emission collected through a 405 nm filter with
transmitted light photomultiplier tube, 16 bit depth and a resolution of 40 nm/pixel. For each
heart section, between 8 and 10 SHG images, randomly chosen from the left ventricular
mid-wall of the same individual, were acquired. Each image included an average of 15
cardiac muscle fibers containing 200 sarcomeres approximately. Left ventricular cardiac
fibers, which are mostly oriented in a single axis in optical sections of approximately 1.5
microns, were aligned at 45 degrees to maximize signal to noise ratio of SHG. All tissue
sections contained mainly parallel fibores and were contained in a single plane by the
sample preparation to avoid any bias in measurements. This certifies that statistical
differences are due to differences within groups and contributions from any source of

experimental error are marginal.

4.4.3. Image post-processing and quantification

Figure 5 shows the distinctive biperiodic pattern of sarcomeres, imaged by means of SHG,

and their characterization by three distances in unstained intact sarcomeres: resting
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sarcomere length (SL), measured as the distance between the two Z-discs delimiting each
sarcomere, and intra-sarcomeric A-band length (ABL), defined as the distance between the
two intra-sarcomeric segments of the A-band, divided by the M-band. Additionally, since
SHG arises from the thick-thin flament overlap in mature and developing sarcomeres [95],
its length was calculated as the mean width of the A-band-related peak (namely in our
study as thick-thin filament interaction length; TTIL). Additionally, a ratio between SL and
ABL was calculated to further assess the quality of the acquired images and comparable
physiological conditions between study groups. When the ratio ZZ/AA was above 2.25, the
sample was excluded from the analysis since the typical SHG pattern of cardiac
sarcomeres was lost. Measurements were retrieved after optimal fitting of a parametric
model of the autocorrelation function for sarcomere fibers [84] and a custom made iterative
fitting algorithm, that was developed by our research group [111], based in the curve fitting
toolbox of Matlab to extract the average characteristic morphometric features of the

sarcomere within a tissue section and from images acquired by standard SHG.
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Figure 5. SHG signal of sarcomere. (a) Schematic representation of the elementary parts of a sarcomere, (b) an
electron microscopy image of a sarcomere, (c) ideal SHG signal intensity profile along a sarcomere, (d) SHG
image of a muscle fiber and (e) SHG intensity profile along the muscle fiber. Sarcomere Length (SL) is indicated
by a red arrow, intrasarcomeric A-band length (ABL) by a blue arrow and thick-thin interaction length (TTIL) by a
green arrow. [98]

Cardiac fibre tracking and single sarcomere detection and segmentation: Cardiac fiber

tracking was achieved by computing local anisotropy of SHG images and standard

streamline processing [112]. Subsequent sarcomere detection and segmentation was
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achieved by combining the parametric sarcomere model and estimated cardiac fiber tracks.

Visual inspection of images was enough to validate the accuracy of the method [111].

Other considerations: Sarcomere length in end-stage heart failure remains contentious

[113] and some differences in the literature related to sarcomere morphometry might exist,
due to (a) sample preparation which may reduce cell size up to 30% between alive and
fixed status [85,114]; and (b) automated image quantification requires sufficient Signal to
Noise Ratio (SNR), above 17dB for our methodology, to compute unbiased and unscaled
measurements as noise, inhomogeneous illumination and fibre waving can produce errors.
In any case, constant preparation and imaging conditions at specific SNR guarantee that

statistical differences are real, although absolute values might not be fully correct.

4.5. Assessment of cardiac function (studies 2, 3 and 4)
4.5.1. Fetal echocardiography

Echocardiograhic measurements were performed in the experimental model of IUGR at the
time of the cesarean section and in humans at diagnosis. A Vivid q (General Electric
Healthcare, Horten, Norway) 1.4-2.5 MHz phased array probe was used for the animals
and a Siemens Sonoline Antares (Siemens Medical Systems, Erlangen, Germany) or a
Voluson 730 Expert (GE Medical Systems, Milwaukee, WI, USA) with 6-4 or 6-2 MHz
curved array probes for humans. The angle of insonation was kept <30° in all
measurements and a 70 Hz high pass filter was used to avoid slow flow
noise. Echocardiographic evaluation included: (1) Ductus venosus pulsatility index (DVPI)
obtained in a midsagittal section or transverse section of the fetal abdomen positioning the
Doppler gate at its isthmic portion [115]; (2) Aortic isthmus pulsatility index (AolPI) obtained
in a sagittal view of the fetal thorax with a clear view of the aortic arch placing the sample
volume between the origin of the last vessel of aortic arch and the aortic joint of the ductus
arteriosus; (3) Left and right sphericity indeces calculated as base-to-apex length / basal
ventricular diameter measured from 2-dimensional images in an apical 4-chamber view at
end-diastole; (4) Left ventricular free wall thickness measured by M-mode in a transverse 4-
chamber view; (5) Left ejection fraction estimated by M-mode from a transverse 4-chamber
view according to Teicholz formula; (6) Longitudinal systolic (S’) peak velocities at the mitral
annulus measured by spectral tissue Doppler from an apical 4-chamber view; (7) left
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myocardial performance index (MPI) obtained in a cross sectional image of the fetal thorax
and an apical 4-chamber view, placing the Doppler sample volume on the medial wall of the
ascending aorta including the aortic and mitral valve. The movements (clicks) of the valves
in the Doppler trim were used as landmarks to calculate the isovolumetric contraction (ICT)
and relaxation times (IRT), and the ejection time (ET). MPI was calculated as (ICT+IRT)/ET
[116,117,118,119]; (8) diastolic ventricular filling (E/A) ratios: mitral and tricuspid E/A ratios
were obtained in an apical 4-chamber view, with the Doppler sample volume just below the
atrioventricular valves and calculated by dividing early diastolic (E) by atrial (A) peak inflow
velocities [117]. Echocardiographic parameters were normalized into z-scores for
gestational age [115,116,117].

4.5.2. Cardiovascular biomarkers in human fetal blood

Evaluation of the presence of cardiovascular biomarkers in humans was performed in fetal
umbilical EDTA-treated blood, which was obtained from the umbilical vein after cord clamp
at delivery in cases or at cardiocentesis in fetuses undergoing termination of pregnancy. All
samples were processed within 1 hour. Plasma was separated by centrifugation at 1400g
for 10 minutes at 4°C; samples were stored immediately at —80°C until assay. Cord blood
levels of B-type natriuretic peptide (BNP) were measured with an immunoassay system
(ADVIA Centaur BNP; Siemens Healthcare Diagnostics, Deerfield, IL), as previously
described [120]. Troponin | levels were measured with commercially available assays from

Centaur CP-troponin | assay (Siemens Healthcare Diagnostics).

4.5.3. Gene expression microarrays in rabbit hearts

In order to evaluate the cardiac gene expression profile of fetal IUGR and control rabbits,
hearts were obtained through thoracotomy after anesthesia and immediately snap frozen
and stored at -80°C until use. The IUGR-gene expression profile was analyzed in 6 control
and 6 IUGR rabbit fetuses. Total RNA was isolated from 40 mg of each left ventricle. The
extraction protocol was a combination of TRIzol as reagent and the RNeasy Mini kit
(Qiagen). RNA concentration and quality was determined in a Nanodrop spectrophotometer
at 260/280 and 260/230 ratios. For each sample included in the study, the total amount of

RNA was always above 25 ug with homogenous profile, showing a RNA integrity number
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between 9.3 to 9.9 (analyzed with RNA 6000 Nano and Bioanalyzer 2100; Agilent). Next,
500 ng of total RNA from each sample were labeled with the Quick Amp One-color
Labelling kit (Agilent) and fluorochrome Cy3. Efficiency of labeling (Cy3pmol/ug) was
analyzed using a Nanodrop spectrophotometer to check that values were above the
minimum requirements (>1.65 ug and > 9.0 pmols Cy3/ ug). Additionally, a RNA 6000 Nano
mRNA assay in the Bioanalyzer 2100 was done in order to assess that all the samples
show a comparable profile and fragments size was as expected (200-2000 bp). Then, 1650
ug of RNA obtained from each labeled sample were hybridized during 17 hours at 65°C
with an Agilent's Rabbit Microarray Kit 4x44k, P/IN G2519F (Agilent Microarray Design ID
020908) containing 43,803 probe sequences obtained from the rabbit genome. All probe
sequences included in the microarray were based on rabbit (Oryctolagus cuniculus) public
transcript data. Finally, hybridization was quantified at 5 um resolution (Axon 4000B
scanner). Data extraction was done using Genepix Pro 6.0 software and results were

subjected to bioinformatics analysis.

Data obtained from the microarray were subjected to two kinds of bioinformatics analysis.
Firstly, a differential expression analysis in order to identify up- or down-regulated individual
genes due to IUGR, and secondly, a functional interpretation of data using FatiScan for
gene set analysis in order to identify gene modules or pathways with a coordinated over- or

under-representation in IUGR.

Differential gene expression of the samples in each group was assessed with the adjusted
P value for every gene included in the microarray and with the fold change. The analysis
was carried out using the [Jimma [121] package from Bioconductor

(http://www.bioconductor.org/). Multiple testing adjustments of p-values were done

according to Benjamini and Hochberg [122] methodology. All the pre-processing steps
described can be carried out with the Babelomics software [123].

Gene set analysis was carried out for the Gene Ontology (GO) terms using the FatiScan (3)
algorithm, implemented in the Babelomics suite (4). This method detects significantly up- or
down-regulated blocks of functionally related genes in lists of genes ordered by differential
expression. FatiScan can search for modules of genes that are functionally related by
different criteria such as common annotations like GO terms. The FatiScan algorithm
studies the distribution of functional terms across the list of genes coming from the

microarray experiment, extracting significantly under- and over-represented GO terms in a
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set of genes. GO terms were grouped in three categories: 1) cellular components, that refer
to the place in the cell where a gene product is active; 2) biological processes, which refer
to a biological objective to which a gene or gene product contributes and 3) molecular
functions; that represent all the biochemical activities of a gene product. The core of the
method proposed is based on an algorithm to test whether a set of genes, labeled with
terms (biological information), contain significant enrichments on one or several of these
terms with respect to another set of genes of reference. FatiScan uses a Fisher's exact test
for 2x2 contingency tables for comparing two groups of genes and extracting a list of GO
terms whose distribution among the groups is significantly different. Given that many GO
terms are simultaneously tested, the results of the test are corrected for multiple testing to
obtain an adjusted p-value. FatiScan returns adjusted p-values based the False Discovery
Rate (FDR) method [122]. GO annotation for the genes in the microarray where taken from

the Blast2GO Functional Annotation Repository web page (http://biocinfo.cipf.es/b2gfar/).

The raw microarray data have been deposited in the Gene Expression Omnibus database

under accession number GSE37860.

4.6. Statistical analysis

Data was analyzed using the statistical package SPSS 18.0 (SPSS, Chicago). P values
below 0.05 were considered statistically significant. Data are expressed as mean + SD or
median (interquartile range, IQR) as appropriate. Statistical significance of differences
between groups was compared with unpaired two-tailed t-test or Mann-Whitney test,

depending whether variables followed or not a normal distribution.
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ABSTRACT

Background: Cardiovascular diseases often become symptomatic only after a long process of
subclinical remodelling. Early detection of these subtle changes is crucial for diagnosis and
prevention. Including computational modelling, requires knowledge on the multi-scale structure of
the whole heart and major vessels. While individual cardiomyocytes only have a limited ability to
shorten, the heart efficiently pumps a large volume-fraction thanks to a complex cell organisation in
a complex 3D fibre structure.

Methods: we developed a fast acquisition together with visualisation and quantification methods of
the integrated microstructure of whole hearts using synchrotron based X-ray (phase-contrast)
tomography. We have been able to extend the information to include not only X-ray absorption by
the tissue, but also wave propagation phenomena when propagating trough structures We used
normal rat hearts to validate the technique and fetal rabbit hearts suffering intrauterine growth
restriction as a model of subclinical cardiac remodelling

Results and conclusions: we have developed a novel, high resolution, image acquisition and
quantification approach to study a whole heart at myofibre resolution, providing integrated 3D
structural information at microscopic level without need of slide processing. This opens up new
possibilities for a systems approach towards cardiac function, providing fast acquisition of

quantitative microstructure the heart in a near native state.
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INTRODUCTION

Cardiovascular diseases often become symptomatic only after a long process of sub-clinical
remodelling where structural or functional changes are occurring in the complex substructures of the
heart.

While for clinical and research purposes, the heart chambers are often simplified to ellipsoid-like
volumes, in reality, the shape is variable and the endocardial wall shows complex trabeculations,
contributing to volume ejection and guiding Purkinje fibres. Additionally, intracavitary structures,
such as the valve apparatuses, with papillary muscles and tendinous chordea as well as false
tendons, guiding Purkinje cells, are present. And while individual cardiomyocytes only have a limited
ability to shorten, the heart efficiently pumps a large volume-fraction thanks to a complex cell
organisation in a complex 3D fibre structure. This structure is additionally interlinked with a coronary
tree starting from a few epicardial arteries, which branch into a complex vascular network while

penetrating the myocardial wall.

While several genetic cardiomyopathies, such as Hypertrophic Cardiomyopathy, or fibrosis, will
majorly change local microstructure, more subclinical conditions only show subtle changes. An
example of this is intrauterine growth restriction (IUGR) due to placental insufficiency, affecting 7-
10% of all pregnancies and a major cause of perinatal mortality and long-term morbidity". Low birth
weight, most likely due to IUGR is strongly associated with increased risk of cardiovascular mortality
in adulthood®. Fetal hypoxia and volume/pressure overload induces cardiac remodelling which is
mainly characterized by signs of decreased longitudinal motion and impaired relaxation (diastolic
dysfunction) from the early stages of deterioration*>°. The fetal immature heart is very plastic and
remodelling of the microstructure might be expected. The three dimensional cardiac and
cardiomyocyte architecture and organization are established early in prenatal life’. However, given
the high plasticity, little is known about the changes of cardiac architecture during cardiac

development and under altered haemodynamic conditions.

IUGR also induces adaptive changes to the coronary vascular tree, which which even may
predispose for adult coronary disease®®'°. Doppler evaluation of severe IUGR human fetuses has
shown changes in coronary flow'™. It has been observed that the coronary tree responds to
conditions of chronic hypoxemia by a substantial increase in the cross-sectional area of the

coronary tree® or by increasing coronary vessel growth and myocardial vascularization".
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Therefore, for understanding disease progression and gradual remodelling, integrating information
on individual cells to their spatial organisation in fibres and the myocardium, together with the

supporting structure is essential

While a lot is known about cardiac (cellular) physiology and regional microstructure, translating this
towards clinical medicine, based on imaging, is still a challenge. For this, a translational approach
based on systems medicine, integrating multiple scales, has been proposed. Additionally, many
efforts towards computational modelling of the cardiovascular system are actively developed. For
these initiatives, detailed knowledge on the whole heart 3D morphology, integrating all the

substructures present at a resolution that includes all relevant details, is essential.

The myocardium is made of millions of cardiomyocytes that are aggregated together as a three-
dimensional mesh within a supporting matrix of fibrous tissue '>'*. Cardiomyocytes are arranged in
a very specific way within ventricular walls, forming the fibers. The organization of the fibers within
the walls creates the cardiac geometry with a specific curvature and thickness. This complex cell
organisation is what allows the heart to efficiently pump a large volume-fraction, since

cardiomyocytes can only maximally shorten by 10-15% ™.

Myocytes are aggregated and aligned in a predominant direction, depending on their position with
the myocardial wall'>. At the epicardium as well as the endocardium, they are aligned tangential with
a predominant longitudinal (base-apex) direction, while in the mid-myocardium they are
predominantly circumferential. The change in angulation relative to the ventricular equator (helical
angle) is gradual and the helical angle in the epicardial layers is opposite to the helical angle in the

15,13

subendocardial layers'™ ", and tends to approach 90° at the endocardium and -90° at the

epicardium’®.

The cardiac contraction, in terms of motion, results from a complex three-directional movement that
involves longitudinal contraction, circumferential contraction as well as rotation/twisting’. The
regional deformation is determined by the complex three-dimensional organization of the fibers

within the cardiac walls.

Several studies provide evidence of the strong relationship between regional cardiac architecture,

myofiber alignment and cardiac function.

The normal 3D fiber architecture in embryonic and fetal myocardium has been studied using
polarized light microscopy and laser scanning confocal microscopy'®'®?°. Tobita et al. showed that
during normal development, in the left ventricle myocardium, fiber angle distribution changed from a
uniform transmural circumferential orientation to a gradual transmural shift in orientation from

circumferential (endocardium) to longitudinal (epicardium)®. Fiber orientation is sensitive to
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changes in mechanical load?'. When there is a reduction in the mechanical load, the left ventricle
undergoes a hypoplasic adaptation and transmural variation of fiber angle results to be immature.
On the contrary, an increased mechanical load induces ventricular hyperplasia and an acceleration

of fiber maturation®.

Thus, linking information on the microstructure of the myocardium and its spatial organization is
essential for understanding the functioning of the whole organ and remodelling induced by disease.
Several techniques have been used to study e.g. the fiber organization, both trough direct
visualisation (microscopy or high resolution micro-MRI/CT) or trough inference by assessing local
tissue properties (e.g. diffusion tensor MRI or echocardiography). However, detecting the orientation
of individual cardiomyocytes, especially in larger tissue volumes or the whole heart, is still a major
challenge®*®. Histology and optical microscopy provide sufficient detail, but hardly allow to image
whole hearts, and slicing/processing is required, which is a source of artefacts on the actual cardiac
micro-structure'®'?. High resolution/field strength MRI (including DT1)**?*?® has been attempted, but
special resolution is still suboptimal (~50 micron) and scan times are extremely long. Micro CT, after
iodine staining, shows some promise®’*®, but organ preparation is very challenging and extracting

the integrated microstructure, including myofibres and vessels is hardly feasible.

In this study we propose an integrated, high resolution, image acquisition and quantification
approach to study whole hearts at myofiber resolution, providing structural information at
microscopic level without need of slice processing. The imaging is based on X-ray phase-contrast
synchrotron radiation-based micro-CT?°. Phase-contrast imaging with synchrotron radiation has
emerged as a novel X-ray-based imaging approach providing enhanced image contrast in some
biological tissues and additionally suggesting the potential to improve the diagnostic work-up®.
Varray et al. studied small samples of human myocardium acquired at 3.5 microns resolution,

showing the ability to resolve fibre structures.
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MATERIAL AND METHODS

Organ preparation

New Zealand white rabbits and Wistar rats were provided by a certified breeder. Animal handling
and all procedures were performed in accordance to applicable regulations and guidelines and with
the approval of the Animal Experimental Ethics Committee of the University of Barcelona. A
validated experimental model of IUGR in New Zealand White pregnant rabbit was reproduced®.
Briefly, at 25 days of gestation a midline laparatomy was performed, both uterine horns were
exteriorized and one horn was randomly considered as IUGR while the other was considered as the
normal control growth horn, in which no procedure was performed. In all gestational sacs from the
IUGR horn, a selective ligature of the 40-50% of the uteroplacental vessels of each gestational sac
was performed. After the procedure, the abdomen was closed and animals were kept in regular
conditions and fed a diet of standard rabbit chow and water ad libitum. At 30 days of gestation, a
caesarean section was performed and all living rabbit kits were obtained. After anaesthesia
induction with an intramuscular injection of ketamine and xylazine, the kits’ chest was opened to
expose the heart and abdominal aorta. Heparin 500 U was administered through the aorta as well
as saturated KCI to arrest hearts in diastole. The abdominal aorta was cannulated and connected to
a perfusion pump. A phosphate buffer saline solution was passed through the circulation to rinse
blood and subsequently a 10% neutral buffered formalin solution to fix the heart. The same
procedure was followed for heart fixation of young Wistar rats (25 days old), after anaesthesia
induction with inhaled isofluorane. Hearts were then excised from the animal, immersed in 10 %

formalin solution and stored at 4°C until processing.

Before imaging, hearts were dehydrated with increasing ethanol concentrations from 10% to 80% in
10% steps. In order to avoid movement artifacts, hearts were immobilized in a 1% agarose solution

into a tube that fitted the size of the heart and the size of the sample holder.
Image acquisition

Phase contrast projection images were acquired at the ESRF beamline ID19, using a X-ray energy
of 19Kev, and a propagation distance between the object and the camera of 1100mm, obtaining a
field of view of 5,68x15,96 mm, and an isotropic pixel size of 7.43um. The sample, maintained
inside a tube at room temperature, was placed on top of a holder, and was positioned remotely at
the center of the beamline. Then, the sample was rotated 360 degrees acquiring a total of 2499
projections during the whole rotation. The exposure time for each projection was 0.3 seconds and
the total time of each rotational acquisition was 14 minutes. Four to five rotational acquisitions were
necessary to fully cover the whole heart along its long axis. These acquisitions were taken

sequentially with an overlap of 363 slices (2,697mm) always from base to apex. After each
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acquisition, a set of 41 reference flat field images (with the sample removed), and 21 dark images
(with sample removed and shutter closed) were taken for background removal. Therefore, total
acquisition time was approximately 1h or 1,25h/sample in case of 4 or 5 different chunks were

necessary respectively.

Each projection series was reconstructed at the ESRF computing facilities using a state of the art
filtered backprojection approach as well as the method described in Paganin et al*>. The
reconstructed volumes were then converted to 16 bits tiff image series, merged into a single
dataset, and cropped to the desired region of interest. In all cases the whole heart was kept in the
resulting 3D dataset. Images were analysed with Fiji (reslicing/rendering) *, ICY (rendering)* and
llastik (vessel segmentation)®
Matlab®®.

and in-house developed software for fibre analysis based on
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RESULTS

All reconstructed 3D datasets covered the whole heart and provided 3D details not available up to

now. One young rat heart, one normal rabbit fetal heart and 1 IUGR fetal heart was processed.

Figure 1a shows the images obtained from the rat heart. The left part of the figure shows some
originally reconstructed short axis slices at aortic valve and mid ventricular level, as well as a
longitudinal reslice trough the aortic valve and apex. The cardiac substructure can be clearly
differentiated (atria, ventricles, great vessels and valves). Intramural vessels as well as local fibre
directions can be recognised. When visualising data using volume rendering (right part of the
figure), the detailed architecture of the tricuspid valve apparatus and aortic valve can be clearly
visualized. Additionally, details of local complexity of the walls (such as pectinate muscles in the

atria) and part of the vasculature, is visible.

Figure 2 shows a detailed view of part of the aortic wall (top) as well as from the RV and LV wall
(bottom). In the aortic wall, spiral like structures can be seen, corresponding to the elastine
providing its support and elasticity. In the muscle walls, besides clearly visible vessels, predominant
directions in the muscle can be observed. Longitudinally oriented cell aggregates show as dot-like
structures in the short-axis cut, while circumferential fibres are line-like. From this, it can be clearly
seen that in the LV, in the epicardial as well as in the endocardial side, fibres are predominantly
longitudinal while in the mid-wall, they are more circumferential. However, in the RV, 2 rather than 3

directions can be seen, with the longitudinal fibres mainly at the endocardial side.

Video 1 provides a visualisation of the (edge-enhanced) whole heart dataset of the rat from the
short-axis slices. The intramural course of the coronary vessels is easily traceable and the oblique
course of the fibres gives the impression of flow within the myocardium with different direction at

both edges of the walls. The spiral like arrangement towards the apex is clearly shown.

Figure 3 shows surface rendered images of cutes trough the two fetal hearts. The IUGR heart (right)
is clearly smaller than the normal one (left). Additionally, the coronaries are clearly dilated and much
more prominent in the IUGR heart. In the RV cut (bottom), both the chordal as well as the false

tendons can be easily depicted.

Figure 4 (and video 2) shows the segmented arterial trees for both rabbit hearts (top) as well as a
visualisation of the local radius of the vessels (bottom) where the dilatation of the coronary arteries

in [IUGR can be clearly observed and quantified.

Figure 5 (left) shows the local helix angle of the fibres within a slice of the rabbit myocardial wall with
a visualisation of the resulting 3D fibre structure at the right. The gradual change from

predominantly longitudinal at the epicardial side, towards more circumferential in the mid-
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myocardium and again longitudinal at the epicardial side of the left ventricle can be observed. A
rather abrupt change in the mid of the interventricular septum is present. In IUGR, predominantly in
the RV wall, there seems a reduction in the longitudinally oriented fibres with more predominance of

the circumferential ones.
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DISCUSSION

In this paper we described a comprehensive, integrated approach for the non-destructive
acquisition, visualisation and quantification of the structure of a whole heart at almost cell-like

resolution.

This approach allows fast imaging of whole hearts to quantitatively describe and compare
morphological remodelling of all substructures within the different components of the heart. Both
myocardial tissue and vessels can be extracted and interrelated from the same dataset, with the
ability to extract the local orientation of myocytes (=myofibres) and relate it to location within the wall
and the surrounding vasculature. Additionally, global chamber geometry, including detailed

visualisation of trabeculations and (false) tendons is provided.

These datasets provide a unique source of information where tissue properties can be quantified
and compared within the 3D structure for purposes of describing changes induced by genetic or
acquired disease, even if the remodelling present is subtle and not detectible by current imaging
modalities. Additionally, the data is of sufficient detail to serve as input for computational modelling

studies of whole hearts without the need for adding additional virtual substructures.

To illustrate the potential of the novel approach, besides a normal heart, we also scanned a control
and an IUGR fetal rabbit heart. Firstly, the resolution and lack of complicated processing, enables to
study the micro-architecture of the fetal heart, which is challenging otherwise. Additionally, we have
shown that the integrated assessment of organ morphology, vasculature and fibre structure
provides a way to quantify subtle (sub-clinical) remodelling induced in-utero, beyond gross changes
induced by genetic alteration. We have observed that, while the whole heart is smaller, the coronary
arteries are clearly dilated due to the haemodynamic challenge induced by hypoxia and hyponutricia
in IUGR. Additionally, the gradual change of fibre direction can be quantified and preliminary data

points towards an alteration of its transmural course.

The richness of the data, together with the resolution and the image contrast, allows the use of
state-of-the-art medical image analysis tools to quantify and visualise the different substructure of
the whole 3D dataset of the heart. To extract the coronary tree, we proposed a machine learning
based approach where the image appearance is learned from a couple of slices and the algorithm
(implemented in llastik, an open-source project providing a user-friendly tool for image classification
and segmentation) is able to extract the vessel structure. The ability to discriminate the local
predominant direction of the myocyte aggregates in the images allows for a quantification of the
transmural fibre direction by extracting the 3D components of the local structural tensor using
traditional gradient calculations together with fibre tracking approaches as have been developed for

applications based on DT MRI. This allows the optimal re-use of the vast spectrum of image
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analysis tools, while offering the possibility to combine approaches from high-resolution data with

techniques developed for lower resolution (clinical) imaging modalities.

Additionally, both the superior resolution as well as the fact that all substructures can be recognised
and segmented while originating from single 3D dataset, enables to obtain the structural data that is
required for performing computational modelling of the whole heart as a functional organ. Current
approaches often get overall geometry from imaging, but have to incorporate e.g. the fibre structure
from statistical models that were developed from microscopy data since high-resolution non-
destructive fibre visualisation was not possible up to now. This offers a wealth of new possibilities to
improve the computational models, especially towards more individual simulations and comparing

control and pathological specimens.

The imaging is based on phase-contrast CT, as provided by some beamlines present in
contemporary synchrotron radiation facilities. X-ray based imaging is currently the only non-
destructive approach that provides the resolution needed to resolve details that approach the size of
individual myocytes (<10 micron). While some microCTs can provide this resolution required, X-ray
absorption imaging does not provide the contrast needed to discriminate the microstructural details
within cardiac tissue. Vessels and fibres can only be detected when a contrast agent is perfused
throughout the tissue. However, this is a highly artefact prone procedure since a homogeneous
distribution of contrast along myofibres and within the vasculature is very challenging. However,
phase-contrast X-ray imaging provides a way to not only quantify the local X-ray absorption, but
additionally capture wave propagation phenomena that enhance subtle differences in tissue
properties and enable to provide contrast between tissue and vessels as well as to capture details
on the local predominant direction of the myfibres. Therefore, phase-contrast imaging is far superior
to (contrast-enhance) X-ray absorption imaging when studying the microstructure of the heart. While
a lot of research is going on to enable phase contrast imaging based on more traditional CT

systems®"38

, currently, high resolution phase contrast X-ray imaging is only available in synchrotron
based light sources. Phase contrast imaging is an expanding field within several synchrotron
facilities and has shown great promise for non-destructive visualisation and quantification of
samples from different origins and application fields (paleontology®, biological samples®,
materials*',...). Extending the use of these large-infrastructure research facilities, funded by national
and international research organisation, towards cardiac applications opens up new possibilities for

studying cardiovascular development, pathophysiological remodelling and therapeutic targets.

In conclusion, we have developed a novel, high resolution, non-destructive approach towards
visualising and quantifying the microstructure of whole hearts at myofiber resolution, providing

structural information at microscopic level without need of slice processing. This opens up new
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possibilities for a systems medicine approach towards cardiac remodelling, providing fast acquisition

of the heart in a near native state without processing artefacts.

In this report, we describe some preliminary results, mainly focussing on the direct visualisation of

datasets and quantification of remodelling induced by intra-uterine growth restriction.
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FIGURE CAPTIONS

Figure 1. X-ray phase-contrast synchrotron radiation-based micro-CT imaging of a rat heart.
Details of cardiac anatomy can be observed with great detail and resolution: fiber orientation, aortic
and tricuspid valves, false tendon or right ventricle moderator band. When doing volume rendering
of the images, details of aortic or tricuspid valve can be observed; as well as the atrial pectinate
muscles.

Figure 2. Detail of the aortic wall and the ventricular walls of a rat heart. In the aortic wall
layers can be distinguished; whereas in the ventricular walls, orientation of fibers can be determined
and classified as circumferential (circ) or lonigtudinal (long).

Figure 3. Volume rendered images depicting detailed cardiac anatomy of an IUGR and a
control heart. IUGR fetal heart (top right) is smaller and with thinner walls compared to the control
fetal heart (top left). Additionally, it can be appreciated that the coronary vessels are clearly dilated
and much more prominent in the IUGR heart. In the bottom, detail of the right ventricle cavity from
both hearts.

Figure 4. Segmentation of the coronary vascular tree. Coronary vascular tree can be visualized
in detail when segmented (top). The differences between control and IUGR rabbit fetal hearts result
even more evident when the segmentation of the coronary vessels is visualized as a quantification
of the local radius of the vessels (bottom). Lighter colours mean bigger diameters; therefore the
dilatation of the coronary arteries in IUGR is clearly visible.

Figure 5. Fiber orientation in myocardial walls. Fiber angle change across the walls within a slice
in fetal rabbit control (top left) and IUGR (bottom left) hearts. Fiber angle change from endo- to epi-
cardium from +90° to -90°. A visualisation of the resulting 3D fibre structure at the right.
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Intrauterine growth restriction (IUGR) affects 7-10% of pregnancies and
is associated with cardiovascular remodeling and dysfunction, which
persists into adulthood. The underlying subcellular remodeling and car-
diovascular programming events are still poorly documented. Cardiac
muscle is central in the fetal adaptive mechanism to IUGR given its high
energetic demands. The energetic homeostasis depends on the correct
interaction of several molecular pathways and the adequate arrangement
of intracellular energetic units (ICEUs), where mitochondria interact with
the contractile machinery and the main cardiac ATPases to enable a quick
and efficient energy transfer. We studied subcellular cardiac adaptations
to IUGR in an experimental rabbit model. We evaluated the ultrastructure
of ICEUs with transmission electron microscopy and observed an altered
spatial arrangement in [UGR, with significant increases in cytosolic space
between mitochondria and myofilaments. A global decrease of mitochon-
drial density was also observed. In addition, we conducted a global gene
expression profile by advanced bioinformatics tools to assess the expres-
sion of genes involved in the cardiomyocyte energetic metabolism and
identified four gene modules with a coordinated over-representation in
IUGR: oxygen homeostasis (GO: 0032364), mitochondrial respiratory
chain complex I (GO:0005747), oxidative phosphorylation (GO:
0006119), and NADH dehydrogenase activity (GO:0003954). These
findings might contribute to changes in energetic homeostasis in IUGR.
The potential persistence and role of these changes in long-term cardio-
vascular programming deserves further investigation.

cardiomyocyte intracellular organization; energetic metabolism; fetal
cardiac programming; intracellular energetic units; intrauterine growth
restriction

INTRAUTERINE GROWTH RESTRICTION (IUGR), due to placental
insufficiency, affects up to 7-10% of pregnancies and is a
major cause of perinatal mortality and long-term morbidity (1).
Low birth weight, most likely due to IUGR, is strongly asso-
ciated with increased risk of cardiovascular mortality in adult-
hood (7). This association is thought to be mediated through
fetal cardiovascular programming. IUGR fetuses suffer from a
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Maternal-Fetal Medicine, ICGON, Hospital Clinic. Sabino de Arana, 1 08028
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chronic restriction of oxygen and nutrients (47), which triggers
the initiation of a variety of adaptive structural (12, 14, 46, 51)
and metabolic responses (25) due to a pressure/volume over-
load and, subsequently, with the objective of providing a more
efficient myocardial performance. As a consequence, [UGR
fetuses and newborns show signs of cardiovascular remodeling
and altered function (21, 13, 14).

The effect of hypoxia and nutrient restriction during preg-
nancy in cardiac development and function has been previously
studied, demonstrating the association of IUGR to a cardiac
remodeling. Maternal hypoxia has been related to changes in
cardiac structure and function (37, 38, 49), increased cardiac
collagen content (50), and changes in cardiomyocyte prolifer-
ation and apoptosis (6, 28) and to long-term effects increasing
cardiac susceptibility to ischemia-reperfusion injury by causing
changes on myocardial energetic metabolism (39, 55). How-
ever, the underlying events of cardiac remodeling in ITUGR at
subcellular scale still remain poorly understood. The heart is an
organ with high-energy requirements in the form of ATP to
ensure proper functioning (29). Efficient energetic homeostasis
depends on the correct arrangement of subcellular organelles.
A close spatial interaction between mitochondria and the sar-
comere contractile filaments is essential to ensure adequate and
quick transportation of ATP. This is reached by the intracel-
lular energetic units (ICEUs), which are structural and func-
tional units, consisting of mitochondria located at the level of
the sarcomeres between Z-lines interacting with surrounding
myofilaments, sarcoplasmic reticulum, cytoskeleton, and cyto-
plasmic enzymes, that promote an endogenous cycling of
adenine nucleotides between mitochondria and ATPases (40,
44, 45). Alterations in ICEUs arrangement together with an
impaired local energetic regulation of the main cardiac AT-
Pases have been described in cardiac pathophysiological pro-
cesses (24). In addition, cardiomyocyte energetic homeostasis
is regulated by a complex interaction of molecular pathways,
mainly involving energy production through oxidative phos-
phorylation in the mitochondria (48). It has been widely
described that disruption of mitochondrial oxidative phosphor-
ylation plays a critical role in the development of heart failure
(26, 35, 52). The oxidative phosphorylation takes place in the
mitochondrial electron transport chain. It is composed of five
complexes; in the complex I the enzyme NADH dehydroge-
nase catalyzes the reaction (2). Deficiencies in complex I

http://www.ajpheart.org
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function have been observed in dilated cardiomyopathy and in
failing myocardium (41).

The goal of the present work was to evaluate the impact of
chronic oxygen and nutrient restriction during a critical period
for cardiac development, as present in [UGR, with regard to
cardiomyocyte intracellular organization and gene expression
of key pathways for energetic metabolism. For this purpose,
the cardiomyocyte intracellular organization was studied by
transmission electron microscopy. Additionally, the functional
interpretation of the global gene expression profile was studied
by means of advanced bioinformatics tools. The data presented
here show changes in the cardiomyocyte intracellular organi-
zation in IUGR, specifically affecting ICEUSs, together with an
abnormal uprepresentation of blocks of genes acting together
in a coordinated way, related to the cardiac oxygen homeosta-
sis and energy production.

MATERIALS AND METHODS
Animal Model

New Zealand white rabbits were provided by a certified breeder.
Dams were housed for 1 wk before surgery in separate cages on a
reversed 12-h/12-h light cycle. Animals were fed a diet of standard
rabbit chow and water ad libitum. Animal handling and all procedures
were performed in accordance to applicable regulations and guide-
lines and with the approval of the Animal Experimental Ethics
Committee of the University of Barcelona.

Six New Zealand white pregnant rabbits were used to reproduce a
model of IUGR, following the method previously described (16, 17).
At 25 days of gestation, selective ligature of uteroplacental vessels
was performed as previously described (16, 17). Briefly, tocolysis
(progesterone 0.9 mg/kg im) and antibiotic prophylaxis (Penicillin G
300.000 UI iv) were administered before surgery. Ketamine (35
mg/kg) and xylazine (5 mg/kg) were given intramuscularly for anes-
thesia induction. Inhaled anesthesia was maintained with a mixture of
1-5% isoflurane and 1-1.5 I/min oxygen. After a midline laparatomy,
both uterine horns were exteriorized. The number of gestational sacs
from each horn were counted and numbered. Pregnant rabbits have
between 4 and 7 gestational sacs per horn. At random, one horn was
assigned as the [IUGR horn and the other horn was considered as the
normal control growth. In all gestational sacs from the horn assigned
as IUGR, a selective ligature of the 40-50% of the uteroplacental
vessels was performed. No additional procedure was performed in the
horn assigned as control. After the procedure, the abdomen was closed
and animals received intramuscular meloxicam 0.4 mg-kg~'-24 h™!
for 48 h, as postoperative analgesia. Five days after surgery, at 30 days
of gestation, a caesarean section was performed under the same
anesthetic procedure and all living rabbit kits and their placentas were
identified and weighted. Kits were anesthetized with an injection of
ketamine and xylazine. After surgical removal from the chest cavity,
hearts for gene expression analysis were immediately snap-frozen and
stored at —80°C until the moment of use. Hearts for transmission
electron microscopy imaging were processed as described in Tissue
processing.

Electron Microscopy

Tissue processing. Hearts from 3 control and 3 IUGR rabbit
fetuses, each control-IUGR pair coming from a different litter, were
arrested in an ice-cold Ca®*-free phosphate saline buffer immediately
after surgical removal from the chest cavity. Random areas of left
ventricle were dissected and cut into small pieces. Approximately 10
pieces from each left ventricle were incubated with 2% parafomalde-
hyde and 2.5% glutaraldehyde in phosphate buffer (PB) during 24 h
at 4°C. Tissue pieces were then washed with PB and postfixed with
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1% osmium tetroxide in PB containing 0.8% potassium ferricyanide at
4°C for 2 h. Next, samples were dehydrated in acetone, infiltrated with
Epon resin during 2 days, embedded in the same resin, and polymer-
ized at 60°C during 48 h. Semi-thin 500-nm sections were made to
confirm the longitudinal orientation of cardiac sarcomeres under light
microscope. Subsequently, 50-nm ultra-thin sections were cut using a
Leica UC6 ultramicrotome (Leica Microsystems, Vienna, Austria)
and mounted on Formvar-coated copper grids. Sections were stained
with 2% uranyl acetate in water and lead citrate. Tissue sections were
imaged using a JEM-1010 electron microscope (Jeol, Japan) equipped
with a charge-coupled device camera Megaview III and the AnalySIS
software (Soft Imaging System GmbH).

Morphological analysis. Morphological analysis of intracellular
cardiomyocyte organization was performed in two randomly chosen
left ventricle tissue pieces, from each subject. For each tissue piece,
50-nm ultra-thin sections were obtained from two ventricular areas
separated 1 wm of distance. Images were taken at 20,000 X magnifi-
cation when an area containing longitudinal myofilaments surrounded
by a mitochondrial network was observed. In this study, micrographs
with disrupted mitochondria, disrupted sarcomeres or transversal or
oblique orientation of sarcomeres were excluded from the quantifica-
tion. Electron micrographs were taken and quantified in a blinded
fashion and by one researcher (A. Gonzalez-Tendero). Images were
analyzed from three viewpoints.

General cardiomyocyte cytoarchitecture: volume density estimation.
The volume densities of myofilaments, mitochondria, and cytoplasm
were estimated in 10 electron micrographs acquired from each heart. For
this purpose, a grid in which each line intersection served as a sample
point was generated on each image using Imagel] (36), according to
standard stereological methods (20). Volume densities of the different
structures were calculated by counting the number of points hitting the
studied structures divided by the total number of points hitting the
section, using a grid size of 0.02 a.u.

Mitochondria: area and number. The area of individual mitochon-
dria was determined from 193 mitochondria in each study group.
Individual mitochondria were delineated, and their area was measured
using the AnalySIS software. The number of mitochondria was
counted by using 10 randomly chosen images from each heart as
previously described (22).

ICEUs arrangement. The cytoplasmic area and the mean distance
between mitochondria and myofilaments within ICEUs were mea-
sured by delineating the area of cytoplasm existing between two
consecutive z-disks and the immediately adjacent mitochondria, as
shown in Fig. 1, using a custom-made GUI (Graphical User Interface)
designed in MatLab (30). The area was automatically calculated, and
the mean distance between mitochondria and myofilaments within

Fig. 1. Electron micrograph showing an example of the delineation used to
automatically quantify the area of cytoplasm and the mean distance
between mitochondria and myofilaments within intracellular energetic units
(ICEUs).
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ICEUs was obtained by evaluating the Euclidean distance of the
delineated region (11). A total of 169 ICEUs were analyzed in the
control group, whereas 154 ICEUs were analyzed in the IUGR group,
obtained from 10 to 15 electron micrographs from each heart. We
analyzed all the ICEUs found in the transmission electron microscopy
images. However, ICEUs were discarded from the quantification
when they were not clear or blurred or if the limits to mitochondria
were not sharp enough.

Gene Set Expression Analysis

Gene expression microarray. The IUGR-gene expression profile
was analyzed in 6 control and 6 IUGR rabbit fetuses, each control-
IUGR pair coming from a different litter. In this study, special
attention was paid to the expression profile of groups of genes related
to energetic metabolism. Total RNA was isolated from 40 mg of each
left ventricle. The extraction protocol was a combination of TRIzol as
reagent and the RNeasy Mini kit (Qiagen). For each sample included
in the study, the total amount of RNA was always above 25 pg with
homogenous profile, showing an RNA integrity number between 9.3
to 9.9 (analyzed with RNA 6000 Nano and Bioanalyzer 2100; Agi-
lent). Next, 500 ng of total RNA from each sample were labeled with
the Quick Amp One-color Labelling kit (Agilent) and fluorochrome
Cy3. Efficiency of labeling (Cy3pmol/ng) was analyzed using a
Nanodrop spectrophotometer to check that values were above the
minimum requirements (>1.65 pg and >9.0 pmols Cy3/pg). Addi-
tionally, a RNA 6000 Nano mRNA assay in the Bioanalyzer 2100 was
done to assess that all the samples show a comparable profile and
fragments size was as expected (200-2,000 bp). Then, 1,650 pg of
RNA obtained from each labeled sample were hybridized during 17 h
at 65°C with a Rabbit Microarray (Agilent Microarray Design ID
020908) containing 43,803 probe sequences obtained from the rabbit
genome. All probe sequences included in the microarray were based
on rabbit (Oryctolagus cuniculus) public transcript data. Finally,
hybridization was quantified at 5 wm resolution (Axon 4000B scan-
ner). Data extraction was done using Genepix Pro 6.0 software, and
results were subjected to bioinformatics analysis.

Gene set analysis. Gene set analysis was carried out for the Gene
Ontology (GO) terms using the FatiScan (3) algorithm, implemented
in the Babelomics suite (4). This method detects significantly up- or
downregulated blocks of functionally related genes in lists of genes
ordered by differential expression. FatiScan can search for modules of
genes that are functionally related by different criteria such as com-
mon annotations like GO terms.

The FatiScan algorithm studies the distribution of functional terms
across the list of genes coming from the microarray experiment,
extracting significantly under- and over-represented GO terms in a set
of genes. GO terms were grouped in three categories: /) cellular
components, that refer to the place in the cell where a gene product is
active; 2) biological processes, which refer to a biological objective to
which a gene or gene product contributes; and 3) molecular functions
that represent all the biochemical activities of a gene product. Fati-
Scan uses a Fisher’s exact test for 2 X 2 contingency tables for
comparing two groups of genes and extracting a list of GO terms
whose distribution among the groups is significantly different. Given
that many GO terms are simultaneously tested, the results of the test
are corrected for multiple testing to obtain an adjusted P value.
FatiScan returns adjusted P values based on the False Discovery Rate
(FDR) method (10). GO annotation for the genes in the microarray
were taken from the Blast2GO Functional Annotation Repository web
page (http://bioinfo.cipf.es/b2gfar/). The raw microarray data have
been deposited in the Gene Expression Omnibus database under
accession number GSE37860.

Statistical Analysis

Statistical analysis of the morphological study was performed with the
statistical package SPSS 18.0. Data are expressed as means = SD or
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median (interquartile range, IQR). Statistical significance of differences
between experimental groups was compared with an unpaired two-tailed
t-test or Mann-Whitney test, depending whether variables followed a
normal distribution. Differences were considered significant with proba-
bility values of P < 0.05. Statistical methods concerning gene expression
analysis have been detailed in Gene set analysis.

RESULTS
Animal Model of IUGR: Fetal Biometry

Table 1 summarizes biometric outcome of the study groups.
Birth weight, placental weigth, heart weight, crown-rump
length, and abdominal girth decreased significantly in [UGR
kits compared with normally growth kits. Additionally, heart-
to-body weight ratio was increased in the IUGR group.

Morphological Analysis

General cardiomyocyte cytoarchitecture. Significant differences
between IUGR and normally growth fetal myocardium could be
observed regarding the arrangement of the intracellular components.
A representative image of this is displayed in Fig. 2, A and B,
showing that [UGR rabbits present a looser packing of mitochondria
and an increased cytosolic space between mitochondria and myofila-
ments. Quantification of the volume densities of myofilaments, mi-
tochondria, and cytoplasm is shown in Fig. 2C. Stereological exam-
ination of micrographs obtained from control and IUGR myocardium
showed that the amount of myofilaments was not different between
control and TUGR rabbits (mean 34.64 = SD 4.04% in control vs.
34.74 * 6.01% in IUGR; P = 0.973). On the other hand, changes in
the relative volume occupied by mitochondria and cytoplasm were
observed among control and [UGR myocardium. The relative vol-
ume occupied by mitochondria was significantly decreased in [UGR
fetuses (34.59 = 4.23% in control vs. 27.74 + 5.28% in [IUGR; P =
0.032), whereas the relative volume occupied by total cytoplasm was
significantly increased under IUGR (30.77 = 3.04% in control vs.
37.53 = 4.97% in IUGR; P = 0.018). In this study we classified the
cytoplasm into two categories according to its localization: /) cyto-
plasm located between mitochondria and myofilaments (ICEUs) and
2) cytoplasm not located in the ICEUs, namely free cytoplasm. The
cytoplasm existing within ICEUs was significantly increased under
TUGR (6.47 £ 0.1.18% in control vs. 8.69 + 1.75% in IUGR; P =
0.027). However, the free cytoplasm was not altered (24.31 = 2.91%
in control vs. 28.84 = 5.27% in IUGR; P = 0.095).

Mitochondria: area and number. The average area of indi-
vidual mitochondria as well as the number of mitochondria were
quantified to test whether changes described in General cardio-
myocyte cyotarchitecture could be due to changes in the mito-
chondrial size or number (Fig. 3). Results did not show statistically
significant differences regarding the area of individual mitochondria

Table 1. Biometry in experimental groups

Control IUGR P Value

Weight, g
Birth 49.24 = 8.03 29.76 = 5.99 0.000*
Heart 0.43 = 0.07 0.29 = 0.07 0.001*
Heart/body, X100 0.84 =£0.12 1.02 £0.11 0.009*
Placenta 3.86 = 1.06 2.23 +£0.37 0.028%*
Crown-rump length, mm 10.56 = 0.46 8.94 = 1.05 0.004*
Abdominal girth, mm 7.47 = 0.93 6.38 = 0.65 0.048%*

Values are mean = SD. IUGR, intrauterine growth restriction. *P value
<0.05.
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Fig. 2. Cytoarchitectural organization of cardiac myocytes. Representative micrographs show the typical organization of the intracellular space in control (A) and
intrauterine growth restriction (IUGR; B) fetal cardiomyocytes. Although mitochondria are highly compacted and packed close to myofilaments in controls, they
are looser packed, showing an increased cytosolic space both within the mitochondrial network (**) and between mitochondria and myofilaments (arrow heads)
in IUGR. C: stereological measurements of fetal control and IUGR cardiomyocytes showing the relative volume occupied by myofilaments, mitochondria, free
cytoplasm (Free), cytoplasm between mitochondria and myofilaments (ICEUs), and total cytoplasm (Total). *P < 0.05. Data in graphs are expressed as

means = SD. Magnification: 20,000X. Scale bar = 2 pm. Mit, mitochondria; Myof, myofilaments; Cyto, cytoplasm; N, nucleus.

(0.3094 + 0.0595 pm? in control vs. 0.2407 + 0.0176 um? in TUGR;
P = 0.128). Average number of mitochondria neither resulted to be
different between control and IUGR hearts (27.47 £ 9.32 in control
vs. 26.33 £ 8.06 in IUGR; P = 0.627).

ICEUs arrangement. The area and mean distance between
mitochondria and myofilaments were automatically quantified
(Fig. 4). Results showed that both the area of cytoplasm
between mitochondria and myofilaments within ICEUs [me-
dian 120700 (IQR 87490-155500) nm? in control vs. 168600
(124100-236200) nm? in IUGR; P = 0.015; Fig. 4E] and the
mean distance [105.7 (86.7-137.9) nm in control vs. 133.7
(104.7-182.3) nm in IUGR; P = 0.037; Fig. 4F] were signif-
icantly increased in IUGR rabbit myocardium.

Gene Set Expression Analysis

All experiments showed a good level of labeling and hy-
bridization onto the Agilent microarray. Genes were ordered
by differential expression between the two experimental con-
ditions, and a ranked list with all genes of the experiment was
obtained. We used the statistic of the statistical test for each
gene, to order this list: genes at the top of list are more
expressed in IUGR than in control group and genes at the
bottom are more expressed in control than IUGR group. After
analysis for a fold change higher than 0.5 and an adjusted P
value lower than 0.05 (data not shown), there were not genes
with significant differential expression. The output result of the
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IUGR

Control

Fig. 3. Mitochondria area and number. A: average area of individual mitochondria, estimated delineating each mitochondria as shown in Fig. 2, A and B.
B: average number of mitochondria. Data in graphs are expressed as means = SD.

differential expression analysis (ranked list by the statistic of
the test) was the input for the gene set analysis. On this full list
of genes, Fatiscan detected groups of genes with the same
expression pattern and sharing biological functions and ex-
tracted significantly under- and over-represented Gene Ontol-
ogy terms in a set of genes after comparing two sub-lists of
genes with different pattern of expression. The first list in-
cluded genes more expressed in [IUGR group, and the second,
genes more expressed in the control group. Gene set analysis
showed that IUGR subjects presented a statistically significant
enrichment in groups of genes involved in energy production
and cardiac energetic metabolism regulation (Table 2). Oxida-
tive phosphorylation annotation (GO: 0006119, biological pro-
cess) was found in 1.03% of the most upregulated genes in
IUGR (list 1, more expressed in IUGR than control group),
whereas only 0.17% of the most downregulated genes in [IUGR
contained the annotation (list 2, more expressed in control than
IUGR group) (see Supplemental Material, Supplemental Table
S. 1A). Similarly, the annotations for oxygen homeostasis
(GO: 0032364, biological process) (Supplemental Table S.
1B), mitochondrial respiratory chain complex I (GO: 0005747,
cellular component) (Supplemental Table S. 1C), and NADH
dehydrogenase (GO: 0003954, molecular function) (Supple-
mental Table S. 1D) were found in 0.49%, 0.44%, and 0.35%,
respectively, of the most upregulated genes in IUGR and only
in 0.04%, 0%, and 0% of the most downregulated genes in
IUGR, respectively. All P values were =0.001, and all ad-
justed P values were <0.08.

DISCUSSION

The study presented here shows an association between
IUGR and a less organized intracellular arrangement of the
cardiomyocyte organelles. The specific disarrangement of the
ICEUs together with differences in the expression of key
pathways for energy production suggest an impairment of the
energetic metabolism under IUGR. This study can contribute
to explain the process of fetal cardiac programming and the
global contractile dysfunction previously described in [UGR
fetuses and children (12, 13, 14).

The experimental [UGR model used in this study is based on
the selective ligature of the uteroplacental vessels in pregnant
rabbit at 25 days of gestation until 30 days of gestation. The
model mimics IUGR in human pregnancy, since it induces a

combined restriction of oxygen and nutrients, taking into
account the role of the placenta (16, 17). Different gestational
ages as well as different degrees of ligature severity were
previously tested for this experimental ITUGR model, with
conclusions that the condition that best reproduced human
IUGR due to placental insufficiency is the selective ligature of
the 40-50% of the uteroplacental vessels at 25 days of gesta-
tion (16). It is known that in rabbits, complete organogenesis
has been achieved at 19.5 days of gestation (9). The two
previous statements together with the aim to reproduce late
IUGR occurring in the third trimester of human pregnancy
(which is mainly caused by placental and maternal vascular
factors) lead to the rationale of the ligature from 25 to 30 days
of gestation (16, 8). The severity of the experimental [UGR
model reproducing human IUGR condition due to placental
insufficiency, with regard to mortality rate and hemodynamic
changes, has been previously described (16, 17). Cardiac
function from IUGR Kkits is characterized by changes on car-
diovascular Doppler parameters, with increased ductus veno-
sus pulsatility index and increased isovolumetric relaxation
time (17). Here we present the biometric changes induced by
the selective ligature of 40-50% of the uteroplacental vessels,
which result, as expected, in lower birth and heart weights, as
well as decreased crown-rump length and abdominal girth.
Additionally, an increase in heart to body weight is denoted in
IUGR, which could be interpreted as a hypertrophic compen-
satory mechanism and is consistent with previous studies from
experimental models of severe IUGR (28, 54, 55).

Our current analysis reports cardiomyocyte structural chan-
ges induced by IUGR. The stereological estimation of the
volume densities of the different cellular components provides
evidence that IUGR fetal hearts show a less organized intra-
cellular arrangement, characterized by an increased relative
volume occupied by cytoplasm and a decreased relative vol-
ume occupied by mitochondria. These changes under ITUGR
could be due to either alterations on cardiac development or
hypoxia, or to mechanical stress caused by pressure or volume
overload (49, 53). All the above mechanisms are believed to
occur in and contribute to the development of cardiac dysfunc-
tion in IUGR, although the exact mechanisms are still not well
understood. Recently it has been shown that experimentally
induced pressure overload results in a depression of mitochon-
drial respiratory capacity together with a reduction of total
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Fig. 4. Arrangement of ICEUs. Representative micrographs show an overview of a mitochondrial network surrounded by myofilaments in a control (A) and IUGR
(B) fetal cardiomyocyte. C (control) and D (IUGR) are a detail of A and B, respectively, showing delineated ICEUs. Although in control myocardium
mitochondria are closely apposed to myofilaments, the cytoplasmic space between mitochondria and myofilaments is greater in IUGR. E and F: quantification
of the average area of cytoplasm and the mean distance between mitochondria and myofilaments within ICEUs, respectively. *P < 0.05. Data in graphs are
expressed as means = SD. Magnification: 20,000X. Scale bar = 2 wm. Mit, mitochondria; Myof, myofilaments; Cyto, cytoplasm; N, nucleus.
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Table 2. Gene set analysis with FatiScan

CARDIAC STRUCTURAL AND ENERGETIC CHANGES IN IUGR

GO Uprepresented in Downrepresented in Adjusted
Annotation Annotation TUGR, % TUGR, % P Value P Value GO Type
Oxidative phosphorylation 0006119 1.03 0.17 1.15e-4 7.87e-2% Biological process
Oxygen homeostasis 0032364 0.49 0.04 1.63e-4 7.82e-2%* Biological process
Mitochondrial respiratory chain complex I 0005747 0.44 0 1.39¢-3 7.29e-2%* Cellular component
NADH dehydrogenase 0003954 0.35 0 4.37e-4 6.03e-2%* Molecular function

Gene Ontology (GO) annotations involved in energy production and cardiac energetic metabolism regulation with a statistically significant enrichment in

TUGR. *Adjusted P value <0.08.

mitochondrial volume density, with a stronger effect on inter-
myofibrillar (IFM) compared with subsarcolemmal mitochon-
dria (SSM) (42). Because our study samples are fetal, we
cannot provide structural and functional differences between
IFM and SSM (32). Despite that, our observations of a de-
crease on mitochondrial relative volume in IUGR are in line
with the observations from Schwarzer et al. (42). The resulting
structural remodeling shown in Fig. 4 from Schwarzer et al.
(42) appears to be very similar to the structural remodeling
presented in this study in [IUGR hearts (Fig. 4). Additionally, in
the same study (42), they relate a decrease in mitochondrial
density with a decrease in mitochondrial size, since the citrate
synthase activity is decreased in pressure overload but the
mitochondrial number is not. We do not observe changes on
the number or in the area of individual mitochondria. Since the
stereological study shows a decreased relative volume occu-
pied by mitochondria, we hypothesize that smaller mitochon-
drial size could be the reason for the decreased mitochondrial
density (similar to what was described in pressure overloaded
hearts) (42), despite the lack of significance, which might be
attributed to sample size restrictions. The decrease in mito-
chondrial density but with no changes in myofibrillar content,
as we show, has also been observed in fetal sheep subjected to
high altitude hypoxia, which is in agreement with an alteration
caused by the lack of oxygen during intrauterine life (27).
Concerning the relative volume occupied by cytoplasm, we
observe that the total relative density of cytoplasm is increased
in [IUGR; however, when it is classified into free cytoplasm or
cytoplasm within ICEUs, the former is not significantly in-
creased, whereas the latter is increased in IUGR hearts. We
show that both the area of cytoplasm and the mean distance
between mitochondria and myofilaments within ICEUs are
increased in [UGR myocardium. In fetal heart, energy transfer
is believed to rely on the direct ATP and ADP channeling
between organelles since the CK-bound (creatine kinase) sys-
tem is not mature (23). Its efficiency mostly depends on the
close interaction between mitochondria and myofilaments (24).
In this regard, it has been reported that intracellular disorgani-
zation restricts ATP and ADP diffusion, decreasing the effi-
ciency of energy transfer (5). Because ICEUs play a central
role in maintaining cardiac energetic homeostasis, alterations
on their structure could alter the energy production, utilization,
and transfer, and as a consequence, cardiac function could be
compromised (45). Based on previous studies, our data suggest
that the abnormal arrangement of ICEUs could contribute to
the development of less efficient hearts in [UGR, maybe due to
a decrease on the energy transfer efficiency from mitochondria
to the main cardiac ATPases. Such compromise of cardiac
function due to alterations on ICEUs has been previously
shown in heart failure (24). The abnormal arrangement of

ICEUs in IUGR could also be interpreted as a maturation
delay, since it has been described that during cardiac matura-
tion there are major changes on the cardiomyocyte intracellular
organization in which mitochondria get closer to myofilament
to form the ICEUs (34).

Therefore, from one side our findings present a close simi-
larity to the previously described in experimentally induced
pressure overload cardiac dysfunction (18, 42). On the other
side, it has been described that cytoarchitectural perturbations
can lead to energetic alterations, and conversely perturbations
of cellular energetic metabolism can lead to ultrastructural
remodeling (52). In our study, it remains uncertain whether the
structural changes could contribute to be a cause or a conse-
quence of the cardiac dysfunction previously documented in
IUGR.

Subsequently, we wanted to evaluate whether these struc-
tural changes are related to subtle changes on gene expression.
For this purpose we performed a gene expression microarray
experiment, which is complementary to the structural data and
provides new evidence regarding the insults that IUGR hearts
are receiving. We have used advanced bioinformatics analytic
tools based on FatiScan gene set analysis (3), integrated in
Babelomics (31). We propose the use of such procedure to scan
ordered lists of genes and understand the biological processes
operating behind them. Genes were ordered by differential
expression between the two experimental conditions. There
were not individual genes with significant differential expres-
sion. The output result of the differential expression analysis
(ranked list by the statistic of the test) was the input for the
gene set analysis. On this full list of genes, Fatiscan detected
groups of genes with the same expression pattern and sharing
biological functions. Therefore, the same analysis evaluated
IUGR group and control group at the same time. Our analysis
identified key gene pathways related to cardiac energy produc-
tion, which were compromised under IUGR. This included
oxygen homeostasis (GO: 0032364), oxidative phosphoryla-
tion (GO: 0006119), mitochondrial respiratory chain complex
I (GO: 0005747), and NADH dehydrogenase activity (GO:
0003954). On one hand, alterations on the oxygen homeostasis
and oxidative phosphorylation suggest that [UGR hearts are
suffering from hypoxia. Previous studies have shown a 20—
35% decrease in the oxidative phosphorylation in skeletal
muscle from TUGR rats, leading to a decrease in ATP produc-
tion and thus an impairment of skeletal muscle function (43).
Additionally, exposure to chronic hypoxia has been related to
a decrease in cardiac oxidative capacity in rats, which leads to
a decline in ATP synthesis and in oxygen consumption (2).
Hypoxia during early life has also been associated to persistent
changes in genes linked to the regulation of cardiac meta-
bolic processes that remain present long after the termina-
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tion of the neonatal hypoxic insult (15). This may eventually
be linked to the cardiovascular programming due to [IUGR
and the long-term persistence of the changes. On the other
hand, alterations on the expression of mitochondrial respi-
ratory chain complex I and specifically on the NADH
dehydrogenase activity are again in line with the study of
Schwarzer et al. (42) in pressure overload, in which they
observe decreased function of the mitochondrial respiratory
chain complex I. Our observations are also consistent with other
studies in human IUGR in which a deficiency of the mitochon-
drial respiratory chain complex I has been observed (19).

Several study limitations and technical considerations should
be mentioned. The morphological characterization of cardiomy-
ocyte intracellular organization and ICEUs only provides struc-
tural information. Further studies are required to elucidate the
functional consequences of these alterations. The bioinformatics
gene set analysis used in this study is useful for studying diseases
in which subtle differences are expected to occur, like in [UGR.
Therefore, rather than expression changes on individual genes,
alterations are expected to occur at the level of biological path-
ways and functionally related groups of genes. [IUGR is thought to
be a multifactorial disease in which several pathways and multiple
members of a pathway might be involved, often resulting in only
subclinical changes. However, we acknowledge that it is difficult
to address the actual biological relevance of the gene expression
findings. Future functional studies are required to relate the gene
expression changes to the functional alterations at the cellular
level. Finally, we do not evaluate the postnatal persistence in this
study, which would provide valuable data of the long-term impact
of the changes. However, this goal lies beyond the scope of the
present study and should be investigated in future research.

In conclusion, we demonstrate that hearts from ITUGR fetuses
present a less organized intracellular arrangement of the cardio-
myocyte organelles. These structural changes are accompanied
with differences in the expression of groups of genes related to
energy production and oxygen homeostasis. Overall, this study
suggests that energetic metabolism is impaired in IUGR and
provides new evidence to characterize cellular and subcellular
mechanisms underlying cardiac remodeling in [UGR. Our find-
ings might help to explain the global cardiac dysfunction previ-
ously documented in IUGR fetuses and children, and deserve
further investigation to ascertain long-term persistence as part of
the cardiovascular programming observed in IUGR.
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OBJECTIVE: The purpose of this study was to assess whether
abnormal cardiac function in human fetuses with intrauterine growth
restriction (IUGR) is associated with ultrastructural differences in the
cardiomyocyte sarcomere.

STUDY DESIGN: Nine severe early-onset IUGR fetuses and 9 normally
grown fetuses (appropriate growth for gestational age) who died in the
perinatal period were included prospectively. Cardiac function was
assessed by echocardiography and levels of B-type natriuretic peptide
and troponin-l. Heart sections were imaged by second harmonic
generation microscopy, which allowed unstained visualization of
cardiomyocyte's sarcomere length.

RESULTS: Echocardiographic and biochemical markers showed signs
of severe cardiac dysfunction in IUGR fetuses. Second harmonic
generation microscopy demonstrated a significantly shorter sarcomere
length in IUGR as compared with appropriate growth for gestational
age fetuses.

CONCLUSION: IUGR is associated with changes in the cardiomyocyte
contractile machinery in the form of shorter sarcomere length, which
could help to explain the cardiac dysfunction previously documented
in IUGR.

Key words: cardiac function, cardiomyocyte, intrauterine growth
restriction, sarcomere, second harmonic generation microscopy
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I ntrauterine growth restriction (IUGR)
affects 7-10% of all pregnancies and
constitutes an important cause of peri-
natal death and long-term morbidity.'~
Epidemiologic evidence has long sug-
gested a link between low birthweight
and increased cardiovascular death
in adulthood.” Recent studies have de-
monstrated that JUGR fetuses present
cardiovascular dysfunction in utero””
that persists postnatally in the form
of cardiovascular dysfunction and re-
modelling.”'” However, the molecular

mechanisms underlying the relationship
between IUGR and increased risk of
cardiovascular disease are understood
poorly."!

The basic unit of cardiomyocyte’s
contractile machinery is the sarcomere.
Disruption of normal sarcomere struc-
ture is involved in cardiac dysfunction
and remodeling in a substantial number
of cardiac conditions such as inherited
cardiomyopathies,'”'”  anthracyclines
cardiotoxicity,14 and heart failure.'
Second harmonic generation microscopy

(SHGM) is a recent technique that is
based on a nonlinear optical effect known
as second harmonic generation. SHGM
is used widely in biomedical research as
an imaging technique that allows the
measurement of morphologic features at
subcellular level, including sarcomere
length and pattern'®'” by identification of
the myosin of thick filaments of sarco-
mere.'"” Recently, our group has vali-
dated an automated method to better
quantify sarcomere length in the fetal
heart.”’
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We hypothesized that cardiac dysfunc-
tion in IUGR could be associated with
disruption of normal sarcomere structure.
Within a large prospective research pro-
gram to characterize cardiac function
in ITUGR,” we conducted a nested case-
control study. Cardiac tissue was
retrieved from 9 TUGR fetuses who died
around delivery and from 9 appropriate
growth for gestational age (AGA) fetuses
who were selected from patients who
underwent termination of pregnancy.
Cardiac tissue was analyzed by means
of SHGM, and sarcomere length was
assessed in cases and control subjects.

MATERIALS AND METHODS

Study groups

The study population included 9 severe
early-onset TUGR and 9 AGA fetuses
from 19-33 weeks of gestation who died
in the perinatal period because of peri-
natal complications or medical termina-
tion of pregnancy. Cases were singleton
pregnancies with IUGR that had been
included in a large prospective cohort
that evaluated cardiac dysfunction in
TUGR.” AGA fetuses were selected among
women who underwent termination
of pregnancy because of severe maternal
disease or noncardiac malformations.
Intracardiac injection of potassium chlo-
ride was performed electively to induce
cardiac arrest before induction of labor
according to local standard protocols in
those cases that undergo termination of
pregnancy after 22 weeks.

The study protocol was approved by
the Ethics Committee at the partici-
pating institution, and all patients
provided written informed consent.
Exclusion criteria were chromosomal
anomalies or evidence of fetal infection.
In all pregnancies, gestational age was
calculated based on the crown-rump
length at the first-trimester ultrasound
examination. IUGR was defined as
an estimated fetal weight at <10th
percentile according to local reference
curves’' together with umbilical artery
(UA) pulsatility index (PI) at >2 stan-
dard deviations.”

Fetal ultrasound assessment
All cases underwent ultrasonographic
examination of fetal well-being and

hemodynamics within 48 hours of de-
livery or fetal death, including complete
morphologic examination, fetal weight,
UA, middle cerebral artery, and cere-
broplacental ratio. Ultrasound assess-
ment was performed with a Siemens
Sonoline Antares (Siemens Medical
Systems, Erlangen, Germany) or a Vol-
uson 730 Expert (GE Medical Systems,
Milwaukee, WI) with 6-4 or 6-2 MHz
curved array probes. All Doppler esti-
mations were done in the absence of fetal
body movements and, if required, with
maternal voluntary suspended respira-
tion. The angle of insonation was kept at
<30°, and the wall filter was set to 70 Hz
to avoid sound artifacts. The mechanical
and thermal indices were maintained at
<1. UA PI was obtained from a free loop
of the umbilical cord. Middle cerebral
artery PI was measured in a transverse
view of the fetal skull at the level of its
origin from the Circle of Willis. Cere-
broplacental ratio was calculated as
middle cerebral artery P/UA PL”' All
individual Doppler data were normal-
ized by conversion of the measurements
into z-scores (standard deviation from
the gestational age mean).””

Fetal echocardiography

Echocardiographic measurements per-
formed within 48 hours of delivery or
fetal death included ductus venosus PI,
left myocardial performance index
(MPI), and diastolic ventricular filling
ratios. Ductus venosus PI was obtained
from a mid-sagittal or alternatively
transverse section of the fetal abdomen.”
Left MPI was obtained in a cross-sectional
image of the fetal thorax and an apical
4-chamber view, placing the Doppler
sample volume on the medial wall of
the ascending aorta including the
aortic and mitral valve. The movements
(clicks) of the valves in the Doppler trim
were used as landmarks to calculate the
isovolumetric contraction and relaxation
time, and the ejection time. MPI was
calculated as (isovolumetric contraction -+
relaxation time)/ejection time.”**” Mitral
and tricuspid diastolic ventricular fil-
ling ratios were obtained in an apical
4-chamber view, with the Doppler sample
volume just below the atrioventricular
valves, and were calculated by division
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of early diastolic by atrial peak inflow ve-
locities.”” Echocardiographic parameters
were normalized into z-scores.” >

Cardiovascular markers in fetal blood
Fetal umbilical ethylenediaminetetra-
acetic acid—treated blood was obtained
from the umbilical vein after cord clamp
at delivery in cases or at cardiocentesis in
fetuses who underwent termination of
pregnancy. All samples were processed
within 1 hour. Plasma was separated
by centrifugation at 1400g for 10 minutes
at 4°C; samples were stored immedi-
ately at —80°C until assay. Cord blood
levels of B-type natriuretic peptide
(BNP) were measured with an immu-
noassay system (ADVIA Centaur BNP;
Siemens Healthcare Diagnostics, Deer-
field, IL), as described previously.”®
Troponin-I levels were measured with
commercially available assays from
Centaur CP—troponin-I assay (Siemens
Healthcare Diagnostics).

Heart tissue collection

Heart samples were collected at autopsy.
A transverse section of the upper third
of posterior left ventricular wall was
obtained and then fixed in 3.7% para-
formaldehyde, dehydrated, and em-
bedded in paraffin. Subsequently,
30-um—thick sections were cut from the
paraffin blocks for microscopic exami-
nation with a Leica microtome (Leica
RM 2135; Leica Microsystems Heidel-
berg GmbH, Manheim, Germany).
Finally, sections were mounted onto
Silane- (Sigma-Aldrich, St. Louis, MO)
coated thin slides. Tissue sections were
deparaffined with xylene, hydrated with
decreasing concentrations of ethanol
(100°/96°/70°), and finally covered with
Mowiol 4-88 mounting medium
(Sigma-Aldrich). All samples were pro-
cessed and imaged by the same person
(A.G.-T)).

SHGM of heart tissue

Detection of SHGM was performed with
a Leica TCS-SP5 laser scanning spectral
confocal multiphoton microscope (Leica
Microsystems Heidelberg GmbH) eq-
uipped with a Near Infrared laser (Mai
Tai Broad Band 710-990 nm, 120
femptosecond pulse) and DMI6000



inverted microscope (Advanced Optical
Microscopy Unit from Scientific and
Technological Centres from University
of Barcelona). Second Harmonic images
were acquired from 30-um—thick un-
stained tissue sections with a x25 water
immersion objective (numeric aperture
0.95) and an oil immersion condenser
(NA 1.40 OilS1). Acquisition features
were 400 Hz of scan speed, 810 nm
excitation light, and emission collected
through a 405-nm filter with transmitted
light photomultiplier tube, 16-bit depth,
and a resolution of 40 nm/pixel. Between
4 and 10 different areas were imaged for
each tissue section. For image acqui-
sition, cardiac longitudinal myofibers
were oriented at 45 degrees to maximize
signal to noise ratio of SHGM from
muscle fibers. The distinctive biperiod
pattern of sarcomeres™ was obtained
and characterized by 2 distances: intra-
sarcomeric distance of A-bands (A-A
band) and the sarcomere length, which
was measured as the distance between Z-
lines (Z-Z line). Measurements of both
distances were performed automatically
by a custom algorithm that was based on
the analysis of the autocorrelation of the
SHGM intensity profile in a myofiber, as
previously reported”’ (Figure 1). Briefly,
the local myofiber orientation was esti-
mated, and the tracking of all the myo-
fibers in the image was performed
automatically. After that, the SHGM
intensity profile was obtained for each
myofiber in the image (Figure 1, B and
C). Then, the autocorrelation of the in-
tensity profile was calculated and fitted
with a parametric model to compute the
A-Aband and Z-Z line mean distances of
all the sarcomeres that formed the
myofiber. This procedure was repeated
for all the myofibers. Finally, the dis-
tances that had been measured in all the
myofibers were averaged to obtain the
mean A-A band and Z-Z line distances
in the image.

Statistical analysis

Results are expressed as median =+
interquartile range. Comparisons be-
tween IUGR and AGA were performed
by the chi-square test, the Student ¢ test,
and the Mann-Whitney U analysis.
To compute the differences in the
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Second harmonic generation microscopy image from cardiac tissue

(1) A-A band distance in a single
sarcomere

(2) Z-Z line distance in a single
sarcomere

(1*) Mean A-A band distance
in the myofiber

(2*) Mean Z-Z line distance
in the myofiber
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A, A typical second harmonic generation microscopy image of fetal cardiac tissue that can be
measured readily when zoomed in (red box), as shown in B; C, second harmonic generation mi-
croscopy intensity profile from single myofiber to measure the intrasarcomeric A-A band distance
(red arrow) and the sarcomere length or Z-Z line distance in a single sarcomere (blue arrow); D,
normalized autocorrelation of the second harmonic generation microscopy intensity profile in the
myofiber that was obtained by automated fiber profiling after the computation of local fiber orien-
tation; the red arrow indicates the mean A-A band distance (77), and the blue arrow indicates the
mean sarcomere length or Z-Z line distance in the myofibers (27).

SHGM, second harmonic generation microscopy.

Truretagoyena. Ultrastructural changes of cardiomyocyte sarcomere in IUGR. Am ] Obstet Gynecol 2014.

sarcomeric distances between IUGR and
AGA, 4 areas of each individual image
were selected randomly and considered
for statistical analysis by the Student ¢
test, because 4 was the minimum num-
ber of analyzed areas in 1 individual.
This procedure was repeated 30 times,
and the mean probability value (P) was
calculated as

where p was the probability value of the ¢
test. Differences were considered signif-
icant with probability values of < .05.

Data were analyzed with the SPSS sta-
tistical software (version 15.0; SPSS Inc,
Chicago, IL).

REsuLTs

Study populations

Table 1 displays perinatal and Doppler
data of the study groups. All included
cases were very severe early-onset IUGR
cases with a birthweight that ranged
from 169-900 g. As expected, IUGR
cases showed signs of placental insuffi-
ciency and hemodynamic redistribution
by Doppler ultrasound evaluation and a
lower birthweight percentile. The per-
centage of cardiac arrest with potassium
chloride was similar among the study
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Prenatal Doppler evaluation and perinatal characteristics of the study

groups
Variable AGA IUGR Pvalue
Prenatal ultrasound assessment
Gestational age at scan, wk 22.2 (4) 22.0 (4) 917
Umbilical artery pulsatility —-0.2(1.5) 20.6 (25.3) .025
index (z-scores)
Middle cerebral artery pulsatility 0.7(1.4) -1.53.2) .077
index (z-scores)
Cerebroplacental ratio (z-scores) 0.4(1.2 —-3.5(2.2) .003
Perinatal characteristics
Gestational age at delivery, wk 22.6 (3) 22.1 (5) .894
Termination of pregnancy, % 100 44 .034
Cardiac arrest with potassium 55 44 .996
chloride, %
Birthweight, g 590 (195) 350 (255) .045
Birthweight percentile 45 (32) 0(0) .001
Heart/body weight x100, g 0.56 (0.2) 0.83 (0.33) .019

Data are given as median (interquartile range).

AGA, appropriate growth for gestational age; /UGR, intrauterine growth restriction.

Iruretagoyena. Ultrastructural changes of cardiomyocyte sarcomere in IUGR. Am ] Obstet Gynecol 2014.

groups. Pregnancy termination in AGA
was performed because of maternal
schizophrenia (n = 1) or fetal agenesis
of the corpus callosum (n = 5),

hydrocephalus (n = 1), lissencephaly
(n = 1), or neural tube defect (n = 1).
Among cases, termination of pregnancy
was indicated in 4 pregnancies at 22-23

Ultrasound and blood cardiovascular markers in AGA and IUGR fetuses

Variable AGA IUGR P value
Echocardiographic indices
Ductus venosus pulsatility 0(0.7) 6.7 (7.3) .014
index (z-scores)
Isovolumic contraction time (z-scores) 0.1(0.8) 0.5(2) .089
Ejection time (z-scores) 0(0.7) —-1.2(3.1) .056
Isovolumic relaxation time (z-scores) 02(1) 3943 .032
Left myocardial performance —0.1 (1) 4.7 (6.5) .044
index (z-scores)
Left E/A ratio (z-scores) 0.1 (0.2 (2.7) .027
Right E/A ratio (z-scores) —0.1(0.9) 5.2 (8.5) .01
Fetal blood biomarkers
B-type natriuretic peptide, pg/mL 65 (48) 340 (538) .004
Troponin-I, ng/mL 0.02 (0.02) 0.08 (0.60) .069

Data are given as median (interquartile range).

AGA, appropriate growth for gestational age; /UGR, intrauterine growth restriction.

ITruretagoyena. Ultrastructural changes of cardiomyocyte sarcomere in IUGR. Am ] Obstet Gynecol 2014.
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weeks gestation because of maternal
signs of severe preeclampsia together
with severe JUGR. The remaining 5
IUGR cases were born on average at 25
weeks gestation and died in utero
because of severe IUGR or within the
first week of life because of respiratory
complications of extreme prematurity.
In all cases and control subjects, cardiac
structural integrity was confirmed pre-
natally by ultrasound evaluation and
at the autopsy. Heart/body weight was
significantly increased in IUGR fetuses
as compared with AGA fetuses.

Cardiovascular assessment

Table 2 displays results on cardiovascular
assessment in cases and control subjects.
TUGR fetuses showed signs of cardiac
dysfunction denoted by increased ductus
venosus-PI, MPI, diastolic ventricular
filling ratios and fetal blood BNP con-
centrations. Troponin-I concentrations
showed a nonsignificant trend to higher
values in IUGR compared with AGA.

SHGM of heart tissue

Ultrastructural results are shown in
Table 3 and Figures 1 and 2. SHGM
showed a shorter sarcomere length in
IUGR samples compared with AGA.
There were significant differences in
the distance between 2 Z-lines that
delimited 1 sarcomere and a trend to-
wards a decreased distance between
intrasarcomeric A-bands.

COMMENT
This study provides evidence that IUGR
is associated with cardiac dysfunction and
ultrastructural cardiomyocyte changes
in the form of shorter sarcomere length.
In the present study, IUGR fetuses
showed signs of severe hemodynamic
deterioration and cardiac dysfunction by
echocardiography and cord blood BNP.
This finding was expected because all
cases were early-onset severe IUGR fe-
tuses, and it is consistent with previous
studies that demonstrated cardiac
dysfunction in IUGR, which correlates
linearly with the degree of fetal deterio-
ration.”” Increased BNP production
may result from increased volume over-
load and/or by direct effect of hypoxia.®



Additionally, TUGR fetuses showed a
nonsignificant trend to increased values
of troponin-I, which is also in line with
previous studies that have demonstrated
signs of myocardial cell damage in
growth restriction.” An increase in heart-
to-body weight was also denoted in
IUGR, which could be explained as a
compensatory mechanism, and is con-
sistent with some previous data from
experimental models of severe [TUGR.™
Overall, the underlying pathophysio-
logic condition of cardiac remodeling
and dysfunction in IUGR is complex
because hypoxia and pressure plus vol-
ume overload may affect the developing
myocardium.

The striking finding of this study was
the observation of shorter sarcomere
length in IUGR fetuses compared with
AGA fetuses. The sarcomere is a key
element of heart contractility. A shorter
sarcomere has been described in exper-
imental cardiac ischemic conditions.”
Shorter sarcomeres have less actin and
myosin cross bridges and less contractile
force and reduced range of short-
ening.”*”” Because cardiac energy con-
sumption is dependent on the number of
recruited cross bridges, a shorter sarco-
mere uses less energy contracting over a
smaller distance, which allows the heart
to be operative under energy restriction
conditions.”® As a tradeoff, shorter sar-
comeres lose force and stability in
unfavorable working conditions.’®””
Shorter sarcomeres in IUGR might
reflect an adaptive mechanism to cope
with chronic oxygen and nutrient re-
striction. This would allow increased
efficiency through lower energy con-
sumption but result in reduced con-
tractile function. Therefore, changes
that have been observed in sarcomere
length are consistent with reduced lon-
gitudinal systolic function and stroke
volume that have been observed in
IUGR fetuses and children.*” This
finding deserves further investigation to
clarify the involvement of critical pro-
teins for sarcomere structure and func-
tion, such as titin, myosin and myosin
binding protein C, which previously
have been described to be abnormal in
IUGR """ and in inherited and acquired
cardiomyopathies.”®”

Basic Science: Obstetrics

Ultrastructural evaluation of sarcomere in AGA and IUGR fetuses

Variable AGA IUGR P value
Intrasarcomere distance 0.76 (0.09) 0.73 (0.08) 14
(A-A band), um

Sarcomere length (Z-Z line), um 1.71 (0.15) 1.60 (0.12) .02

Data are given as median (interquartile range).

AGA, appropriate growth for gestational age; /UGR, intrauterine growth restriction.

Truretagoyena. Ultrastructural changes of cardiomyocyte sarcomere in IUGR. Am ] Obstet Gynecol 2014.

This study has several limitations and
considerations. First, the limited sample
size probably has prevented the de-
monstration of statistically significant
changes in the A-A band length and
troponin-I concentrations. Second, we
acknowledge that differences of perinatal
outcome (mainly spontaneous vs elec-
tive termination of pregnancy), blood
sampling, and body size could have
interfered in the results. However, results
were adjusted by fetal size, and the study
populations showed a similar gestational
age and percentage of cardiac arrest with
potassium chloride. Third, it could be
thought that sarcomere length differ-
ences could be attributed to differences
in cardiac arrest on systole or diastole.
We acknowledge that such differences
have been described*’; however, in our
study, a similar proportion of subjects in
each group received potassium chloride

to arrest the heart in diastole. Subjects
who were not arrested in diastole might
have an ultrastructure closer to diastole
than systole because any delay in fixative
penetration into the tissue would allow
sarcomeres to begin to relax.”’ Fourth,
the study was limited to the left ventricle.
We acknowledge that there might be
regional changes among the ventricles
that could have been overlooked in this
study. Finally, the severity of the selected
IUGR cases prevented us from drawing
conclusions about milder forms of
IUGR.

In conclusion, we have shown here
that abnormal cardiac function that is
observed in IUGR fetuses is associated
with ultrastructural changes at car-
diomyocyte sarcomere levels. These
changes could represent part of the fetal
adaptive response to the adverse envi-
ronment of [IUGR, which might help to

Sarcomere length in AGA and IUGR fetuses
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explain cardiovascular remodeling in
utero and in childhood” and increased
cardiovascular risk in adulthood’ as
described in IUGR. Further character-
ization of the sarcomere components
and the molecules that are involved in
their regulation is warranted to better
understand their involvement in cardiac
dysfunction in IUGR. The results of this
study may open novel research lines that
will aim to clarify the molecular mech-
anisms underlying cardiac adaptation
and programming in I[UGR. |
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ABSTRACT

Background: Intrauterine growth restriction (IUGR) induces fetal cardiac remodelling and dysfunction, which
persists postnatally and may explain the link of low birth weight with increased cardiovascular mortality in
adulthood. However, the cellular and molecular bases for these changes are not well understood. We tested
the hypothesis that IUGR in a rabbit model is associated with structural and functional gene expression
changes in the fetal sarcomere cytoarchitecture, which remain present in adulthood.

Methods and Results: IUGR was induced in New Zealand pregnant rabbits by selective ligation of the utero-
placental vessels. Fetal echocardiography demonstrated more globular hearts and signs of cardiac
dysfunction in [IUGR as compared to controls. Second harmonic generation microscopy (SHGM) showed a
shorter sarcomere, A-band and thick-thin flament interaction lengths that were already present in utero and
persisted at 70 postnatal days (adulthood). Sarcomeric M-band (GO: 0031430) functional term was over-
represented in gene expression bioinformatic set-analysis of IUGR fetal hearts.

Conclusion: The results suggest that IUGR induces cardiac dysfunction and permanent changes at the

sarcomere level.

Key words: cardiovascular disease, echocardiography, intrauterine growth restriction, myocardium,

sarcomere, second harmonic generation microscopy.
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INTRODUCTION

Intrauterine growth restriction (IUGR) is a major cause of perinatal mortality and long term morbidity [1]
affecting up to 7-10% of pregnancies. IUGR results in low birth weight, which has been epidemiologically
associated with an increased risk of cardiovascular disease in adulthood [2] mediated by fetal cardiovascular
programming. Fetuses with [IUGR suffer from chronic oxygen and nutrients restriction [3], which most probably
triggers an adaptive hemodynamic cardiovascular adaptation [4, 5] associated with in utero volume and
pressure overload [6]. Consequently, IUGR fetuses and newborns show signs of cardiovascular remodelling
and dysfunction, including reduced annular peak velocities [7] and increased carotid intima-media thickness
[8]. These fetal changes seem to persist postnatally, resulting in cardiovascular remodelling, as shown in
human children [9] and in adult animal models [10, 11]. Although the effects of IUGR on cardiac organ
remodelling have been characterized, the features of cardiac fetal programming at subcellular scale are poorly
documented. Identifying cellular involvement and molecular pathways of cardiac programming may provide a
better understanding into the pathogenesis of the disease and could be an opportunity to design therapeutic
interventions reducing the burden of cardiovascular disease from early life.

The sarcomere is the basic functional unit of the cardiac contractile machinery. Changes in sarcomere
structure and its key proteins have been observed in models of cardiac dysfunction and failure [12 - 14]. In a
previous experimental study, we demonstrated that chronic pre-natal hypoxia induced permanent post-natal
changes in the isoforms and content of sarcomeric proteins, including titin and myosin [10]. Interestingly, in
another recent study in human hearts, we have demonstrated that severe IUGR is associated with changes in
sarcomere length together with signs of cardiac dysfunction [15]. Sarcomere length is strongly related to
sarcomere function and contraction force, and has been described to be consistently altered in a substantial
number of conditions associated with cardiac failure [16 — 18].

In the current study, we aim to evaluate the long term impact of IUGR on sarcomere structure in an
experimental rabbit model of IUGR previously described by our group [19] that reproduces the main biometric
and cardiovascular features observed in human IUGR. Hearts from IUGR fetuses as well as hearts from
young adult rabbits were evaluated in order to assess the postnatal persistence of the changes on sarcomere
architecture. Additionally, bioinformatics gene expression analysis of the fetal hearts combined with the
functional interpretation of the global gene expression profile were also assessed to gain further insight on

associated changes in pathways and proteins regulating the sarcomere.
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METHODS

Experimental model of IUGR

New Zealand White rabbits were provided by a certified breeder and housed for 1 week before surgery in
separate cages on a reversed 12/12 h light cycle. Dams were fed a diet of standard rabbit chow and water ad
libitum. Animal handling and all procedures were carried out in accordance to applicable regulations and
guidelines and with the approval of the Animal Experimental Ethics Committee of the University of Barcelona
(permit number: 310/11 - 5999) and all efforts were made to minimize suffering.

Ten New Zealand White pregnant rabbits were used to reproduce a previously described experimental model
of IUGR [19, 20]. Briefly, at 25 days of gestation dams were intramuscularly administered ketamine 35 mg/kg
and xylazine 5mg/kg for anesthesia induction. Tocolysis (progesterone 0,9 mg/kg intramuscularly) and
antibiotic prophylaxis (Penicillin G 300.000 Ul endovenous) were administered prior to surgery. An abdominal
midline laparotomy followed by the selective ligature of the 40-50% of the utero-placental vessels of each
gestational sac was performed in all gestational sacs in one of the two uterine horns randomly selected. The
gestational sacs in the other uterine horn were considered as normal growth controls as no ligature was
performed. The abdomen was then closed and animals received subcutaneous meloxicam 0.4 mg/kg/24 h for
48 h, as postoperative analgesia. Five days after surgery, the same anaesthetic procedure was applied to
perform a caesarean section. At this moment, fetal echocardiography was performed. Subsequently, rabbit
kits were obtained and randomly assigned to two age study groups: i) fetal (30 days of gestation) and young
adult (70 days post-natal) group. Hearts from rabbits included in the fetal group were obtained through a
thoracotomy after anesthesia. Hearts for gene expression study were immediately snap frozen and stored at -
80°C until use. Hearts for multiphoton microscopy imaging were arrested in Ca’*-free buffer and fixed in 4%
paraformaldehyde in phosphate buffer for 24 hours at 4°C. Fetuses included in the young adult group were
breast-fed by a wet-nurse rabbit until the age of 25 days. At the age of 70 postnatal days, animals were

anesthetized and hearts were excised and fixed in 4% paraformaldehyde in phosphate buffer.

Fetal echocardiography

Echocardiography was performed in 10 paired control and IUGR rabbit fetuses at the time of the caesarean
section by placing the probe directly on the uterine wall using a Vivid q (General Electric Healthcare, Horten,
Norway) 1.4-2.5 MHz phased array probe. The angle of insonation was kept <30° in all measurements and a

70 Hz high pass filter was used to avoid slow flow noise. Ultrasound evaluation included: (1) Ductus venosus

104



pulsatility index obtained in a midsagittal section or transverse section of the fetal abdomen positioning the
Doppler gate at its isthmic portion; (2) Aortic isthmus pulsatility index obtained in a sagittal view of the fetal
thorax with a clear view of the aortic arch placing the sample volume between the origin of the last vessel of
aortic arch and the aortic joint of the ductus arteriosus; (3) Left and right sphericity indices calculated as base-
to-apex length / basal ventricular diameter measured from 2-dimensional images in an apical 4-chamber view
at end-diastole; (4) Left ventricular free wall thickness measured by M-mode in a transverse 4-chamber view;
(5) Left ejection fraction estimated by M-mode from a transverse 4-chamber view according to Teicholz
formula; (6) Longitudinal systolic (S’) peak velocities at the mitral annulus measured by spectral tissue

Doppler from an apical 4-chamber view.

Second Harmonic Generation Microscopy (SHGM)

Fixed fetal and young adult hearts were dehydrated and embedded in paraffin. Transversal 30 um heart
sections were cut in a microtome (Leica RM 2135) and mounted onto silane coated thin slides. After
deparaffination with xylene and hydration with decreasing ethanol concentrations (100° / 96° / 70°), sections
were covered with Mowiol 4-88 mounting medium (Sigma-Aldrich).

Detection of SHGM, from unlabelled cardiac tissue samples which were identified to contain mostly
cardiomyocytes and no collagen, was performed with a Leica TCS-SP5 laser scanning spectral confocal
multiphoton microscope (Leica Microsystems Heidelberg GmbH, Manheim, Germany) equipped with a Near
Infrared laser (Mai Tai Broad Band 710-990 nm, 120 fempto second pulse), at the Advanced Optical
Microscopy Unit from Scientific and Technological Centres from University of Barcelona. 7 control and 7 [IUGR
hearts from both the fetal and the young adult group were included in the analysis. For each heart, between 8
and 10 SHGM images, randomly chosen from the left ventricular mid-wall, were acquired. Each image
included an average of 15 cardiac muscle fibers containing 200 sarcomeres approximately. The image
resolution was 40 nm/pixel. Left ventricular cardiac fibers, which are mostly oriented in a single axis in optical
sections of approximately 1.5 microns, were aligned at 45 degrees to maximize Signal to Noise Ratio (SNR)
of SHGM. All tissue sections consisted of almost parallel fibres and were contained in a single plane by the
sample preparation to avoid any bias in measurements. This certified that the statistical differences are
related to group differences and contributions from other source of experimental error are marginal.

Figure 1 shows the distinctive biperiodic pattern of sarcomeres, imaged by means of SHGM, and their

characterization by two distances in unstained intact sarcomeres: resting sarcomere lengths (SL), measured
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as the distance between the two Z-discs delimiting each sarcomere; and intra-sarcomeric A-band lengths
(ABL), defined as the distance between the two intra-sarcomeric segments of the A-band, divided by the M-
band. Additionally, since SHGM arises from the thick-thin filament overlap in mature and developing
sarcomeres [21], its length was calculated as the mean width of the A-band-related peak (namely in our study
as thick-thin filament interaction length; TTIL). The three distinctive sarcomere distances (SL, ABL and TTIL)
were measured automatically with a custom algorithm based on an optimal fitting of a parametric model of the
autocorrelation function of the SHGM intensity profile in sarcomere fibers, as previously reported [22]. Briefly,
the local orientation of the sarcomere fibers was estimated to perform automatically the following tracking of
all the fibers within an image. After that, the SHGM intensity profile within each fiber was obtained and its
autocorrelation function was computed. Finally, the autocorrelation function of the intensity profile was fitted
with a parametric model to extract the average SL, ABL and TTIL of all the sarcomeres in the fiber. This
calculation was performed for all the sarcomere fibers in the image. Additionally, a ratio between SL and ABL
was calculated to further assess the quality of the acquired images and comparable physiological conditions
between study groups. When this ratio was above 2.25, the sample was excluded from the analysis since the

typical SHGM pattern of cardiac sarcomeres was lost.

Gene expression microarray

The gene expression profile was analyzed in 6 paired control and IUGR rabbit fetal hearts at 30 days of
gestation as previously described [23]. This study focused on the expression profile of the cardiomyocyte
contractile machinery - the sarcomere. Total RNA was isolated from left ventricle (RNeasy Mini kit, Qiagen),
labelled with Quick Amp One-color Labelling kit (Agilent) and fluorochrome Cy3 and hybridized with a Rabbit
Microarray (Agilent Microarray Design ID 020908). The hybridization was quantified at 5 um resolution (Axon
4000B scanner) and data extraction was performed using Genepix Pro 6.0. Data obtained from the microarray
were pre-processed and subjected to bioinformatics analysis from two viewpoints. Firstly, a differential gene
expression analysis in order to identify up- or down-regulated individual genes associated with [IUGR, carried

out using the limma [24] package from Bioconductor (http://www.bioconductor.org/). Differential gene

expression of the samples in each group was assessed with the adjusted P value for every gene included in
the microarray and with the fold change. Multiple testing adjustments of p-values were done according to
Benjamini and Hochberg [25] methodology. All the pre-processing steps described can be carried out with the

Babelomics software [26].
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Secondly, a gene set analysis was carried out for the Gene Ontology (GO) annotations using FatiScan [27],
implemented in the Babelomics suite [28] as previously described [23]. FatiScan looks for modules of genes
that are functionally related, based on various criteria such as common annotations as GO terms. GO terms
were grouped in three classes: i) cellular components; ii) biological processes and iii) molecular functions. GO
annotations for the genes in the microarray where taken from Blast2GO Functional Annotation Repository

web page (http://bioinfo.cipf.es/b2gfar/) [29].The raw microarray data is deposited in the Gene Expression

Omnibus database under accession number GSE37860.

Statistical Analysis

Data were analyzed with the statistical package SPSS 15.0 (version 15.0; SPSS Inc, Chicago, IL). Data are
expressed as mean + standard deviation or median (Interquartile range (IQR)). Paired comparisons between
the control and IUGR groups were done with t-test analysis. Differences were considered significant with
probability values of p<0.05. A classical parametric ANOVA test was carried out to compute significance
between IUGR and control populations in experiments concerning SHGM analysis. Statistical methods related

to the gene expression analysis have been detailed in its previous corresponding section.
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RESULTS

Fetal biometric and echocardiographic results

Table 1 details the fetal biometric and echocardiographic data. While absolute fetal body and heart weights
were significantly lower in IUGR, heart to body weight ratio was significantly increased in IUGR fetuses as
compared to controls. Fetal echocardiography showed a more globular cardiac shape with lower right
sphericity index but similar wall thickness in IUGR as compared to controls. Despite similar results in ejection
fraction, mitral annular peak velocities (S’) were significantly lower in IUGR as compared to controls.
Additionally, ductus venosus and aortic isthmus pulsatility indices were significantly increased in IUGR

fetuses.

Fetal sarcomere morphometry

Seven paired control and IUGR rabbits were quantified demonstrating a readily detectable SHGM signal from
unstained left ventricular sarcomeres. A representative image is displayed in Figure 2A and a magnification of
it is shown in Figure 1

As compared with controls, IUGR fetuses showed shorter sarcomere length (controls: 1.658 um + 0.094 vs.
IUGR 1.531 um + 0.114, p=0.042) (Figure 2B). Intra-sarcomeric A-band length was also found to be
decreased by IUGR (controls 0.772 um + 0.044 vs. IUGR 0.705 um + 0.060, p=0.035) (Figure 2C).
Additionally, thick-thin filament interaction length was shorter in IUGR (controls 0.104 um £ 0.006 vs. IUGR
0.096 um £ 0.007, p=0.048) (Figure 2D). The ratio between sarcomere length and intrasarcomeric A-band

length was similar in the study groups (controls 2.15 + 0.02 vs. IUGR 2.17 + 0.03).

Post-natal persistence of cardiac sarcomeric changes

Unstained young adult rabbit sarcomeres from left ventricular samples, in seven paired control and IUGR
rabbits (70 postnatal days), produced a readily detectable SHGM signal (Figure 3A) with a pattern similar to
the one observed in fetal sarcomeres, with similar ratios between sarcomere length and intrasarcomeric A-
band length (controls 2.11 £ 0.02 vs. IUGR 2.11 £ 0.01). A significant decrease in sarcomere length (controls

1.720 um £ 0.068 vs. IUGR 1.626 um + 0.084 , p=0.04) and intrasarcomeric A-band length (controls 0.817 um

+0.036 vs. IUGR 0.772 um + 0.041, p=0.049) were observed in IUGR as compared to controls(Figure 3B, C).
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Additionally, sarcomeric thick-thin filament interaction length was shorter in IUGR (control 0.103 um + 0.005

vs. [IUGR 0.097 um + 0.005, p=0.045) as compared to controls (Figure 3D).

Bioinformatic analysis of gene expression microarray data

Differential gene expression

All experiments showed a good level of labelling and hybridization onto the Agilent microarray. Differential
gene expression (when analysing for a fold change higher than 0.5 and an adjusted p-value lower than 0.05 -
data not shown) was similar in both experimental conditions for all the cardiomyocyte sarcomere components
included in the microarray.

Gene set analysis: functional interpretation of microarray data

A statistically significant enrichment in the group of genes composing the sarcomeric M-band (GO: 0031430)
functional class (P raw <0.001; P adj =0.069) was observed in fetal IUGR hearts. The GO cellular component
M-band is represented in Figure 4 as an acyclic graph. M band annotation was found in 1.6 % of the most up-
regulated genes in IUGR. On the other hand, only 0.69 % of the most down-regulated genes in IUGR
contained the annotation (p value < 0.001; adjusted p-value < 0.1). Table 2 shows the most relevant genes
that define the M band (GO: 0031430). The remaining sarcomeric functional terms identified by the gene set

analysis were not found to be significantly modified due to IUGR.
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DISCUSSION

The present study shows an association between IUGR and fetal and postnatal permanent sarcomeric
structural changes together with altered fetal cardiac function and sarcomere related gene expression
changes. Since sarcomere length has been shown to have an important influence on cardiac contractility [30],
the observed decrease in its length might be an important determinant of the currently described changes on
cardiac shape and function. These findings provide important clinical and research suggestions that open
future research to further characterize the molecular basis of cardiac dysfunction and remodelling observed in
IUGR individuals.

The experimental approach used in this study chronically reduces the blood supply to the fetuses by
performing a selective ligature of the uteroplacental vessels in pregnant rabbits [19], and has been shown to
reproduce the main biometric and fetal hemodynamic features observed in human growth restriction [20].
Signs of fetal hypoxia are demonstrated by an increased pulsatility in the aortic isthmus flow as a reflection of
the shift of blood towards the brain circulation in response to hypoxia, which is produced by a combination of
brain vasodilation and systemic hypertension [31]. Additionally, the echocardiographic evaluation confirmed
that IUGR results in more globular hearts, together with signs of systolic longitudinal dysfunction, which is

similar to those observed in human fetuses and children [7, 9, 32].

Sarcomere length is important in myofilament force generation by different mechanisms since it has an effect
on actin-myosin cross-bridge recruitment [33]. In this regard, sarcomere length is associated with the degree
of thick-thin filament overlap, which affects the probability of actin-myosin cross-bridge formation and thus the
capacity to generate force [34]. Shorter sarcomeres have been found in animal models of a variety of cardiac
diseases, including ischemic contracture [16], diastolic dysfunction [17], and dilated cardiomyopathy and heart
failure [18]. Additionally, in a recent paper using human biopsies, passive force-length analysis suggested a
shorter sarcomere length in pressure-overloaded myocardium compared to volume overload and control
donors [35]. We recently described changes on the cardiomyocyte intracellular organization in the same
experimental animal model of IUGR [23] that resemble to changes induced by pressure overload [36]. The
permanent changes in sarcomere structure, as observed here in IUGR, could be as well a response to the
known sustained increase in fetal blood pressure that occurs in IUGR. Supporting this notion, recent findings
suggest that isolated neonatal cardiomyocytes undergo structural modifications within their myofibrils in

response to changes in environmental stiffness, resulting in differences in resting sarcomere length [37].
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Additionally, the observed changes in sarcomere length are consistent with previous research where we
showed that chronic prenatal hypoxia led to a shift in the expression of titin isoform N2BA (larger and more
compliant isoform) towards isoform N2B (smaller and stiffer isoform) [10]. This protein extends from the center
of the sarcomere to the Z line, thus acting as a developmental template for sarcomere assembly [38]. Titin is
thought to be a major determinant of the sarcomere length [39, 17].

We recently published a work in which post-mortem cardiac samples from human fetuses that suffered severe
IUGR were studied using the same SHGM methodology in order to assess changes in sarcomere
morphometry [15]. Interestingly, results were strongly consistent with the ones described herein in the animal
model: shorter sarcomere length in IUGR. This consistency strengthens the hypothesis that changes in
sarcomere length could help to explain subclinical cardiac dysfunction previously described in human fetuses
and children [9], and observed in IUGR rabbits in this study. The shorter sarcomere length and thick-thin
filament interaction length might indicate a decrease in the number of binding events for cross-bridges
between actin and myosin. Since cardiac muscle energy consumption depends on the number of recruited
cross-bridges [40] shorter sarcomere length and thick-thin filament interaction length could be interpreted as
an adaptive mechanism to cope with the oxygen and/or glucose restriction in IUGR. Importantly, in this study
we show evidence of the postnatal persistence of the changes on sarcomere morphometry, which can not be
assessed in humans. This observation might be relevant to explain the increased risk of cardiovascular

disease and mortality in adult life related to IUGR as well as to understand the fetal cardiac programming.

Advanced bioinformatics analytic approaches were used in this study to complement the observations of
SHGM and provide further evidence of the existence of functional gene expression differences encompassing
structural changes. Fetal gene set analysis included a family of different tests designed to detect modules of
functionally-related genes [41, 42]. Among them, we used FatiScan [27], integrated in Babelomics [26], which
has been employed to successfully detect coordinated variations in blocks of genes [43]. The results
demonstrated functional differences in a basic structure for the sarcomeric cytoskeleton, the M-band, which
plays an important organizational role during myofibrillogenesis by performing the regular packing of the
nascent thick (myosin) filaments [44]. This finding is in line with previous observations suggesting that specific
structural alterations at the M-band might be part of a general adaptation of the sarcomeric cytoskeleton to
unfavorable working conditions in early stages of dilated cardiomyopathy, correlating with an impaired

ventricular function [45]. Moreover, they suggest an underlying basis for the abnormal sarcomere
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cytoarchitecture observed in IUGR. Genes included in the M-band functional class involve a variety of
associated molecules to this structure with key roles in sarcomere assembly and function, including titin,
obscurin and myomesin. Interference with the physiological function of these proteins is of pathogenic
relevance for human cardiomyopathies [46]. The findings warrant further investigation to clarify the individual
role of sarcomere proteins in the generation of permanent structural changes of the contractile machinery

under IUGR.

Several study limitations and technical considerations merit discussion. We used SHGM to measure
sarcomere length. The technique has been validated to accurately visualize the SHGM signal produced by
cardiac myosin thick filaments in unstained sarcomeres from different species with an accuracy of 20 nm [21,
22, 47]. SHGM offers comparable results to those provided by electron microscopy with the additional
advantage of imaging larger tissue areas [22]. Sarcomere length values in this study were consistent with
measurements using electron and light microscopy in fixed rabbit cardiomyocytes, and showed increasing
values with cardiac maturation [48, 49]. The bioinformatics analysis of gene expression data used herein has
been shown to be useful for studying diseases like IUGR in which subtle differences are expected. This study
illustrates the existence of sarcomere changes, but it provides a limited view of the mechanistic or molecular
pathways underlying such changes. We acknowledge that with the present study is difficult to address the
actual biological relevance of the gene expression and bioinformatics analysis and future studies are required
to gain further insight on the relevance and to elucidate pathways that might be responsible for the observed
changes. Additionally, results provided by bioinformatics gene set analysis strongly depend on the capabilities
of bioinformatics tools and gene annotations, which are constantly evolving. Thus, gene pathways that are not

well described yet might remain undetectable with current tools

In conclusion, this study provides new clues towards understanding the cellular and molecular mechanisms
underlying cardiac remodelling through fetal programming and persisting in adulthood. Together, the findings
presented here support that IUGR induces permanent changes in cardiac sarcomere morphometry,
associated with functional changes in proteins involved in sarcomere function and assembly. These changes
might help to explain the stiffer and less deforming hearts of fetuses and adults suffering from IUGR, and
open new lines of research aiming at characterizing and interfering with the mechanisms of adaptation leading

to cardiovascular remodelling in IUGR.
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FIGURE LEGENDS

Figure 1. Schematic representation of the sarcomere cytoskeleton distances. A, an illustration of the
sarcomere elementary parts; B, a sarcomere image by electron microscopy; C, a SHGM image of a myofibril;
and D, a SHGM intensity profile along the myofibril showing the distances measured to characterize the
sarcomere cytoskeleton: sarcomere length (SL), intra-sarcomeric A-band lengths (ABL) and thick-thin filament

interaction length (TTIL).

Figure 2. Ultrastructural sarcomere changes in fetal hearts from IUGR and controls. A, A representative
SHGM image from unstained fetal rabbit left ventricle. The sarcomeres are clearly delimited by thick black
lines (Z-discs) and the SHGM signal originates from the thick myosin filaments (in green). In the central region
of the myosin filaments appears a thinner black line, identified as the M-band. Scale bar= 20 um. B and C,
show average distances between two consecutives Z-discs (SL) and intrasarcomeric A-bands (ABL),

respectively. D, shows thick-thin filament interaction length (TTIL), as the mean width of the A-band-related

peaks. Data are expressed as mean + SD.

Figure 3. Ultrastructural sarcomere changes in adult hearts from IUGR and controls. A, Representative
SHGM image from unstained adult rabbit left ventricle. Scale bar= 20 um. B and C, show average distances
between two consecutive Z discs (SL) and two intrasarcomeric A bands (ABL), respectively. D, shows the

length of thick-thin filament interaction length (TTIL). Data are expressed as mean + SD.

Figure 4. Gene ontology analysis. Acyclic graph showing the M-line cellular component significantly over-
represented (in red) in IUGR compared to healthy control hearts. In the GO hierarchy, biological knowledge
can be represented as a tree where functional terms near the root of the tree make reference to more general
concepts while deeper functional terms near the leaves of the tree make reference to more specific concepts.
If a gene is annotated to a given level, then is automatically considered to be annotated at all the upper levels

up to the root.
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TABLES

Table 1. Fetal biometric and echocardiographic results in IUGR and control fetuses.

N

Fetal Biometry

Fetal weight (g)

Heart weight (g)

Heart weight / Fetal weight)*100
Fetal hemodynamics

Ductus venosus pulsatility index
Aortic isthmus pulsatility index
Cardiac morphometry

Left sphericity index

Right sphericity index

Left ventricle wall thickness (mm)
Systolic function

Left ejection fraction (%)

Mitral annular systolic peak

velocity (cm/s)

All values are median (interquartile range). P-value was calculated by t-test. g: grams; mm: millimeters; cm/s:

centimetres/second.

120

Control
10

48.97 (12.46 )
0.37 (0.10)
0.79 (0.11)

0.75 (0.25)
3.05 (0.45)

1.54 (0.34)
1.56 (0.24)
1.45 (0.37)

89.1 (8.2)
1.91(0.27)

IUGR
10

29.94 (7.72)
0.29 (0.09 )
1.10 (0.31)

1.33 (0.75)
3.85 (1.16)

1.51 (0.26)
1.32 (0.23)
1.41(0.31)

82 (24.6)
1.59 (0.33)

P-value

0.000 *
0.006 *
0.009 *

0.008 *
0.009 *

0.073
0.004 *
0.978

0.39
0.046 *



Table 2. Results from most relevant sequences included in M-band functional class identified by FatiScan
gene set analysis (M-band (GO: 0031430) block of genes). A fold change value above 0 indicates up-

regulation in [IUGR vs. controls.

Name ID Fold change
OBSCN (Obscurin) ENSOCUTO00000011554 0.266
OBSL (Obscurin-like protein 1)  ENSOCUT00000011142 0.171
Titin ENSOCUT00000016899 0.265
Myopalladin ENSOCUT00000009940 0.405
Myomesin-2 ENSOCUT00000013143 0.265

121



Figure 1.

122

Thin

Thick

A Z-disc filaments M-line filaments Z-disc

SL

T

SHG normalized amplitude
o
=

260

280 300
Distance along profile (pixels)

320 340




1,80

1,707

1,60

SL (um)

1,50

1,40

p=0,042

Figure 2.

1
CONTROL

T
IUGR

0.857 p=0,035 0,12 p=0,048
0,807 —
0,117
0,757 E
2
0,10
0,70 e
0,09
0,657
0,60 - 0,08
T T T T
CONTROL IUGR CONTROL IUGR

123



1,407

p=0,040

Figure 3.

124

T
CONTROL

T
IUGR

ABL (pm)

0,857

0,807

0,757

0,707

0,657

0,607

p=0,049

T
CONTROL

T
IUGR

0,121

0,117

TTIL (um)
°
2

0,09

0,087

p=0,045

T
CONTROL

T
IUGR




Anna Gonzalez Tendero

Figure 4.

Cardiomyocyte
component

= N\

Cardiomyocyte

\ Cardiomyocyte

Cardiomyocyte
intracellular

space Cardiomyocyte

intracellular

Cardiomyocyte Cardiomyocyte
cytoplasmic cytoplasm
part

Sarcomere
contractile
fiber

\ Sarcomere
myofibril

Sarcomere
contractile
fiber part

125



126



Anna Gonzalez Tendero PhD Thesis

6. RESULTS
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6.1 Lower birthweight and signs of placental insufficiency in IUGR

Human IUGR population (study 3)

For the human IUGR population, Table 2 displays perinatal and Doppler data. All included
cases were very severe early-onset IUGR cases with a birthweight ranging from to 169 to
900 g. As expected IUGR cases showed signs of placental insufficiency and hemodynamic
redistribution by Doppler ultrasound, and a lower birthweight centile. The percentage of
cardiac arrest with potassium chloride was similar among the study groups. Pregnancy
termination in controls was performed due to maternal schizophrenia (1) or fetal agenesis of
the corpus callosum (5), hydrocephalus (1), lissencephaly (1) or neural tube defect (1).
Among cases, termination of pregnancy was indicated in four pregnancies at 22-23 weeks
due to maternal signs of severe preeclampsia together with severe IUGR. The remaining
five IUGR cases were born on average at 25 weeks and died in utero due to severe IUGR
or within the first week of life due to respiratory complications of extreme prematurity. In all
cases and controls cardiac structural integrity was confirmed prenatally by ultrasound and
at the autopsy. Heart/body weight was significantly increased in IUGR fetuses as compared

to controls

Table 2. Prenatal Doppler evaluation and perinatal characteristics of the study groups.

Control IUGR P-value
Prenatal ultrasound assessment
Gestational age at scan (weeks) 22.2 (4) 22.0 (4) 0.917
Umbilical artery pulsatility index (z-scores) -0.2 (1.5) 20.6 (25.3) 0.025*
Middle cerebral artery pulsatility index (z-scores) 0.7 (1.4) -1.5(3.2) 0.077
Cerebroplacental ratio (z-scores) 0.4 (1.2) -3.5(2.2) 0.003*
Perinatal characteristics
Gestational age at delivery (weeks) 22.6 (3) 22.1(5) 0.894
Termination of pregnancy (%) 100% 44% 0.034*
Cardiac arrest with potassium chloride (%) 55% 44% 0.996
Birthweight (g) 590 (195) 350 (255) 0.045*
Birthweight percentile 45 (32) 0(0) 0.001*
Heart/body weight (x100) (g) 0.56 (0.2) 0.83 (0.33) 0.019*

Data are expressed as median (interquartile range). * p-value < 0.05.
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Experimental model of IUGR (studies 1, 2 and 4)

Biometric outcome of the study groups of the experimental model of IUGR is summarized in
Table 3. Birth weight, placental weight, heart weight, crown-rump length and abdominal
girth decreased significantly in [UGR kits compared to normally growth kits. Additionally,
heart to body weight ratio was increased in the IUGR group.

Table 3. Biometry in experimental groups of the animal model of IUGR.

Control IUGR P value
Birth weight (g) 49.24+8.03 29,76+5.99 0.000*
Heart weight (g) 0.43+0.07 0.29+0.07 0.001*
Heart/body weight (x100) (g) 0.84+0.12 1.02£0.11 0.009*
Placental weight (g) 3.86+1.06 2.23+0.37 0.028*
Crown-rump length (mm) 10.56+0.46 8.94+1.05 0.004*
Abdominal girth 7.47+0.93 6.38+0.65 0.048*

Data are expressed as mean * SD. * p-value < 0.05.

6.2. Abnormal cardiac fiber orientation and dilated coronary arteries in IUGR (study
1)

The postprocessing and analysis of the images obtained from X-ray phase contrast
synchrotron radiation-based micro-CT shows changes on the cardiac detailed anatomy,

myofiber structure and vasculature in IUGR fetal hearts compared to fetal control hearts.

In Figure 6, detailed cardiac anatomy of control and IUGR fetal hearts can be appreciated.
It shows surface rendered images of cuts trough two fetal rabbit hearts. The IUGR heart
(right) is clearly smaller than the normal one (left). Additionally, the coronaries are clearly
dilated and much more prominent in the IUGR heart.

Figure 7 (left) shows the local helix angle of the fibres within a slice of the fetal rabbit
myocardial wall with a visualisation of the resulting 3D fibre structure at the right. The
gradual change from predominantly longitudinal at the epicardial side, towards more
circumferential in the mid-myocardium and again longitudinal at the epicardial side of the
left ventricle can be observed. A rather abrupt change in the mid of the interventricular
septum is present. In IUGR, predominantly in the RV wall, there seems a reduction in the

longitudinally oriented fibres with more predominance of the circumferential ones.
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Figure 6. Volume rendered images depicting detailed cardiac anatomy. IUGR heart (right) is smaller and with
thinner walls compared to the control heart (left). Additionally, it can be apprecicated that coronary vessels are clearly

dilated and much more prominent in the IUGR heart.

The dilatation of the coronary arteries in IUGR fetal rabbit hearts is clearly visible in Figure

8 where it can be oserved and quantified. It shows the segmented arterial trees (top) as

well as a visualisation of the local radius of the vessels (bottom).

CTRL

TUGR

Figure 7. Fiber orientation in
myocardial walls. Fiber angle change
across the walls within a slice in fetal
rabbit control (top left) and IUGR (bottom
left) hearts. Fiber angle change from
endo- to epi-cardium from +90° to -90°. A
visualisation of the resulting 3D fibre
structure at the right.
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CONTROL

CONTROL

Figure 8. Segmentation of the coronary vascular tree. Coronary vascular tree can be clearly visualized when
segmented (top). The differences between control and IUGR rabbit fetal hearts result even more evident when the
segmentation of the coronary vessels is visualized as a quantification of the local radius of the vessels (bottom). Lighter
colours mean bigger diameters; therefore the dilatation of the coronary arteries in IUGR can be clearly observed.

6.3. Altered intracellular arrangement in IUGR cardiomyocytes (study 2)

General cardiomyocyte cyotarchitecture

The electron microscopy study showed significant differences between IUGR and control
fetal rabbit myocardium regarding the arrangement of the intracellular components. A
representative image of this is displayed in Figure 9A-B, showing that IUGR rabbits present
a looser packing of mitochondria and an increased cytosolic space between mitochondria
and myofilaments. Quantification of the volume densities of myofilaments, mitochondria and
cytoplasm is shown in Figure 9C. Stereological examination of micrographs obtained from

control and IUGR myocardium showed that the amount of myofilaments was not different
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between control and IUGR rabbits (mean 34.64 + SD 4.04% in control vs. 34.74 + 6.01% in
IUGR, p=0.973). On the other hand, changes in the relative volume occupied by
mitochondria and cytoplasm were observed among control and IUGR myocardium. The
relative volume occupied by mitochondria was significantly decreased in IUGR fetuses
(34.59 £ 4.23% in control vs. 27.74 £ 5.28% in IUGR, p=0.032), while the relative volume
occupied by total cytoplasm was significantly increased under IUGR (30.77 + 3.04% in
control vs. 37.53 + 4.97% in IUGR, p=0.018). In this study we classified the cytoplasm into
two categories according to its localization: i) cytoplasm located between mitochondria and
myofilaments (ICEUs) and ii) cytoplasm not located in the ICEUs, namely free cytoplasm.
The cytoplasm existing within ICEUs was significantly increased under IUGR (6.47 *
0.1.18% in control vs. 8.69 £ 1.75% in IUGR, p=0.027). However, the free cytoplasm was
not altered (24.31 £ 2.91% in control vs. 28.84 £ 5.27 % in IUGR, p=0.095).

W Gontol

50 = IUGR
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&
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Figure 9. Cytoarchitectural organization of cardiomyocytes. Representative micrographs showing the typical
organization of the intracellular space in control (A) and IUGR (B) fetal cardiomyocytes. While mitochondria are highly
compacted and packed close to myofilaments in controls, they are looser packed showing an increased cytosolic space
both within the mitochondrial network (**) and between mitochondria and myofilaments (arrow heads) in IUGR. C,
stereological measurements of fetal control and IUGR cardiomyocytes showing the relative volume occupied by
myofilaments, mitochondria, free cytoplasm (Free), cytoplasm between mitochondria and myofilaments (ICEUs) and total
cytoplasm (Total). *p<0.05. Data in graphs are expressed as mean + SD. Magnification: 20000x. Scale bar=2 pum. Mit
(mitochondria), Myof (myofilaments), Cyto (cytoplasm), N (nucleus).
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Mitochondrial area and number

The average area of individual mitochondria as well as the number of mitochondria were
quantified in order to test whether changes in the relative volume occupied by mitochondria
could be due to changes in the mitochondrial size or number (Fig 10). Results did not show
statistically significant differences regarding the area of individual mitochondria (0.3094 *
0.0595 um? in control vs. 0.2407 + 0.0176 um? in IUGR; p=0.128). Average number of
mitochondria neither resulted to be different between control and IUGR hearts (27.47 + 9.32
in control vs. 26.33 £ 8.06 in IUGR; p=0.627).

0.4
40 4

30 4

204

Individual mitochondrial area (um?)
Number of mitochondria

Control IUGR Control IUGR

Figure 10. Mitochondria area and number. A, average area of individual mitochondria, estimated delineating each
mitochondria as shown in Fig 3.A and B. B, average number of mitochondria. Data in graphs are expressed as
mean + SD.

ICEUs arrangement

Subsequently, the area and mean distance between mitochondria and myofilaments were
automatically quantified (Fig 11). Results showed that both the area of cytoplasm between
mitochondria and myofilaments within ICEUs (median 120700 (IQR 87490-155500) nm? in
control vs. 168600 (124100-236200) nm? in IUGR, p=0.015) (Fig 11E) and the mean
distance (105.7 (86.7-137.9) nm in control vs. 133.7 (104.7-182.3) nm in IUGR, p=0.037)

(Fig 11F) were significantly increased in IUGR rabbit myocardium.
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Figure 11. Arrangement of ICEUs. Representative micrographs show an overview of a mitochondrial network
surrounded by myofilaments in a control (A) and IUGR (B) fetal cardiomyocyte. C (control) and D (IUGR) are a detail
of A and B, respectively, showing delineated ICEUs. Although in control myocardium mitochondria are closely
apposed to myofilaments, the cytoplasmic space between mitochondria and myofilaments is greater in IUGR. E and
F: quantification of the average area of cytoplasm and the mean distance between mitochondria and myofilaments
within ICEUSs, respectively. *P _ 0.05. Data in graphs are expressed as means + SD. Magnification: 20,000X. Scale
bar = 2 pym. Mit, mitochondria; Myof, myofilaments; Cyto, cytoplasm; N, nucleus.

6.4. IUGR induces shorter sarcomere length in utero (study 3)

Second Harmonic Generation Microscopy of heart tissue

Evaluation of the ultrastructure of the sarcomere was performed in human fetal cardiac

tisse. A representative image is displayed in of the SHG signa is shown in Figure 5. Images
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show that sarcomere borders are clearly delimited by two neighbouring Z-discs, visualized
as thick dark regions. The SHG signal originates from the thick myosin filaments,
corresponding to the A-band. A thin black line is observed in the centre of the A-band,
corresponding to the crossbridge-free portion of the thick filaments, identified as the M-
band.

Quantification of SHG microscopy images showed a shorter sarcomere length in IUGR
samples as compared to controls Figure 12. There were significant differences in the
distance between two Z-lines delimiting one sarcomere and a trend towards a decreased

distance between intrasarcomeric A-bands.
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Figure 12. Sarcomere morphometry. A, Sarcomere length or Z-Z line distance and B, intrasarcomere (A-A band)
distance in normally grown and growth-restricted fetuses.

6.5. Postnatal persistence of sarcomere changes in IUGR (studies 3 and 4)

Characterization of the sarcomere ultrastructure by measuring its lengths was as well
performed in the experimental model of IUGR. The quantification of SHG microscopy
images showed that as compared to controls, IUGR subjects had a shorter sarcomere
length (1.658 um + 0.094 vs. 1.531 um = 0.114 in controls and IUGR respectively, p=0.042)
(Fig 13B). Intra-sarcomeric A-band length was also found to be decreased by IUGR (0.772
um % 0.044 vs. 0.705 um £ 0.060 in control and IUGR, respectively, p=0.035) (Fig 13C).
Additionally, thick-thin filament interaction length was shorter in IUGR (0.104 um £ 0.006 vs.
0.096 um £ 0.007 in control and IUGR, respectively. P=0.048) (Fig 13D). The ratio between
sarcomere length and intrasarcomeric A-band length was similar in the study groups (2.15
+ 0.02 vs. 2.17 £ 0.03 in control and IUGR, respectively).
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Next purpose was to determine if alterations affecting sarcomere ultrastructure persist in
postnatal life. Seven paired control and IUGR young adult rabbits (70 postnatal days), with
similar ratios between sarcomere length and intrasarcomeric A-band length (2.11 + 0.02 vs.
2.11 £ 0.01 in control and IUGR, respectively), were analyzed. Similar to what we found in
fetal tissue, the measurements showed significant decreases in sarcomere length (1.720
um = 0.068 vs. 1.626 um + 0.084 in control and IUGR, respectively. p=0.04) and
intrasarcomeric A-band length (0.817 um % 0.036 vs. 0.772 um + 0.041 in control and
IUGR, respectively. p=0.049) due to IUGR (Fig 14B, C). Additionally, sarcomeric thick-thin
filament interaction length was shorter in [IUGR (0.103 um + 0.005 vs. 0.097 um % 0.005 in
controls and IUGR, respectively. p=0.045) (Fig 14D).
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Figure 13. Ultrastructural sarcomere changes in fetal hearts from IUGR and controls. A, A representative
SHGM image from unstained fetal rabbit left ventricle. The sarcomeres are clearly delimited by thick black lines (Z-
discs) and the SHGM signal originates from the thick myosin filaments (in green). In the central region of the myosin
filaments appears a thinner black line, identified as the M-band. Scale bar= 20 um. B and C, show average
distances between two consecutives Z-discs (SL) and intrasarcomeric A-bands (ABL), respectively. D, shows thick-
thin filament interaction length (TTIL), as the mean width of the A-band-related peaks. Data are expressed as mean
+ 8D.
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Figure 14. Ultrastructural sarcomere changes in adult hearts from IUGR and controls. A, Representative
SHGM image from unstained adult rabbit left ventricle. Scale bar= 20 ym. B and C, show average distances
between two consecutive Z discs (SL) and two intrasarcomeric A bands (ABL), respectively. D, shows thick-thin
filament interaction length (TTIL). Data are expressed as mean + SD.

6.6. Ultrastructural changes in IUGR are associated with cardiac functional changes
(studies 2, 3 and 4)

Human IUGR fetuses show signs of cardiac dysfunction

In order to assess the potential association of the described structural changes with an
abnormal cardiac function, we aimed to evaluate cardiac function in both study populations
studied in this thesis.

On one hand, echocardiographic evaluation of human fetuses (Table 4) shows that IUGR
fetuses presented signs of global cardiac dysfunction and diastolic dysfunction, denoted by
increased DV PI, MPI and E/A ratios.

On the other hand, fetal blood cardiovascular biomarkers (Table 4) detection showed an
increase of B-type natriuretic peptide and a non-significant trend to higher values of Tnl in

IUGR compared to controls.

138



Table 4. Ultrasound and fetal blood cardiovascular markers in control and IUGR human fetuses.

Control IUGR P-value

Echocardiographic indices

Ductus venosus pulsatility index (z-scores) 0(0.7) 6.7 (7.3) 0.014*

Isovolumic contraction time (z-scores) 0.1(0.8) 0.5(2) 0.089

Ejection time (z-scores) 0(0.7) -1.2(3.1) 0.056

Isovolumic relaxation time (z-scores) 0.2 (1) 3.9 (4.3) 0.032*

Left myocardial performance index (z-scores) -0.1 (1) 4.7 (6.5) 0.044*

Left E/A (z-scores) 0.1(0.2) 2.3 (2.7) 0.027*

Right E/A (z-scores) -0.1 (0.9) 5.2 (8.5) 0.011*
Fetal blood biomarkers

B-type natriuretic peptide (pg/mL) 65 (48) 340 (538) 0.004*

Troponin-I (ng/mL) 0.02 (0.02) 0.08 (0.60) 0.069

Data are median (interquartile range). * p- value < 0.05

The experimental model reproduces cardiac dysfunction of human IUGR

Echocardiographic evaluation to assess cardiac morphometry and function in the
experimental model of IUGR, detailed in Table 5, shows that IUGR hearts are more
globular with lower sphericity index (significantly different for the right ventricle, borderline
for the left) but similar wall thickness compared to controls. Despite similar results in
ejection fraction, mitral annular peak velocities (S’) were significantly lower in [IUGR as
compared to controls, denoting a systolic dysfunction. Additionally, DVPI and AolPI were

significantly increased in IUGR fetuses.

Table 5. Fetal echocardiographic results in the experimental model of IUGR.

Control IUGR P-value
N 10 10
Fetal hemodynamics
Ductus venosus pulsatility index 0.75 (0.25) 1.33 (0.75) 0.008 *
Aortic isthmus pulsatility index 3.05 (0.45) 3.85(1.16) 0.009 *
Cardiac morphometry
Left sphericity index 1.54 (0.34) 1.51(0.26) 0.073
Right sphericity index 1.56 (0.24) 1.32(0.23) 0.004 *
Left ventricle wall thickness (mm) 1.45(0.37) 1.41 (0.31) 0.978
Systolic function
Left ejection fraction (%) 89.1(8.2) 82 (24.6) 0.390
Mitral annular systolic peak velocity (cm/s) 1.91 (0.27) 1.59 (0.33) 0.046 *

Data are median (interquartile range). * p- value < 0.05
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IUGR induces changes in the expression of functional groups of genes

In order to complement the structural results showing changes induced by IUGR in the
experimental model, we performed a gene expression study in order to detect potential

genes with differential expression that could be responsible for the observed changes.
Gene expression microarrays output was analyzed from two viewpoints:

Differential gene expression: Analysing for a fold change higher than 0.5 and an adjusted p-

value lower than 0.05, there were not genes with significant differential expression.

Gene set analysis: The output result of the differential expression analysis (ranked list by
the statistic of the test) was the input for the gene set analysis. On this full list of genes,
Fatiscan detected groups of genes with the same expression pattern and sharing biological
functions and extracted significantly under- and over-represented Gene Ontology terms in a
set of genes after comparing two sub-lists of genes with different pattern of expression: the
first list included genes more expressed in IUGR group and the second list with genes more
expressed in control group. Therefore, this analysis evaluated both the IUGR group and
control group at the same time. Gene set analysis showed that IUGR subjects presented a
statistically significant enrichment in groups of genes involved in energy production, cardiac
energetic metabolism regulation and the sarcomere M-band (Table 6). Oxidative
phosphorylation annotation (GO: 0006119, biological process) was found in 1.03% of the
most up-regulated genes in IUGR (list 1, more expressed in IUGR than control group),
while only 0.17% of the most down-regulated genes in IUGR contained the annotation (list
2, more expressed in control than IUGR group). Similarly, the annotations for oxygen
homeostasis (GO: 0032364, biological process), mitochondrial respiratory chain complex |
(GO: 0005747, cellular component) and NADH dehydrogenase (GO: 0003954, molecular
function) were found in 0.49%, 0.44% and 0.35% respectively, of the most up-regulated
genes in IUGR, and only in 0.04%, 0% and 0% of the most down-regulated genes in IUGR,
respectively. All p-values were < 0.001 and all adjusted p-values were < 0.08. In relation to
the sarcomere, gene set analysis detected an enrichment of the M-band annotation (GO:
0031430, cellular component), which was found in 1.6% of the most up-regulated genes in
IUGR, while only 0.69% of the most down-regulated genes in IUGR contained the

annotation (Table 6). All p-values were < 0.001 and all adjusted p-values were < 0.08.
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Table 6. Gene set analysis with FatiScan.

Up- Down- di
adj. p-
Annotation represented represented p-value jl P GO type
value
inlUGR in IUGR
Oxidative phosphorylation Biological
1.03% 0.17% 1.15e-4 7.87e-2*
(GO: 0006119) process
Oxygen homeostasis Biological
0.49% 0.04% 1.63e-4 7.82e-2*
(GO: 0032364) process
Mitochondrial respiratory chain complex | Cellular
0.44% 0% 1.3%e-3 7.29e-2*
(GO: 0005747) component
NADH dehydrogenase Molecular
0.35% 0% 4.37e-4 6.03e-2 * .
(GO: 0003954) function
M band Cellular
1.6% 0.69% 8.79 e-4 6.91e-2
(GO: 0031430) Component

Gene Ontology annotations involved in energy production and cardiac energetic metabolism regulation with a statistically significant
enrichment in IUGR. * adjusted p-value < 0.08.
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7. DISCUSSION
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This thesis consists on a multiscale characterization of cardiac remodeling induced
by IUGR, mainly focusing on the structure. Overall, this thesis provides evidence that IUGR
induces cardiac remodeling affecting the organ as a whole, the cardiomyocyte as well as
specific organelles like the sarcomere. Cardiac remodeling in IUGR has been studied, but it
still remains poorly understood. This thesis provides information to improve current
understanding of the pathophisiology of cardiac remodeling and dysfunction induced by
IUGR.

Two different study populations have been used in this thesis to characterize cardiac
remodeling in IUGR. On the one hand, a human population of fetuses that died in utero due
to maternal complications of pregnancy or during the perinatal period (study 3); and on the
other hand, an experimental model in New Zealand rabbit that reproduces main biometric

and cardiovascular dysfunction features of human IUGR (studies 1, 2 and 4).

The experimental model used in this study to reproduce IUGR is based on the selective
ligature of the uteroplacental vessels in pregnant rabbit at 25 days of gestation until 30 days
of gestation and it has been previously validated by our research group [101,102]. The
model mimics IUGR in human pregnancy, since it induces a combined restriction of oxygen
and nutrients, taking into account the role of the placenta [101,102]. Different gestational
ages as well as different degrees of ligature severity were previously tested for this
experimental IUGR model, concluding that the condition that best reproduced human IUGR
due to placental insufficiency is the selective ligature of the 40-50% of the uteroplacental
vessels at 25 days of gestation [101]. It is known that in rabbits, complete organogenesis is
achieved at 19.5 days of gestation [124]. The two previous statements together with the aim
to reproduce late IUGR occurring in the third trimester of human pregnancy (which is mainly
caused by placental and maternal vascular factors), lead to the rationale of the ligature from
25 to 30 days of gestation [101,125]. The severity of the experimental IUGR model
reproducing human IUGR condition due to placental insufficiency, with regard to mortality
rate and hemodynamic changes has been previously described [101,102]. Signs of
placental insufficiency are observed in ultrasound assessment. Biometric changes induced
by the selective ligature of 40-50% of the uteroplacental vessels result, as expected, in
lower birth and heart weights, as well as decreased crown-rump length and abdominal girth.

Additionally, an increase in heart to body weight is denoted in IUGR, which could be
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interpreted as a hypertrophic compensatory mechanism and is consistent with previous

studies from experimental models of severe IUGR [44,126,42].

Our first study demonstrates a remodelling of the heart at the whole organ level due to
IUGR. We used a novel imaging technique whose main strengths are that provides a high
resolution and does not require complicated processing. This enables to study the micro-
architecture of the fetal heart, which is challenging otherwise. Additionally, we have shown
that the integrated assessment of organ morphology, vasculature and fibre structure
provides a way to quantify subtle (sub-clinical) remodelling induced in-utero. We have
observed, as expected, that IUGR fetal rabbit hearts are smaller and with thinner ventricular
walls compared to controls, as it has been previously observed in other models of
intrauterine hypoxia [5]. Interestingly, results show a change in fiber orientation in IUGR
pointing towards an alteration of its transmural course. This is consistent with a previous
study which described that fiber orientation is sensitive to changes in mechanical loading
[56], which are believed to occur in IUGR. Since cardiac function depends on cardiac
movements that are determined by the complex three-dimensional organization of the fibers
within the cardiac walls, it could be hypothesized that the change in fiber orientation might
be responsible for the cardiac dysfunction in IUGR. However, results are still preliminary
and more data is needed to be able to make the associaton between structure and function.
While whole IUGR heart is smaller, the coronary arteries are clearly dilated, most probably
due to the haemodynamic challenge induced by hypoxia and hyponutricia in IUGR, as it
has been previously described [45].

It is worthy to mention that the technique used in this study allows fast imaging of whole
hearts to quantitatively describe and compare morphological remodelling of all
substructures within the different components of the heart. Obtained datasets provide a
unique source of information where tissue properties can be quantified and compared
within the 3D structure for purposes of describing changes induced by disease, even if the

remodelling present is subtle and not detectible by current imaging modalities.

In study 2 we aimed to study cardiomyocyte intracellular organization in the experimental
model and we show that IUGR is associated with a less organized intracellular arrangement
of the cardiomyocyte organelles. The specific disarrangement of the ICEUs is strongly
related to the differences in the gene expression of key pathways for energy production.

Together, study 2 suggests an impairment of the energetic metabolism under IUGR.
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The stereological estimation of the volume densities of the different cellular components
evidences that IUGR fetal hearts show a less organized intracellular arrangement,
characterized by an increased relative volume occupied by cytoplasm and a decreased
relative volume occupied by mitochondria. These changes under IUGR could be either due
to alterations on cardiac development, hypoxia or to loading changes caused by pressure
or volume overload [5,30]. It has been shown that experimentally induced pressure
overload results in a depression of mitochondrial respiratory capacity together with a
reduction of total mitochondrial volume density [127]. Our observations of a decrease on
mitochondrial relative volume in [IUGR are in line with the observations from Schwarzer et
al. [127]. Additionally, in the same study [127], they relate a decrease in mitochondrial
density with a decrease in mitochondrial size, since the citrate synthase activity is
decreased in pressure overload but the mitochondrial number is not. We do not observe
changes on the number or in the area of individual mitochondria. Since the stereological
study shows a decreased relative volume occupied by mitochondria, we hypothesize that
smaller mitochondrial size could be the reason for the decreased mitochondrial density
(similar to what was described in pressure overloaded hearts [127]), despite the lack of
significance, which might be attributed to sample size restrictions. The decrease in
mitochondrial density but with no changes in myofibrillar content has also been observed in
fetal sheep subjected to high altitude hypoxia, which is in agreement with an alteration
caused by the lack of oxygen during intrauterine life [128].

Concerning the relative volume occupied by cytoplasm, we observe that the total relative
density of cytoplasm is increased in IUGR, however, when classifying it into free cytoplasm
or cytoplasm within ICEUs, the former is not significantly increased while the later is
significantly increased in IUGR hearts. We show that both the area of cytoplasm and the
mean distance between mitochondria and myofilaments within ICEUs are increased in
IUGR myocardium. In fetal heart, energy transfer is believed to rely on the direct ATP and
ADP channeling between organelles since the CK-bound (creatine kinase) system is not
mature [66]. Its efficiency mostly depends on the close interaction between mitochondria
and myofilaments [67]. In this regard, it has been reported that intracellular disorganization
restricts ATP and ADP diffusion, decreasing the efficiency of energy transfer (5). Since
ICEUs play a central role in maintaining cardiac energetic homeostasis, alterations on their
structure could alter the energy production, utilization and transfer, and as a consequence,
cardiac function could be compromised [73]. Based on previous studies, this study suggest

that ICEUs abnormal arrangement could contribute to the development of less efficient
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hearts in IUGR, maybe due to a decrease on the energy transfer efficiency from
mitochondria to the main cardiac ATPases. Such compromise of cardiac function due to
alterations on ICEUs has been previously evidenced in heart failure [67]. The abnormal
ICEUs arrangement in [IUGR could also be interpreted as a maturation delay, as it has been
described that during cardiac maturation there are major changes on the cardiomyocyte
intracellular organization in which mitochondria get closer to myofilaments to form the
ICEUs [65].

Therefore, from one side findings from this study have a close similarity to those previously
described in experimentally induced pressure overload cardiac dysfunction [127,129]. On
the other side, it has been described that cytoarchitectural perturbations can lead to
energetic alterations, and conversely perturbations of cellular energetic metabolism can
lead to ultrastructural remodeling [69]. In our study, it remains uncertain whether the
structural changes could contribute to be a cause or a consequence of the cardiac
dysfunction previously documented in IUGR.

Subsequently, we wanted to evaluate whether these structural changes are related to
changes on gene expression. There were not individual genes with significant differential
expression. The analysis identified key gene pathways related to cardiac energy production
which were altered under IUGR. These included: oxygen homeostasis (GO: 0032364),
oxidative phosphorylation (GO: 0006119), mitochondrial respiratory chain complex | (GO:
0005747) and NADH dehydrogenase activity (GO: 0003954). On one hand, alterations on
the oxygen homeostasis and oxidative phosphorylation suggest that IUGR hearts are
suffering from hypoxia. Previous studies have shown a 20-35% decrease in the oxidative
phosphorylation in skeletal muscle from IUGR rats, leading to a decrease in ATP production
and thus an impairment of muscle function [130]. Additionally, exposure to chronic hypoxia
has been related to a decrease in cardiac oxidative capacity, which leads to a decline in
ATP synthesis and in oxygen consumption [77]. Hypoxia during early life has also been
associated to persistent changes in genes linked to the regulation of cardiac metabolic
processes that remain present long after the termination of the neonatal hypoxic insult
[131]. This may eventually be linked to the cardiovascular programming due to IUGR and
the long term persistence of the changes. On the other hand, alterations on the expression
of mitochondrial respiratory chain complex | and specifically on the NADH dehydrogenase
activity are again in line with the study of Schwarzer et al. in pressure overload, in which

they observe decreased function of the mitochondrial respiratory chain complex I. Our
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observations are also consistent with other studies in human IUGR in which a deficiency of
the mitochondrial respiratory chain complex | has been observed [132].

In conclusion this study shows that hearts from IUGR fetuses present a less organized
intracellular arrangement of the cardiomyocyte organelles. These structural changes are
accompanied with differences in the expression of groups of genes related to energy
production and oxygen homeostasis. Overall, this study suggests that energetic metabolism

is impaired in [IUGR.

The third study, based on human fetal samples, provides evidence that IUGR is
associated with cardiac dysfunction and morphometric changes in the form of shorter
sarcomere length. [IUGR fetuses showed signs of severe hemodynamic deterioration and
cardiac dysfunction by echocardiography and the presence of B-type natriuretic peptide in
cord blood. This finding was expected as all cases were early onset severe IUGR fetuses
and it is consistent with previous studies demonstrating cardiac dysfunction in [IUGR which
correlates linearly with the degree of fetal deterioration [133,134,135,27]. Increased B-type
natriuretic peptide production may result from increased volume overload and/or by direct
effect of hypoxia [27,134,135]. Additionally, IUGR fetuses showed a non-significant trend to
increased values of troponin-l1 which is also in line with previous studies demonstrating
signs of myocardial cell damage in IUGR [27]. An increase in heart to body weight was also
denoted in IUGR which could be explained as a compensatory mechanism and is
consistent with previous data from experimental models of severe IUGR [126,44,42] and
with our experimental model of IUGR.

The striking finding of this study was the observation of shorter sarcomere length in IUGR
fetuses compared with control fetuses. The sarcomere is a key element for heart
contractility, thus abnormalities of the sarcomere might have an impact on global cardiac
function. Sarcomere length and [Ca®'] are involved in myofilament force generation by
different mechanisms. While [Ca®*] has an effect on cross-bridge kinetics, sarcomere length
has an effect on actin-myosin cross-bridge recruitment [136]. In this regard, sarcomere
length is associated with the degree of thick-thin filament overlap, which affects the
probability of actin-myosin cross-bridge formation and thus the capacity to generate force
[137].

The main aim of our fourth study was to evaluate the postnatal persistence of the
structural changes affecting the sarcomere described in the human population. Since the
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availability of post-mortem cardiac samples of children or adults that were born with IUGR
is extremely remote, we translated this study to our experimental model of IUGR. Firstly, we
evaluated sarcomere morpometry in rabbit fetuses at 30 days of gestation using the same
SHG microscopy technique and image processing methodology that we used for human
samples. Before that, fetal cardiac function was evaluated, and confirmed that IUGR hearts
are more globular, and present signs of systolic longitudinal dysfunction, which is similar to
changes observed in human fetuses and children [26,27,36] and in the human population
evaluated in this study. SHG microscopy results showed that sarcomere length was shorter
in IUGR, consisitent with the results from the third study; and additionally it was
accompanied by a decrease in A-band length and thick-thin filament interaction length.
Subsequently the same approach was applied to young adult rabbits and results were the
same. The shorter sarcomere length and thick-thin filament interaction length might indicate
a decrease in the number of binding events for cross-bridges between actin and myosin.
Since cardiac muscle energy consumption is dependent on the number of recruited cross-
bridges [138] a shorter sarcomere uses less energy contracting over a smaller distance
which allows the heart to be operative under energy restriction conditions [138,139]. As a
trade off, shorter sarcomeres lose force and stability in unfavourable working conditions
[79,139] . Therefore, shorter sarcomeres in IUGR might reflect an adaptive mechanism to
cope with chronic oxygen and nutrient restriction. This would allow increased efficiency
through lower energy consumption but result in reduced contractile function. Therefore
changes observed in sarcomere length are consistent with reduced longitudinal systolic
function and stroke volume observed in IUGR fetuses and children [27,36]. Shorter
sarcomeres have been found in animal models of a variety of cardiac diseases, diastolic
cardiomyopathy [87], and dilated cardiomyopathy and heart failure [88]. Additionally, in a
recent paper using human biopsies, passive force-length analysis suggested a shorter
sarcomere length in pressure-overloaded myocardium compared to volume overload and
control donors [113]. The observed changes in sarcomere length are consistent with
previous research where it was shown that chronic prenatal hypoxia led to a shift in the
expression of titin isoform N2BA (the larger, more compliant isoform) towards isoform N2B
(the smaller, stiffer isoform) [5]. This protein extends from the center of the sarcomere to
the Z line, thus acting as a developmental template for sarcomere assembly [140]. Titin is
thought to be a major determinant of the sarcomere length [141,87].

The consistency of the existence of the same structural change in IUGR humans, IUGR

rabbit fetuses and relevantly, the postnatal persistence in IUGR young adult rabbits,

150



strengthens the hypothesis that changes in sarcomere length could help to explain
subclinical cardiac dysfunction associated with IUGR [36]. The permanent changes in
sarcomere structure could be as well a response to the known sustained increase in fetal
blood pressure that occurs in IUGR. Supporting this notion, recent findings suggest that
isolated neonatal cardiomyocytes undergo structural modifications within their myofibrils in
response to changes in environmental stiffness, resulting in differences in resting
sarcomere length [142].

Gene expression set analysis demonstrated functional differences in a basic structure for
the sarcomeric cytoskeleton, the M-band, which plays an important organizational role
during myofibrillogenesis by performing the regular packing of the nascent thick (myosin)
filaments [79]. This finding is in line with previous observations suggesting that specific
structural alterations at the level of the M-band might be part of a general adaptation of the
sarcomeric cytoskeleton to unfavorable working conditions in early stages of dilated
cardiomyopathy, correlating with an impaired ventricular function [143]. Moreover, they
suggest an underlying basis for the abnormal sarcomere cytoarchitecture observed in
IUGR. Genes included in the M-band functional class involve a variety of associated
molecules to this structure with key roles in sarcomere assembly and function, including
titin, obscurin and myomesin. These findings deserve further investigation to clarify the
involvement of critical proteins for sarcomere structure and function, such as titin, myosin
and myosin binding protein C, which have been previously described to be abnormal in
IUGR [5,44] and in inherited and acquired cardiomyopathies [144,145].

In conclusion, abnormal cardiac function observed in IUGR fetuses is associated with
permanent morphometric changes at sarcomere level. These changes could represent part
of the fetal adaptive response to the adverse environment of IUGR. Further characterization
of the sarcomere components and the molecules involved in their regulation is warranted to

better understand their involvement in cardiac dysfunction in [IUGR.

IUGR is believed to induce a combination of hypoxia, pressure and volume overload. All of
them are considered insults for the heart. Signs of fetal hypoxia are demonstrated by an
increased pulsatility in aortic isthmus flow as a reflection of the shift of blood towards the
brain circulation in response to hypoxia, which is produced by a combination of brain
vasodilation and systemic hypertension [146]. An increase in ductus venosus pulsatility
index, due to the brain sparing effect in order to provide blood to vital organs under hypoxic

conditions, increases the venous return causing a volume overload condition to the heart.
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Increased placental resistance may lead to a pressure overload condition of the heart.
Therefore the heart from the IUGR fetus has to deal with these three insults, adapt
according to them in order to maintain cardiac function and continue with the cardiac
maturation. These adaptations might favour the fetus under the adverse intrauterine
environment; however, the long-term consequences of these adaptations could have a
significant impact on cardiovascular health later in life. During development and adult life,
the heart has to deal with other type of insults (hypertension, coronary artery disease,
ischemia, etc), when it occurs, the [IUGR hearts which remodeled during intrauterine life and
are different compared to normal hearts, might not be able to cope with these insults, thus

increasing the risk of cardiovascular disease.

The structural changes described in this thesis support the hypothesis that hypoxia,
pressure and volume overload have a role in IUGR cardiac remodelling and additionally
affect the organ, the cell and the subcelluar level. Furthermore, these changes are
accompanied by signs of cardiac dysfunction. Changes described are intimately related.
Sarcomeres are shorter, however the relative amount of myofilaments is not altered in
IUGR cardiomyocytes, which could bring up the idea that IUGR cardiomyocytes synthetize
more sarcomeres per myofiber, but shorter. There is a higher amoung of cytoplasm and
lesser amount of mitochondria, however, it still not clear if the size of control and IUGR
cardiomyocytes is the same. Although IUGR hearts seem to be hypertrophic, we still have
not elucidated if hearts are actually hypertrophic because cardiomyocytes are hypertrophic,
because there is a higher amount of extracellular matrix or because the total number of
cardiomyocytes is higher. This issue will be evaluated in future studies and will give a
strong clue towards understanding cardiac programming in IUGR, because after birth,

hearts have a reduced capacity to proliferate an repairing after injury.

Limitations

Several study limitations and technical considerations should be mentioned. The
bioinformatics gene set analysis used in studies two and four, is useful for studying
diseases in which subtle differences are expected to occur, like in IUGR. Therefore, rather
than expression changes on individual genes, alterations are expected to occur at the level
of biological pathways and functionally related groups of genes. IUGR is thought to be a

multifactorial disease in which several pathways and multiple members of a pathway might
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be involved, resulting in only subclinical changes. However, we acknowledge that is difficult
to address the actual biological relevance of the gene expression findings. Future functional
studies are required to relate the gene expression changes to functional alterations at the
cellular level. However, this goal lies beyond the scope of the present studies and will be

investigated in future research.

Regarding the study evaluating human fetuses (study 3), the limited sample size has
probably prevented to demonstrate statistically significant changes in the A-A band length
and troponin-l concentrations. Moreover, we acknowledge that differences on perinatal
outcome (mainly spontaneous versus elective termination of pregnancy), blood sampling
and body size could have interfered in the results. However, results were adjusted by fetal
size and the study populations showed a similar gestational age and percentage of cardiac
arrest with potassium chloride. It could be thought that sarcomere length differences in both
studies could be attributed to differences in cardiac arrest on systole or diastole. We
acknowledge that such differences have been described [50], however in our human study
a similar proportion of subjects received potassium chloride to arrest the heart in diastole,
and cases that were not arrested in diastole might have an ultrastructure closer to diastole
than systole, since a delay in fixation due to fixative penetration into the tissue allows
sarcomeres to begin to relax [50]. Regarding the animal model, sampling was performed
under the same conditions for all subjects. On the other hand, concerning the SHG
microscopy technique, it is worthy to mention that this technique has been validated to
accurately visualize the SHG signal produced by cardiac myosin thick filaments in
unstained sarcomeres from different species with an accuracy of 20 nm [84,95,111]. SHG
offers comparable results to those provided by electron microscopy with the additional
advantage of imaging larger tissue areas [111]. Sarcomere length values in this study were
consistent with measurements using electron and light microscopy in fixed rabbit
cardiomyocytes, and showed increasing values with cardiac maturation [62].

Concluding remarks

The relevance of this thesis relies on the description of signs of cardiac remodeling
due to IUGR at all levels, from the whole cardiac architecture, through cardiomyocyte
architecture, to the ultrastructure of the sarcomere. Moreover, the structural changes are

associated with cardiac dysfunction and gene expression alterations. The characterization
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of this remodeling might help to better understand the pathophysiological mechanisms
underlying cardiac dysfunction in [IUGR. This Thesis opens novel research lines aiming to
clarify the molecular mechanisms underlying cardiac adaptation and remodeling in IUGR. A
better understanding of these mechanisms is critical for identifying biomarkers and
developing potential therapeutic strategies for improving cardiovascular health in these
children. Given the high prevalence of IUGR (up to 7-10% of all pregnancies), the clinical
relevance and potential effect of any preventive strategy may have a strong impact in public
health.

In addition, novel imaging techniques such as X-ray phase contrast and second harmonic
generation have been used in this Thesis, which could also have a potential application in
understanding other cardiac diseases and open up new possibilities for a systems

approach towards cardiac function.

Finally, this Thesis has also permited to adapt and validate some of these techniques for
studying the fetal heart which is particularly challenging due to its size and limited access in
utero. Developing tools for prenatal assessment is critical for future studies aiming to
understand normal organ development and generation of disease from the earliest stages

of life.

Altogether, this Thesis represents a step forward towards the deep understanding of
cardiac remodeling and dysfunction in IUGR, identifying several mechanistical targets for
future studies. The development, integration and validation of several high-resolution
imaging techniques for the fetal heart may also contribute and extent this knowledge to
other fetal conditions that could program the cardiovascular system from the earliest stages

of life.
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8. CONCLUSIONS
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1. The detailed cardiac anatomy is different in I[UGR hearts, with changes in fiber
orientation and coronary vessels dilatation.
2. The arrangement of intracellular organelles of the cardiomyocyte is altered in IUGR

fetuses, mainly affecting mitochondria and their interaction with myofilaments.

3. Sarcomere length is shorter in IUGR fetuses, which could result in decreased

contractility.

4. Shorter sarcomere length persists in postnatal life, suggesting that IUGR-induced
changes on sarcomere morphometry during fetal life could contribute to the increased risk

of cardiovascular disease in adulthood.

5. The described signs of cardiac remodelling are associated with subclinical cardiac
dysfunction in IUGR fetuses and changes in the expression of groups of genes involved in

oxygen homeostasis, energy production and the sarcomere M-band.
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