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Thesis Abstract

Background: Pre-eclampsia (PE), an adverse pregnancy outcome affects 2-5%
pregnancies worldwide and significantly adversely impacts both maternal and fetal
outcomes. Intrauterine growth restriction (IUGR) is defined as the inability of the
fetus to reach normal growth potential within the uterus as a result of various
genetic, environmental, or placental factors. Premature ageing of the placenta in
pregnancy outcomes such as PE and IUGR is associated with the persistent
presence of oxidative stress and placental insufficiency reducing its functional
capacity. Placental proteomics has been instrumental in improving our
understanding of molecular mechanisms involved in the pathophysiology of
placental insufficiency as well as identifying biomarkers to predict and diagnose
pregnancy outcomes. In this study, we investigated cellular senescence phenotypes
of PE and IUGR pregnancies by simultaneously measuring several biomarkers of
senescence, as well as the proteomic signature of the placenta in healthy and

adverse pregnancy outcomes PE and IUGR.

Method: Maternal plasma and placental samples were collected at term (>37
weeks) and preterm (<37 weeks) gestation from nulliparous women undergoing
prelabour elective Caesarean section with PE without intrauterine growth
restriction (PE; n=5), PE associated with intrauterine growth restriction (n=8),
intrauterine growth restriction (IUGR <10th centile) (n=6) and age-matched controls
(n=20) from Cork University Maternity Hospital, Cork, Ireland. To assess cellular
senescence absolute telomere length (aTL) and senescence associated genes in the

placentas was performed by RTgPCR. Cyclin-dependent kinase inhibitors (p21 and
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p16) expression were determined by Western blotting. Senescence Associated
Secretory Phenotype (SASP) were evaluated in maternal plasma by multiplex ELISA
assay. Proteomic analysis of placental samples dissected into 3 sub-anatomical
regions (maternal, middle, fetal) taken from 3 nulliparous healthy placentas was
performed by mass-spectrometry and pathway analysis was conducted. Based on
the differentially expressed proteins (DEPs), a placenta specific disease map using
NaviCenta focusing on functional analysis to include the placenta specific context

for healthy (n=4) compared to PE affected (n=4) and IUGR affected (n=4) placentas.

Results: Placental expression of senescence associated genes CHEK1, PCNA, PTEN,
CDKN2A, CCNB-1 was significantly upregulated in PE, while TBX-2, PCNA, ATM and
CCNB-1 expression were significantly decreased in IUGR compared to controls.
Moreover, placental p16 protein expression was significantly decreased in PE only
when compared to controls placentas. We also observed that IL-6 was significantly
increased in maternal circulation in PE when compared to controls; while IFN-y was
significantly increased in maternal circulation in women affected with [IUGR when
compared to controls. Proteomic profiling of healthy placentas divided into three
sub-anatomical regions identified 1081, 1086, and 1101 proteins in maternal,
middle, and fetal sub-anatomical regions respectively. Depending on sample site
location and sub-anatomical regions, 374 differentially expressed proteins (DEP)
were identified. When we investigated the proteomic variations between PE and
IUGR placentas when compared to controls we observed 314, 391, and 378
proteins in healthy control, PE, and IUGR placenta, respectively. We performed
functional analysis by combining ClusterCompare and NaviCenta to analyse a

placenta-centric context, and observed regulatory elements predominantly
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involved in the immune regulation, complement cascade and antioxidant activities

in PE and IUGR compared to control placentas.

Conclusion: This thesis provides evidence of premature senescence in IUGR, while
in PE, evidence of activated cell cycle checkpoint regulators is suggestive of cellular
repair and proliferation rather than progression to cellular senescence. The
heterogeneity within senescence molecular markers of these phenotypes highlights
the complexity and disparity between pathophysiological insults unique to each
obstetric complication. Proteomic profiling of sub-anatomical placental regions
highlighted the variabilities between regions particularly providing evidence of
senescence in these regions. Placental proteomic mapping of healthy placentas
compared to adverse pregnancy outcomes PE and IUGR revealed the importance of
complement system, inflammatory response, and antioxidant activity in placental
function in PE placentas. The identification of novel targets such as transcription
factor activity and synergistic miRNAs elements within the core regulatory network,

might enlighten future placental research within adverse pregnancy outcomes.
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1.1 Cell Cycle and Ageing

Ageing is an inevitable process experienced by all cells, tissues, organs, and
organisms. This unidirectional process is characterised as either replicative
senescence, which is the process of a cell running its course of life by reaching the
Hayflick limit or cellular senescence as a result of external or internal stressors.
Both senescence phenotypes are characterised by decline in functionality,

mitochondrial dysfunction, altered metabolism and signalling.

Cell cycle is a process by which cells divide and replicate through interphase, mitosis
and nuclear division 2. The interphase is categorized as G1, S and G2 phase, while
Mitosis or M-phase represents nuclear division > 4. G1 phase is also known as the
first gap phase where the cell increases in size, duplicates its intracellular
organelles, and generates the molecular building blocks necessary for later stages.
In the G1 phase, the cell also establishes the required mechanisms for DNA
synthesis to progress through the G1 checkpoint. S phase is where DNA synthesis
occurs with the duplication of microtubule-organizing centrosomes which help

separate DNA strands during M phase 4.

During the G2 phase or the second gap phase the cell continues to grow and
synthesize proteins and organelles. In this phase microtubules begin to reorganize
forming a spindle and the G2 checkpoint ensures that the cell is ready to proceed to
M phase where mitosis occurs. Mitosis is categorised into 4 stages, namely
prophase, metaphase, anaphase, and telophase. During the M phase cell growth is
halted and cellular energy is focused on the orderly division into two daughter cells,

complete with individual cytoplasm and DNA. GO is a fifth phase which is a non-
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proliferating or quiescent phase where cells have withdrawn from active cell cycle.

The different cell cycle stages are shown in Figure 1.1.
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Figure 1.1 Cell Cycle Progression characterised by Interphase and Mitosis. Image

adapted from Maes et al 2017 3.
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The number of times a cell divides is limited, as described by German biologist
August Weismann in 1881, who stated that “death takes place because a worn-out
tissue cannot forever renew itself, and because a capacity for increase by means of
cell division is not everlasting but finite” >. However, it was only in 1961, when
Hayflick and colleagues observed that normal/non-cancerous cells have a finite
capacity to replicate, whereas cancer cells, possessed indefinite replicating capacity,
making them immortal °. This process of finite replicative capacity of normal
(healthy) cells was coined by the term Hayflick’s limit or Hayflick’s theory of ageing
>, Hayflick’s limit was molecularly characterised by telomere shortening and a
reduction in telomerase enzyme activity resulting in the damage induced
mechanism of ageing 8, loss of proteostasis or proteome homeostasis through

misfolded aggregates of damaged polypeptides 7 and mitochondrial dysfunction 8.

Moreover, the hallmarks of ageing can be summarized as: (a) causes of age-related
damage; (b) responses to the age-associated damage; and (c) consequences of
responses such as apoptosis and oxidative stress on the cellular aging phenotype °.
However, due to deleterious inter-cellular and intra-cellular events, cellular ageing
can be accelerated either inducing programmed cell death or cellular senescence 1°.

These events are discussed in detail in the following sections.

1.2 Physiology of Redox Signalling

1.2.1 Reactive Species

Reactive oxygen species (ROS) can be defined as chemically unstable molecules
containing oxygen atoms through which cellular and extracellular reactions are

more reactive. As a by-product of aerobic metabolism, reactive oxygen species
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include both radical (with unpaired electrons) and non-radical forms. Types of ROS
include superoxide anion (027), hydrogen peroxide (H,0,), and hydroxyl radicals
(‘OH) L. ROS are involved in signal transduction acting as signalling molecules
regulating essential biological and physiologic functions *2. Impaired ROS
production and elevated oxidative stress induce cellular dysfunction by damaging
lipids, proteins, and DNA and are often described as pathogenic mediators in a

myriad of clinical disorders 3.

1.2.2 Sources of Reactive Species

Mitochondrial electron transport chain (ETC) accounts for a majority of ROS
produced with faulty electron transport and leaky protons, originating from the
oxidation of NADH and FADH,, at complex | (NADH dehydrogenase) and complex i
(coenzyme Q and cytochrome c oxidoreductase) respectively *°. The second most
abundant source of ROS is the seven forms of the enzyme complex Nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase, which produces ROS in the
cytoplasm in response to a variety of external and internal stimuli. ROS production
also occurs in peroxisomes, lysosomes, Golgi, and endoplasmic reticulum
membranes, mediated in part by xanthine oxidases during purine degradation, and
by cytochrome P450 enzymes involved in biosynthesis of fatty acids and clearance

of xenobiotics °.

Another type of reactive species is Reactive Nitrogen Species (RNS) such as nitric
oxide (NO-) produced from L-arginine by three main enzymatic isoforms of nitric
oxide synthase (NOS). The three enzymatic isoforms of NOS are: endothelial NOS

(eNOS) involved in vasodilation and vascular regulation; neuronal NOS (nNOS)
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associated with intracellular signalling (synaptic plasticity in the central nervous
system (CNS), central regulation of blood pressure, smooth muscle relaxation, and
vasodilatation via peripheral nitrergic nerves); and inducible NOS (iNOS) which has
a variety of functions such as immune regulation, pathogen killing and inhibition of
T cell activity -1, RNS act as potent second messengers through glycolytic
metabolism by inhibiting mitochondrial respiration via Cytochrome C oxidase and
increases in AMPK phosphorylation 2°. Additionally, nitric oxide (NOe-) interacts
with superoxide (02e-) to form peroxynitrite molecule (ONOQOe-) a highly reactive

molecule which targets and nitrosylates non-enzymatic antioxidant glutathione 2%

22

1.2.3 Antioxidant Cellular Systems

The term antioxidant originated in early 20" century to refer to molecules
preventing consumption of oxygen, especially preventing corrosion of metal.
Biologically, antioxidant molecules donate an electron, while themselves remaining
stable, to scavenge free radicals and hence reduce cellular oxidative damage 23. The
mechanism of action of antioxidants is either through a chain-breaking mechanism
or by removal of reactive species (RS) 2%. The chain breaking antioxidant action is
where the primary antioxidant donates an electron to the RS 2> 25, The removal of
RS can be obtained through quenching the chain-initiating catalyst, electron

donation, metal ion chelation, co-antioxidants, or by regulation of gene expression

24,26

Antioxidants are classified as either intrinsic or extrinsic depending on their source.

Extrinsic antioxidants such as Vitamin C, E, A, flavonoids, carotenoids etc cannot be
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synthesized in the human body through enzymatic reactions and are absorbed
through diet ?’. Intrinsic antioxidant enzymes are produced by the human body, and

these include:

a) Superoxide Dismutase (SOD): SODs are the first line of defence against ROS. SOD
enzymes accelerate the reaction of the superoxide anion (02e-) with itself to form
hydrogen peroxide (H203) and oxygen. There are three classes of SODs based on the

catalytic metal they react with: Cu/Zn SOD, Mn SOD/Fe SOD, and Ni SOD 28,

b) Catalase (Cat) converts H,0, to water and oxygen, by reduction of the iron atom

at the centre of the heme group in the active site °.

c) Thioredoxin and Thioredoxin Reductase: Thioredoxin Reductase (TrxR) is a
ubiquitous enzyme with a described physiological role of reducing NADPH to
thioredoxin. There are two variants of TrxR: High molecular weight TrxR (H-TrxR)

and Low molecular weight TrxR (L-TrxR) 3.

d) Glutathione (GSH), glutathione (GSSG) and glutaredoxins (Grx): Glutathione is
present in almost every cell in the body and acts as a detoxification agent.
Glutathione (GSH) acts as a hydrogen donor in the reduction reaction to form water
and oxidised glutathione (GSSG) from hydrogen peroxide (H,02). The roles of GSH
as the major reducing agent for disulphides and glutathione disulphide (GSSG) as
the major thiol-modifying agent are mediated either non-enzymatically or by

glutaredoxins (Grx) which play key role in cellular redox homeostasis 3% 32,
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1.2.4 Free Radical Theory of Ageing

Over the decades many theories of ageing have been proposed including the ‘wear
and tear theory of ageing’, the ‘antagonistic pleiotropy theory of ageing’ and the
‘disposable soma theory of ageing’ 33. The antagonistic pleiotropy theory of ageing
refers to reduction of general fitness seen in the aged population which loosely
suggests evolutionary mechanism by elimination through natural selection 3*. The
wear and tear theory of ageing proposed in 1882 by German biologist, Dr August
Wiesmann suggests that ageing results from wear and tear of cells and tissues due
to various factors such as oxidative stress, toxins and other environmental stressors
35 The disposable soma theory states that ageing is a result of constant damage

and counteracted repairs which disbalances energy metabolism 36,

The free radical theory or oxidative stress theory of ageing states that physiological
ageing can be triggered by formation of free radicals in the form of Reactive Oxygen
Species (ROS). The pumping of electrons across the inner mitochondrial membrane
during the mitochondrial electron transport chain (ETC), may cause leaching of
electrons leading to generation of free radicals such as ROS which increase
oxidative stress (OS) within the cell 3. The chronological events caused by the
imbalance of ROS activity and antioxidant enzyme activity alters physiological redox
signalling resulting in premature senescence. 3”38, Irreversible and reversible
changes occurring within the cells as a result of increased accumulation of ROS and
subsequent oxidative damage disrupt molecular functions and result in cellular

senescence 3°.
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Increases in oxidative stress are often counteracted by the release of mitochondrial
antioxidants, such as intrinsic antioxidants, including glutathione, superoxide
dismutase, thioredoxin reductase etc. However, in the persistent presence of ROS,
the threshold is reached resulting in excessive OS 33. Under conditions of excessive
0S, oxidation of macromolecules (lipids, proteins, and DNA) occurs °. The exact
mechanisms of Free Radical theory of ageing is not fully understood, however, the
fate of a cell experiencing increased OS can be either one of: apoptosis, autophagy,

necrosis, or senescence.

1.3 Cellular Senescence

Cellular senescence can be defined as a cell-cycle arrest stage which may be
instigated by intrinsic or extrinsic stresses on cells which were previously replication
component cells 41, Physiologic senescence act as tumour suppressors that inhibits
the progression of malignant or tumour cells from proliferating and becoming
carcinogenic 2. All cells continuously experience stress and stimuli from exogenous
and endogenous sources and respond to them by either completely recovering or
undergoing cell death. In some cases, active proliferative cells enter permanent cell
cycle arrest as a response to external or internal stressors, a process known as
cellular senescence. To understand the complex phenomenon that leads to cellular

senescence, its causes and consequences must firstly be identified.

1.3.1 Causes of Cellular Senescence

Telomere Dependant Senescence: Telomeres are present at the end of DNA strands
in the form of nucleotide repeats (TTAGGG). DNA damage as a result of deleterious

stimuli arresting cell division, and promoting cell death, act as precursors for
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activation of altered signalling cascades including the DNA damage response
signalling pathways such as Ataxia telangiectasia-mutated (ATM) and Ataxia
telangiectasia and Rad3-related (ATR) pathways %3. The presence of proteins like
shelterin protect against the cellular recognition of accumulated DNA damage
within telomeres #3. As the proliferative capacity of cells are limited, there is a
reduction in telomere length with each replication cycle ultimately leading to the
cessation of cellular growth and eventual cell death #*. Telomerase is an enzyme
(RNA-protein complex) which preserves telomere length by replenishing lost
nucleotide chains in somatic cells *°. Telomerase activity is usually downregulated in

healthy cells to protect them from neoplastic changes 4> 47,

Telomere Independent Senescence: Cellular senescence is evident even in absence
of telomere shortening. This occurs in conjunction with DNA Damage Response
(DDR) signalling as a result of elevated oxidative stress. 84, In the case of excessive
0S, accumulation of double stranded DNA breaks leads to an immediate halt of the
cell cycle and induction of cellular senescence, irrespective of telomere length or
telomerase activity. In states of milder OS, accumulation of single stranded breaks
at telomere ends maybe repaired, allowing cells to replicate, hence telomere

shortening might still be evident °% 51,

DNA Damage Response (DDR): DDR can be defined as the actions of checkpoints
which determine cell cycle progression and engage in the process of DNA repair.
DNA damage in cells has two possible outcomes: cells will continue to proliferate if
DNA can be effectively repaired; or if DNA is beyond repair, the cells undergo

permanent cell cycle arrest followed by apoptosis or cellular death 2. An alternative
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to apoptosis as a result to DNA damage is the initiation of cellular senescence
where the cell shifts towards a senile form, accompanied by hallmarks of
senescence °3. Figure 1.2 a and Figure 1.2 b shows the various molecular features of

cellular senescence.
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The most relevant pathways regulating cellular senescence are P16Ink4a/Rb
(retinoblastoma protein) and p53/P21Cip1/P19Arf pathways, which work either in
conjunction or independently to determine cellular fate . Cyclin Dependant kinase
(CDK) 4 or it’s inhibitor Ink4 form part of the p16/pRB family which is responsible
for halting cell cycle progression °°. Dephosphorylated RB binds to the to the
promoter region of E2F, forming the RB-E2F complex inhibiting cell cycle
progression and initiating cellular senescence °®. External stressors promote
senescence through the p16/pRB pathway independent of telomere length *’. p53
is a tumour suppressor protein which is activated by various post-translational
modifications including phosphorylation, methylation, acetylation, sumolytion and

ubiquitination >’. Activation of the Ataxia Telangiectasia Mutated (ATM) kinase
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family as a result of DNA damage, is responsible for p53 activation and progression

of cells towards senescence by triggering multiple anti-proliferative proteins °°.

1.3.2 Senescence Associated Secretory Phenotypes (SASP)

SASP can be defined as cytokines, chemokines, proteases, lipids, and growth factors
secreted by senescent cells. This secretome is dependent on the senescent stimuli,
and is involved in removing dead and decaying cellular debris 8. However,
accumulation of SASP secretomes may have both beneficial and deleterious effects
on the surrounding cellular environment. The recruitment of immune cells can
remove mutated and pre-malignant cells and promote the repair of damaged
tissues. However, the persistent generation of the pro-inflammatory factors (TNF o,
IL-6, IL-8, monocyte chemoattractant protein (MCP-1) by these immune cells, may

induce senescence in surrounding non-senile cells due to cytotoxicity >°.
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1.3.3 Pathological consequences of cellular senescence

There are a myriad of diseases that have been associated with senescence, which
contribute to pathological transformations both intracellularly and within the
cellular environment driving disease progression 0, Impaired senescence
Associated B-Galactosidase (SA-B-Gal) activity, cyclin dependant kinase (CDK)
activity has been reported in brain aneurysms, Alzheimer's disease, Parkinson's
disease, cystic fibrosis, osteoarthritis, intestinal bowel disease (IBS) and glaucoma,
60 There are three main attributes by which senescent cells can have major

pathological impacts within tissues. They are listed as:

Impairment of tissue regeneration: In response to potential harmful stimuli, cells
lose their proliferative capacity and as a result of accumulated DNA damage enter
senescence !, DNA damage leads to alterations in cellular signalling cascades
including the p16/pRB, p53/p21 pathways, restricting the cellular potential for

repair and further proliferation 2.

Cellular dysfunction: An undesirable consequence of senescent gene expression and
altered signalling, is impaired cell function. These changes result in the
accumulation of dysfunctional tissue, compromising organ functionality and

promoting disease progression 3.

Impact on the microenvironment: The microenvironment created by senescent cells
can negatively impact their neighbouring cells by secretion of soluble factors
including cytokines and proteases. Senescent cell secreted proteases such as matrix

metalloproteinases (MMPs) can degranulate and degrade the extracellular matrix
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(ECM) disrupting the physiological and functional integrity of surrounding cells,

further contributing to disease progression % >,

1.4 Pre-eclampsia

The International Society for the Study of Hypertension in Pregnancy (ISSHP)
defines Pre-eclampsia (PE) as de-novo hypertension (=2140/90 mm Hg) after 20
weeks of gestation in the presence of either proteinuria and/or evidence of
maternal acute kidney injury (AKI), liver dysfunction, neurological features,
haemolysis or thrombocytopenia, or fetal growth restriction 6. More specifically,
elevated blood pressure is associated with either Proteinuria 2300 mg per 24-h
urine collection (or extrapolated from timed collection), or, protein/creatinine ratio
of 0.3 mg/dl, or dipstick reading of 2+ ®’. In the absence of proteinuria, PE can be
diagnosed if presenting with thrombocytopenia with a platelet count
<100,000/mm?3, impaired kidney functioning with serum creatinine concentration
>1.1 mg/dl or a doubling of serum creatinine concentration in the absence of other
renal disease, impaired liver function with double concentration of liver
transaminases compared to normal levels, severe persistent epigastric pain,
pulmonary oedema diagnosed by chest x-ray, neurological symptoms with newly
onset headache or visual disturbance, and fetal growth restriction with an

estimated fetal weight <10t percentile 7.

A serious complication of pregnancy known as the HELLP syndrome is defined as
haemolysis, elevated liver enzymes and low platelet count, occurs in 10-20% of
severe PE cases ®. Obstetric haemorrhage and disseminated intravascular

coagulation (DIC), a leading cause of maternal mortality, has been associated with
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HELLP syndrome ®°.DIC is an acquired syndrome characterized by the intravascular
activation of coagulation with a loss of localization arising from different causes. It
can originate from and cause damage to the microvasculature, which if sufficiently

severe, can result in organ dysfunction®7°.

1.4.1 Epidemiology of PE

Globally, PE complicates 3-8% of all pregnancies and is one of the main causes of
over 500,000 fetal and neonatal deaths as well as over 70,000 maternal deaths
worldwide annually 6. Additionally, PE is responsible for 12-25% of infants born
with fetal growth restriction and small for gestational age as well as 15-20% of all
preterm births 7. In Ireland, PE is reported in 2-3% of all pregnancies and around 5-
7% of nulliparous pregnancies, with the average cost of PE complicated pregnancy
reported at €5243 per case compared with €2452 per case for an uncomplicated
pregnancy. Moreover, the national care cost of PE in 2017 was reported between
€6.5 and €9.1 million per annum based on the 5% - 7% prevalence rate, with
antepartum care and peripartum care accumulating to between €1.5—€2 million per

annum 72,

1.4.2 Risk Factors of PE

There are numerous risk factors for PE, as detailed in Table 1.1.

The major risk factors include women with pre-existing hypertension, chronic
kidney disease, Type 1 diabetes mellitus and PE in previous pregnancy, multiple
pregnancies and greater interval between pregnancies 3. Moreover, advancing
maternal age and higher body mass index (BMI) have been shown to be

predisposing factors in PE 74, Other risk factors include previous miscarriage,
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infertility, and even fetal sex with preponderance of male infants among mothers

with PE 7> 78,

Table 1.1 Risk factors associated with PE 8.

Risk Factors

Previous PE

Chronic Hypertension

Pregestational Diabetes
Mellitus

Multiple gestation

Pre-pregnancy Body Mass
Index >30

Antiphospholipid Syndrome

Systemic Lupus
Erythematosus (SLE)

History of stillbirth
Pre-pregnancy Body Mass

Index >25

Nulliparity
Prior Placental Abruption
Assisted Reproductive

Technology (ART)

Chronic Kidney Disease
(CKD)

Advanced maternal age >35
years

Relative Risk (RR)

8.4

5.1

3.7

2.9

2.8

2.8

2.5

2.4

2.1

2.1

2.0

1.8

1.8

1.2

95% Confidence Interval
(cn

7.13.7-9.9

4.0-6.5

3.1-43

2.6-3.1

2.6-3.1

1.8-4.3

1.0-6.3

1.7-3.4

2.0-2.2

1.9-2.4

1.4-2.7

1.6-2.1

1.6-2.1

1.1-1.3
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1.4.3 Pathophysiology of PE

PE is a complex heterogenous condition, whose pathophysiology even after
decades of research, is not completely understood. PE can be characterised as early
onset or severe, comprising less than 20% of all cases, or late onset or mild,
comprising the remaining 80% 43, Severe PE can be defined as early onset of PE at
gestational age <37 weeks with systolic blood pressure (SBP) in >160 mmHg;
diastolic blood pressure (DBP) >100 mmHg and proteinuria in >2 g/l ”7. Several
hypotheses have been proposed to fully elucidate the underlying pathological
mechanisms 78 7°. The placental origin of PE hypothesis describes inefficient
trophoblast invasion and remodelling of maternal spiral arteries, causing “placental
syndrome,” subsequently resulting in PE and fetal growth restriction °.Substantial
work in this area by Professor Chris Redman initially proposed a two-stage model of
PE which was later modified to six stages ¥ 8% 81, A more recent cardiovascular origin
of PE hypothesis proposed by Professor Basky Thilaganathan implicated abnormal
maternal cardiovascular function as instigating abnormal placentation associated
with PE and also proposed that the placental origin of PE only holds true in the case
of early onset of the disease 7% 82, These models are discussed in detail in the

following paragraphs.

Classical Two-Stage Model of PE: Proposed by Redman in 1991, the original theory
postulated that PE has two stages: Stage 1 comprising of poor placentation and
Stage 2 as the clinical manifestations of PE presented as hypertension and
proteinuria. However the clinical symptoms or Stage 2 is manifested when Stage 1

assimilates with maternal factors such as genetic, behavioural or environmental
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factors 3. Redman stated that PE has a placental or trophoblastic origin rather than
haemodynamic, renal, or even vascular origin, even though these systems are
affected. Moreover, Redman stated that placenta is the dysfunctional tissue as

neither the fetus nor uterus is required for development of PE %8>,

Revised Six-Stage Model of PE: Redman recently reclassified the two-stage model
into a more complex six-stage model. In this revised model of disease
pathophysiology, stages 1 and 2 could be described as an early phenomenon such
as preconception intolerance of the mother towards paternal semen or short
duration between the initiation of coital activity to conception interval , leading to
poor placentation and impacting the fetal growth'. Stage 3 begins at 8 weeks of
pregnancy where in uncomplicated pregnancies, trophoblastic plugs sealing the
maternal spiral arteries recede and the establishment of uteroplacental circulation
begins ¥ 8. However, in PE, there is premature opening of trophoblastic plugs with
the resultant influx of arterial blood increasing oxidative stress within the placenta
leading to defective placentation 8, Stage 4 of Redman’s model of PE is
characterised by a reduction in placental growth factors leading to impaired
vascular remodelling of maternal spiral arteries. In Stages 5 and 6 increased
placental and endothelial damage is evident which results in the clinical symptoms

of PE - %,

Cardiovascular Model of PE: Late-onset PE can be attributed to an underlying
maternal cardiovascular dysfunction which fails to meet the haemodynamic and
metabolic needs of pregnancy. This also results in adverse postpartum

cardiovascular outcomes in over 50% of women, possibly due to the fact that both
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PE and cardiovascular diseases share similar genetic and environmental risk factors
72, During the first two trimesters of a healthy pregnancy, cardiac output increases
by over 50% and plateaus thereafter, however, in PE there is elevated cardiac
output even after 20 weeks of pregnancy which results in high vascular resistance
leading to impaired left ventricular remodelling and isolated left ventricular
diastolic dysfunction with concentric left ventricular hypertrophy 2. Atherosis of
maternal arteries as a result of incomplete spiral artery remodelling and placental

ischemia contribute to fetal growth restriction &’.

Role of Endothelium: The endothelium is the single layer of active cells lining the
inner lumen of blood vessels and is in constant contact with blood flow. The
endothelium plays an important role by forming a physiological selective barrier
and maintaining vascular homeostasis through balanced vasoconstriction and
vasodilation °2. Moreover, endothelial cells modulate vascular tone, maintain blood
fluidity, regulate inflammation and neovascularization 3. Endothelial dysfunction
can be defined as a reduction of NO induced vasodilation and an increase in
endothelial-derived vasoconstrictors ®*. This imbalance between endothelial
vasodilation and vasoconstriction leads to a specific endothelial activation

characterized by a proinflammatory, proliferative, and procoagulant milieu stage.

Placental invasion of maternal spiral arteries establishes the fetoplacental
circulation ensuring constant perfusion to the placenta and the developing fetus.
Failure to effectively establish this continuous blood supply causes uteroplacental
ischaemia 6. Altered haemodynamic and decreased vascular flow leads to

persistent hypoxic-oxygenated state, resulting in elevated oxidative stress within
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the placental tissue ¥ %7°°, Equally, defective placentation results in a decrease in
production of both angiogenic vascular endothelial growth factor (VEGF) and
placental growth factor (PLGF) but an increase in the release of the deleterious
placental soluble fms-like tyrosine kinase 1 (sFlt1) into the maternal circulation
causing generalized endothelial dysfunction ¥ 1%, VEGF regulates the proliferation
of vascular endothelial cells (EC) which establishes placental angiogenesis through
promotion of blood vessels formation and permeability 1°. Moreover, placental
sFlt1 causes endothelial dysfunction by binding to VEGF and PLGF 12, Circulating
sFlt1 is abundant in PE which is attributed to vascular resistance and an increase in
arterial blood pressure 1193, Proteinuria in PE can also be associated with increased

sFIt1, precipitating glomerular endotheliosis ¥ 104,

1.4.4 Histological characteristics of PE

Placental development begins with a decidual reaction evoked by the blastocyst in
the maternal endometrium, resulting in the formation of the basal plate.
Trophoblasts differentiate into two types: invasive extravillous cytotrophoblast
(EVT) or villous cytotrophoblast which later fuse to form the multinucleated
syncytiotrophoblasts . Extravillous cytotrophoblasts are responsible for
establishment of uteroplacental circulation and regulation of the maternal innate
immune system 88 In an uncomplicated pregnancy, extravillous
cytotrophoblasts (EVT) invade maternal spiral arteries, veins, and lymphatic vessels

of the endometrium during the first trimester 991,

Despite the heterogeneity of PE, there are consistent histopathological changes

evident in placental tissue in PE. These include increased syncytial knots, infarcts
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and necrotic spots, thickening of trophoblastic membrane, obliterative enlarged
endothelial cells in the fetal capillaries, reduced vascularity of the villi, and atherosis
of the spiral arteries 1%°, Syncytial knots are formed as a result of cytotrophoblast
fusion, and chromatic shrinkage aggregating into knots at the terminal villi 1%, They
are usually abundant in mature healthy placenta (>40 weeks of gestation) 1°¢, In
pathological conditions such as PE and IUGR, syncytial knot formation is increased,
in part due to placental hypoxia and excessive OS %7, In addition to syncytial knots,
villous and vascular placental lesions are evident in PE, these lesions are consistent
with reduced perfusion and subsequent hypoxia in the maternal uteroplacental
circulation 1%, Numerous studies have established a significantly higher incidence of
infarcts and thrombotic, hyalinised areas due to reduced vascularization and

decreased villous vascularity in placental tissue in PE compared to healthy controls

109-111

1.4.5 Maternal Outcomes of Pre-eclampsia

Cardiovascular and Cerebrovascular: PE has been linked to hypertension, and
adverse events associated with cardiovascular and cerebrovascular diseases beyond
pregnancy 2. A Danish cohort study of > 700,000 women with median follow-up of
14.6 years, reported that women experiencing severe PE had a 6-fold (range: 5.45
to 6.77) risk of hypertension, 1.7-fold (range: 1.22 to 2.40) risk of ischemic heart
disease, 1.9-fold (range: 1.35 to 2.70) risk of thromboembolism and a 4-fold (range:
3.04 to 4.46) risk of diabetes mellitus type 2 1314 Moreover, multiple studies have
shown that women who had PE are more likely to experience ischemic stroke,

haemorrhagic stroke, venous thromboembolism after multivariable adjustment,

51



and these women have increased morbidity and mortality specifically associated

with stroke 11°-118,

Renal: End-stage kidney disease (ESKD) is also a recognised maternal outcome of
PE, which is directly proportional to timing and severity of the disease and number
of pre-eclamptic pregnancies experienced '*°. The risk of microalbuminuria is 4
times higher in women with mild/moderate PE and eight times higher in severe PE
120-122

, while the need for dialysis or renal transplant is significantly increased in

women with PE 118119,

Neurological: There are also significant changes in the maternal cerebrovascular
circulation during pregnancy including maintaining brain homeostasis, protecting
against Blood-Brain-Barrier (BBB) permeability 1%3. Pathological changes observed in
PE potentially increase the risk of seizures and haemorrhage 123. An acute cerebral
complication of PE, known as eclampsia is characterised by tonic-clonic seizures
either during pregnancy or in the postpartum period 2. Eclampsia has been
attributed to high maternal mortality rates in LMIC countries '%>.There also has
been a correlation identified between impaired cerebral autoregulation, leading to

acute neurovascular complications in women with PE earlier in life 126,

1.4.6 Fetal Outcomes of PE

Uteroplacental dysfunction in PE results in fetal growth restriction defined as an

127 which results in a

estimated fetal weight <10th percentile for gestational age
number of poor fetal outcomes. PE may account for up to 30% of preterm births.

Pre-term birth as a result of early delivery to alleviate maternal PE symptoms have

been associated with long term health consequences, affecting cardiovascular,
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neurological, behavioural and kidney diseases later in adolescence 2%, There is an
increased risk of fetal death both preterm and at term 12°. Severe PE has been
associated with a significantly increased risk of stillbirth with a rate of 21 fetal
demises per 1000 births, whereas mild PE has been associated with 9 stillbirths
every 1000 births 13, Clinically, the decision of prolonging the pregnancy and risking
a stillbirth remains an obstetric challenge in pregnancies less than 37 weeks of

gestation 31,

Bronchopulmonary dysplasia (BPD) is the most common fetal complication of PE
associated with preterm birth before 30 weeks of gestation and amongst very low-

birth weight (VLBW) infants 134 135,

Neonatal thrombocytopenia is defined as a platelet count < 150,000/uL 3¢, the
degree of severity of thrombocytopenia can be further subcategorized as: mild
thrombocytopenia—platelet count 100,000 to 150,000/uL; moderate
thrombocytopenia—platelet count 50,000 to 99,000/uL; severe
thrombocytopenia—platelet count < 50,000/uL 136, Certain cerebrovascular events
such as brain haemorrhage in neonates include neonatal thrombocytopenia 3.
Moreover, cerebrovascular disorders in infants and children born from a pre-
eclamptic pregnancy include pathologies such as motor dysfunction, higher risk of

stroke at any age '%°, epilepsy, infantile spasms and cerebral palsy 4% 141,

Altered neurodevelopment in the form neuropsychiatric disorders such as
increased autism spectrum disorder (ASD) and attention deficit hyperactivity
disorder (ADHD) have been associated to children born to PE mothers 142, The exact

mechanism for impaired neurodevelopmental in offspring and PE is not fully
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understood, however, a few theories such as redox imbalance and maternal
immune activation and upregulation of cytokines in maternal circulation, might lead

to childhood disorders such as ASD 141143,

1.4.7 Management of PE

According to ISSHP, blood pressure >160/110 mmHg should be treated and
monitored with acceptable agents including Nifedipine or Labetalol. Moreover,
blood pressures consistently at or above 140/90 mmHg should be treated, aiming
for a target diastolic blood pressure of 85 mmHg and systolic blood pressure of
110-140 mmHg to reduce the likelihood of developing severe maternal

hypertension and other complications such as HELLP syndrome ©®.

Labetalol (a beta-blocker) and/or Nifedipine (a vasodilator) are considered the first-
line therapies for the management of high blood pressure in PE. Low-dose aspirin
(81 mg/day) is recommended as a prophylaxis for women at high risk for PE,
starting at 12 weeks and lasting up to 28 weeks of gestation or until delivery 146,
Hydralazine can also be administered intravenously (IV) in hypertensive emergency
147 Unfortunately, the only definitive treatment of PE and HELLP syndrome is
delivery of the placenta. Magnesium sulphate is administrated either intravenously
or intramuscularly to prevent seizures in women at risk of eclampsia & 14°, Figure

1.3 shows the clinical management for hypertension in pregnancy.
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Blood pressure above or equal to
160/110 mmHg (persistent >15 min) L HELLP syndrome

+/- IV Steroid therapy
(dexamethasone
10 mg q12 hours)

Acute hypertensive emergency and

medical therapy required (first line)
I )

| |

Hydralazine Labetalol Nifedipine
Mechanism of action: Mechanism of action: Combined a- Mechanism of action: Calcium
Peripheral vasodilator blocker and p-blocker channel blocker

Initial dose: 5 or 10 mg IV Initial dose: 20 mg IV Initial dose: 10 mg PO

Reduce or control maternal blood
pressure to 140-150/90-100 mmHg

Figure 1.3 Clinical Management of onset of Hypertension in pregnancy. Image
created by Amaral et al 2017 (138). (Abbreviations: PE: pre-eclampsia, HELLP:

hemolysis, elevated liver enzymes, and low platelet count, IV: intravenous, PO: oral)

Therapeutic Intervention targeting OS: Several therapeutic agents in the form of
micronutrients, have been clinically evaluated as possible antioxidant therapies for
PE in part due to their ability to reduce ROS production, scavenge existing ROS,
regulate NO synthesis, or release and modify antioxidant enzymes targeting free
radicals. There have been extensive studies analysing Vitamin C, D & E, through
down regulation of NADPH and upregulation eNOS and immune modulation, yet
these were unsuccessful in large clinical trials °% 151, Lifestyle interventions of
modifiable risk factors including regular exercise, weight loss, dietary changes,
reducing toxic substances such as tobacco, alcohol and pollutants can help reduce
0S and increase physiological antioxidant defence **2. Melatonin (5-methoxy-N-
acetyltryptamine) is primarily produced by the pineal gland to maintain circadian
rhythm and has been also shown to improve maternal endothelial function through
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acting on endothelial melatonin receptors and reducing circulating levels of sFit1,
sEng, and activin A in PE 13 154, Mitochondrial targeted antioxidants have been
investigated in preclinical models of PE as a potential therapies including MitoQ *°>,
MitoTempo, *°® and Ergothioneine 1>’ have been shown to reduce hypertension and

ameliorate the effects of ischemia-induced oxidative damage.
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1.5 Intrauterine Growth Restriction (IUGR)

1.5.1 Definition and Epidemiology

Intrauterine growth restriction can be defined as the pathologic inhibition of
intrauterine fetal growth and the failure of the fetus to achieve its growth potential
158 Globally, IUGR is prevalent in 7-15% of pregnancies in high income countries,
and 30% of pregnancies in low and moderate income countries *>°. Small for
Gestational Age (SGA) can be defined as birth weight less than two standard
deviations below the mean or less than the 10th percentile of a population-specific
birth weight for specific gestational age *¢°. While the terms IUGR and small for
gestational age (SGA) have been used interchangeably in the literature, there are
specific differences. IUGR indicates neonates born with clinical features of
malnutrition and a compromise in in utero growth irrespective of their birth weight
percentile 11, IUGR can be further classified into two types: asymmetrical (type |)
and symmetrical (type Il). Type Il or symmetrical IUGR can be characterized by a
proportionate reduction in all auxological parameters, including weight, length, and
cranial and abdominal circumference. Whereas Type | or asymmetrical IUGR is

characterized by a greater reduction in body weight, when compared to length 12,

Type | or asymmetrical IUGR is most common type accounting for 70-80% of all
IUGR cases, it occurs late in the third trimester, where fetal weight gain is normal
until the third trimester and restricted thereafter due to placental insufficiency.
Reduced abdominal circumference with biparietal diameter, head circumference
and femur length are common ultrasound parameters 1°% 162163 |n gsymmetrical

IUGR, only weight will be less than 10 centiles and the rest will be as per gestation
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age, thus results in “brain sparing,” which can be defined as a process whereby
brain growth is less affected than body growth due to the redistribution of cardiac

output 63,

Type Il or Symmetrical IUGR accounts for 20-30% of all IUGR cases and begins in
early pregnancy and is usually associated with genetic disorders or infections
intrinsic to the fetus. Ultrasound parameters of Type Il IUGR show proportional
decrease in biparietal diameter, head circumference, abdominal circumference, and
femoral length %4, Symmetrical IUGR is also associated with poor fetal prognosis

and high morbidity and mortality when compared to asymmetrical IUGR 1> 164,

Infants born with symmetrical IUGR are underdeveloped postnatally because of less
cell numbers at birth and usually remain small throughout their lives. On the other
hand, those with asymmetrical IUGR have good prognosis and have good postnatal

growth because of normal cell numbers 1% 164,

1.5.2 Diagnosis of IUGR

The diagnosis of IUGR is based on accurate early dating of pregnancy, assessment of
risk factors and the use of ultrasound for fetal growth estimation. In order to
exclude other diagnoses such as PE, additional tests such as urine protein
assessment, Creatinine Protein Ratio (CPR) are performed. The diagnosis chart of
IUGR is shown on Figure 1.4. Accurate dating can be established with an algorithm
for determining the estimated date of delivery as follows: before 13 6/7 weeks
gestation, if last menstrual period (LMP) and ultrasound day differ by 7 days, or,
between 14 and 19 6/7 weeks of gestation, if LMP and ultrasound-based dating

differ by 10 days, preference is given to ultrasound-based date 6>,
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Once accurate dating has been established, other risk factors are assessed such as
maternal systemic disorders affecting poor fetal growth outcomes, such as
hypertension, renal diseases, long-standing pregestational diabetes with
vasculopathy, and other systemic disease. Recording maternal alcohol use, tobacco
or use of illicit drugs can also be useful for diagnosis and prognosis of IUGR. Lastly,
monitoring maternal nutrition and weight gain, as well as appropriate antenatal
care and measurement of the symphysis-fundal height (SFH) height provides a
helpful measure to assess fetal growth during pregnancy and can help early

detection of IUGR 166,
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Confirm dating criteria

| ] }

Risk aszessment (Detailed history) Ultrasound (anatomy to rule Suspected infectious etiology
out anomaly, AF1, UA Doppler)

-
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-Optimize maternal disease e TORCH serology
-Smoking cessation el

-
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‘f}{“; I‘II.!;EE]‘I;ESIS -Serial growth Consider placental biopsy
PC E?rf j'r,]% RCH ultrasound every 3 weeks for suspected placental

f il -UA Doppler every week mosaicism

-Consider microarray
NIFT

Figure 1.4 Diagnosis of IUGR. Image adapted from Suhag et al 2013 1%, Abbreviations: EFW = estimated fetal weight; UA = umbilical
artery; AFl = amniotic fluid index; TORCH = toxoplasmosis, other (syphilis), rubella, cytomegalovirus, herpes; PCR = polymerase chain
reaction; NIPT = non-invasive prenatal testing.
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1.5.3 Pathophysiology of IUGR

There are multiple causes of IUGR categorized as maternal, fetal, and placental. The
fetal factors involved in the pathogenesis of IUGR include multiple pregnancies,
genetic abnormalities, intrauterine infections, and metabolic disorders 167172,
Genetic mutations in genes responsible for insulin like growth factor (IGF)
production, especially mutations in the IGF-1 receptor are responsible for pre- and
post-natal growth restriction . Insulin like growth factor | & Il mediated by IGF
binding proteins (IGFBP) stimulate fetal cell proliferation and differentiation along

with synthesis of protein and glycogen which are essential for fetal growth 62,

Intra-uterine infections including placentitis, vascular endothelial lesions, fetal
viremia with inhibition of cell multiplication, angiopathy obliterans, chromosomal
ruptures and cytolysis account for 5-10% of IUGR cases 173. These infections are
usually caused by rubella virus, cytomegalovirus, varicella zoster virus, and
Toxoplasma gondii Y73, IUGR is evident in 15-30% of all multiple pregnancies, usually
the growth rates falling after 28-30 weeks of pregnancy, after which growth rate
falls by 15-20% 74, Lastly, metabolic disorders such as the agenesis of the
pancreas, congenital absence of the islets of Langerhans, congenital lipodystrophy,
galactosemia, generalized gangliosidosis type |, hypophosphatasia, I-cell disease,
Leprechaunism, fetal phenylketonuria, and transient neonatal diabetes mellitus

may result in [UGR 159 160,173,

Given the critical role of the placenta in supporting fetal growth and development,

structural disturbances in the utero-placental unit equally contribute to the
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development of IUGR 7182, pPlacental weight has been directly linked to fetal
birthweight. Placental weight relates to functional tissue mass of placenta and is
crucial for the exchange between mother and fetus 83, IUGR placentas exhibit
lesser villous surface area and lower fetal capillary surface area, reducing the
capacity for oxygen and nutrition transfer between mother and fetus 17°-182,
Reduction in terminal villi number is indicative of malfunctioning vascularization
and inadequate trophoblast invasion of spiral arteries which can also result in

reduced fetal growth 17>-182,

Terminal villi of IUGR placentas are smaller in diameter with an increase in syncytial
nuclei, reduced cytotrophoblastic nuclei, thickened basal lamina, and increased
stromal deposition of collagen and laminins when compared to healthy placental
tissue 8% 185 |ncreased rates of apoptosis in syncytiotrophoblasts is more prevalent
than cytotrophoblast in IUGR placental tissues 8¢.0ther notable lesions observed
are increases in syncytial knots, villous fibrosis, villous oedema and extensive
deposition of peri-villous fibrin '8’. Cord complications such as velamentous cord
insertion, single umbilical artery (SUA), true umbilical cord knot can lead to IUGR.
Placental infections including placental malaria (PM) is a major cause of fetal

growth restriction, especially in the developing world 17°-182,

1.5.4 Maternal factors of IUGR

Maternal clinical diseases including hypertensive pregnancy diseases such as PE
increase the incidence of growth restriction by 2-3-fold as a result of reduced
uteroplacental perfusion % 160, Other maternal diseases such as insulin-dependent

diabetes mellitus with vasculopathy, congenital cyanotic heart diseases, restrictive
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pneumopathies, severe renal diseases, autoimmune diseases, antiphospholipid
antibody syndrome, hereditary or acquired thrombophilia, hyperhomocysteinemia,

and severe anaemia are also commonly associated with IUGR 1°° 160, 167,189

Maternal Diet: Maternal nutrition during gestation is crucial for embryonic
development and fetal growth. As shown by various animal models and human
studies, malnourished mothers alter the fetal growth trajectory modifying placental
weight, surface area and nutrient transfer capacity depending on the severity of the
nutritional challenge and on the time of deprivation %191, Fetal growth stages are
dependent on appropriate maternal nutrient transfer hence a balanced diet is
essential to avoid fetal complications. Vegetarian and vegan maternal diets which
lack micro- and macro-nutrients such as proteins, vitamin B12, vitamin D, calcium,
Docosahexaenoic acid (DHA), and iron increase the risk of low birthweight, fetal
neurological disabilities, malformations, and overall fetal growth. However,
supplementation with these improves pregnancy outcomes similar to those

reported in the omnivorous population %2,

Smoking, Alcohol and Opioid dependence: Maternal smoking during pregnancy
results in fetal exposure to carbon monoxide reducing the ability of fetal
haemoglobin to transport oxygen. Nicotine equally induces the release of maternal
catecholamines which reduces placental perfusion. There is a direct correlation
between the number of cigarettes consumed and the degree of IUGR. The use of
alcohol in pregnancy has increased considerably in the last number of decades.
Fetal exposure to alcohol during pregnancy results in Fetal Alcohol Syndrome (FAS)

which has been associated with growth restriction, facial malformations, and
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impairment of the fetal central nervous system. FAS is more prevalent in the
western part of the world with the highest estimated alcohol use during pregnancy
in Ireland (60.4%), Belarus (46.6%), Denmark (45.8%), UK (41.3%), and Russia
(36.5%) 1%3. FAS has been linked to various fetal morphological features such as
craniofacial dysmorphology, neurological deficits and even behavioural disorders

such as ADHD 193,194,

Opioid dependence has been frequently reported with IUGR and preterm birth 1%,
The placenta fetus plays a major role in production of essential hormones and
filtration of metabolic waste products to facilitate optimal development of the baby
196, Highly lipid soluble opioids such as morphine, pethidine, fentanyl, and
hydromorphone can cross the placental barrier reaching the fetus during pregnancy
197 'In addition, as a result of cocaine and amphetamine use, placental function is
compromised due to the reduction of uterotonic agents such as placental serotonin
and norepinephrine transporters across the placenta. This restriction subsequently
increases the risk of IUGR and preterm birth as a result of high levels of these
monoamines in the intervillous space, with resultant vasoconstriction and uterine

contraction %8,

Pollutants/Environmental Factors: Multiple publications have provided evidence
that maternal exposure to environmental pollution may impact fetal outcomes %
202 Environmental pollutants can be classified as indoor or outdoor pollutants.
Outdoor pollutants include ozone (03), particulate matter (PM10 and PM2.5),
carbon monoxide (CO), nitrogen dioxide (NO3), and sulphur dioxide (SO2) measuring

less than 10 and 2.5 micrometres 293. Household Air Pollution (HAP) has been
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associated with adverse pregnancy outcomes such as IUGR, preterm birth and
stillbirth especially in low-income countries which disproportionately suffer from
the consequences of HAP, as households predominantly utilize biomass (wood) and
kerosene for cooking since cleaner burning fuels such as propane are expensive 2%,
Endocrine-disrupting chemicals (EDCs) are exogenous substances which mimic or
interfere with the endocrine system, thus altering key biological processes such as
organ development, reproduction, immunity, metabolism and behaviour, in part by
disrupting normal placental development and have been associated with onset of

severe preghancy outcomes such as PE and IUGR %,

Epigenetic programming: Epigenetic information responds to internal and external
(environmental) stimulus and events create a memory of cell identity that serves to
maintain cell identity after differentiation, propagation of essential features of
chromosomal architecture, and dosage compensation 2%, Epigenetic modification
affects DNA directly through methylation or indirectly through histone modification
controlling control transcription, replication, recombination, and repair 2°°,
Epigenetic mechanisms are essential for healthy placental cell differentiation, and
fetal development. Placental methylation has garnered significant interest in recent
years, however the roles of placental epigenome in mediating environmental
exposure and pregnancy outcomes remain enigmatic 2°. Numerous placental
specific imprinting genes such as DNA methyltransferase, cyclin-dependent kinase
inhibitor 1C, insulin-like growth factor (IGF) 2 have been associated with pregnancy

outcomes such as Silver-Russell syndrome, characterized by IUGR 207,208,
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Social-economic factors: There has been an established link between socio-
economic disadvantage and low birthweight, usually co-existing within ethnic and
racial groups 2%. It has also been shown that socioeconomic disadvantage remains
one of the dominant determinants of IUGR, even in developed countries with

universal insurance 210,
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1.5.5 Fetal Health Outcomes of IUGR

Neurodevelopment: There are inter-utero neuropathological consequences for the
developing brain, usually as a direct result of the severity of placental insufficiency
and inversely to gestational age at delivery 21, Alterations in cytokine levels and
neurotrophic growth factors are evident in IUGR as a result of placental
insufficiency, affecting the release of neuroprotective metabolites and hormones
such as allopregnanolone %2, Additionally, the essential amino acid tryptophan
which is converted to kynurenine via indoleamine 2,3-dioxygenase (IDO), acts a
neuroprotectant in late pregnancy. The molecular effects of tryptophan in IUGR
have not been fully understood, however there is a link between low levels of
tryptophan and impaired brain development of growth restricted fetuses 213 214,
Moreover, the lack of cerebral blood flow redistribution in IUGR fetuses, results in
lack of uniformity of brain perfusion which severely impacts fetal brain
development including in the basal ganglia and frontal lobe which may lead to

neurobehavioral disabilities 21>217,

Brain injury as a consequence of IUGR has been commonly reported. MRI imaging
has shown injury to both grey and white matter in IUGR, with grey matter injury
accounting for approximately 28% compared to non-growth restricted newborns
218 Excitotoxicity, oxidative stress, necrotic and apoptotic degeneration and
neuroinflammation as a result of hypoxia, activate a cascade of cellular and

biochemical events and potential cell death of immature neurons and neuroglia 2%

220
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In preclinical models of IUGR, total body weight and brain weight are reduced. In
addition, there were obvious cellular and structural disturbances including a
reduction in hippocampus and cerebellum volume, cortical thickness, delayed
neuronal migration to the cortex, retardation of dendritic and axonal outgrowth

and reduced number of neurons in IUGR pups when compared to controls 221223,

Lung Development: Prematurely born neonates with low birth weight are at an
increased risk for developing neonatal respiratory distress and Bronchopulmonary
Dysplasia (BPD) when compared with premature infants with a normal birth weight
224 1n preclinical in vivo models of IUGR, pups exhibited fewer but larger alveoli and
developed emphysema 228, IUGR is also associated with atypical elastin production,
derangement of the normal alveolar architecture of the lung, along with
dysregulated cell growth and differentiation. Altered IGF-1, PPAR-y and p53 activity
are in part responsible for increased thickness and cellularity of the pulmonary

parenchyma 22°-232,

Cardiovascular Development: A number of studies have shown myocardial
alterations induced by IUGR, affecting cardiac development with significantly
reduced number of cardiomyocytes at the time of birth 233 234, Alterations in
myocardial structure and decreased cardiac function can also be detected in IUGR

affected neonates later in childhood 23° 236,

1.5.6 Management of IUGR

Early diagnosis of IUGR can reduce the chances of adverse fetal outcomes such as
preterm birth and stillbirth. The current management and interventions used in the

treatment of IUGR are described in the following sections.
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Ultrasound Surveillance: Ultrasound surveillance is essential for diagnosis and
monitoring of fetal growth during pregnancy. Additionally, serial ultrasound
measurements can provide continual assessment of fetal growth trajectory,
however a time interval between measurements has not been clinically
determined 2%, Ultrasound can also help in the diagnosis and management of
symmetric growth restriction and associated genetic or congenital malformations
238 The use of ultrasound also assesses Amniotic fluid volume (AFV) to determine
oligohydramnios, which has been associated with growth restriction. In conjunction
with doppler studies or as a part of biophysical profile (BPP), it can provide more
clinically relevant information on fetal well-being and growth 23°. Additionally
doppler ultrasound and umbilical doppler velocimetry can detect impaired utero-
placental and feto-placental circulation, which helps elucidate the cause of fetal

growth restriction 249,

Corticosteroids: Antenatal corticosteroids are often administered to mothers at risk
of premature birth for the prevention of respiratory distress syndrome (RDS).
Administration of prenatal corticosteroids can also improve survival and recovery of
alveolar cells in the lung, prevents necrotizing enterocolitis and intraventricular

haemorrhage, with lower adverse effects seen with single dose administration 24,

1.6 Placental Ageing in Adverse Pregnancy Outcomes

1.6.1 Healthy Placental Ageing

The placenta ages gradually as the pregnancy progresses, exhibiting physiological
and morphological senescence and a verge of decline at term (>37 weeks).

Placental cells have an invasive capacity, similar to that of cancer cells, promoting
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growth of the organ mediated in part by angiogenesis. Trophoblasts are also
capable of maintaining telomere length and express elevated Human Telomerase
Reverse Transcriptase (hTERT) levels throughout the pregnancy 24% 243,
Morphologically, placental villi change form and appearance between first and third

trimesters, which is indicative of villous maturation leading to placental ageing.

Physiologically, upregulation of hypoxia-inducible factor (HIF-1a) in the placenta is
associated with a hypoxic state, which is responsible for modelling of villous
architecture. The hypoxic state is altered at the end of first trimester, when
trophoblastic plugs are dissolved and oxygenated blood flow is restored to the
placenta 244246 _|n healthy placentas, the villous trophoblast experiences
considerable thinning, with evidence of syncytial senescence, hence decreasing
functional capacity at term 2#’. The syncytiotrophoblasts are the outermost layer of
the villous trophoblast. This layer is in constant contact with maternal blood,
exhibiting a rapid ageing morphology and releasing syncytial debris in the form of
knots or nuclear aggregates which can be detected in maternal circulation with
increasing gestational age ¥ 2%%24° During PE, syncytiotrophoblasts experience
accelerated ageing with upregulation of the apoptotic cascade, necrotic breakdown
with release of necrotic debris, and increase in syncytial aggregates ¥ 10> 2% Even
though, morphological, and pathological changes have been associated with term
placenta over >37 weeks, very little is understood about healthy and diseased

placental ageing.
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1.6.2 Evidence of changes in Cellular Senescence in PE & IUGR

Telomere length remains constant throughout healthy pregnancy, but in certain
complications including PE and IUGR, telomere length has been shown to be
significantly reduced in some publications 12> 252, However, more recent research
have also reported no change in telomere length in PE compared to controls 23,
Changes in telomere length may be associated with increased oxidative stress,
leading to DNA damage and activation of damage response (DDR) through the p53
pathway with subsequent promotion of trophoblast senescence 24255, In 2010,
Biron-Shental et al. were the first to provide evidence of cellular senescence in PE
and IUGR. They demonstrated that in PE and IUGR pregnancies, trophoblast
telomere length was significantly shorter with reduced expression of hTERTs and
increased frequency of telomere aggregates when compared to uncomplicated
pregnancies »*2°2, These placental alterations were not present at 37-41 weeks’
gestation, indicating premature ageing of the placenta in these pregnancy

complications 26,

The presence of senescence markers such as p21, p16, p53, and Rb proteins
towards term supports the ageing hypothesis of the normal placenta ' 27, A recent
study by Nuzzo et al. described changes in the trophoblast cell cycle including
upregulated cyclin D1 (cell cycle regulator) and PARP1 (DNA repair gene) expression
with reduction in JunB (senescence suppressor gene) expression in placental
mesenchymal stromal cells (PMSC) isolated from preeclamptic placental tissue
when compared to the normal placental tissue » 28, Additionally, Sharp et al. found

an imbalance between p53 (senescence-inducing and proapoptotic gene) and
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MDM2 (p53 suppressor) signalling in the syncytiotrophoblasts but not in
cytotrophoblasts in placental tissue from women with early-onset PE ¥ 2%, Finally,
Gao et al. reported an increase in p53 signalling and cell cycle arrest with additional
activation of proapoptotic BAX and caspase proteins in human umbilical vein
endothelial cells (HUVEC) from women with PE when compared to women with

uncomplicated pregnancies - 26,

Activation of DDR pathways, mtDNA mutations, and endogenous stress like ROS
accumulation and disrupted redox signalling can cause epigenetic modifications.
The link between epigenetics, ageing, and age-related disorders has been
demonstrated in several studies ¥ 26 262 Epigenetic changes have been
demonstrated within placental tissue including DNA methylation patterns on
imprinted regions in H19/IGF2 genes, and methylation of histone proteins within
the human growth hormone in placental chromatin * 23, In a recent study by Eddy
et al., histone modifications were evident in the BeWo placental cell line following
exposure to hypoxic conditions with marked hypomethylation of cytosine, an

epigenetic change usually evident in age-related pathologies " 254,

1.6.3 Evidence of Mitochondrial Dysfunction in PE & IUGR

The placenta is a highly metabolic organ, requiring robust mitochondrial activity.
During normal mitochondrial function, continuous changes within the extravillous
trophoblast and vascular remodelling lead to increased ATP production through
oxidative phosphorylation - 26> 266 Accumulation of ROS such as superoxide, nitric
oxide, and peroxynitrite results in physiologic oxidative stress during early

pregnancy 12>, ROS can be generated from a number of sources including
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mitochondria (mROS), NADPH oxidases, xanthine oxidase, or p450 enzymes % 267, 268,

Increase in ROS production with subsequent alterations in redox signalling has

direct links to both mitochondrial and cellular ageing.

Protein nitration and lipid peroxidation have been shown to be significantly higher
in placental tissue from women with PE compared with uncomplicated pregnancy
270,271 | ipid peroxidation can be either enzymatic, catalysed by lipoxygenase
enzymes, or nonenzymatic in the presence of free radicals * 22, Nonenzymatic lipid
peroxidation is increased with ageing, and its by-products are highly expressed in
age-related diseases such as atherosclerosis 273, In 1998, Wang and Walsh
described that placental lipid peroxidation was significantly higher in PE %270, They
established that elevated lipid peroxidation levels are a result of increased
mitochondrial mass, in regions of poor vascular flow, which are unable to meet

energy requirements in PE 1279,

Extravillous trophoblast activity such as migration and invasion are impacted by the
expression of two nitric oxide subtypes eNOS (endothelial nitric oxide synthase) and
iNOS (inducible nitric oxide synthase) ¥ 274, Nitration of proteins may either have
redundant or exhibit loss/gain of function effects. In PE, increases in peroxynitrite
generation may alter vascular reactivity and uteroplacental circulation %7, 275,
Upregulation of NOS activity and peroxynitrite accumulation in placental tissue in
PE may also result in the depression of mitochondrial activity by inhibiting the
electron transport chain and nitration of mitochondrial proteins and antioxidants

such as mitochondrial superoxide dismutase, in addition to activation of apoptosis

276 as shown in Figure 1.5. Placental ageing is often associated with mitochondrial
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dysfunction as a direct consequence of loss of mitochondrial dynamics and
increased mitochondrial damage 276 277, Mitochondria undergo continuous fission
and fusion to maintain mitochondrial dynamics, failure of which may lead to
accumulation of mitochondrial debris and deteriorating mitochondrial function ¥
276,277 1t is believed that mitochondrial dynamics are altered in PE with altered
expression of mitochondrial autophagy regulator genes like OPA1, SIRT3, and
MNF2/1, but limited research has been conducted to fully understand the signalling

process 1,278,279
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Figure 1.5 Contribution of cellular senescence and mitochondrial dysfunction to placental ageing. Image adapted from Manna et al
2019 1%
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Antioxidants are endogenously produced to neutralise ROS by converting them to
more stable oxygen and hydrogen peroxide, which is further broken down to form
water. Antioxidants are also considered as anti-aging agents and can be classified
into subtypes: enzymatic such as superoxide dismutase (SODs), catalases, and
peroxidases or nonenzymatic such as vitamins (A, C, and E), bilirubin, and uric acid *
280,281 '|n PE and IUGR, placental antioxidant activity is attenuated when compared

to uncomplicated pregnancies ¥ %% 280,

1.6.4 Markers of premature senescence in pregnancy complication

A major obstetric challenge has been to establish biomarkers for detection of
pregnancy complications such as PE and IUGR in maternal body fluids. Qiu et al.
were the first to report elevated mtDNA levels in the maternal peripheral blood in
PE indicating elevated oxidative stress and mitochondrial dysfunction ¥ 282, A recent
case-control study by Williamson et al, reported elevated mtDNA copy numbers in
maternal plasma at 15-20 weeks’ gestation in PE cases compared to those in
uncomplicated pregnancy controls 1°6 280,283 Eyrthermore, this study also
demonstrated a significant reduction in the antioxidant mitochondrial superoxide
dismutase activity at 15 weeks’ gestation in women who later developed PE, thus
proposing mitochondrial dysfunction as an early pathophysiological event in PE %
156 Similar work by Marschalek et al. also identified increased mtDNA copy

numbers in maternal serum in early-onset PE - 284,

Apart from mitochondrial dysfunction, inflammation and inflammatory mediators
are evident in premature ageing of the placenta. Certain ageing-associated

inflammatory markers such as Senescence-Associated Secretory Phenotypes
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(SASPs) are elevated in PE ¥ 285, Kupferminc et al. showed that TNF-a is significantly
elevated in amniotic fluid and maternal plasma in severe PE %286, sST2 (soluble ST2)
is a member of the interleukin-1 family, expressed abundantly in endothelial cells,
and usually associated with age-related disorders such as cardiac diseases 287, A
recent longitudinal study by Romero et al. reported significant elevation of sST2

levels in maternal plasma in risk patients almost 6 weeks prior to development of

PE 1, 288.

MicroRNAs (miRNA) and long noncoding RNAs (IncRNA) are noncoding RNAs that
have the potential for gene regulation 28°, Placental miRNA are solely found within
the placenta and are involved in cell differentiation, placental growth, embryonic

290 miRNAs are available in bodily fluids

and regulation of nutritional requirements
and are now being regularly investigated as both biomarkers and perspective
therapeutics. In the uterus, miRNAs are controlled by steroidal hormones, and they
are responsible for efficient placentation »2°1. miRNA maybe abnormally expressed
in placental diseases such as PE and IUGR as a result of maternal-fetal hypoxia,
angiogenesis, immunity, and inflammation through different cellular pathways and
modes of action 2°°. miRNA and IncRNA are powerful tools for early detection of
pregnancy outcomes such as PE and IUGR. Table 1.2 summarises the various

senescence markers associated with placental ageing in adverse pregnancy

outcomes such as PE and IUGR.
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Table 1.2 Senescence markers associated with placental ageing in adverse
pregnancy outcomes. Adapted from Manna et al *.

Maternal (1) Mitochondrial N mtDNA copy numbers
plasma/serum/amniotic dysfunction N sST2 level
fluid (2) Inflammatory N TNF- o
markers (IL33/ST2
signalling pathway)
Trophoblast Cell Lines (1) Cell cycle regulators N Cyclin D1
(2) miRNA/IncRNA ™ Mir-376
(3) DNA damage response N PARP1
(4) Senescence regulators ™ p53
(5) Epigenetic changes J JunB
J MDM2

MHypomethylation of

cytosine
Placental Tissue (1) DNA damage response ™ p53
(2) Cell cycle regulators J hTERT

(3) Mitochondrial

dysfunction

1 Telomere aggregates
™ BAX

“MLipid peroxidation

™ NOS activity

M Peroxynitrite synthesis
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1.7 Placental Proteomics and Use of Computational Biology

Proteomics can be defined as the identification and quantification of all proteins
expressed in a complex biological system, characterising functionality in both
health and disease 2°2. Within a eukaryotic cell type, a proteome can vary
significantly whereas the genomes remain relatively static 2°2. There is limited
possibility of adequately identifying and quantifying all proteins and their isoforms,
referred as a proteome 2%3. This can make proteomic research challenging, when
comparing the proteome variability between healthy and diseased state. Though
still in its infancy, proteomic research has been used in obstetric complications,
using various biological samples such as plasma, serum, amniotic fluid, urine,
placental tissue, and trophoblast cell lines 2°. Proteomic analysis has also been
used for biomarker discovery and as prediction tool in early and late onset PE.
However, major limitations remain such as identifying lowly abundant proteins and
integration of proteomic data sets with genomics, metabolomics and lipidomic
data. Prediction models in early onset or preterm PE or <34 weeks of gestation
have combined, assessment of maternal risk factors such as Doppler velocimetry
of the uterine arteries, with circulating maternal protein expression of PIGF, PAPP-

A, PP-13, pregnancy associated plasma protein A, and inhibitin-A 201,295 2%,

Discovery proteomics approaches have also been used for identification of novel
biomarkers in PE and IUGR 2%/, As shown in Figure 1.6, biomarkers of PE can be
categorised as: placental perfusion and vascular dysfunction, renal dysfunction,

Fetoplacental unit and endothelial dysfunction and OS. These markers in
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combination with clinical information, increase the possibility of predicting and

diagnosing PE early in pregnancy?®,

Genetic factors

Fetoplacental unit

Faneldgstonetion endocrinology dysfunction

* Microalbuminuria

 Serum uric acid * Human chorionic gonadotropin
« Urinary calcium excretion « Alpha fetoprotein

* Inhibin A

* Activin A

* Pregnancy-associated plasma protein A
* Insulin resistance

* Sex hormone-binding globulin

* Adiponectin

Flgesmal perision Endothelial dysfunction,
and vascular resistance

dysfunction \ / growth factors
and oxidative stress

* Mean blood pressure in second trimester .
« 24-hour ambulatory blood pressure monitoring Proteomics * Antiphospholipid antibodies
« Doppler ultrasound ¢ » Antithrombin 11l
* Renin MetabOIomICS * Plasminogen activator inhibitor
* Platelet angiotensin Il binding * Serum lipids
* Platelet calcium response to arginine * Apolipoprotein E
Vasopressin * Endothelin

* Prostacyclin
* Thromboxane

- » Cytokines
P re'eCIam pSIa * Placenta growth factor
 Vascular endothelial growth factor
* Isoprostanes
* Soluble FMS-like tyrosine kinase
* Soluble endoglin

Figure 1.6 Biomarkers of PE, where the genetic factor remains constant whereas
the proteome and metabolome are dynamic. This is depicted by the double arrow.
Image created by Carty et al 2008 2°8,
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However, despite substantial research, predicting PE & IUGR remains challenging,
especially in early stages of the disease. Some of the obstacles faced by researchers
are firstly, the heterogeneity and complexity of the disease physiology with
multifactorial involvement 2%, Secondly, in-vitro placental models and preclinical
animal models fail to mimic early disease placental pathophysiology of PE 3%,
Finally, the molecular signature of PE and biomarker discovery is often targeted at
the later stage of the disease, and due to the invasive nature of the placenta in the
early stages of PE very little information can be obtained non-invasively 3°%392 One
method to circumvent some of these obstacles is to employ a systems biology

approach.

Systems biology can be defined as the computational modelling of molecular
systems providing an integrative interpretation of large datasets pertaining to
proteomics, genomics and metabolomics 3%3. Computational modelling in the form
of in-silico experiments was developed to study the logically controlled in-vitro
extension of pharmacological and physiological processes 3%*. The complex
interaction and data integration of hundreds of in-silico experiments which are
validated through laboratory experiments can be modelled computationally 304,
This can be used to test hypothesis, interpret results for both in-vitro and in-vivo

models and provide new insights into disease pathogenesis 3%°.

There are two types of models: static and dynamic models. Dynamic models
emphasize the interaction of components such as genes and proteins with each
other and their reaction to stimuli using ordinary differential equations (ODE) 3%,

Static models provide information of interactions between components such as
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protein-protein 3, Functional biological systems contain an amount of uncertainty,
which can be modelled using Stochastic simulation such as Monte Carlo, Markov
chain, Random walk, with repeated runs to simulate the variations mimicking
random, uncertain reaction, until a definitive result is reached 3% 397, Systems
Biology approaches also consists of static large-scale biological network modelling
consisting of omics data integration, visualization, and topological analysis; and
dynamic quantitative models, which focuses on characterization of molecular

processes and visualization of cells 3%,

1.8 Summary

The placenta plays a crucial part in regulation of a healthy pregnancy. Remodelling
of the uterine vessels by invasion of trophoblasts resulting in successful
placentation is essential for development of the fetus. The optimal functional
capacity can be defined as the ability of the placenta to provides oxygen, glucose
and nutrients to the fetus and also filtering out harmful waste and carbon dioxide,

thus enabling the exchange of oxygen and nutrients between mother and fetus.

As the fetus grows, there is an increase in the demand for oxygen and nutrients,
which is met by radical alteration of maternal spiral arteries from low-flow high-
resistance vessels to high-flow low-resistance after first trimester of pregnancy,
resulting in placental hypoperfusion. Abnormal placentation and inability of the
placenta to obtain optimal capacity can lead to adverse pregnancy outcomes
including PE (PE), intrauterine growth restriction (IUGR), preterm birth and

stillbirth.
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The exact pathophysiology of placental insufficiency due to impaired trophoblast
invasion and vascular remodelling is unclear. Reduced blood supply as a
consequence of placental ischemia may result in oxidative stress (0S). OS is
associated with increased production of reactive oxygen species (ROS) and free
radicals which inflict oxidative damage on protein, lipids, and nucleic acids.
Moreover, the loss of balance between pro and antioxidants results in aberrant ROS

production and further deteriorates placental function.

Elevated OS, deficient antioxidant defence and accumulation of OS by-products
have also been associated with inducing premature cellular senescence. The
placenta ages gradually as the pregnancy progresses, however prolonged
pregnancy (>42 weeks) is associated with “true ageing” of the placenta evidenced
by declining morphology, physiology, and functional capacity, which have been
linked to stillbirth. In adverse pregnancy outcomes such PE and IUGR, premature
placental ageing has been associated with increased oxidative stress contributing to
both cellular senescence and mitochondrial dysfunction. Optimising maternal
health during pregnancy, is essential for improving long term outcomes for both
mother and baby. Although the least studied organ of the body, the placenta is the
key to understanding and potentially preventing future adverse pregnancy

outcomes and reducing future maternal and fetal morbidity.

In this introduction chapter, the role of accelerated placental ageing in the
pathogenesis of adverse pregnancy outcomes: PE and IUGR is provided.
Additionally, the role of computational biology in the assessment of oxidative stress

and identification of potential placental ageing biomarkers are explored.
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1.9 Thesis Hypothesis, Aims & Objectives
Hypothesis
A review of the current literature suggests a link exists between oxidative stress,
mitochondrial dysfunction, and premature cellular senescence. Characterising this
interconnected network and its role in the pathophysiology of PE and IUGR has yet
to be fully explored. In this section, we reviewed the current literature for
premature placental ageing in adverse pregnancy outcomes. We hypothesised that
Oxidative Stress plays a key role in cellular senescence and mitochondrial
dysfunction of the placenta, precipitating premature ageing of the organ. We also
summarised the current knowledge of placental ageing in the aetiology of adverse
pregnancy outcomes and discussed the hallmarks of ageing which could be
potential markers for preeclampsia and fetal growth restriction. This thesis will
allow us to identify features of placental senescence, which are shared and unique
to each adverse pregnancy outcome. These differential features will be further
investigated by adopting a proteomic approach of placental tissue from both PE and
IUGR pregnancies.
Aims

A. Investigate evidence of cellular senescence in placental tissue obtained from

PE & IUGR complicated pregnancies when compared to controls.
B. Characterise the protein signature of sub anatomical regions of the placenta
using a proteomic approach.

C. Identify the placental proteomic profile in PE & IUGR

Objectives
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In order to achieve these aims the following objectives were identified:

° To evaluate the molecular signatures of cellular senescence in PE, PE
associated with IUGR and IUGR phenotypes compared to control

pregnancies (Chapter 2).

° To understand the protein composition of a normal healthy placenta
(Chapter 3).
. To characterise compositional differences related to placental ageing

between the maternal and fetal sub anatomical regions (Chapter 3).
° To map the dynamic and functional pathways and interaction networks
of differentially expressed proteins in PE & IUGR compared to controls

(Chapter 4).
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Chapter 2:

Heterogenous Differences in Cellular Senescent Phenotypes
in Pre-Eclampsia and IUGR following Quantitative Assessment of

Multiple Biomarkers of Senescence

The text of this chapter has been adapted from the following publication:

Manna S, Elwain CJM, Maher GM, Giralt Martin M, Musumeci A, McCarthy FP,
McCarthy C. Heterogenous Differences in Cellular Senescent Phenotypes in Pre-
Eclampsia and IUGR following Quantitative Assessment of Multiple Biomarkers of
Senescence. International Journal of Molecular Sciences. 2023; 24(4):3101.

https://doi.org/10.3390/ijms24043101
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Abstract

Background: Premature ageing of the placenta in pregnancy outcomes is associated
with the persistent presence of oxidative stress and placental insufficiency reducing
its functional capacity. In this study, we investigated cellular senescence
phenotypes of PE and IUGR pregnancies by simultaneously measuring several

biomarkers of senescence.

Methods: Maternal plasma and placental samples were collected at term (> 37
weeks) and preterm (<37 weeks) gestation from nulliparous women undergoing
pre-labour elective caesarean section with PE without intrauterine growth
restriction (PE; n = 5), PE associated with intrauterine growth restriction (n = 8),
intrauterine growth restriction (IUGR < 10th centile; n = 6), and age-matched
controls (n = 20). Placental absolute telomere length and senescence gene analysis
was performed by RTgPCR. The expression of cyclin-dependent kinase inhibitors
(p21 and p16) was determined by Western blot. Senescence-associated secretory

phenotypes (SASPs) were evaluated in maternal plasma by multiplex ELISA assay.

Results: Placental expression of senescence-associated genes showed significant
increases in CHEK1, PCNA, PTEN, CDKN2A, and CCNB-1 expression (p < 0.05) in PE,
while TBX-2, PCNA, ATM, and CCNB-1 expression (p < 0.05) were significantly
decreased in IUGR compared with controls. Placental p16 protein expression was
significantly decreased in PE only compared with controls (p = 0.028). IL-6 was
significantly increased in PE (0.54 pg/mL + 0.271 vs. 0.3 pg/mL + 0.102; p = 0.017)
while IFN-y was significantly increased in IUGR (4.6 pg/mL + 2.2 vs. 2.17 pg/mL

0.8; p =0.002) compared with controls. No significance was observed in placental
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Lamin-B1 level between cases and controls. Similarly, there were no significant
variations observed in mitochondrial copy numbers for any subgroups compared to

controls.

Conclusion: These results provide evidence of premature senescence in IUGR
pregnancies, and while cell cycle checkpoint regulators are activated in PE, the
cellular phenotype is one of cell repair and subsequent proliferation rather than
progression to senescence. The heterogeneity of these cellular phenotypes
highlights the complexity of characterising cellular senescence and may equally be
indicative of the differing pathophysiological insults unique to each obstetric

complication.

2.1 Introduction

Pre-eclampsia (PE) is a gestational hypertensive disorder which affects 3-5% of
pregnancies worldwide and clinically manifests as maternal de-novo hypertension
and associated maternal organ dysfunction including uteroplacental dysfunction 6.
Intrauterine growth restriction (IUGR) can be defined as a rate of fetal growth,
which is below the normal growth potential, i.e., between the 10th and 90th
percentile as per the gestational age % 172, IUGR affects 13.7 million babies born
yearly with low birth weight °. PE is associated with impaired spiral artery
modelling and poor placental perfusion resulting in aberrant redox signalling and an
induction of oxidative stress 3%, Additionally, systemic inflammation and
endothelial dysfunction are pathogenic mediators of PE which account for a myriad
of maternal multi-organ damage and poor long-term maternal cardiovascular

outcomes 308,
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Senescence can be defined as a cellular defensive mechanism triggered in response
to multiple external or internal stressors resulting in irreversible cell cycle arrest 3%,
In conditions of exaggerated oxidative stress, persistent impairment of redox
balance and subsequent DNA damage result in the initiation of a premature
senescence phenotype 310, Additionally, telomere shortening can trigger cellular
senescence, but senescence is equally evident independent of telomere shortening
311, 312 premature cellular senescence can be classified by activation of a DNA
damage response pathway and its associated signalling kinases which culminate in
the stimulation of cell cycle inhibitors, such as p16INK4a, p21/p53, and p27, a
reduction in cellular proliferation, and loss of Lamin-B activity, a marker of the
altered enlarged and flattened morphology of senescent cells 313, Moreover, the
accumulation of mitochondrial DNA (mtDNA), as a result of ROS inducing damage
and strand breaks, has been associated with premature onset of ageing in both in
vivo and in vitro models, with higher susceptibility to mtDNA mutagenesis 3% 315,
Activation of a senescence-associated secretory phenotype (SASP) incorporating a
core set of cytokines, enzymes and growth factors, such as IL-6, IL-8, IL-13, IGFBPs,
and MMPs, results in accumulated senile cells creating a pro-inflammatory
microenvironment that indicates establishment of senescence 36, The phenotypes
of premature cellular senescence are highly heterogeneous and often differ
depending on the initial stressor . Senescence-specific gene expression has been
extensively studied. Genes such as PTEN and CDKN2A regulate cellular senescence
by acting through the p16/p19*7 pathway, whereas CHEK-1, PCNA, and CCNB-1 are
modulated by DNA damage response and halt cell cycle progression 317-319,

Additionally, there is no single universal biomarker that specifically identifies
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senescence, hence a combination of multiple markers when simultaneously present
are used to confirm senescence 3%.

The placenta along with maternal decidua normally exhibits progressive senescence
closer to term parturition 321, A recent review by Cox and Redman, which explored
evidence of placental ageing through cellular senescence accompanied by
morphological changes including modulation of pro-inflammatory phenotypes,
highlighted excessive oxidative stress as a driver of premature placental ageing in
adverse pregnancy conditions including PE 322, This stress-induced senescence is
proposed to result from poor placental perfusion, resulting in increased ROS
generation that subsequently engages biochemical pathways which disrupt cell
cycle progression in addition to accelerating the activation of pro-inflammatory
cytokines and chemokines, which form part of the senescence-associated secretory
phenotype (SASP) 322,

In adverse pregnancy outcomes, such as PE and IUGR, impaired placentation and
the subsequent burden of placental oxidative stress may trigger a premature
senescence phenotype leading to early parturition and pre-term delivery of the
fetus 1. Syncytiotrophoblasts show features characteristic of senescent cells,
including the biomarker senescence-associated B-galactosidase (SA-B-gal), together
with increased expression of the cyclin kinases inhibitors p16 and p21, and p53 323,
To date, the association between altered telomere length and placental
pathogenesis of both PE and IUGR has been somewhat contradictory, with some
publications reporting no significant difference in placental telomere length
between PE and healthy uncomplicated pregnancies 324 32>, Contrarily, IUGR has

consistently been reported to have lower placental telomerase activity and shorter
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telomere length when compared with healthy uncomplicated pregnancies 243 2%
255,256 |n this study, we examined multiple biomarkers of senescence in PE and
IUGR and investigated if premature senescence phenotypes were congruent across

both placental pathologies.

2.2 Materials and Methods

2.2.1 Study Design

Participants were recruited as part of the COMRADES study, a non-interventional
cohort study of nulliparous singleton pregnancies with the aim of characterizing
placental premature senescence in PE and intrauterine growth restriction (IUGR).
Patients were recruited from Cork University Maternity Hospital, Ireland, between
2019 and 2021. The COMRADES study was conducted according to the guidelines
laid down in the Declaration of Helsinki, and all the procedures were approved by
the Clinical Research Ethics Committee of the Cork Teaching (ECM4 (ff) 04/12/18),
and all women provided written informed consent. After receiving consent from
participants, samples were collected from nulliparous, singleton pregnancies
undergoing pre-labour caesarean section. PE was defined according to the ISSHP
2018 guidelines: BP > 140 mm Hg systolic or 290 mm Hg diastolic measured on at
least 2 occasions at least 4 h, associated with proteinuria (>300 mg protein on 24-h
collection, urine protein creatinine > 30 mg/mmol or +3 dipstick) [1]. PE participants
were subdivided into two groups: associated with growth restriction (n = 8) and no
growth restriction (n = 5). IUGR was defined according to RCOG as estimated fetal
weight less than 10th centile for gestational age 1. IUGR-recruited pregnancies

were classified as <10th centile (n = 6). Matched selected controls (n = 20) were
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collected from healthy pregnant women who had uncomplicated pregnancies,
which were defined as pregnancies not affected by PE or IUGR and delivered at >37
weeks. All control placentas were term gestation (38 + 0.7 weeks), however the
mean gestation age for PE (36 + 1.9 weeks), PE associated with IUGR (34.6 £ 2.7
weeks) and IUGR (32.43 + 13.1 weeks) pregnancies were matched as closely as
possible. Controls were matched with the PE and IUGR cases for maternal age.
Clinical characteristics such as age, body mass index (BMI), mean arterial blood
pressure, gestational age, fetal weight, and fetal sex were collected from all
participants.

2.2.2 Sample Collection

Maternal fasting blood was collected on the day of elective C-section and plasma
extracted in EDTA vacutainers (BD, Ireland) by centrifugation at 2400x g for 10 min
at 4 °C. Placental tissue was sectioned within 20 min of delivery, with 5 tissue
sections (2—-4 cm diameter each) taken from identified regions across the placenta.
All samples were snap frozen in liquid nitrogen and stored at —-80 °C 326,

2.2.3 Placental DNA Extraction and Absolute Telomere Length Quantification

Genomic DNA was extracted from 10 mg of placental tissue using the DNeasy Blood
and Tissue kit (Qiagen, Dublin, Ireland) in accordance with the manufacturer’s
instructions. Absolute quantification of telomere was determined using the
ScienCell gPCR Kit (#8918). The telomere primer set recognizes and amplifies
telomere sequences, while the single copy reference (SCR) primer set recognizes
and amplifies a 100 bp-long region on human chromosome 17 and serves as a

reference for data normalisation. All reactions with genomic DNA sample (5 pg/uL)
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were performed in duplicate, and template controls were included in each run.
Reference genomic DNA was used as an internal control. Comparative AACq
(Quantification Cycle Value) method was used with manufacturer made standard
curve for quantification using Cq (Quantification Cycle) values of telomere qPCR
(TEL) and single copy reference qPCR (SCR) obtained for the genomic DNA samples
as per the manufacturer’s instructions.

2.2.4 Absolute Quantification of Placental mtDNA

Mitochondrial DNA (mtDNA) extraction was completed following the methodology
described by Williamson et al. (2018) 28. Real-time PCR was used for mtDNA
assessment using the StepOne Plus Detection system (Applied Biosciences,
Waltham, MA, USA) with Tagman probes for mtDNA, hMitoF5, hMitoR5 283 327, A
standard curve was used to determine the absolute quantification of mtDNA and
represented as copies/mL 327328,

2.2.5 Isolation of RNA and Real-Time PCR Analysis of Senescence Associated

Genes

Placental tissue was mechanically homogenised in Trizol Reagent (Invitrogen™
Thermo Fisher Scientific, Dublin, Ireland) using the Tissuelyser Il (Qiagen,
Manchester, UK) and RNA was isolated and subsequently purified using the Qiagen
RNeasy’ Plus Mini (#74134) clean-up protocol according to manufacturer’s
instructions. cDNA synthesis was performed using the Superscript IV Double-
Stranded cDNA Synthesis Kit (Invitrogen™ Thermo Fisher Scientific, Ireland). Initial
assessment for senescence-associated genes were performed using the RT2 Profiler

PCR Array Gene Expression for senescence-associated genes in 96-well plates (Cat
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no. PAHS-050Z, Qiagen, Ireland). Samples from each group were pooled into and
loaded onto each 96-well plate. In total, there were 4 groups: PE, PE associated
with IUGR, IUGR, and controls, and 4 plates were run-on Real-Time gPCR on the
Applied Biosciences StepOne Plus Detection System. The qPCR Assays used in PCR
Arrays enables 96 genes in a 96-well plate to be simultaneously analysed using the
RT? SYBR Green qPCR Array System protocol. Relative quantification was performed
using data analysis web portal (GeneGlobe, Germantown, MD, USA,
https://geneglobe.giagen.com/us/ (accessed on 20 January 2023)) to calculate the
fold change using 2722CT formula, where ACT is calculated between gene of interest
(GOI) and an average of reference genes (HKG), followed by AACT calculations.

Five HKG genes, namely ACTB, B2M, GAPDH, RPLPO, and HPRT1 were included in
each PCR plate as internal controls. Eleven genes were selected for validation based
on the significant differences between groups when compared with controls,
obtained from the RT2 profiler PCR Array: CHEK1, CCNB1, PCNA, PTEN, CDKN2A,
ATM, TBX2, GLB1, ID1, IGFBP5, and SOD2. Tagman probes were used for genes of
interest (Applied Biosciences, Westmeath, Ireland). The Tata box protein (TBP) gene
was used as an internal control with SYBR green primers (Table 2.1). TBP has been
shown to be most stable in placental tissue, ensuring sensitivity and specificity of
gene expression profile 32°. Real-time PCR was performed on the Applied
Biosciences StepOne Plus Detection System. Standard relative PCR quantification
was performed to validate fold changes using 2722¢T formula based on relative

change between GOI and the internal standard.
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Table 2.1 Tata Binding Protein (TBP) Sybr green sequence

TBP Forward Sequence TGTATCCACAGTGAATCTTGGTTG

TBP Reverse Sequence GGTTCGTGGCTCTCTTATCCTC

2.2.6 Protein Isolation and Western Blot

Placental tissue (50 mg) was homogenized using Tissuelyser Il (Qiagen, Hilden,
Germany) and protein was isolated using tetraethylammonium bicarbonate buffer
(Sigma-Aldrich, Co., Wicklow, Ireland) supplemented with a phosphatase inhibitor
(PhosSTOP™, Roche, Dublin, Ireland) and protease inhibitor (Roche, Ireland). Four
study groups were investigated, PE, PE associated with IUGR, and IUGR cases were
age-matched with controls. We separated 35 pg of protein by SDS-PAGE on a 10%
TRIS polyacrylamide-glycine gel (Bio-Rad Laboratories, Kildare, Ireland) and
transferred it to a methanol-activated PVDF membrane (Amersham™ Hybond®
Sigma-Aldrich, Ireland). Membranes were blocked in 5% BSA for 1h at room
temperature and incubated overnight at 4°C with primary antibodies; anti-p21
(1:1000 Abcam; ab109520, Cambridge, UK), anti-Lamin B1 (1:1000 Cell Signaling;
E6MS5T, Cork, Ireland), anti-p16 (1:500 Abcam; ab108349, UK), or anti-GAPDH
(1:3000 Cell Signaling #2118, Brennan and company, Ireland), and anti- B-Tubulin
(1:2000 Cell Signaling, #2146, Brenan and company, Dublin, Ireland), secondary
anti-rabbit 1gG, HRP-linked antibody (1:2000 Cell Signaling Technology, #7074
Brenan and company, Ireland). GAPDH and B-Tubulin were selected as internal
reference control proteins for western blots because of their stability and

expression within placental cells 39332, After overnight incubation membranes
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were washed and incubated at room temperature for 1h with anti-HRP secondary
antibody, membranes were washed in TBS-T and developed using Pierce™ ECL
Western Blotting Substrate, Thermo Fischer Scientific, Biosciences, Dublin, Ireland)
and LICOR Odyssey image analyzer. Densitometry was performed using LICOR
Image Studio Lite Version 5.2. After the protein of interest was developed,
membranes were stripped of residual primary and secondary antibodies using a
Western Blot Stripping Buffer (Thermo Fischer, Ireland) for 30 min with gentle
shaking and re-probed with a suitable internal reference control protein.

2.2.7 Senescence Associated Secretory Phenotypes (SASP) Analysis

Maternal plasma samples were analysed for SASP using the Human U-Plex kit IL-6,
IL-8, IL-13, IL-1a, IFN-y, MCP-1, and MIP-1a (MesoScale Discovery, Rockville, MD,
USA; K15067L) and the Human MMP3 Ultra-sensitive kit (MesoScale Discovery,
USA; K15034CL). All samples were prepared using the manufacturer’s instructions
and plates analysed on the Meso QuickPlex SQ 120 platform. Results were
generated as calculated concentration means on the Mesoscale (MSD) Discovery
Workbench 4.0 assay analysis software. The MSD analysis software determines
individual cytokine concentrations from electro chemiluminescent signals via
backfitting to the calibration curve.

2.2.8 Statistical Analysis

All data are expressed as mean  SD, or fold change relative to control. Analysis was
performed using GraphPad Prism 8.3. Comparisons of data between cases and
controls were performed using a one-way ANOVA. The two-tailed Wilcoxon

matched-pairs signed rank test was used for statistical analysis of western blot
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experiments with p values < 0.05 were considered as statistically significant. Linear
regression analysis, comparing absolute telomere length in cases and controls, was
done using STATA 14.2. One-way Anova was used to determine statistical
significance for various clinical characteristics collected from participants as shown

in Table 2.2.

2.3 Results

2.3.1 Study Demographics

Thirty-nine participants delivered by pre-labour caesarean section were recruited in
the Cork University Maternity Hospital between 2019 and 2021. These were
grouped as: PE (n = 5), PE associated with intrauterine growth restriction (n = 8),
IUGR (<10th centile) (n = 6), and maternal age-matched controls (n = 20) as shown
in Table 2.2. There were no significant differences in maternal age, maternal BMI,
or gestational age for all groups when compared with controls. While there was no
significant difference in maternal mean arterial blood pressure (MAP) during the
first trimester (~11 weeks) across study groups, MAP at 20-24 weeks was
significantly elevated in both PE (96.4 + 6.8 vs. 83.2 + 84; p = 0.04) and PE
associated with IUGR (97.2 + 12.7 vs. 83.2 + 8.4; p = 0.027) compared with controls.
Fetal birthweight in PE associated with IUGR (1926 g + 527.7 g vs. 3218 g + 359.6 g,
p < 0.0001) and IUGR (2585 g + 401.8 g vs. 3218 g + 359.6 g, p = 0.035) were
significantly reduced when compared with controls. Similarly, fetal individualised
customised centile (ICC) was significantly reduced in PE associated with IUGR (2.1 +
2.5, p = 0.0001) and IUGR (8.11 £ 1.9, p = 0.0034) pregnancies compared with

controls.
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Table 2.2 Patient characteristics in study cohort. Data are represented as mean *
SD. Mean arterial pressure has been calculated as MAP = [Systolic BP + (2 x Diastolic

BP)1/3.

Pre-Eclampsia Pre-Eclampsia IUGR (<10th Term Controls
P Associated with IUGR Centile)
(n=5) (n=8) (n=6) (n=20)
Maternal
+
Mean Ag;)(years *  386+5.2 33.35+3.1 33.67+3.1  33.7+4.40
M BMI (k 2
ean . SD)( e/m*  99+96 27.7+3.7 2531+35 24.4+5.4
Mean Arterial
Blood Pressure
(mmHg) + SD 92 +10.4 77.08 +32.4 84.61+5.2 86.3 % 8.9
(10-12 weeks)
Mean Arterial
Blood Pressure
(MmHG)+SD  96.4%6.8* 97.2+12.7* 83.1+7.2 83.2+8.4
(20-24 weeks)
Fetal
Mean Gestational
Age at delivery 36+1.9 34.6+2.7 32.43+13.1 38+0.7
(weeks + SD)
Mean birth weight o0, 7eg 5 1926 + 572.7 * 2585+401.8* 3218 +359.6
(grams = SD)
Fetal Sex F=3 F=3 F=4 F=10
(M =Male; F = M =2 M=5 M=2 M = 10
Female)
Fetal
Individualised
Customised 46.8 +39.3 2.1542.5* 8.11+1.9* 40.4 +21.9
Centile
(£SD)

* Statistically significant compared with controls with p < 0.05.
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2.3.2 Differences in Senescence Associated Gene Expression between PE and IUGR

Initially, using a Human Cellular Senescence Profiler Array with subsequent real-
time PCR validation, multiple senescence-associated genes including cell cycle
regulatory and DNA damage response (DDR) genes CHEK-1, CCNB-1, CDKN2A, ATM,
GLB-1, ID-1, IGFBP-5, PCNA, PTEN, SOD-2, and TBX2 were examined in placental
tissue samples. Of the panel of senescent-associated genes examined, there was a

significant increase in placental expression of checkpoint kinase 1 (CHEK-1) (4.9-fold

+ 0.94, p = 0.008; Figure 2.1A), Cyclin B (CCNB-1) (3-fold * 1.4, p = 0.036; Figure

2.1B), proliferating cell nuclear antigen (PCNA) (6.9-fold + 1.3, p = 0.013; Figure
2.1C), cyclin kinase CDKN2A (3.5-fold + 0.9, p = 0.007; Figure 2.1D), and
phosphatase-tensin homolog PTEN (12.8-fold + 1, p = 0,003; Figure 2.1E) in pre-
eclampsia. The expression of transcription factor TBX2 (0.3-fold + 0.9, p = 0.016;
Figure 2.1F), ataxia kinase ATM (0.7 + 1.26, p = 0.02; Figure 2.1G), cyclin B CCNB-1
(0.3-fold £ 1.7, p = 0.028; Figure 2.1B), and DNA repair gene PCNA (0.2-fold £ 0.9, p
= 0.046; Figure 2.1C) were significantly decreased in the IUGR subgroup, when

compared with controls. There was no significant difference amongst the other

senescence-associated genes between study groups (Figure 2.1 h-k).
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Figure 2.1 Senescence-associated gene expression in placental tissue in pre-
eclampsia and IUGR. (A) CHEK-1 expression in PE only was significantly elevated (p =
0.006); (B) ATM was significantly decreased in IUGR (p = 0.02); (C) CCNB-1 was
significantly elevated in PE only (p = 0.028), whereas it was significantly reduced in
IUGR (p = 0.036); (D) CDKN2A was significantly elevated in PE only (p = 0.012); (E)
PCNA was significantly elevated in PE only (p = 0.014), whereas it was significantly
decreased in IUGR (p = 0.04); (F) PTEN was significantly elevated in PE only (p =
0.005); (G) TBX-2 was significantly reduced in IUGR only (p = 0.005). No significant
changes were observed for (h) GLB-1, (i) ID-1, IGFBP-5, (j) and SOD-2 (k) when compared to
controls. All measurements were relative gene expression compared with controls.
Data are mean fold change compared with controls at level 1 + SD, p < 0.05; p-value
< 0.05, (*) and p-value < 0.01, (**).
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2.3.3 Absolute Telomere Length in placental tissue:

While placental absolute telomere length (aTL) was longer in PE (9.05 kbp + 5.7 vs.
5.9 kbp + 4.5) and PE associated with IUGR (6.84 kbp + 3.2 vs. 5.9 kbp % 4.5)
compared with controls, this increase was not statistically significant (Figure 2.2).
Adjusting for the variables maternal age, maternal BMI, gestational age, fetal
individualized customized centile (ICC), and fetal sex, PE had a 4.88 kbp (95% Cl:
-0.391, 10.15) longer telomere length; additionally, PE associated with IUGR had a
1.65 kbp (95% Cl: -3.53, 6.88) increase in telomere length compared with controls

(Table 2.3).

When absolute telomere length was examined in IUGR (4.96 kbp + 3.5 vs. 5.9 kbp +
4.5), there was no significant difference compared with controls (Figure 2.3).
Adjusting for the variables maternal age, maternal BMI, gestational age, fetal
individualized customized centile (ICC), and fetal sex, placental aTL was shorter in
IUGR compared with controls but this reduction in aTL was not statistically

significant (-1.5 kbp 95% Cl: -6.852, 3.807) (Table 2.4).
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20—
T -T Adjusted Estimate 2 (95%
= Exposure Groups Crude Estimate (95% Cl)
~ 15=
= Cl)
e
<)
E 104 Pre-eclampsia only (N=5) 3.191(-1.288, 7.671) 4.882 (-0.391, 10.155)
[¢D]
8 Pre-eclampsia with IUGR
% 5- 0.986 (-2.761, 4.734) 1.675 (-3.527, 6.878)
|_ T
(N=28)
0 1 1
Control PE PE_IUGR

Table 2.3 Crude and adjusted association between placental
absolute telomere length (aTL) in kbp for PE and PE associated with
IUGR, compared with controls. 2 Adjusted for maternal age, BMI,
gestational age, ICC, and fetal sex. Abbreviations: 95% Cl = 95%
confidence interval, BMI = body mass index, ICC = individualised
customised centile, aTL = absolute telomere length.

Figure 2.2 Absolute telomere length in pre-eclampsia. aTL in
placental tissue was not significantly altered in PE or PE associated
with IUGR compared with controls. Data are represented as mean
aTL+SD, p <0.05.
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Figure 2.3. Absolute telomere length in IUGR. ATL in placental
tissue showed no significant changes in IUGR compared with
controls. Data are represented as mean aTL £ SD, p < 0.05.

Crude Estimate (95% Adjusted Estimate ?(95%

Exposure Groups cl) cl)

IUGR ?so_tz)ce”t"e ~0.895 (-5.214,3.423)  -1.522 (-6.852, 3.807)

Table 2.4 The Crude and adjusted association between placental
absolute telomere length (aTL) in kbp for IUGR placentas compared
with controls. ® Adjusted for maternal age, BMI, gestational age,
ICC, and fetal sex. Abbreviations: 95% Cl = 95% confidence interval,
BMI = body mass index, ICC = individualised customised centile, aTL
= absolute telomere length.
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2.3.4 Placental Expression of Cyclin-Dependent Kinase Inhibitor

Cell cycle arrest resulting from upregulation of cyclin-dependent kinase inhibitors,
p21 and p16, is a classical feature of senescence. To elucidate the role of p16 in
regulating cellular senescence, protein expression was measured in all study groups
(Figure 2.4 A and Figure 2.4B). p16 protein expression was significantly decreased in
PE placentas when compared with controls (p = 0.031) (Figure 2.4C), while this
reduction in p16 expression was not evident in placental tissue from PE associated
with IUGR compared with controls (Figure 2.4D). Additionally, when compared to
controls, there was no significant difference in p16 protein expression observed in

IUGR subgroup (Figure 2.4E).
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Figure 2.4 Representative images of p16 protein expression as measured by Western blotting in placental tissue from PE only (n=5) and PE
associated with IUGR (n=5) (A) and IUGR(n=5) (B) matched by age. Densitometric analysis was used to quantify expression of p16 in PE only (C),
PE associated with IUGR (D) and IUGR (E) with expression normalised to B-Tubulin. Statistical analysis with Wilcoxon matched-pairs signed rank

test with two-tailed test, * p < 0.05 vs. control placenta. p-value < 0.05 (*).
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Furthermore, protein expression of p21, was measured in all study groups (Figure
2.5 A and Figure 2.5B). There was no significant difference in p21 protein expression
in PE (Figure 2.5C) and PE associated with IUGR (Figure 2.5D) when compared with
controls. Similarly, there was no significant difference in p21 protein expression in

IUGR (Figure 2.5E) when compared with controls.
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Figure 2.5 Representative images of p21 protein expression as measured by Western blotting in placental tissue from PE only (n=5) and PE
associated with IUGR (n=5) (A) and IUGR(n=5) (B) matched by age. Densitometric analysis was used to quantify expression of p21 in PE only (C),
PE associated with IUGR (D) and IUGR (E) with expression normalised to B-Tubulin. Statistical analysis with Wilcoxon matched-pairs signed rank

test with two-tailed test.
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2.3.5 Expression of nuclear intermediate filament protein Lamin B1 in placental

tissue in Pre-eclampsia and IUGR

A reduction in Lamin B1 protein expression has been detected in senescent cells
and is induced by various triggers including cell replication and oncogene activation.
Lamin B1 has roles in DNA replication and cell cycle progression in addition to
maintaining nuclear envelope integrity. Expression of Lamin B1 was not significantly
different in PE groups (Figure 2.6A) or IUGR (Figure 2.6B), respectively, when

compared with controls.

2.3.6 Absolute Quantification for mitochondrial DNA

We compared absolute mtDNA copy numbers in placental tissue for PE subgroups
and IUGR, comparing them to controls (Figure 2.7). mtDNA copy numbers when
compared to controls with PE (3211713 + 2780530 v 634312 + 1230023; P=0.058);
PE IUGR (2089319 + 2534706 v 634312 + 1230023; P=0.19) and IUGR (1056158 +
2144337 v 634312 + 1230023; P=0.9). Even though both PE subgroups showed
increases in placental mtDNA copy numbers, these increases did not reach

statistical significance compared with controls.
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Figure 2.6 Representative images of Lamin-B1 protein expression as measured by Western blotting in placental tissue from PE only (n=5) and
PE associated with IUGR (n=5) (A) and IUGR(n=5) (B) matched by age. Densitometric analysis was used to quantify expression of Lamin-B1 in PE
only (C), PE associated with IUGR (D) and IUGR (E) with expression normalised to GAPDH. Statistical analysis with Wilcoxon matched-pairs

signed rank test with two-tailed test.
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Figure 2.7 Absolute quantification of mitochondrial DNA (mtDNA) copy numbers as measured by RTgPCR in placental tissue from PE only (n=5)
and PE associated with IUGR (n=5) (A) and IUGR(n=5) (B) matched by age and BMI. All measurements were relative mtDNA copy numbers
compared with controls. Data are mean fold change compared with controls.
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2.4.7 Senescence Associated Secretory Phenotypes in Maternal Plasma Reveal

Different Cytokine Profiles in PE and IUGR

Senescence-associated secretory phenotypes (SASP) consist of a core panel of
inflammatory cytokines and mediators including, interferon-y (INF-y), interleukins
(IL-13, IL-6, IL-8), monocyte chemoattractant protein-1 (MCP-1) and macrophage
inflammatory protein 1 alpha (MIP-1a), and matrix metalloproteinase-3 (MMP-3)
333335 Of the original panel of seven SASP markers, IL-6 was significantly increased
in PE only when compared with controls (0.59 pg/mL + 0.2 vs. 0.29 pg/mL+0.1; p =
0.017) (Figure 2.8A). Expression of the remaining six SASP markers did not differ
significantly between PE and controls (Figure 2.8B—G). There was no significant
difference in the expression of any SASP marker between PE/IUGR when compared
with PE or when compared with controls. Interferon-y expression was significantly
increased (4.6 pg/mL + 2.2 vs. 2.17 pg/mL £ 0.8; p = 0.002) (Figure 2.9E) in IUGR
when compared with controls. There were no other significant changes observed in

SASP markers compared with controls (Figure 2.9B-G).
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Figure 2.8 Senescence-associated secretory phenotypes (SASP) in PE with or without intrauterine growth restriction. (A) IL-6 was significantly
increased in maternal plasma in PE only pregnancies (p = 0.017) when compared with controls. All other cytokines: (B) MCP-1, (C) IL-8, (D) IL-
13, (E) Interferon-y, (F) MMP-3, and (G) MIP-1a showed no significant differences between PE subgroups compared with controls. Data are

represented as mean  SD, p < 0.05; p-value < 0.05, (*).
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Figure 2.9 Senescence-associated secretory phenotypes (SASP) evident in intrauterine growth restriction IUGR: (E) Interferon-y (p = 0.002) in
IUGR pregnancies were significantly increased in maternal plasma when compared with controls. All other cytokines: (A) IL-6, (B) MCP-1, (C) IL-
8, (D) IL-13, (F) MMP-3, and (G) MIP-1a showed no significant difference when compared with controls. Data are represented as mean + SD, p

<0.05; p = 0.002 (**).
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2.4 Discussion

Premature placental ageing has been associated with adverse pregnancy outcomes
such as PE, intrauterine growth restriction, and stillbirth. Increased oxidative stress
and an inadequate antioxidant defense lends to impaired redox signaling and
oxidative damage 336, While the physiological triggers of senescence in vivo are not
fully understood, evidence of hypoperfusion coupled with oxidative stress and
placental insufficiency may orchestrate a multistep cellular senescence response.
This study sought to assess the evidence of placental ageing resulting from cellular
senescence in both PE and IUGR by evaluating multiple biomarkers of senescence.
Cellular senescence is defined as a state of terminal proliferation, accompanied by
characteristic metabolic and pro-inflammatory changes. Our results showed a
significant decrease in senescence-associated genes ATM, CCNB-1, PCNA, and TBX2
in IUGR placentas, and a significant increase in maternal circulating interferon-y
levels when compared with controls. On the other hand, in PE, we showed a
significant increase in placental expression of CHEK-1, CCNB-1, PCNA, CDKN2A, and
PTEN accompanied with a significant reduction in p16 placental protein levels, and
a significant increase in maternal circulating IL-6 levels when compared with
controls. There was no significant difference in absolute placental telomere length
between any study groups, when compared with controls.

Initially, the expression of senescent-associated genes was characterised in
placental tissue in PE, PE associated with IUGR, and IUGR. There was a significant
increase in key regulators of DNA repair and checkpoint surveillance, namely CHEK-
1 and PTEN in PE only, with an additional increase in expression of markers

promoting proliferation (PCNA and CCNB1). Proliferating cell nuclear antigen
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(PCNA) is a proliferation marker, which regulates the replication complex formation
and has a role in DNA metabolism, affecting DNA damage repair (DDR) pathways
337 CHEK-1 is a DDR signalling kinase which arrests cell cycle to allow DNA repair,
while the phosphatase and tensin homolog (PTEN), which had the largest increase
in expression, equally controls DNA repair and regulates G1/S and G2/M
checkpoints in the cell cycle to ensure appropriate cell survival. Cells experiencing
DNA damage due to external or internal stressors act through the ATM/ATR
pathway. CCNB-1 is downregulated leading to DNA damage-induced cellular
senescence via G2 cell cycle arrest 338, Despite the induction of the DDR, potentially
facilitating DNA repair due to exaggerated oxidative stress in PE, the significant
increase in CCNB1, a marker of the G2 phase in the cell cycle, and PCNA suggest
that placental cells respond to oxidative damage by promoting the required DNA
repair and then re-enter the cell cycle rather than inducing senescence.

Conversely, in IUGR, there was a significant reduction in expression of ataxia
telangiectasia mutated (ATM), cell proliferation markers CCNB1 and PCNA in
placental tissue compared with controls. ATM is activated by double strand break
(DSB) in an attempt to repair the damage incurred 33°, TBX-2, a transcription
repressor of senescence which plays an important role in the regulation of cellular
fate, maintaining cellular proliferation 340343, was also significantly reduced in IUGR
only. The deficiency in the capacity to mount an appropriate DNA damage
response, aligned with a significant reduction in cell proliferation, may be indicative
of premature terminal differentiation of trophoblasts at a mean GA of <33 weeks,
signifying a premature cellular senescence phenotype in this subgroup. While there

was no significant difference in placental expression of senescence-associated
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genes in the PE associated with IUGR group, there was an obvious heterogeneity in
expression of all genes, which was reflective of the individual signature profiles of
PE and IUGR.

Further senescent associated genes were also measured including Lysosomal-B-
galactosidase (GLB-1) which has been associated as a source of senescence-
associated B galactosidase (SA- B-gal) activity, a marker of cellular senescence 3*4,
ID-1 has been shown to act through the pl6ink4a/retinoblastoma (pRb) tumour-
suppressor pathway, affecting telomerase activity 34> and Insulin-like growth factor
binding protein (IGBP-5) has been shown to regulate apoptosis through DDR and

346 Superoxide dismutase 2 (SOD-2) is an

upregulation of the p53 pathway
antioxidant enzyme providing defense against oxidative stress 347. There was no
significant difference in expression of these genes in any of the study groups.

Increased oxidative stress and accumulation of double-stranded DNA damage foci
located at telomeres, irrespective of telomerase activity, may simulate premature
senescence 3*8, In this study, we evaluated absolute telomere length (aTL) in our
study groups controlling for maternal age, BMI, gestational age, fetal sex, and fetal
ICC. There was no significant difference in absolute telomere length across the
three groups compared with controls. However, we identified notable variances in
telomere length: PE with/without IUGR had longer placental aTL, whereas IUGR had
a much shorter aTL. Multiple studies have failed to show any association between
PE and placental telomere length 322 323 343; however, IUGR has been associated
with decreased placental telomerase activity and shorter telomere length when

compared with healthy uncomplicated pregnancies 24% 252 255 256 Bjron-Shental et

al. reported shorter telomere length for PE and IUGR placentas compared with
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controls 2°2, Despite the lack of evidence of significant telomere shortening in this
study, it is worth noting that premature senescence can be induced independently
of telomere length.

Activation of cyclin-dependent kinase (CDK) inhibitors including p16 and p21 are
critical mediators of cell cycle progression and hence have important regulatory
roles in promoting premature senescence. Both p21 and pl6 are negative
modulators of cell proliferation in part due to their control of cyclin-CDK activity in
response to extracellular and intracellular signals. In this study, placental expression
of p21 was not significantly different in any of the study groups compared with
controls. However, placental expression of p16 was significantly reduced in PE only,
with no change evident in PE associated with IUGR or IUGR alone.

Conversely, placental CDKN2A gene expression was significantly increased in PE in
our study. The CDKN2A gene locus is responsible for production of p16INK4a and
p19Arf, which act as cell cycle inhibitors and are expressed at higher levels in
senescent cells 3% 349, however, despite the increase in gene expression, a
subsequent increase in pl6 activity was not evident in PE. Previous studies have
reported increased pl6 expression in term placental syncytiotrophoblasts, in PE
and IUGR3!8, The reduction of p16 expression in PE in this study suggests that
although the evident DDR response mediated via upregulation of CHEK-1 may
trigger activation of G2 checkpoint with resultant arrest of cell cycle, entry towards
a senescent phenotype is not fully stabilized, which may allow cells to re-enter the
cell cycle and maintain cellular mitotic property, which is supported by increase in

PCNA and CCNB1 expression in PE 3°1, As there was no change in either p21 or p16
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expression in PE associated with IUGR or IUGR, it would suggest that growth
restriction may induce the alternative senescent phenotype.
Nuclear lamins are structural proteins lining the lamina or inner nuclear envelope

surface 3>2

, Which provide structural integrity. Senescent cells display enlarged
flattened profiles with a distorted nuclear envelope resulting from a reduction in
Lamin B1 expression. Loss of Lamin B1 has been reported as a robust marker of
cellular senescence but the exact pathway initiating Lamin B1 reduction remains
unclear; furthermore, loss of Lamin B1 precedes activation of the SA-B-Gal pathway
and the accumulation of SASPs 33, In this study, there was no significant difference
in the placental expression of Lamin B1 in any of the study groups, which suggests
that there is no overt disruption to the nuclear structure in response to DDR.

Exaggerated oxidative stress in senescent cells has been associated with the
accumulation of dysfunctional mitochondria. Mitochondrial dysfunction has been
associated with disease severity and complexity. Mitochondrial DNA (mtDNA) copy
numbers is a measure of mtDNA levels per cell and is associated with mitochondrial
enzyme activity and adenosine triphosphate (ATP) production. Mitochondria, as the
source of ROS production, plays a pivotal role in the pathophysiology of placental
hypoperfusion diseases as well as cellular dysfunction and ageing. We subsequently
looked for evidence of mitochondrial dysfunction by measuring mtDNA in placental
tissue and reported no significant changes across the three study groups. Multiple
publications have shown increased mtDNA in maternal circulation and cord blood in
pregnancies affected by PE, PE/IUGR, and IUGR 2% 3>4  Contrarily, mitochondrial
quality and mtDNA copy number is significantly reduced in ageing cells 3>°-357, This

study did not provide evidence of increased placental mtDNA copy numbers in PE,
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PE associated with IUGR, and IUGR, and based on this surrogate marker of
mitochondrial dysfunction, we propose that mitochondrial dysfunction is not a
significant contributor to the heterogeneity evident in our study.

One of the hallmarks of senescence is the ability of growth-arrested cells to remain
metabolically active and secrete SASPs, which affects events within the cell and
causes senile modulation of the extra-cellular environment as well as neighboring
cells 5. Our results showed a significant increase in IL-6 levels in maternal plasma in
women with PE only. Multiple reports have shown that increased IL-6 levels are
associated with both severity and onset of PE 3°8 3>, Despite its well-defined role as
an inflammatory mediator, IL-6 also has a major role in cell cycle regulation through
activation of the Janus kinase-signal transducer and activator of transcription
(JAK/STAT) and mitogen-activated protein kinase (MAPK) signal transduction
pathways 340 360, The classical MAPK/ERK family is an intercellular checkpoint for
cellular mitogenesis, controlling cell cycle progression3. In this study, the increase
in IL-6 may be more indicative of systemic maternal inflammation in PE rather than
a direct consequence of a senescent phenotype in PE. Interferon gamma (IFN-y), a
pro-inflammatory cytokine, has been reported to induce cellular senescence
through the p53-dependent DNA damage signaling pathway 3°% 361 362 Qur results
show significant elevation of circulating IFN-y in IUGR pregnancies, which may be
indicative of premature cellular senescence. Similar to all other senescent
biomarkers, there was no significant difference in circulating cytokines in the PE
associated with IUGR study group.

The approach of measuring multiple senescence markers in PE, PE associated with

IUGR, and IUGR (<10th centile) is a significant strength of this study as it facilitated
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a complete investigation of premature senescence phenotypes in these obstetric
complications. To date, identifying the physiological stressors of senescence in vivo
are not fully elucidated. This study has a limited sample size which might influence
the overall conclusions drawn in this study. The limited sample number was due to
a stringent study design of recruiting nulliparous women with PE, PE associated
with IUGR, and IUGR cohorts. The gestational age was matched as closely as
possible between cases and controls in the study to overcome the effect of
premature births. Women with IUGR pregnancies that were complicated by any
fetal abnormalities were excluded.

Despite the limitation of small sample numbers in this study, it is evident that there
are significant differences in cell proliferation/senescence phenotypes in PE and
IUGR. The heterogeneity of these phenotypes in PE and IUGR alone are equally
different in PE associated with IUGR, where an altered molecular profile was

evident with no obvious evidence of cellular senescence or altered proliferation.
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2.5 Conclusion

In the study we showed that in PE, despite activation of DNA damage response, in
part as a result of oxidative damage, the cellular phenotype signified a re-entry into
the cell cycle and continued cell proliferation rather than progressing towards
senescence. IUGR presented a completely different phenotype, which was
representative of significantly reduced cell proliferation and premature terminal
differentiation which may progress towards senescence. Despite the assessment of
multiple biomarkers of senescence in this study, it highlights the complexity in
distinguishing between cellular subtypes at a single cell level as well as between cell
types, which may be reflective of the differing orchestrators of placental

pathogenesis of these pathologies.

123



Chapter 3:

A proteomic profile of the healthy human placenta

The text of this chapter has been adapted from the following publication:

Manna S, Scheel J, Noone A, et al. A proteomic profile of the healthy human
placenta. Clin Proteomics. 2023;20(1):1. Published 2023 Jan 2. doi:10.1186/s12014-

022-09388-4
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Abstract

Background: The placenta remains one of the least studied organs within the
human body. Yet, placental dysfunction has been associated with various
pregnancy complications leading to both maternal and fetal death and long-term
health consequences. The aim of this study was to characterise the protein
networks of healthy term placental sub-anatomical regions using label free

guantification mass spectrometry.

Methods: Three healthy placentae were sampled at five sample sites and each
biopsy was dissected into maternal-, middle-, and fetal- sub-anatomical regions.
Quadrupole-orbitrap mass spectrometer was used in data dependant analysis
mode to identify 1859 unique proteins before detailed differential expression

between regions.

Results: Protein profiling identified 1081, 1086, and 1101 proteins in maternal,
middle, and fetal sub-anatomical regions respectively. Differentially expressed
proteins were identified considering the effect between sample site location and
sub-anatomical region on protein expression. Of these, 374 differentially expressed
proteins (Two-way ANOVA adjusted p-value < 0.05, HSD Tukey adjusted p-value
0.05) were identified between sample site locations and sub-anatomical regions.

The placenta specific disease map NaviCenta (https://www.sbi.uni-

rostock.de/minerva/index.xhtml?id=NaviCenta) was used to focus functional

analysis results to the placenta specific context. Subsequently, functional analysis
with a focus on senescence, and mitochondrial function were performed.

Significant differences were observed between sub-anatomical regions in protein
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intensity and composition. A decrease in anti-senescent proteins within the
maternal sub-anatomical region, and an increase in proteins associated with a
switch from ATP to fatty acid consumption as a source of energy between middle

and fetal sub-anatomical regions were observed.

Conclusion: These results suggest that normal proteomic variations exist within the
anatomical structure of the placenta, thus recommending serial sectioning

methodology for consistent placental research.
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3.1 Introduction

The placenta is a complex organ playing a critical role in the development and
preservation of a healthy pregnancy. It is appropriately defined by Harland
Mossman as “The normal mammalian placenta is an apposition or fusion of the
fetal membranes to the uterine mucosa for physiological exchange” 8 3% The
placenta is a dynamic organ undergoing rapid growth, and dramatic molecular and
histological rearrangements along gestational stages, in order to adapt to fetal

requirements 365

Nevertheless, the placenta remains the least studied organ in the human body,
whose structural and functional composition have possible implications for long
term maternal and child health outcomes 36 3%7_ A healthy placenta at term is a disc
shaped organ around 22cm in diameter and weighing approximately 500gms 8.
Although the placenta is a fetal organ, its anatomical regions can be loosely
classified as: Maternal and Fetal, based on its proximity to fetus 3% 369 Thijs
multifaceted transient organ is characterised by different anatomical structures; the
chorionic plate with umbilical cord attached, at the fetal side (fetal sub-anatomical
region), the basal plate which borders the maternal endometrium (maternal sub-
anatomical region) and the intermediate region connecting the basal plate and
chorionic plate (middle sub-anatomical region) 8% 1%, Placental villi, the core
structural unit are classified as stem villi which connect to the chorionic plate with
limited exchange functionality; intermediate villi classified as mature or immature
consisting of cytotrophoblast subtypes with differing functional roles and the

syncytiotrophoblasts layer which acts as principal transfer site especially in first and
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second trimester. As pregnancy progresses the terminal villi which are completely
formed at 20 weeks’ gestation, are the dominant morphological feature with
syncytiotrophoblasts being immersed in maternal blood facilitating its functional
role in nutrient and gaseous exchange 3% 370, The placenta ages gradually as the
pregnancy proceeds. At 40 weeks of gestation, the placenta is at its verge of
decline, exhibiting morphological and physiological senescence ?4’. However, in the
presence of undesirable oxidative stress, placental aging may be accelerated in
certain pregnancy conditions such as PE (PE), intrauterine growth restriction (IUGR)
and stillbirth, characterized by both mitochondrial dysfunction and premature

cellular senescence 1371,

The placental proteome has been used to further our understanding of the
molecular mechanisms involved in development of the placenta and in the
pathophysiology of placental disorders 3%, Furthermore, this technology has been
used in clinical research to aid in the discovery of protein or metabolite biomarkers
that can be incorporated into a diagnostic tool for clinical utility 32. Proteomics has
been widely used in pregnancy complication such as PE and IUGR, by using novel
methods in specific trimester of pregnancies, for diagnosis, and understanding

pathophysiological mechanism to improve maternal and neonatal health outcomes

373

Uniformity of placental sampling has been lacking in obstetric research with some
studies focusing on single placental sampling sites which may not always be
representative of the global signature of this large heterogenous metabolic organ.

Standardization of placental tissue sampling can improve the quality of placental
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research, and facilitate sharing of samples between groups, allowing larger datasets
to be generated 3%, Burton et al., summarized factors such as methodological flaws
including sampling and processing samples that might be limiting placental research
63, The aim of this research was to determine the proteomic signature of a healthy
term placenta, while investigating proteomic composition and molecular pathways

enriched across the placental sub-anatomical regions.

3.2 Materials and Methods

3.2.1 Patient Recruitment and Sample Collection

Participants were recruited as part of the COMRADES Study, a non-interventional
cohort study of nulliparous singleton pregnancies with the aim of characterizing
placental premature senescence in PE (PE) and Intra-uterine growth restriction
(IUGR). The COMRADES study was conducted according to the guidelines laid down
in the Declaration of Helsinki, and all the procedures were approved by the Clinical
Research Ethics Committee of the Cork Teaching (ECM4 (ff) 04/12/18). All women
provided written informed consent to take part in the study. Three normotensive,
healthy pregnant participants with no obstetric complications were recruited as a
part of the COMRADES Study between February and July 2020. Placental samples
were collected from nulliparous, singleton pregnancies undergoing Caesarean
section for non-obstetric indications such as breech presentation. Placental
sampling was completed within 20 minutes of delivery, snap frozen in liquid
nitrogen, and stored at -80°C for long term storage. Placental sectioning was

performed in accordance with the standard protocol described by Burton et al 3%°,
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Tissue samples (2-4 cm in diameter) were isolated from 5 different sample sites
across the placenta. We defined the sub-anatomical regions of the placenta as:
maternal, middle, and fetal to evaluate the basal plate, chorionic plate and the
middle part connecting the two surfaces of the placenta. Sectioning was performed
by keeping close to the fetal membrane from the chorionic plate, the maternal
region was dissected closer to the basal membrane and the middle region was
selected from between maternal and fetal sections (Figure 3.1). Fetal membranes

were not included in the sectioning 326,

3.2.2 Protein Extraction and Quantification

Processing of placental tissue for proteomics analysis was based on previously
established laboratory protocols 374, Placental tissue (50mg) was homogenized
using the TissuelLyser |l (Qiagen, Germany) and protein isolated using
Tetraethylammonium bicarbonate (TEAB) buffer (Sigma-Aldrich, Ireland) in
presence of Phosphatase inhibitor (PhosSTOP™, Roche, Ireland) and Protease
Inhibitor (Roche, Ireland). Protein quantification was assessed with BCA Assay
(Pierce™ Thermo Fisher Scientific, USA) and protein volume adjusted to 50ug/50ul

concentration with MS grade dH;0.

3.2.3 Protein Solubilisation and Desalination

Protein enzymatic digestion was performed using Trypsin (Promega, MyBio, Ireland)
with the aid of Rapigest (1%) solution (Waters, Ireland). To aid with Trypsin
(Promega, MyBio, Ireland) 50 mM Tris(2-carboxyethyl) phosphine hydrochloride
(TCEP) (Sigma-Aldrich, Ireland) solution was added to the denatured proteins and

samples reduced for 60 minutes at 60°C, followed by addition of 200mM Indole-3-

130



acetic acid (IAA) solution (Sigma-Aldrich, Ireland) to alkylate proteins, which were
incubated overnight at 37°C with 1:100 sequential grade trypsin according to
manufacturer’s instruction followed by addition of 1% Formic acid was used to stop
digestion. Precipitation of Rapigest was done by centrifuging samples at 13000rpm
for 10 minutes and supernatants collected, and air dried on MiVac Quattro sample
concentrator (Fisher Scientific, Sweden) followed by resuspension in 0.5% Formic
Acid (FA) (Sigma-Aldrich, Ireland). Desalting and sample clean-up was performed
using Zip-Tip columns with 0.6 ul binding volume C18 resin (Sigma-Aldrich, Ireland).
For maximum binding of protein to resin present on zip-tip column, the tips are
equilibrated using 0.1% Trifluoroacetic acid (TFA) in H,0O; followed by washing and
binding of protein, and finally the proteins are eluted into 10ul elution solution

composed of 50% ACN in 0.1% TFA.

The process was repeated to achieve protein concentration of 1ug/ul. The samples
are then re-dried on MiVac Quattro sample concentrator (Fisher Scientific, Sweden)
and all samples were resuspended in 0.1% FA to 1ug/ul volume for LC-MS/MS
analysis. Equal aliquots of digested proteins in the experiment were pooled into
one sample for internal quality control (QC) standard which was injected three
times at the beginning of the MS study and throughout the experiment every 10
injections to condition the column and monitor the MS performance. LC-MS/MS
analysis was performed in the Proteomics Core in the Conway Institute of

Biomolecular and Biomedical Research, UCD, Dublin.
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3.2.4 Mass Spectrometry (MS) sample preparation

Proteomic samples were enzymatically digested with Trypsin (Promega sequencing
grade) according to manufacturer’s instruction and in the presence of Rapigest SF
(Waters). Briefly, samples were first reduced with Tris(2-carboxyethyl) phosphine
hydrochloride (TCEP) at 60°C for 60 minutes, and alkylated with lodoacetamide
(IAA, final concentration y mM) for 30 mins in the dark, prior to the addition of
trypsin in a ratio of enzyme to protein of 1:100 (w/w). The samples were incubated
overnight at 37°C followed by addition of 1% Formic acid the next morning to stop
digestion and precipitate the Rapigest. Removal of Rapigest by-products was
performed by centrifugation of samples at 13000rpm for 10 minutes and
supernatants collected and dried under vacuum with a MiVac Quattro sample
concentrator (Fisher Scientific, Sweden). The dried digests were resuspended in
0.5% Formic Acid (FA) (Sigma-Aldrich, Ireland) prior to de-salting with C18 ZipTips
(Millipore). Finally, the de-salted digests were resuspended in 0.1% FA for LC-
MS/MS analysis. Equal aliquots of digested protein from each sample in the
experiment were pooled into a single sample for an internal quality control (QC)
standard which was injected three times at the beginning of the MS study and
throughout the experiment every 10 samples, and to condition the column and
monitor the MS performance. LC-MS/MS analysis was performed in the Proteomics
Core in the Conway Institute of Biomolecular and Biomedical Research, UCD,

Dublin.
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3.2.5 Mass Spectrometry

All samples were injected in a randomized sequence combining Internal standards
and samples for discovery of sub anatomical region proteomic profiles. 5 ul of each
sample was injected in duplicate onto the Thermo Scientific Q-Exactive® connected
to a Dionex Ultimate 3000 High-performance Liquid Chromatography (HPLC)
system. The digests were loaded onto a fused silica emitter (75 um ID), pulled using
a laser puller (Sutter Instruments P2000) and packed with UChrom C18 (1.8um)
reverse phase media (nanoLCMS Solutions LCC). Peptides were separated using an
increasing acetonitrile gradient (250nL/min) for 60 mins3’4. The mass spectrometer
was operated in data dependent analysis (DDA) mode on a TopN 12 mode with
setting: mass range 300-1600Th; resolution for MS1 scan 70000; AGC target 3e6;
resolution for MS2 scan 17500; AGC target 2e4; charge exclusion unassigned, 1;

dynamic exclusion 40 s.

3.2.6 Bioinformatics and Data pre-processing

Raw data obtained from LC-MS/MS runs were searched against the Uniprot Human
reference proteome UP000005640 (downloaded 24-05-2021) with MaxQuant
(version 1.6.17) using default settings and additionally including the ‘Match
Between Runs’ and ‘Label free quantification (LFQ)’ options. The ProteinGroups.txt
output file obtained from the MaxQuant analysis was processed in Perseus (version
1.6.15.0). Data was filtered to remove possible contaminants. Samples were
categorised by sub-anatomical region. LFQ intensity data was log2 transformed, and
proteins not identified in all biological replicates were removed. After rigorous

filtering to assure reproducibility, including filtering for valid values in at least 100%
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of biological replicates, 70% valid values of samples per sample site, and 70% valid
values of samples per sub-anatomical region, these proteomic differences did not
persist. Furthermore, proteins absent in 70% of samples in at least one sub-
anatomical region/sample site were removed. Missing values were replaced by

values from the normal distribution.

3.2.7 Statistical analysis

Statistical analysis was conducted using the built-in statistical tests in Perseus. To
analyse the effect of sub-anatomical region and sample site on protein expression a
two-way ANOVA was performed. Two-way ANOVA models allow accounting for
more than one known source of variation. In this study “sub-anatomical region” and
“sample site” were considered independent variables and LFQ protein intensity was
the dependent variable

(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2528956/pdf/nihms60473.pdf) .

Sample main effects were analysed using simple ANOVA and Tukey’s HSD tests. The

results were corrected for false discovery (p < 0.05) within Perseus 37>,

3.2.8 Pathway analysis

Functional analysis of differentially overrepresented gene ontology (GO) terms and
pathways associated with differentially expressed proteins, was performed using
Cytoscape v 3.9.1 ClueGO plugin 3¢, GO and pathway term overrepresentation
results were corrected for false discovery using Bonferroni step down correction
(p<0.05) and considered significantly overrepresented with an adjusted p value <

0.5.
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Placenta Specific Characteristics: The term disease map was defined as “a
comprehensive, knowledge-based representation of disease mechanisms” 377378,
The NaviCenta consists of human and machine-readable representations of
processes involved in healthy and dysfunctional placentae in SBGN process
description and activity flow (https://www.sbi.uni-
rostock.de/minerva/index.xhtml?id=NaviCenta). Phenotype predictions based on
user defined data uploaded onto the NaviCenta were performed with plugins 37°.
The uploaded information consisted of HGNC identifiers for the genes of all

identified proteins, their difference score as calculated in Perseus, and adjusted p

values.

Mitochondria and senescence specific function analysis: Identified proteins that map to
mitochondrial function were filtered using the products of genes associated with
mitochondrial functions incorporating information from the Human Protein Atlas

mitochondrial sub-cellular location (www.proteinatlas.org) 38, MitoXplorer human

interactome 28!, and MitoCarta3.0 382, The overlap between mitochondrial protein
and gene databases, proteins identified in maternal, middle, and fetal regions were
visualized using InteractiVenn 383, Separately, DEPs were filtered to exclusively
contain proteins that map to senescence associated molecular process. Senescence
associated proteins and genes were identified from the Human Ageing Genomic
Resource College Build 20 384, Cell Senescence Gene Database CSGene 3%, and the
NCBI gene database with search key “senescence”

(https://www.ncbi.nlm.nih.gov/gene/?term=senescence, accessed October 2021).

GO biological process terms were visualized using the R Version 4.0.5 and R package

GOPlot 3¢,
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3.3 Results

3.3.1 Study Demographics

Patient demographic and clinical information can be found in Table 3.1. Each

placenta had five sample sites (A-E) taken across the placenta. These samples were

then separated into three sub-anatomical regions: fetal, middle, and maternal,

resulting in a total number of 45 samples. Sub-anatomical regions were confirmed

histologically (Figure 3.1).

Table 3.1 Patient demographics and clinical parameters of recruited women.

Characteristics Mean + SD
Maternal Age (years) 34.6+2.5
BMI (kg/m?)) 23.6+4.1
Parity 0
Gestational Age (days) 270.7 £5.5
Systolic BP (mm Hg) 122.0+7.5
Diastolic BP (mm Hg) 74.7 £5.5
Fetal Weight (kg) 3.3+0.2
Fetal Individualized Customised Centile 529+54
Maternal Smoking/Tobacco Habit No
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Figure 3.1 Histopathological classification of sub-anatomical region sectioning. The maternal region shows evidence of developed terminal villi
and arterial vessels, indicating maternal side of the placenta. The fetal sub-anatomical region with mature intermediate villi which provide fetal
vascularization for feto-maternal exchange, along with a high fibrous deposition, suggesting it is the fetal side of the placenta. The middle
region shows increased evidence of stem villi. Stem Villi are made up of trunks and branches of the villous tree and anchoring villi, depending
on caliber and position they assume. At term, they are present mostly in subchorionic areas of the placenta, providing mechanical support to

the organ 3%/,
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3.3.2 Proteome Profile shows variation across Placental Regions and Sample sites

In total 1081, 1086, and 1101 proteins were identified in maternal, middle, and
fetal sub-anatomical regions, respectively. We identified 14, 8, and 21 proteins as
exclusive to the maternal, middle, or fetal sub-anatomical regions, respectively

(Figure 3.1).

ClueGO functional analysis showed that in particular proteins aligning with GO
terms of membrane organization, protein-containing complex and subunit
organization, vesicle-mediated transport, organo-nitrogen compound biosynthetic
process, and translation initiation factor activity are overrepresented. All unique
proteins to sample site E except SNRPD2, SPP2, EPS8-I1, and ACAA2 were filtered
out for the analysis of both sub-anatomical region and sample site considering

biological replicates.
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Figure 3.2 Venn diagram of identified proteins in the maternal, middle, and fetal regions. Proteins identified exclusively in one sub-anatomical
region are listed next their respective sub-anatomical region.
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3.3.3 Placental proteome varies with sub-anatomical region

Adopting a Two-way ANOVA considering both sub-anatomical region and sample
site revealed 374 out of 1038 DEPs (adjusted p-value < 0.05) between sub-
anatomical regions. Strong interaction between the effect of sample site and sub-
anatomical region on LFQ protein intensity was indicated (p-value interaction <
0.05) for some proteins. The intensity of biological replicates of four proteins (CBR1,
HBG2, ANXA4, and FHL1) demonstrating the highest interaction between sub-
anatomical region and sample site on protein intensity are shown in Figure 3.2. No
pattern was apparent, allowing the separate analysis of DEPs between sub-

anatomical regions and sample sites.

Simple ANOVAs revealed no significant DEPs between sample sites. Sub-anatomical
region comparison maintained the previously identified 374 DEPs. Maternal vs
middle sub-anatomical region comparison revealed 128 upregulated, and 152
downregulated DEPs on the maternal side. Maternal vs fetal comparison revealed
115 upregulated, and 123 downregulated DEPs, respectively. Middle vs fetal sub-
anatomical region comparison revealed 64 upregulated, and 41 downregulated

DEPs in the middle sub-anatomical region (Table 3.2).

The top three up and downregulated DEP are detailed in Table 2. These proteins are
associated with an array of molecular functions such as actin binding, protein

binding, DNA binding, heparin binding, lipid binding and collagen binding.
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Table 3.2 Summary of differentially expressed proteins (HGNC identifier) between

maternal, middle, and fetal sub-anatomical regions. Top three DEPs MYH11, NUTF2,

CFHr1, COL14A1, NUTF2, PZP, SCIN, LFT based on highest fold change (FC). Adjusted

p val < 0.05, up= upregulated, down= downregulated. ***= adjusted p val < 0.001,

** = adjusted p val < 0.01, * = adjusted p val < 0.05. p values adjusted for FDR.

Up Top 3 DEP FC Down Top 3 DEP FC
DEP DEP
Maternal vs middle | 128 MYH11*** | 1.48 152 pzZp*** -1.41
sub-anatomical NUTF2* 1.01 SCIN*** -1.15
region CFHR1*** 0.80 KDELC2*** |-0.79
Maternal vs fetal 115 MYH11*** | 1.24 123 KRT19*** -0.71
sub-anatomical COL14A1** [ 1.16 SNRPD2** -0.69
region * 1.00 CAPS* -0.52
NUTF2**
Middle vs fetal 64 pzp*** 2.29 41 DES*** -0.74
SCIN*** 0.80 SNRPD2** -0.66
LTF*** 0.70 ERAP1*** -0.46
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Figure 3.3 The top four proteins FHL1, ANXA4, HBG2, CBR1 show the strongest
interaction between protein content in sub-anatomic regions and sample sites.
Interaction was defined as two-way ANOVA adj p val < 0.05. Samples were sorted
according to sample site and colour coded according to sub-anatomical region.

3.3.4 Functional analysis of placental proteome

To further our understanding of functional differences between sub-anatomical
regions based on associated DEP, functional analysis was conducted. DEP of
maternal vs fetal, maternal vs middle, middle vs fetal sub-anatomical regions were
directly compared within ClueGO for biological process gene ontology (GO),

molecular function GO, and cellular component GO overrepresentation. As there
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was overlap between up and downregulated DEPs, functional comparisons were

separated to consider upregulated DEPs and downregulated DEPs 376,

GO overrepresentation analysis indicated a number of biological processes and
molecular functions to be enriched (Figure 3.3). Processes and molecular functions
associated with inflammation, humoral and stress responses were overrepresented
in both up and down regulated proteins. Processes associated with transcription
and translation, such as regulation of RNA, RNA catabolic processes, and regulation
of DNA biosynthetic process were primarily overrepresented in downregulated
DEPs in the maternal compared to the fetal sub-anatomical region. Processes
associated with intracellular transport were primarily enriched in downregulated

DEPs in the maternal compared to the middle sub-anatomical region.

Mitochondria and senescence associated processes and functions such as,
regulation of G2/M transition mitotic cell cycle, nitric oxide metabolism,
oxidoreductase activity, and telomerase activity were overrepresented in
downregulated DEPs between maternal and middle sub-anatomical regions.
Proteins associated with glyoxylate metabolic processes were overrepresented in

downregulated DEPs between maternal and middle or fetal sub-anatomical regions.
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Figure 3.4 ClueGO functional analysis of differentially expressed proteins (DEP) between maternal, middle, and fetal sub-anatomical regions.
Significantly (adj. p<0.05) overrepresented biological process (A) and molecular function (B). GO terms can be grouped by similarity, in which
case only the group GO term is legible. The size of nodes indicates the number of proteins encoding genes falling into each term. Similarity or
hierarchic relationship between GO terms is indicated by edges.
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3.3.5 Placenta specific functional analysis

GO overrepresentation analysis revealed a myriad of differentially regulated
processes and functions. In order to focus results further, and align them to
placental tissue, we used the NaviCenta, a placenta specific disease map. In
contrast to traditional methods to characterize the function of deregulated genes
or proteins the NaviCenta allows for consideration of DEPs including their

respective fold change (Figure 3.4)

Placenta specific phenotype prediction based on NaviCenta, showed that proteins
found in the maternal sub-anatomical region are associated with increased
endothelial cell (EC) migration, EC apoptosis, and EC proliferation in comparison to
both middle and fetal sub-anatomical regions (Table 4). Proteins associated with
both the complement cascade and chemotaxis are lower in maternal and middle
sub-anatomical regions compared to the fetal sub-anatomical region.
Ferritinophagy associated proteins are lower in the maternal than the middle sub-
anatomical region, while mRNA splicing is higher in the maternal than the middle

sub-anatomical region (Table 3.3).

Table 3.3 NaviCenta differential phenotype prediction based on DEP (Benjamini —
Hochberg FDR correction) p-value including adj. Pval < 0.01 between maternal,
middle, and fetal sub-anatomical regions and the proteins leading to each

phenotype prediction.
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Phenotype Mat-fet | pval. Gene Mat-mid | pval Mid-fet | pval Gene Name
log2FC Name log2FC log2FC
EC migration 0.28 5.94e2* | PLG 0.18 3.76 e | PLG
Inflammatory response | -0.26 591e?! | IGHG4 -0.31 2.30e3 | IGHG4
contraction 1 1.51e1 | MYH11 |1 5.41e3 | MYH11, |-0.33 3.13 e | TAGLN
TAGLN
EC apoptosis 0.2 1.84 11 BLVRB 0.15 23913 BLVRB
EC proliferation 0.2 5.12e'! | BLVRB |0.15 5.83e'* | BLVRB
Complement cascade -0.27 1.03e% | IGHG4 -0.31 3.94e!? | IGHG4
chemotaxis -0.27 3910 IGHG4 -0.31 5.30e*® | IGHG4
Antigen clearance 0.41 0.003 IGHA1, 0.63 2.22 el | IGHAL
IGLC3
Destruction of | 0.15 0.008 MPO
pathogens
Ferritinophagy -0.14 0.001 FTL,
FTH1
mMRNA splicing 0.12 0.003 ACIN1
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3.3.6 Differing Mitochondrial profile across Placental sub-anatomical regions

The list of all identified proteins was filtered to only include proteins (HGNC IDs)
included in the mitochondrial gene and proteome databases Human Protein Atlas

mitochondrial sub-cellular location( www.proteinatlas.org), MitoXplorer human

interactome 32, and human MitoCarta3.0 38 (Figure 3.5). HPA contains 1139
proteins associated with mitochondrial function, MitoCarta 3.0 1136, and
MitoXplorer 1229, respectively (Figure 3.5). These databases showed overlapping
content both with each other and with DEPs identified between sub-anatomical
placenta regions. Ensuing functional analysis was conducted using the intersection
of any mitochondrial database with placental proteins. Of all identified proteins,
147 out of 1081 in the maternal sub-anatomical region, 144 out of 1086 in the
middle sub-anatomical region, and 148 out of 1101 in the fetal sub-anatomical
region are associated with mitochondrial function and processes. 53 DEPs out of

the previous 374 DEPs are associated with mitochondrial function and processes.

The tricarboxylic acid cycle is indicated in all three conditional comparisons.
Downregulated proteins are more evident on the maternal side compared with
middle and fetal regions, while upregulated proteins are evident when comparing
middle with fetal sub-anatomical region. Protein homotetramerization is indicated
by upregulated proteins in the maternal region compared to both the fetal and the
middle regions. Proteins associated with the negative regulation of oxidative stress-
induced cell death are upregulated in the maternal region compared with both

middle and fetal regions. Summarizing the results, a general switch from glucose to
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lipid consumption appears to be initiated in the maternal and middle sub-

anatomical regions compared to the fetal sub-anatomical region.

Comparing maternal and fetal sub-anatomical region, mitochondrion organization
and mitochondrial RNA 3’-end processing are upregulated in the maternal sub-
anatomical region, while APEX1 associated with telomere organization is
downregulated in the middle sub-anatomical region compared to the fetal sub-

anatomical region.
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Figure 3.5 Mitochondria associated DEPs and their functional analysis. (A) Venn diagram of DEPs of maternal vs fetal, maternal vs middle,
middle vs fetal, and proteins and genes associated with mitochondrial functions and processes from the databases MitoXplorer, human
protein atlas (HPA) - mitochondria specific, and MitoCarta V3.0. The section of proteins used for further analysis is within the red border. (B)
GO biological processes included and figure legend to (C). GOCircle plots of the 10 most significantly overrepresented mitochondria associated
with GO biological process terms, including DEPs falling into each term. Regulation direction is colour coded: upregulated (red), downregulated
(blue). Size of the inner segments is indicative of the number of proteins falling into each term. The colour of each inner segment indicates the
z-score - general up or downregulation of the GO term considering the number up- and downregulated proteins. (D) Clustered heatmap of
average normalized LFQ intensities of mitochondria associated DEPs. Proteins are grouped into samples from maternal, middle, fetal sub-
anatomical regions.
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3.3.7 Variation in Senescence status across Placental sub-anatomical regions

The difference in senescence state between the three sub-anatomical regions was
subsequently analysed using three senescence specific databases. Human Ageing
Genomic Resource (HAGR) CellAge Build 20, consisting of 307 genes as shown by
Avelar et al 2020 38, Cell Senescence Gene Database (CSGene) consisting of 503
genes, and the National Centre for Biotechnology Information Search database
(NCBI) specifically genes associated with senescence in homo sapiens consisting of
988 genes. Of all identified proteins 790 out of 1081 in the maternal sub-anatomical
region, 794 out of 1086 in the middle sub-anatomical region, and 804 out of 1101 in

the fetal sub-anatomical region were associated with senescence 38,

In total, 290 of the previously identified 374 DEPs were associated with senescence
(Figure 3.6). Both transcription and translational processes (translation, nuclear-
transcribed mRNA catabolic process, gene expression, regulation of mRNA stability)
were differentially regulated between maternal and middle sub-anatomical region,
with primarily down-regulated proteins on the maternal side, most of which were
also downregulated in the middle compared to the fetal sub-anatomical region.
Interestingly, proteins associated with negative regulation of, or regulation of cell
death and apoptotic processes were primarily downregulated in the maternal
compared to the middle sub-anatomical region and upregulated in the middle

compared with the fetal sub-anatomical region.

Proteins associated with stress responses were downregulated in the maternal
compared to the middle sub-anatomical region and primarily upregulated in the

middle compared to the fetal sub-anatomical region. Other senescence associated
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proteins (regulation of G2/M transition of mitotic cell cycle, telomere maintenance)
were primarily downregulated in the maternal compared to the middle sub-

anatomical region.
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Figure 3.6 Senescence associated DEPs and their functional analysis. (A) Venn diagram of DEPs of maternal vs fetal, maternal vs middle, middle
vs fetal, and proteins and genes associated with senescence functions and processes from the databases CellAge, CSGene, and NCBI database
results for the keyword senescence. The section of proteins used for further analysis is within the red border. (B) GOCircle plots of the 10 most
significantly overrepresented GO biological process terms, including senescence associated DEPs falling into each term. Regulation direction is
colour coded: upregulated (red), downregulated (blue). Size of the inner segments is indicative of the number of proteins falling into each
term. The colour of each inner segment indicates the z-score - general up or downregulation of the GO term considering the number up- and
downregulated proteins.
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3.4 Discussion

The placenta is a highly complex organ and crucial for embryo development,
however molecular interactions and their association with pregnancy complications
remain poorly understood 3% 3%, |n this study, for the first time, the proteomic
structure of healthy placentae was investigated. Three placentae from healthy
uncomplicated pregnancies were sampled at five sample sites, and further
categorised into three sub-anatomical regions. We ensured reproducibility by
ensuring that the 5 identical cross sections collected from the placenta which were
further divided into three sub-anatomical regions, represented approximate sub-
anatomical regions, i.e., maternal, middle, and fetal through histopathological
confirmation. Subsequent LFQ mass spectrometry analysis revealed distinct protein
signatures of placental sub-anatomical regions. Resulting functional differences

were characterized by functional analysis.

Based on the heterogeneity in senescent phenotypes identified in PE and IUGR in
Chapter 2, in this chapter we wanted to explore mitochondrial, and senescence
associated proteins in normal healthy placenta using a more in-depth proteomic
approach. Mitochondria and senescence associated processes and functions such
as, regulation of G2/M transition mitotic cell cycle, nitric oxide metabolism, and
telomere maintenance are overrepresented in downregulated DEPs between
maternal and middle sub-anatomical regions, indicating increased cell-cycle arrest
of cells in the maternal sub-anatomical region compared with the middle sub-
anatomical region. Additionally, proteins associated with glyoxylate metabolic

processes were overrepresented in upregulated DEPs between middle and fetal
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sub-anatomical regions, suggesting an age induced switch from glucose to fatty
acids via the activation of glyoxylate cycle, as a source of energy 3°1. A high number
of DEPs were also associated with senescence, in part due to an overlap with
mitochondria associated proteins. Interestingly both maternal versus fetal and
maternal versus middle sub-anatomical region comparison indicate a decrease in
senescence associated protein levels. Specifically, DEPs such as DEAD-Box Helicase
17 (DDX17), and heterogeneous nuclear ribonucleoprotein A1 (HNRNPA1), which
differ between maternal and fetal sub-anatomical regions do not possess pro-

senescent qualities but are protective against senescence 392 3%,

Similarly, the DEPs trifunctional enzyme subunit alpha and beta (HADHA) and
(HADHB), 3-hydroxyacyl-CoA dehydrogenase type-2 (HSD17B10), and L-lactate
dehydrogenase B chain (LHDB) are associated with senescence, mitochondrial
dysfunction, and the beta-oxidation pathway 3%% 3°>, Downregulation of HADHA,
HADHB, and HSD17B10 have been shown to induce mitochondrial dysfunction and
senescence 3%, LHDB is involved in the conversion of pyruvate to (S)-lactate; its
downregulation reduces mitochondrial function. Whereas the induction of LDHB
expression causes enhanced mitochondrial function- including positive changes in
mitochondrial respiratory subunits, mitochondrial membrane potential, ATP,
NAD+/NADH ratio 3¥7. This indicates that the more senescent phenotype within the
maternal sub-anatomical region is caused by the downregulation of mitochondrial

proteins with anti-senescent properties.

The placentas collected are from term gestation (>37 weeks of gestation), hence

the ageing changes seen in the maternal sub-anatomical region is more
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physiologically rather than pathological. This hypothesis is also supplemented by
lower ferritinophagy in the maternal sub-anatomical region. Ferritinophagy is a
ferroptosis regulator and associated with iron-dependent regulated necrosis usually
caused by massive lipid peroxidation-mediated membrane damage 3%. Moreover,
we also report mitochondrial dysfunction in the form of glucose to lipid oxidation
shift for energy production within the maternal sub-anatomical region compared to
middle, or fetal sub-anatomical regions. This change can be indicative of change in
trophoblastic microenvironment as a consequence of higher oxidative stress within

this region 3%°.

Mitochondrial-related DEPs were predominantly down-regulated on the maternal
side compared with the middle sub-anatomical regions, and predominantly
upregulated proteins when comparing the middle with the fetal sub-anatomical
region. The upregulated proteins in the middle versus fetal sub-anatomical region,
included IDH1, IDH2, ALDH4A1 and PDHAL. Isocitrate dehydrogenases (IDH) protein
1 found in the cytosol, while IDH2 is found in mitochondria and converts isocitrate
to alpha-ketoglutarate (a-KG) in the TCA cycle and production of NADPH 4%,
Upregulated protein expression of IDH1 and IDH2 levels in the middle region
compared to maternal or fetal regions, suggests a higher production of NADPH and
higher mitochondrial activity in this sub-anatomical region. In fact, studies have
shown that IDH2 in pregnancy is inversely related to pregnancy conditions such as
IUGR and high maternal BMI 40% 402 Syperoxide dismutase 2 (SOD2), which is
upregulated in the middle sub-anatomical region compared to the fetal sub-
anatomical region, is an enzymatic antioxidant that regulates oxidative stress, lack

of antioxidant defence can lead to increased oxidative stress which in turn can
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damage cells, proteins, as well as DNA and accelerate aging. In pregnancy, this may
lead to placental insufficiency linked to PE and IUGR 7 2% The increased
expression of SOD2 along with IDH1, IDH2 indicate altered energy homeostasis and

metabolism, along with antioxidant defence in the middle sub-anatomical region

403, 404

Apurinic/apyrimidinic endodeoxyribonuclease 1 or APEX-1 is a multifunctional
protein usually associated to DNA Damage Repair (DDR) functionality in cells
experiencing oxidative insults 4°>. Our results indicate that APEX-1 is downregulated
in the middle sub-anatomical region compared to the fetal region. This might be
indicative of higher oxidative stress experienced by this sub-anatomical region,

causing telomere damage.

Independent analysis of unique proteins identified in placental sample sites
revealed a myriad of proteins solely identified in one sample site E (Figure 3.1)
before normalisation. These were filtered out when adjusted for consideration of
sub-anatomical regions. Additionally, strong interaction between the effect of
sample site and sub-anatomical region on LFQ protein intensity was shown. This
suggests that the effect between sub-anatomical region on LFQ proteins intensity is
not the same for all sample sites. This may have been caused by individual
variations and the placenta not being geometrically oval and stresses the
importance of sampling several placenta sites from the same patient and recruiting
an increased study number to compensate for the extremely high individual

variability of placental shapes, size, and structure 325407,
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Our sample collection protocol has been based on recommendation detailed by
Burton et al., 2014 where we selected five different sites across the placenta 326, As
our results show, there is minute variations across the different sampling sites, with
one site in particular showcasing unique proteins. We, therefore, concur with
published recommendation for proteomic analysis by including at least five sites
while sampling for both qualitative and quantitative validity 32, We also identified
proteomic differences between sub-anatomical regions, which we recommend
considering in future studies. However, we did not include fetal and maternal
membranes for sub-anatomical proteomic analysis. Through our results, we
demonstrate a variable protein composition between sub-anatomical regions, with
higher senescence associated protein and upregulated translation and transcription
proteins in maternal and middle compared to fetal sub-anatomical region, hence

we conclude separating these regions for a robust placental analysis.

Traditional functional analysis techniques such as GO terms are not tissue specific
but consider all biological processes and molecular functions present within the
human body. Traditional functional analysis is unbiased. Although this is an
advantage, in the context of placenta research, a more placenta focused approach
is useful. The NaviCenta is a human and machine readable multiscale computational
model. The NaviCenta consists of information regarding processes and cell
interactions within the placenta, and of relevance to healthy placentation, including
molecular interactions between proteins, RNA, and DNA, enriched with regulatory
factors, such as transcription factors, miRNA, and IncRNA, which can be used for

377

network-based analyses . The NaviCenta enables network based in silico

perturbations and the integration of log2FC, and p-value information. The
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NaviCenta indicated deregulated apoptosis, non-apoptotic cell death, and cell
proliferation associated phenotypes of endothelial cells in particular 378. These have

408

been shown to be governed by mitochondrial function *°® and are associated with a

more senescent state 4%°.

3.5 Conclusion

This study provides a comprehensive proteomic assessment of separate sub-
anatomical regions of healthy placentae, while allowing a specific insight into
mitochondrial functioning and placental ageing. The proteome differences between
placental sub-anatomical regions, referred to as maternal, middle, and fetal side,
indicate cell senescence, mitochondrial dysfunction, and specifically activities of
endothelial cells. Our results indicate a pronounced increase in senescence in both
the maternal and middle sub-anatomical regions mediated by downregulation of
proteins protective against senescence. Additionally, DEPs indicate a senescence

associated switch from ATP to fatty acids as a source of energy in the placenta.
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Chapter 4:

Characterisation of placental proteomic profile in Pre-eclampsia and

IUGR
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Abstract

Background: The placenta remains a key instigator of maternal adverse pregnancy
outcomes such as Pre-eclampsia (PE) and Intrauterine growth restriction (IUGR),
however the exact pathophysiology for both PE and IUGR remains elusive. The aim
of this study was to characterize the key proteomic variations between PE and

IUGR, to better understand these outcomes.

Methods: Placental tissue collected at term from nulliparous PE and IUGR affected
pregnancies were matched for maternal age with healthy controls. Quadrupole-
orbitrap mass spectrometer was used in data dependent analysis mode to identify
differentially expressed proteins (DEP) between PE and IUGR. Functional analysis
was conducted using Perseus, ClusterCompare, NaviCenta disease map and
TriplexRNA database. A core regulatory network based on log2FC and rewiring
scores including regulating miRNAs and transcription factors was constructed using

Cytoscape DyNet.

Results: In total 314, 391, and 378 proteins were identified in healthy control, PE,
and IUGR placenta, respectively. Venn diagram analysis revealed that 35 placental
proteins were unique to PE, 17 placental proteins were unique to IUGR, and 3
placental proteins were unique to healthy controls. Further interrogation, by
applying a log2FC >0.5 threshold, nine DEPs were identified between these adverse
pregnancy outcomes. Functional analysis combining ClusterCompare and
NaviCenta, showed that the identified regulatory elements are predominantly

involved in the complement cascade and antioxidant activities. Our results further
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highlight two RNA triplexes involved in the core regulatory module in PE and IUGR

placentas, both targeting PSAP mRNA.

Conclusion: Our results identify new potential regulatory proteins in PE and IUGR
pathology. The identified miRNA triplexes further open a novel avenue of

investigation for placenta research.
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4.1 Introduction

The placenta is the key organ orchestrating maternal and fetal well-being during
pregnancy. Placental dysfunction has been associated with various adverse

pregnancy outcomes including PE (PE) and intrauterine growth restriction (IUGR)

366, 413

PE is defined as de novo hypertension after 20 weeks of gestation in presence of
proteinuria and maternal organ/uteroplacental dysfunction ®. PE has been
associated with an increased risk of stillbirth, preterm births, and fetal growth
restriction. Moreover, longitudinal studies have shown various chronic disease
outcomes in both mother and baby affected by PE pregnancy #** 41>, PE can occur
with comorbidities such as hypertension, proteinuria and uteroplacental
dysfunction, further challenging the determination of causative factors %1%, IUGR is

defined as estimated fetal weight below 10 centile for gestational age °®.

Maternal risk factors contributing to IUGR include maternal malnutrition, smoking,
drugs use during pregnancy, while more common fetal causes include
malformations such as aneuploidy, uniparental disomy, single-gene mutations,
partial deletions or duplications, ring chromosome, aberrant genomic imprinting,
and trisomy of certain genes, and placental insufficiency & 417, More recently,
accelerated placental aging as a result of reduced blood flow and elevated oxidative
stress has been associated with adverse pregnancy outcomes such as PE and IUGR.
These oxidative insults are irreversible in nature and often lead to deleterious
molecular dynamics ¥ 371, Yet, the exact pathophysiology of PE and IUGR remain

poorly understood.
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Understanding the underlying molecular pathways might provide insight into the
variations between these adverse pregnancy outcomes %8, Placental insufficiency
as a result of improper maternal spiral artery remodelling due to persistent
elevated oxidative stress (OS) and lack of antioxidant defence, have been implicated
as the primary pathophysiology for both PE and IUGR 8%, Molecular regulators of
placental growth and functionality such as insulin like growth factor acting
AKT/mTOR pathway which regulate cell proliferation are downregulated in both
IUGR and PE #'& 413 Moreover, stress response pathways such as Unfolded Protein
Response (UPR) has been implicated in both PE and IUGR 42°, However, a distinct
feature of PE is the presence of a systemic inflammatory response indicating close
contact between maternal immune cells and trophoblasts. Systemic inflammation is
a major regulator in driving the pathology in PE and PE associated with IUGR, but

not in pregnancies complicated with IUGR only 418421,

Stereologically, the main effects of placental morphology was not associated with
PE whereas IUGR (with or without PE) has been associated with reduced volumes of
placental intervillous space and villi, along with reduced exchange surface area and
thickened trophoblast, which could be conclusive that these substantial alterations
in placental morphology disrupts fetoplacental angiogenesis in IUGR but not in PE
422-424 - previous studies have reported that the placenta in PE is usually
characterized as smaller size, lower weight and overall thickness when compared to
controls, additionally PE associated with IUGR are significantly lower weight and
thickness of placenta compared with the group without IUGR 42> 426, These
histopathological characteristics would indicate that PE, PE associated to IUGR and

IUGR are possibly three distinct pathogenetic entities.
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The placental proteome has been used to improve our understanding of molecular
mechanisms involved in the pathophysiology of placental disorders 427 428,
Moreover, proteomics in association with other omics methodologies such as
metabolomic and transcriptomic may provide a more integrated insight of disease
aetiology, identify biomarkers to predict and diagnose pregnancy outcomes at
early stages in pregnancy and ultimately improve overall maternal and neonatal

health outcomes 42°: 430,

To date, expression level studies primarily treat samples at hand as static systems.
However, cells and tissues are highly dynamic. It is therefore crucial to identify and
understand the governing regulatory network underlying each condition 3! . To
that end, in this study we created networks including identified DEPs, regulatory
miRNAs and transcription factors (TF) and focused on elements with the highest
variance and rewiring, including integration of miRNA couples acting in synergy on

the same mRNA target 432,

In this study, placental proteomics was used to evaluate the placental protein
composition of PE and IUGR pregnancies, in consideration of sub-anatomical
regions. These differences were then interpreted using a functional level leveraging

systems biology approach, such as the placenta specific disease map NaviCenta 37,
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4.2 Material and Methods:

4.2.1 Study Design

Participants (n=12) were recruited as part of the COMRADES Study, a non-
interventional cohort study of nulliparous singleton pregnancies with the aim of
characterizing placental premature senescence in PE (PE) and Intrauterine growth
restriction (IUGR). Participants were recruited from Cork University Maternity
Hospital, Ireland between 2020 and 2021. The COMRADES study was conducted
according to the guidelines laid down in the Declaration of Helsinki. All procedures
were approved by the Clinical Research Ethics Committee of the Cork Teaching
(ECM4 (ff) 04/12/18), and all women provided written informed consent. After
receiving consent, placental samples were collected from nulliparous, singleton
pregnancies undergoing pre-labour Caesarean section, PE (n=4), IUGR (n=4) and
healthy controls (n=4). The mean gestational age was matched as closely as
possible for healthy controls (38 + 0.9 weeks) and cases: PE (35 + 3.4 weeks) and
IUGR (35.5 + 2.6 weeks) pregnancies. PE was defined according to ISSHP 2018
guidelines as de-novo hypertension with BP 2140 mm Hg systolic or 290 mm Hg
diastolic, after 20 weeks of gestation, associated with 3+ proteinuria or 2500mg/24
hours proteinuria®. IUGR was defined according to RCOG guidelines as an

estimated fetal weight less than 10th centile for gestational age®®.

Placental tissue was dissected within 20 minutes of delivery, 5 tissue sections (2-4
cm diameter each) taken from identified regions (as in Chapter 3) across including
the entire width from maternal to fetal surface of the placenta. All samples were

snap frozen in liquid nitrogen and stored in -80°C .
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4.2.2 Protein Extraction and Sample preparation

Proteomic samples were prepared and analysed according to standardised protocol

428, 43 Homogenised placental tissue (50 mg) in

described previously
Tetraethylammonium bicarbonate (TEAB) buffer (Sigma-Aldrich, Ireland) were
subjected to protein extraction in presence of Phosphatase inhibitor (PhosSTOP™,
Roche, Ireland) and Protease Inhibitor (Roche, Ireland) and quantified using the BCA
Assay (Pierce™ Thermo Fisher Scientific, USA). 50ug/50ul denatured protein
samples, in presence of Rapigest (1%) solution (Waters, Ireland) samples were then
treated with 200 mM Indole-3-acetic acid (IAA) solution (Sigma-Aldrich, Ireland)
after reduction for 60 min at 60°C and incubated overnight at 37°C with 1:100
sequential grade Trypsin (Promega, MyBio, Ireland) for enzymatic digestion. 1%
Formic Acid (Sigma-Aldrich, Ireland) was added to the samples to stop further
protein digestion followed by centrifugation of the samples at 13,000 rpm for 10
mins and supernatant collected. The collected supernatant was then air dried on
MiVac Quattro sample concentrator (Fisher Scientific, Sweden) and resuspended in
0.5% Formic Acid (FA) (Sigma-Aldrich, Ireland). Samples were then cleaned and
desalinated using Zip-Tip columns with 0.6 pl binding volume C18 resin (Sigma-
Aldrich, Ireland), described in detail previously 4%%. An aliquot of quality control (QC)
was prepared by pooling equal quantities from all samples, which was injected

throughout mass spectrometry (MS) run for conditioning of the columns and

efficient MS performance.
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4.2.3 Mass Spectrometry

5ul of sample were injected onto the Thermo Scientific Q-Exactive® connected to a
Dionex Ultimate 3000 High-performance Liquid Chromatography (HPLC) system at
random, combined with internal standards for proteomic profile of PE and IUGR
placentas when compared to controls. An increasing acetonitrile gradient (250
mL/min) was used to separate the peptides. Data Dependent Analysis (DDA) mode
was used on the MS using a 12-mode with setting: mass range 300-1600Th;
resolution for MS1 scan 70000; AGC target 3e6; resolution for MS2 scan 17500;

AGC target 2e4; charge exclusion unassigned, 1; dynamic exclusion 40 s 433,

4.2.4 Bioinformatics and Statistical Analysis

LC-MS/MS raw files were uploaded to the MaxQuant (version 1.6.17) interface,
where parameters were inputted for ‘Match Between Runs’ and “Label free
quantification” (LFQ) %33 434, Samples with extremely low yields (<100 proteins)
were excluded from each group to maintain data robustness. MaxQuant results
were uploaded to Perseus (version 1.6.15.0). The overlap between proteins
identified in samples per condition were visualized using InteracitVenn 38, The data
were filtered to remove contaminants. LFQ intensity data were processed via log2
transformation. To ensure reproducibility, results were filtered to include
exclusively valid sample measurements in 100% of biological replicates, 70% of
measurements per sub-anatomical region (as discussed in Chapter 3), and 70%
measurements per condition. Measurements were then z-score normalized.
Normalized LFQ intensity, considering correlation with internal standards, were

used for differential expression analysis. Two-way ANOVA considering condition
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and sub-anatomical region, with follow up single ANOVA with permutation-based
FDR (0.05) and Tukey’s HSD tests with FDR were performed 37> 43, Significant
results with an adjusted p-value < 0.05 were further filtered for a log2FC > | 0.5 |.
Hierarchical Clustering was based on Euclidean distance with the default cluster

number of 300.

4.2.5 Functional Analysis

Gene ontology (GO) term overrepresentation analysis was performed and
visualized using the R (R Core Team (2022). R: A language and environment for
statistical computing. R Foundation for Statistical Computing, Vienna, Austria. URL

https://www.R-project.org/)  package ClusterProfiler 4.0 43 437 Additionally,

placenta specific phenotype analysis was performed using the DMNaviCenta 378

(https://www.sbi.uni-rostock.de/minerva/index.xhtm|?id=NaviCenta) and a DM

phenotype plugin 37°.

4.2.6 Regulatory module identification

The comparison between regulatory networks for each condition was constructed
using identified DEPs. There is a strong evidence that MicroRNAs are responsible for
the regulation of the genes of each DEP were obtained from miRTarBase v8.0 3,
Transcription factors were obtained from TRRUST and transcription factor - miRNA
interactions were obtained from TransmiR v2.0 439440 The interaction networks
were visualized in Cytoscape v3.9.1. Once the networks were generated, Cytoscape
plugin Dynet was used to compress the networks. Thus, all networks were
visualized in one regulatory network. The network was overlaid with the rewiring

and variance (between log2FC) scores **1. MiRNA couples of miRNAs indicated in
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the regulatory module acting on a DEP within the regulatory module were

identified using the web interface of TriplexRNA database V2

(https://triplexrna.org/, accessed 2022.12.12). 2D structure visualization were also

obtained from the TriplexRNA database 442
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4.3 Results

4.3.1 Study Demographics

Twelve participants were grouped as: PE (n=4), IUGR (<10th centile) (n=4) and
maternal age-matched normotensive controls (n=4) as shown in Table 4.1. There
were no significance differences in maternal age, maternal BMI, gestational age and
mean arterial blood pressure (MAP) at 10-12 weeks between study groups. There
was a non-significant increase in MAP at 20-24 weeks in the PE group when
compared to normotensive controls. There was a significant decrease in mean birth
weight for PE (p=0.017) and IUGR (p=0.02) study groups, compared to
normotensive controls. Similarly, fetal individualized customized centile (ICC) was
significantly reduced in the IUGR group (p=0.037) compared to normotensive

controls.
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Table 4.1 Patient demographics in study cohort. Data is represented as Mean + SD.
Mean Arterial Pressure has been calculated as MAP= [Systolic BP + (2 X Diastolic
BP)]/3. Statistically Significant values have been denoted as * compared to controls

with p <0.05.
Type Data PE (n=4) IUGR (n=4) Control (n=4)
Maternal Mean Age (years + 33.75+1.5 3253 33.8+2.16
SD)
Mean BMI (kg/m?+ 26.26 £ 4.7 25.95 +5.87 25.56+4.9
SD)
Mean Arterial Blood 89.5+6.9 93.7+8.4 88.25+7.04
Pressure (mmHg) +
SD
(10-12 weeks)
Mean Arterial Blood 101.1+18.1 8134 85.9+8.1
Pressure (mmHG) *
SD
(20-24 weeks)
Mean Gestational 35+34 355+2.6 38+0.9
Age at delivery
(weeks £ SD)
Fetal Mean birth weight 1908 + 553.1* 1955 + 762.2* 3213 +230.6
(grams = SD)
Fetal Sex F=4 F=2 F=2
(M=Male; F=Female) M=0 M=2 M=2
Fetal Individualized 14.4 £ 25.3 4,55+ 5% 42.63 £21.15

Customized Centile

(£ SD)
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4.3.2 Proteome Profile of healthy, PE and IUGR placenta

The relative proteome profile of sub-anatomical regions of placental tissue from
healthy, PE, and IUGR pregnancies, was measured using LFQ mass spectrometry. In
total 314, 391, and 378 proteins were identified in normal, PE, and IUGR placental
tissue samples respectively. Overlapping and unique proteins identified in each
condition are shown in Figure 4.1. 35 placental proteins were unique to PE, 17
placental proteins were unique to IUGR, and 3 placental proteins were unique to
healthy controls. 72 proteins were shared between PE and IUGR placentas with only
5 proteins shared between healthy and IUGR and 7 shared proteins between

healthy and PE. There were 263 proteins common for all three phenotypes.
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Figure 4.1 Venn diagram of proteins identified in placental tissue from normal, PE,
and IUGR pregnancies. Proteins identified in exclusively one condition are listed
next to their respective condition.

4.3.3 Functional analysis of protein profiles from healthy, PE and IUGR placenta

Further examination of biological functions of identified unique and shared proteins
revealed that although unique proteins were identified between conditions, their
biological functions fall into a similar group. Proteins uniquely identified in PE or
IUGR and shared placental proteins between PE and IUGR are primarily involved in
cell-cell adhesion, while additional shared proteins between PE and IUGR are also
associated with ribosome rRNA binding, structural constituents of ribosome and
chaperone binding. Proteins uniquely identified in healthy controls were associated
with phosphatidylinositol’s and translation elongation factor activity. Shared
proteins identified in IUGR, and healthy samples are associated with

immunoglobulin receptor binding and au-rich element-binding. Similarly, common
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proteins identified in PE and healthy samples are associated with
glycosaminoglycan binding, annealing and ribosomal small subunit binding (Figure

4.2).

177



U6 snRNA binding
phosphatidylinositol-5-phosphate binding
translation elongation factor activity

phosphatidylinositol-4-phosphate binding

phosphatidylinositol-3,5-bisphosphate binding
cadherin binding involved in cell-cell adhesion

cell-cell adhesion mediator activity padjust

cell adhesion mediator activity
cadherin binding

L
o
2

L ]
o
F
=

cell adhesion molecule binding
mRNA 3'-UTR AU-rich region binding

phosphotransferase activity, nitrogenous group as acceptor
AU-rich element binding GeneRatio
® 01
® 02
@ o3
@ o«
@ os

immunoglobulin receptor binding

mRNA 3'-UTR binding

heparin binding
glycosaminoglycan binding
sulfur compound binding

annealing activity

ribosomal small subunit binding
structural constituent of ribosome °
rRNA binding .

chaperone binding .

Healthy IUGR IUGR and H PE PEandH PE and IUGR
@ (17) ) (35) 7) (70)

Figure 4.2 GO biological function analysis of placental proteins identified in PE, IUGR. Proteins were grouped as follows; unique to condition
(Healthy, PE, IUGR) and shared combinations (PE and Healthy, IUGR and Healthy, PE and IUGR). The dot size indicated protein ratio (number of
proteins versus number of all proteins associated per binding protein (BP) function).
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4.3.4 Differentially expressed protein differences between healthy, PE, and IUGR

Further interrogation of DEP was performed using two-way ANOVA taking both
condition and sub-anatomical regions in consideration. This analysis identified 60
DEP between conditions and 40 DEP between sub-anatomical regions. As some
DEPs presented with high interaction between the condition and sub-anatomical
region (p interaction < 0.05), additional one-way ANOVAs with post hoc Tukey’s
HSD test were conducted. Following this analysis, 18 out of 60 DEP remained
significant between conditions while none of 40 DEP were significant between sub-
anatomical regions. Results were further filtered according to 0.5 > log2FC < - 0.5.
After this 9 out of 18 DEP remained between conditions (Figure 4.3, Table 2: DEPs
between PE, IUGR, and normal placenta). Hierarchical clustering of DEP normalized
LFQ intensities showed that after strict filtering and normalization of the data to
support reproducibility, greater correlation exists between IUGR and PE proteins
than between IUGR and healthy, or PE and healthy proteomic comparisons (Figure

4.3).

We further analysed for both upregulated and downregulated DEPs across study
groups as shown in Table 2. Prosaposin (PSAP) is a glycoprotein which codes for
saposins (p=0.046), fibronectin 1 (FN1) and Fibulin 1 (FBLN1) which are both
extracellular matrix glycoproteins and Collagen type XIV alpha 1 chain (COL14A1)
which is a fibril-associated collagen were significantly upregulated in PE placentas
compared to controls (p=0.048, 0.015 and 0.017 respectively). Immune regulatory
proteins, including Immunoglobulin Heavy Constant Gamma 4 protein (IGHG4) and

Immunoglobulin heavy constant alpha 1 (IGHA1) were significantly downregulated
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(p=0.004 and 0.015 respectively) in PE placentas. Additionally, mitochondrial
proteins creatine kinase mitochondrial 1A (CKMT1A) and antioxidant haptoglobin
(HP) were also significantly downregulated in PE placentas compared to controls
(p=0.038 and 0.016 respectively). FBLN1 (p=0.015) and PSAP (p=0,046) were also
significantly upregulated in IUGR placentas. Amine oxidase copper containing 1
(AOC1), which is involved in metabolism and oxidation (p=0.016), HP (p=0.016) and
IGHA1 (p=0.014) were significantly downregulated in IUGR compared to control

placentas.

1]

IUGR PE Healthy Intensity

4

IGHG4

PSAP

COL14A1

FBLN1

— AOC1

L FN1

—— CKMT1A

ﬂ{ HP
IGHA1

Figure 4.3 Clustered heatmap of normalized LFQ intensities of DEPs between PE,
IUGR, and healthy placentas.
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Table 4.2 DEPs between PE, IUGR, and healthy placentas. The comparisons include
PE vs normal, IUGR vs normal, and IUGR vs PE. DEP are defined as adj p < 0.05 and
log2FC>0.5and <-0.5.

PE vs log2FC | Adj p-val | IUGR log2FC | Adj p-val | IUGRvs log2FC Adj p-
Normal Vs PE val
Normal
Up PSAP, 0.57 0.046 FBLN1, | 0.73 0.015 CKMT1A, | 0.56 0.038
IGHG4
FN1, 0.80 0.048 PSAP 0.67 0.046 1.08 0.004
FBLN1, 0.87 0.015
COL14A1
0.53 0.017
Dow | IGHG4, -0.92 0.004 HP, -0.84 0.016 FN1, -0.92 0.048
n IGHAL 0.65 0.015 AOC1 0.71 0.016 AOC1 0.72 0.016
CKMT1A, | ' S ' e '
HP -0.79 0.038 IGHA1 |-0.61 0.014
-0.59 0.016

4.3.5 Functional Analyses of DEP between healthy, PE, and IUGR

To advance our understanding of differences between IUGR, PE, and healthy
placental tissue, functional analysis based on associated DEPs, was conducted. DEPs
of PE, IUGR and healthy placentas were directly compared using the R packages
compareCluster and enrichGO. As there is overlap between up and downregulated
DEPs, functional comparison was performed additionally considering the direction

of fold change (FC).

GO biological process functional analysis revealed 20 significantly (adj p < 0.001)
overrepresented GO terms (Figure 4.4). Antigen binding, chemotaxis and
antioxidant activity were downregulated in both PE and IUGR compared with

healthy placentas. Placenta specific phenotype prediction showed the proteins
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found in PE placentas indicate decreased functionality of antigen clearance,

complement cascade, chemotaxis, and inflammatory response compared to normal

placentas. Antigen clearance has also been indicated to be decreased in IUGR

compared to healthy placentas. We used both CompareCluster and NaviCenta

platforms for similar functional group and decided to focus on the overlap in

functionality to highlight DEPs of importance (Figure 4.5). Both functional analyses

revealed overrepresented terms associated with antioxidant activity such as

oxidoreductase activity, actin on the CH-NH2 group of donors and oxygen acceptor,

oxidoreductase activity acting on the CH-NH2 group of donors with the DEPs HP

and AOC1.

Table 4.3 NaviCenta differential phenotype prediction based on DEP including ad. P
value < 0.05 between conditions.

Phenotype PE vs Adj pval IUGR vs Adj pval IUGR vs PE | Adj pval
Normal Normal

antigen -0.65 2.38E-42 |-0.61 2.38E-42 0 1

clearance IGHAL

complement -0.92 4.77E-07 | O 1 1 1

cascade iGHG4

chemotaxis -0.92 6.09E-07 | O 1 1 1
IGHG4

inflammatory | -0.49 0.015299 |0 1 0.54 1

response IGHG4
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Figure 4.4 DEGs analysis and GO biological function annotation in PE, IUGR and healthy placentas. Up- and downregulation were considered.
Dots colour indicated the significance of the enrichment. The dot size indicated protein ration (number of DEPs against number of all proteins

associated per BP function).
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Figure 4.5 Overrepresented GO terms, overlapping with NaviCenta phenotype prediction results including DEPs falling into these terms.
Antioxidant associated terms contain red bars, complement cascade associated terms contain yellow bars. Chords are coloured according to
the protein.
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4.2.6 Regulatory Motifs of dysregulated Proteins in PE and IUGR and healthy

placentas

Network inference enables the transformation of OMICs data into biological
knowledge. Reverse engineering of gene regulatory networks from i.e. proteomics
data allows the identification of regulatory elements responsible for the resulting
proteomics phenotype 443, To this end the regulatory networks of dysregulated
proteins were constructed (Figure 4.6 A-C, including all DEPs, miRNAs, TFs). To
enable a direct comparison of networks, the regulatory networks, including log2FC
were condensed using DyNet (Figure 4.6 D) %41 The elements in the condensed
network were filtered to contain only elements with a rewiring score higher than
0.5 or a variance score higher than 0.4. The rewiring score is based on node
attributes which infers that elements with a high rewiring score either do not exist
in all original regulatory networks, or contain different edges i.e., do not connect to
the same nodes in all original regulatory networks. Given the high number of
elements within the original regulatory networks, this makes the identification of
core regulatory elements more intuitive.

The DEPs indicated by rewiring scores are HP, PSAP, and FN1. AOC1, although not
indicated by rewiring score, shows a high variance score. Other regulatory elements
are the miRNAs hsa-mir-27a, hsa-mir-19a, hsa-mir-27b, hsa-mir-24, hsa-let-7g, hsa-
mir-140, hsa-mir-200c, hsa-mir-1, and hsa-mir-200b. Furthermore, TFs AR, MYC,
SMAD3, SP1, TWIST1, FNE2L2, EZH2, SLUG, SNAI1, TGFB1, EGR1, STAT3, NFKB1,

TP53, E2F3, RELA, and MYCN remain in the core regulatory network.
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Figure 4.6 Interaction networks of dysregulated Proteins including TFs and miRNAs regulating their genes. Interaction network of DEPs
identified in PE vs N (A). Interaction network of DEPs identified in IUGR vs N (B). Interaction network of DEPs identified in IUGR vs PE (C). Blue:
DEP, green: TF, yellow: miRNA. Interactions are shown as lines. The networks were condensed into a dynamic molecular interaction network
(D). FC variance is indicated as node border colour. Node rewiring degree is shown as node colour.
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Finally, we further analysed the core regulatory network for involvement of
triplexes, miRNA couples acting on a common DEP gene target and resulting in an
increased inhibitory effect, using the TriplexRNA database. We identified two

triplexes, working on the same target PSAP (Figure 4.7).

Target respression

Gene Details 2D Structure . .
simulation

miRNA 1: hsa-mir-19a
miRNA 2: hsa-mir-27a

o |TriplexID: 134612

é Free energy (Kcal/mol): |-26.26
Energy gain (Kcal/mol): |-11.08
Pattern: canonical triplex
miRNA 1: hsa-mir-19a
miRNA 2: hsa-mir-27b
Triplex ID: 134613

PSAP

Free energy (Kcal/mol): |-26.26
Energy gain (Kcal/mol): |-11.08
Pattern: canonical triplex

miR-19a

no effect ' silencing
Figure 4.7 RNA triplexes involved in the core regulatory network including DEPs and
miRNAs. 2D structure is shown in the third column, with miRNA1 in red, miRNA2 in
green, and target mRNA (of DEP) in grey. Target repression simulation is shown in
column four.
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4.4 Discussion

PE and IUGR share some similar pathophysiological features, wherein placental
development is abnormal due to lack of trophoblast invasion of the maternal spiral
artery and failure to establish adequate blood flow to the fetus 44, The distinction
of pathophysiological mechanisms responsible for specific placental diseases
remains challenging due to limited studies, but also common comorbidities 4+,
Even though PE and IUGR share similarities in their predispositions and
pathophysiology, the main difference between the two disorders is that PE has
higher degree of endothelial dysfunction, inflammation and metabolic
dysregulation 444, This study characterised the placental proteomic variations and
similarities in PE and IUGR pregnancies. Although this study excluded pregnancies
with comorbidities, unsurprisingly, placental proteomic phenotypes of PE and IUGR
aligned closely compared with healthy placentas. Our results show that 72 proteins
are shared between PE and IUGR, confirming that these diseases share a common
pathophysiological origin, while 17 unique proteins were identified in IUGR and 35

unique proteins were identified in PE.

Interestingly, although there were specific protein differences between PE and
IUGR, functional analysis of both unique and shared proteins in PE and IUGR fall
into the same categories. Proteins uniquely identified in either PE or IUGR, and
shared between PE and IUGR placentas, are primarily involved in cell-cell adhesion.
Additionally, some shared proteins between PE and IUGR are also associated with
the ribosome function (rRNA binding, structural constituent of ribosome,

chaperone binding). Impaired cell-cell adhesion can lead to abnormal placental
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development #*¢ and has previously been shown to be a pathogenic factor in PE 47,
These findings indicate that the same biological processes are altered in PE and
IUGR, albeit in different ways on a molecular level. Additionally both post-
transcriptional modification and post-translational mechanisms such as AU-rich

448 =~ phosphatidylinositol binding 4*°, ribosomal small subunit

element binding
binding, translation elongation factor activity 4°°, and annealing °! differ between

conditions.

Placental DEPs included mitochondrial creatine kinase (CKMT1A) and
immunoglobulin heavy constant gamma 4 (IGHG4) were upregulated in IUGR
compared to PE, while fibronectin 1 (FN1), and Amine Oxidase Copper Containing 1
(AOC1) were downregulated in IUGR compared to PE placentas. IGHG4 is a part of
the 1gG4 complex and is transported across the placenta to the fetus #°2. It has been
previously identified to be deregulated in plasma and other bodily secretions in
women with PE %3, Furthermore, IGHG4 gene and protein expression has been
shown to be downregulated in PE and upregulated in [IUGR human decidua 4°*. IgG4
has been shown to have various immuno-regulatory effects, both directly
pathogenic while also being protective against inflammation #*. CKMTI1A is
responsible for the transfer of energy across mitochondria membrane by
transferring phosphate groups from mitochondrial ATP to creatine #°®. Increased
expression of CKMT1A has been associated with various cancers; however, in this
study it was downregulated in PE compared to healthy placentas, while significantly
upregulated in IUGR in comparison to PE placentas. This indicates reduced
expression of CKMT1A expression maybe specific to PE. Although CKMT1A has not

previously been associated with placental diseases, it has been shown to negatively
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affect cell migration %°® 4>7, Moreover, the association of mitochondrial dysfunction
with PE as a result of damage to mitochondrial membranes and mtDNA due to the
persistent presence of high OS have previously being reported 22°, Our results here
showing significant downregulation of mitochondrial creatine kinase CKMT1A in PE
compared to controls might suggest mitochondrial damage and induction of
apoptosis®*8. Conversely there was a significant upregulation of CKMT1A in IUGR
compared to healthy placentas. Upregulation of CKMT1A has been frequently
associated with breast and cervical cancers, ensuring survival of cells through the
generation of increased ATP and tumor growth %*°. Nevertheless, deregulation of
CKMT1A in both PE and IUGR suggest altered cellular metabolism in these adverse

pregnancy outcomes and requires further investigation.

FN1 and AOC1 were downregulated in [IUGR compared to PE placentas. Fibronectin
1 (FN1) protein encodes a glycoprotein present within both cellular plasma and cell
membrane %¢° and influences a myriad of functions including cellular migration,
adhesion, proliferations as well as wound healing, blood coagulation and host
defence #®0. As previously discussed, FN1 has been shown to be significantly
upregulated in PE placentas and has previously shown to be unaffected in IUGR
pregnancies %61, Overexpression of FN1 is commonly associated with cancer
progression and expression of FN1 has been shown to be regulated by natural killer
(NK) cell 462, NK cells have been found to be regulator of normal placental
development and maintenance of pregnancy, with presence of NK cells being
significantly elevated in maternal circulation in pregnant women compared to non-

pregnant women 463,
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AOC1 protein is a metal-binding membrane glycoprotein, also associated with
multiple cancers, promoting cellular proliferation and tumor progression 4.
Although AOC1 has been shown to be dysregulated in PE in previous studies on a
transcriptomic level %68, in this study we found significant downregulation of AOC1
in IUGR when compared to healthy placentas. Downregulation of AOC1 in IUGR
placentas maybe associated with inhibition of cell proliferation and induction of
apoptosis, features often associated with placental pathology in IUGR 363 467 This

study proposes that FN1 and AOC1 are candidate biomarkers to distinguish

between PE and IUGR.

Functional analysis of proteomic data identified that the significant elevation of
DEPs IGHG4 and IGHA1 are associated with an inflammatory response, specifically
the complement cascade and antigen binding and clearance. These DEPs are over-
represented in PE and IUGR when compared to controls, whereas chemotaxis is
overrepresented when comparing IUGR with PE. These indicated functionalities
have been shown to interact with each other under pathological and/or
physiological conditions #¢8. Complement activation in the placenta is hypothesized
to be related to inflammatory events within trophoblasts, as a consequence of

deficient placental angiogenesis 4.

Major histopathological complexes or MHC molecules are essential immune
mediators involved in detecting self and non-self-antigens. The human fetus is 50%
allogeneic, hence, maternal cells need to be immunologically tolerant for optimum
fetal development. In healthy pregnancy, T-cells and NK Cells play a coordinated

role in spiral artery remodelling, prevention of infections and maintenance of
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maternal-fetal immunological tolerance #7°. Antigen binding by MHC complexes is
thought to be dysregulated in PE pregnancies resulting in improper maternal artery
remodelling, creating a state of placental hypoxia that might result in activation of

471

complement cascade “/*. Within the endothelium, complement activation can

result in a loss of vascular homeostasis, creating a pro-inflammatory state via

altering cytokine activity 462,

Miao et al., showed differences in the complement
system, cell adhesion, and ribosomal functions in PE placenta 4’>. The association of
complement system in PE has also been associated with both Stage 1 and Stage 2 of
Redman’s model, contributing to placental malformation and presentation of
maternal clinical symptoms %8, Endothelial dysfunction as a result of placental
inflammation may contribute to further increases in activity of the placental
complement cascade in PE %80 481 Qur results are in accordance with previously
published data, illustrating the role of antigen binding, activation of complement

cascade and a resultant inflammatory response, in both PE and IUGR phenotypes,

when compared to healthy controls.

Our results indicate significant upregulation in Prosaposin (PSAP) in PE and IUGR
placentas when compared to healthy controls. PSAP is a glycoprotein which
encodes saposins (A to D) which are involved in the metabolism of various
sphingolipids through the activation of several lysosomal hydrolases %83, PSAP has
been shown to inhibit both Mammalian target of rapamycin (mTOR) and
Sphingosine Kinase 1 (SK1) pathways 4’* 48 mTOR has been shown to regulate cell

485 whereas

growth and proliferation, acting through the PTEN/AKT pathway
sphingolipids have opposing effects and are associated with apoptosis, oxidative

stress, angiogenesis and autophagy “%°. Elevated placental PSAP has previously been
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associated with early onset PE %¥7. In a recent circulating miRNA study, PSAP was
overrepresented in the target gene with shared DEmiRNA associated with PE 428,
We report significant upregulation of PSAP in PE and IUGR when compared to
healthy placenta. We can hypothesize that the significant increase in placental PSAP
in PE, may be resultant of elevated levels of sphingolipids , which has been
commonly associated in metabolomics studies of PE and IUGR pregnancies, and
may have pathophysiological role in part by contributing to defective placental
angiogenesis 8¢ 489 PSAP has also been identified as a novel marker of cellular
senescence, with upregulation of PSAP evident in hydrogen peroxide associated
premature cellular senescence #°% %°1, This is in line with our data from Chapter 2
363 None of the identified DEPs, apart from FN1, are official biomarkers for PE, or

IUGR (https://www.disgenet.org/; accessed on 19-March-2023) 482,

Most miRNAs and TFs identified within the core regulatory network have previously
been associated with either PE and/or IUGR #°% 493, The exact function of these
miRNAs in the context of placental function, in particular molecular changes due to
miRNA treatment are yet to be fully investigated. TFs were not shown to be
differentially expressed in this study. However, TFs can be regulated not only at a
concentration level, but also on an activity level. TF activity is often regulated by
phosphorylation meaning TF activity can be altered without any change in TF
abundance #°*. TFs are the most direct regulators of gene transcription and
therefore not to be neglected within the regulatory core. In fact, some of the
identified TFs such as nuclear factor, erythroid 2 like 2 (NFE2L2) have previously
been demonstrated to have placental differential activity in pregnancy

complications 4> 4% Other TFs such as nuclear factor-kappa B (NF-kB) activation
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within trophoblast-like cell line as a result of OS has been associated with PE 4%7,
Recent research has suggested that altered DNAm in HIFla and HIF3a in PE
placentas and correlation of DNAm in HIFla and its expression, might suggests a

possible role of interactions between HIF1a and HIF3a in the pathogenesis of PE 4%,

Our results highlight two RNA triplexes involved in the core regulatory module in PE
and IUGR placentas, both targeting PSAP mRNA. hsa-miR-19a has previously been
shown to be downregulated in placental tissue in PE #%°, while there is no current
evidence for either hsa-miR-27a nor hsa-miR-27b in placental tissue. However, hsa-
miR-27b has been shown to be increased in maternal blood plasma of PE and IUGR
women >%, Hsa-miR-27a has been shown to inhibit trophoblast cell migration and

invasion in vitro >%.

The main study limitation was our small sample size which might impact the DEPs
expression in PE and IUGR phenotypes and overall conclusions. The small sample
size was due to strict study design for participant recruitment, including nulliparous
pregnancies, matching gestational age as closely as possible. Any pathologies or
fetal abnormalities associated with any pregnancy were also excluded. This was also
a single site study with Irish-Caucasian population, thereby limiting the
extrapolation of our findings to other ethnicities. The main strengths of this study
were the computational biology approach which included NaviCenta, which
provided a placenta specific phenotype prediction, while considering protein fold
change, which the general functional analysis was integrated into, enabling a more
meaningful and intuitive interpretation of results. Furthermore, regulatory gene

networks can be used to investigate the underlying molecular mechanisms of
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conditions. In this study, DEPs identified between healthy, PE, and IUGR placentas
were used to start the regulatory network in Cytoscape V3.9.1 9. Subsequently,
miRNAs regulating the transcription of their respective genes were recovered from
miRTarBase V8.0 %38, and associated transcription factors of each miRNA were

504

recovered from TransmiR v2.0 Finally, interactions between identified

transcription factors with genes of interest were recovered from TRRUST V2 4%,

Finally, this study highlights several new research directions. In particular,
synergistically working miRNAs acting on a single mRNA have not been previously
explored in placenta research. TFs identified in the core regulatory network for PE
and IUGR warrant further interrogation. The constructed core regulatory network
serves as template for further research into the exact molecular mechanisms

leading to PE and IUGR.
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4.5 Conclusion

This study provides a comprehensive placental proteomic assessment of healthy,
IUGR, and PE pregnancies, identifying the importance of complement system,
inflammatory response, and antioxidant activity in placental function. Differences in
proteomic profiles based solely on identified proteins between conditions further
indicate deregulated proteins involved in cell-adhesion and post-translational and
post-transcriptional modifications We additionally identified novel targets for
further research such as transcription factor activity and synergistic miRNAs of

elements within the core regulatory network in the context of PE and IUGR.
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Chapter 5:

General Discussion
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5.1 Overview and Interpretations of key findings

The placenta is a complex transient organ that acts as an interface between the
mother and fetus during pregnancy, serving as focal points for exchange of gases,
nutrients, immunoglobulins and hormones for the growth and development of the
fetus 1°¢. The human placenta is a unique organ with a lifespan equal to the length
of human pregnancy, goes through various transformations though its lifetime to
facilitate and maintain the pregnancy and development of the fetus #. The placenta
is formed of the maternal component comprising of the endometrium that
transforms into the decidua and incorporated into the basal plate of the placenta 8
364 The fetal part of the placenta is formed of trophoblast cells, and is responsible
for remodelling of maternal spiral arteries to establish maternal — fetal circulation,
as well as acting as an endocrine organ to alter the maternal metabolism in order to
meet the metabolic demands for the fetus #. In Chapter 1 this thesis highlights the
important role of placenta in pregnancy and establishes how placental insufficiency
contributes to the pathophysiology of adverse pregnancy outcomes such as PE and

IUGR.

During the early stages of the pregnancy, the placenta and fetus coexists in a
hypoxic condition, which controls the amount of maternal blood entering the organ
% In adverse pregnancy outcomes such as PE, elevated OS at end of first trimester
leads to shallow placentation and failure to establish sufficient pO; uptake by the
organ which results in hypoxia-reoxygenation of placental cells %°. Moreover, the
presence of systemic inflammation and maternal multi-organ dysfunction including

endothelial dysfunction, and generalized vasoconstriction, is a consequence of
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exposure to the shedding placental trophoblasts °°. Contrarily, in IUGR, the growth
of the fetus is restricted as a result of increased OS and lack of proper placentation
limits the damage to the placenta and the fetus without systemic maternal
disturbances #%2. Various studies have also reported that alterations in placental
villous and capillary surface area is more characteristic of IUGR than PE 422424,
However, trophoblast shedding in the form of aponecrosis and loss of membrane-
bound fragments and microparticles are higher in PE compared to IUGR %2,
Elevated OS is associated with both PE and IUGR, however, differences in
morphological villous diffusion raises the possibility of either fetal hypoxia or
uteroplacental hypoxia which is possibly distorted by confounding

pathophysiological factors 422,

This thesis strives to understand the variations between PE and IUGR complicated
pregnancies through the assessment of placental senescence status in these
adverse pregnancy outcomes. Additionally, in this thesis we have added further
evidence of these differential features through proteomic variability in healthy
pregnancy contrasted to adverse pregnancy outcomes. In Chapter 2 we evaluated
the molecular signatures of cellular senescence in PE, PE associated with IUGR and
IUGR phenotypes compared to control pregnancies. In Chapter 3, we aimed to
identify the protein composition of a normal healthy placenta and characterise
compositional differences related to placental ageing between the maternal and
fetal sub anatomical regions. Finally in Chapter 4, we mapped the dynamic and
functional pathways and interaction networks of differentially expressed placental
proteins associated with immune regulation and cellular senescence in PE & IUGR

compared to healthy controls.
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In Chapter 2 we focused on evaluating a number of previously defined biomarkers
of cellular senescence to determine if premature cellular senescence was evident in
pregnancies complicated with PE, IUGR or PE and IUGR. Premature cellular
senescence is defined as a state of terminal proliferation mediated in part by
altered cell cycle kinetics and accompanied by characteristic metabolic and pro-
inflammatory changes. Initially we provided evidence of a significant decrease in
senescence associated genes ATM, CCNB-1, PCNA and TBX2 in IUGR placentas, and
significant increase in maternal circulating Interferon-y levels when compared to
controls. Downregulation of these genes which are associated with DNA
metabolism, DNA damage repair (DDR) and cell cycle arrest are frequently
associated with senile changes within a cell >°7->%°, Additionally, TBX-2 is frequently
increased in proliferating cells and increases resistance to apoptotic stimuli and
inhibits senescence in certain cancer types. In [IUGR the reduction in expression of
the TBX-2 transcription factor indicates a halt in cellular proliferation and induction
of a more senile phenotype>'% > Increased circulating levels of IFN-y secretion
have previously been linked to cellular senescence acting via p53 dependant

pathway and DNA damage signalling pathway 36% >12,

Our results showed no significant difference in p21 and p16 levels in IUGR placentas
when compared to controls. Cell cycle arrest is induced by p53 through binding to
CDK inhibitor gene p21, p53/p21WAF1 activated in response to DNA damage
caused by telomere attrition and DDR signalling leads to cellular senescence >3, In a
transient stress condition there is induction of p53 gene which allows the cells to
continue proliferation, however in persistent altered redox conditions, p53 acts as

pro-oxidative gene worsening the condition and leading to cellular death >4,
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Moreover, our results failed to show significant attrition of absolute telomere
length in IUGR placentas compared to healthy placentas. From the evidence in
Chapter 2, we can conclude that premature cellular senescence is a
pathophysiological feature of this adverse pregnancy outcome. More in-depth
research is required to understand the molecular pathways involved in causing

placental senescence in IUGR placentas.

In our PE study group, we reported a significant increase in placental expression of
CHEK-1, CCNB-1, PCNA, CDKN2A and PTEN accompanied by a significant reduction
in p16 protein expression, and a significant increase in maternal circulating IL-6
levels in PE compared to the control group. In contrast to IUGR, these mediators are
more consistent with cellular proliferation and cell survival phenotype rather than a
senile phenotype in PE affected placentas 319-322:343, 348 Additionally, we quantified
Lamin-B1, a nuclear lamin, a structural protein involved in senescence through the
SA-B-Gal pathway activation and SASPs accumulation 3°3. Placental Lamin-B1 level
showed no significant differences in all groups compared to controls. Similarly, we
failed to see association of placental mtDNA copy numbers or absolute telomere
length in all study groups compared to controls, which indicated that an alternative
signalling might be causative of accelerated cellular senescence. The stark
difference in cell survival between PE and IUGR placentas might be key to
understanding the specific differences in pathophysiology of these pregnancy
complications. Somewhat surprisingly, the key phenotypic indicators identified in
PE or IUGR were not reflected in pregnancies where PE is also complicated with
IUGR. This equally suggests that this PE subtype has a unique pathophysiology

compared to both PE and IUGR presented in isolation. Research by Srinivas et al.,
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evaluating differences between PE and IUGR, and the dependence of maternal
hypertension, summarized that development of IUGR is independent of PE onset
15 They outlined that chronic maternal hypertension and other co-morbid
maternal factors such as obesity, diabetes, might be drivers for development of PE
associated with IUGR compared to the development of PE or IUGR alone °%°.
Malnourishment and low BMI before and during pregnancy are an underlying

maternal factor frequently associated with IUGR >,

In Chapter 2, even though there were no significant variations in maternal BMI
across study groups compared to controls, maternal BMI was higher in PE only,
following the earlier trend >'7->'8, Moreover, mothers affected by PE have been
linked with cardiovascular diseases and hypertension later in life 41> 5%, The
difference in pathophysiology in the three distinct phenotypes for PE, PE associated
IUGR and IUGR might be linked to maternal factors such as genetics, socio-
economic and lifestyle. Further larger studies with additional clinical descriptions
are required to intrinsically evaluate cellular aging markers and provide a deeper
understanding of senescence profiles and associated pathways in these adverse

pregnancy outcomes.

In Chapter 3 we investigated the placental proteomic composition of healthy
uncomplicated pregnancies to determine if normal physiological placental ageing is
evident in these placental tissues. We further divided the placental sections into
three sub anatomical regions: maternal, middle, and fetal to explore the variation
between the maternal and fetal surfaces of the placenta. We observed no

significant variabilities in protein abundance between sub-anatomical regions,
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however functional analysis of placental sub-anatomical regions and sample site
proteome showed a myriad of differentially regulated processes and functions. We
provided evidence of an age or senescence-associated shift in energy metabolism
from glucose to fatty acids, in part by the overrepresentation of glyoxylate
metabolic processes in upregulated DEPs within the middle and fetal sub-

anatomical regions when compared to maternal sub-anatomical region.

The glyoxylate pathway and gluconeogenesis are an alternative to the
tricarboxylate acid (TCA) cycle for production of ATP in absence of glucose >2°.
Glyoxylate metabolites have been previously associated with various pregnancy
complications including PE, IUGR and early preghancy loss 428 321523 Moreover, our
results pointed towards a more senescent phenotype in the maternal sub-
anatomical region where DEPs were associated with mitochondrial dysfunction and

lack of antioxidant or anti-senescent activity.

The proteomic profile and associated functional analysis suggest an advanced
ageing profile in the maternal sub-anatomical region of a healthy placenta at term.
This senile change was not reflected in the fetal or middle sub-anatomical region
suggesting that placental ageing morphologically migrates from maternal towards
the fetal surface of the organ #?® 524 (Chapter 3). Increased mitochondrial
metabolism was evident following functional analysis of DEPs in the middle sub-
anatomical region with significant expression of IDH1, IDH2, ALDH4A1 and PDHA1
protein when compared to maternal and fetal regions. The middle sub-anatomical
region also appeared protected from DNA damage and telomere shortening due to

greater energy homeostasis and antioxidant defence when compared to the other
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two sub-anatomical regions. In Chapter 3, we investigated the proteomic structure
and functional variabilities between sub-anatomical regions within healthy placenta
for the first time. We chose five identical sample sites and divided each section into
approximate maternal, middle, and fetal sub-anatomical region, and ensured
reproducibility by histopathological confirmation. Our results from individual
section sites and sub-anatomical region showed phenotypic differences and served
as a proof of concept that optimal placental research should be standardized by
including multiple tissue sites to discern the global signature of this large
heterogenous metabolic organ. Additionally, our proteomic assessment of healthy
control placentas provided a unique insight into the functioning, including
mitochondrial status and senescence in term placentas uncomplicated by

underlying pathologies.

In Chapter 4 we performed a comprehensive proteomic profile of placental tissues
from healthy uncomplicated compared to PE and IUGR affected pregnancies. We
showed that despite the heterogeneity in phenotypes evident in Chapter 2, there
were 72 shared proteins between PE and IUGR placentas, with similar protein
pathways and potentially some shared pathophysiology between both
complications. However, we provided evidence of uniquely identified proteins in PE
(35 proteins) and IUGR (14 proteins) which may explain the variations in disease
pathology and progression. Upon evaluation of DEPs, we identified that immune-
regulatory proteins such as 1gG4 and IGHG4 were downregulated in PE compared to
controls, whereas these proteins were upregulated in IUGR when compared to
controls. IgG4 is a unique class of immunoglobulin which cross the placental barrier

efficiently, yet its role is not fully understood in pregnancy. There is transfer of
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maternal 1gG antibodies from the mother to fetus through the placenta, which
provides protection to the developing fetus while its immune defence develops ?’.
Research has shown that IgG4 has the strongest correlation between maternal and
cord 1gG concentration >, However the presence of increased levels of IgG4 in
maternal plasma would indicate the presence of a pathology, whereas low plasma
levels of IgG4 have been associated with miscarriages in part due to the presence of
high levels of interferon gamma (IFN-y), as shown in chapter 2 of this thesis °?°.
Increased levels of IFN-y inhibits the production of IgG4 responsible for maternal
tolerance to the fetus and maintenance of pregnancy>?%°%°. Mitochondrial
dysfunction has been frequently associated with PE as a result of elevated OS
coupled with lack of antioxidant defence and a reduction in ATP production and
increased mtDNA damage *°6. Mitochondrial creatine kinase 1A (CKMT1A) is a
mitochondrial protein responsible for regulation of apoptosis through
mitochondrial permeability transition and was downregulated in PE and
upregulated in IUGR placental tissue when compared to controls 48, The CKMT
group of proteins maybe altered as a result of oxidative and radical induced
molecular damage. This result would also complement our findings from Chapter 2,

reflecting that in IUGR, trophoblasts are at end stage of cellular division and are

undergoing senescence or apoptosis 3.

Prosaposin (PSAP) is another mitochondrial associated protein responsible for
induction of apoptosis, acting through the caspase-8 and caspase-9 mitochondrial
apoptotic factors 31, We showed a significant upregulation of PSAP in PE whereas
PSAP was significant downregulated in IUGR. These findings agree with various

publications 48 532534 Contrarily, PSAP has also been associated with ERK
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phosphorylation and prevention of cellular apoptosis >3*.The exact mechanism of
how PSAP contributes to the pathology of PE &UGR, and its effect on inducing
cellular senescence has not yet fully understood °32. However, upregulation of PSAP
in PE may indicate an apoptotic phenotype whereas in IUGR it suggests a
senescence phenotype compared to matched controls. We also identified two RNA
triplexes involved in regulation of PSAP mRNA in both PE & IUGR which requires
further evaluation to fully comprehend the role of this protein in pathophysiology

of these adverse pregnancy outcomes.

Amine oxidase copper-containing 1 (AOC1) protein was shown to be downregulated
in IUGR when compared to PE. AOC1 is frequently associated with cancer, where
overexpression of AOC1 has been involved in the regulation of proliferation,
migration, and apoptosis of cells by catalysing the deamination of polyamines,
which produces reactive oxygen species 3. Spermidine, a substrate of AOC1 has
been associated with preservation of mitochondrial functioning against ROS insults,
while also displaying anti-inflammatory properties and preventing cellular
senescence 37538 The downregulation of AOC1 in IUGR maybe associated with
cellular senescence through the lack of protective action of spermidine. However,
more in-depth interrogation is required to understand the mechanism of action of

AOC1 in IUGR and PE pregnancies.

5.2 Strengths and Limitations

This thesis has many strengths. Firstly, the robustness of the samples collected from
term first time mothers through a well-defined pregnancy cohort. Furthermore, as

this study recruited nulliparous women it allowed us to explore the
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pathophysiology of both PE and IUGR, without the confounding effects of adaptive
maternal physiological responses to previous pregnancies. The analysis of
senescent mediators and proteomic signatures were further supported by

correlating outcomes with clinical variables for each participant in the study.

One of the key strengths of this thesis is the segregation of the study cohorts into
PE, PE associated with IUGR and IUGR only for evaluation of cellular senescence
This allowed us to explore the shared and diverse senescence/cell proliferation
pathways, placental cells undergo in each pathology. To our knowledge, this is the
first time that multiple biomarkers of cellular senescence have been examined in
these complications. Another major strength of this thesis is the evaluation of
protein composition in healthy placentas from uncomplicated pregnancies which

we divided into three sub-anatomical regions.

A further strength of this thesis is the proteomic characterisation using Label free
guantification. Relative quantification in mass spectrometry uses stable isotopes
(2H, 13C, 15N, 180) as labels, which could be chemical, metabolic or enzymatic and
are often used in in vitro studies but not routinely used in clinical proteomic
research °3°. Label-free quantification encompassing two quantitative methods,
namely a spectral counting approach and an ion-intensity-based approach are used
to determine peptide abundance by evaluating chromatographic peaks 3. The
major advantage of Label-free LC-MS quantification is the higher dynamic range of
quantification and identifying alterations in abundance across samples. However,

samples need to be run consecutively which makes this process time consuming >%>

540
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Systems biology and the use of computational biology to analyse genomic,
proteomic and metabolomic data to construct cohesive disease model seeks to
understand complex disease process through vast biology and mathematical tools
428 |n this thesis we used NaViCenta, a placenta specific disease mapping system, a
human and machine-readable computational model. This mode works on the data
collected from multiomics databases including information with placental processes
and cell interactions, relevance to healthy placentation, various molecular
interactions between proteins, RNA, and DNA, enriched with regulatory factors,
transcription factors, miRNA, and IncRNA, which can be used for network-based
analyses. A further key strength of this thesis is the use of NaviCenta model to
perform placenta specific phenotype prediction, functional analysis, and provides a

robust and meaningful interpretation of proteomic data.

There are equally limitations to this research. One of the limitations is the limited
sample size consisting of largely Caucasian (Irish) population. The sample size was
limited due to strict recruitment criteria. Moreover, due to Covid-19 pandemic
there were additional restrictions in the CUMH during participant recruitment,
which impacted participant recruitment. Another limitation was that biological
samples were collected at a single timepoint at the end of pregnancy, which makes
it difficult to accurately determine if the identified pathogenic mediators are

contributing or consequential factors in PE and IUGR.

5.3 Future Research

Pregnancy-related research entails many challenges. The inherent vulnerability of

the patient groups, as well as common comorbidities in pregnancy complications,
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increase the required number of biological samples for robust statistical analysis.
Nonetheless, the use of cell lines, explant cultures, animal models, and

computational modelling are useful circumventions 39> 341,

While we evaluated multiple biomarkers of senescence in placental samples
including senescence associated genes, telomere length, mtDNA, p16 and p21
protein expression, Lamin B1, and circulating SASPs in maternal blood, we were
unable to measure one integral marker of senescence due to poor yields of primary
trophoblasts. Future studies are required to evaluate senescence-associated-j-
galactosidase (SA-B-gal) in primary trophoblasts across our study groups. SA-B-gal is
a histochemical assay to measure lysosomal enzyme B-galactosidase, which can be
detected at an acidic pH 6 or lower in senescent cells. Increased SA-B-gal activity
has been linked to upregulation of SASP and cell cycle inhibitors, which resonates

with our results 5% 363,

Redox signalling plays a major role in both successful and complicated pregnancies.
We have shown the plethora of processes falling under the term “redox signalling”
and associated maternal and fetal outcomes. The complexity of redox signalling
requires consideration of more than one biomarker to obtain meaningful results.
On the experimental side, this requires more integrative approaches considering
both pro- and antioxidant reactions with a higher sensitivity to physiological
variation. Assessment of ROS in vivo is particularly challenging and while
quantitation of ROS in primary cells using fluorescent dyes is feasible it equally has

its flaws. One surrogate marker of oxidative stress-induced damage would be to
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measure mitochondrial metabolism using the Seahorse XFp Analyzer Mito Stress

Test.

Additionally, proteomic analysis of isolated placental mitochondria would provide
insight into mitochondrial function in healthy and adverse pregnancy outcomes.
Mitochondrial dysfunction has frequently been associated with cellular senescence
and while we examined mtDNA as a marker of mitochondrial dysfunction, a more
robust and global assessment of mitochondrial function is required to correlate its
involvement in mediating senescence in these pregnancy complications. Another
potential method to assess redox signalling is through the use of computational
modelling and machine learning. Although computational modelling of redox-
related processes is often utilized in health sciences, these models have not been
exploited in the context of feto-maternal health research. Notwithstanding
computational modelling reduces the need for experimental replicates by
identifying biomarker candidates 3% >*1, The combination of existing models to a
larger network, including other redox-signalling pathways, may lead to deeper
insights and provide opportunities to explore interventions and their effects on

complex biological processes 39> 342,

Currently there are limited therapeutic options available to treat adverse pregnancy
outcomes. Recent work assessing the therapeutic benefit of aspirin treatment of
women with suspected PE using untargeted metabolomics profiles of plasma
samples from pregnant women at high risk of PE before and after aspirin/placebo
treatment, hypothesised that aspirin treatment prevented PE by delaying the

metabolic clock and estimated gestational age >** >*4, Additionally, there was a
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reversal of wide range of metabolic changes over advancing gestational age in
aspirin treated pregnhancies compared to healthy pregnancies >*3 >4, Our results
showed a stark contrast between PE and IUGR pregnancy outcomes when assessing
placental premature ageing. These differences could potentially be related to the
effect of aspirin treatment of women with PE; however, further research is required

to assess if aspirin directly alters cellular senescence.

Methodologically, future research in placental proteomic assessment might be
performed using Bruker’s high throughput LC/MS system. In 2021, Bruker’s added a
new dimension to proteomic research by addition of gas separation phase within
the linear accelerator which made possible to detect around 4,000 to 8,000
proteins/ul in 20 minutes, making it the highest performing MS technique in the
world. Re-running the samples on the Bruker’s system would yield higher protein
guantification, providing us with an extensive placental proteomic database and
increased identification of proteins of interest, which might have not been detected

the first time.

In addition to insight into placental ageing in adverse pregnancy outcomes, this
thesis provides understanding of the heterogenous proteomic profiles of the
healthy placenta and diseased placentas. Placental research, though diverse, is still
in its infancy with incomplete genetic and proteomic information that could shed
light into physiological and disrupted signalling pathways in healthy placentas
compared to placental conditions. Therefore, placental disease mapping utilizing
the data provided in this thesis for adverse pregnancy outcomes such as PE and

IUGR could fill in the gaps for understanding the pathophysiology of the placental

213



and systemic conditions for both mother and the baby. Moreover, it could also
provide novel biomarkers for early diagnosis of PE & IUGR and potentially identify a
therapeutic target. Additionally, continued research into investigation of pathways
and markers responsible for maternal and fetal long term health consequences of

both these obstetric complications is warranted as a future research directive.
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6.0 Conclusion

In my thesis | have provided novel insight into the heterogenous differences in
cellular senescent phenotypes in PE, PE associated with IUGR, and IUGR following
quantitative assessment of multiple biomarkers of senescence. This work
showcases the distinction between PE and IUGR placental phenotypes compared to
healthy pregnancy, even though these adverse pregnancy outcomes share some
common pathophysiology. Additionally, this thesis provides novel insights into
proteomic signature of healthy placental tissues including variations between sub-
anatomical regions of healthy placenta. Finally in this thesis | characterised the
proteomic profile of PE and IUGR placentas compared to healthy controls and
identified the significance of mitochondrial proteins including their antioxidant
activity, which might uncover novel therapeutic targets and enhance biomarker

discovery in adverse pregnancy outcomes.
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Preeclampsia is a multisystemic pregnancy disorder and a major cause of maternal and neonatal morbidity and mortality
worldwide. The exact pathophysiology of preeclampsia remains unclear; however, it is speculated that the various pathologies
can be attributed to impaired vascular remodelling and elevated oxidative stress within the placenta. Oxidative stress plays a key
role in cell ageing, and the persistent presence of elevated oxidative stress precipitates cellular senescence and mitochondrial
dysfunction, resulting in premature ageing of the placenta. Premature ageing of the placenta is associated with placental
insufficiency, which reduces the functional capacity of this critical organ and leads to abnormal pregnancy outcomes. The
changes brought about by oxidative insults are irreversible and often lead to deleterious modifications in macromolecules such
as lipids and proteins, DNA mutations, and alteration of mitochondrial functioning and dynamics. In this review, we have
summarized the current knowledge of placental ageing in the aetiology of adverse pregnancy outcomes and discussed the

hallmarks of ageing which could be potential markers for preeclampsia and fetal growth restriction.

1. Introduction

Preeclampsia can be defined as de novo hypertension after
20 weeks of gestation in the presence of proteinuria and
maternal organ/uteroplacental dysfunction [1]. It is one
of the leading causes of maternal and neonatal morbidity
and mortality affecting about 3 to 8% of pregnancies world-
wide [2]. Preterm birth as a result of iatrogenic delivery
is a common factor in preeclampsia with up to 25% of
babies born to preeclamptic mothers being growth restricted
[2, 3]. Preeclampsia and IUGR are pregnancy-specific disor-
ders that are associated with placental insufficiency [4].
Complications associated with preeclampsia are responsi-
ble for about 15% of maternal deaths and high perinatal
mortality rates worldwide [5]. Ageing is experienced inev-
itably by organs; however, in preeclampsia, the presence
of persistent oxidative stress accelerates this process
resulting in premature ageing of the placenta [6]. It has
been reported by various studies that premature placental

ageing is associated with telomere shortening, cellular
senescence, and mitochondrial dysfunction [7-10].

2. Physiology of Ageing

Ageing is a unidirectional phenomenon experienced inevita-
bly by every tissue. It can be characterised as cellular senes-
cence through decline in functionality and mitochondrial
dysfunction through altered metabolism and signalling.

2.1. Cellular Senescence. Cells are capable of replication,
dividing into two exact copies of the parent cell. This includes
division of the genetic material by unwinding and splitting of
the DNA strands, in order to form two new copies as daugh-
ter strands. Telomeres are cap-like nucleotide repeats (TTAG
GG) present on the end of each strand. Damage to DNA
strands activates signalling cascades (ataxia telangiectasia-
mutated (ATM) and ataxia telangiectasia and Rad3-related
(ATR) pathways) that arrest cell division, induce cellular
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FIGURE 1: Cause and consequence of placental ageing: the pathophysiology of placental conditions such as preeclampsia and fetal growth
restriction is often associated with internal and external factors such as oxidative stress, genetic, immunological, and environmental. This
can result in placental insufficiency with further evidence of premature ageing of the placenta as a consequence of cellular senescence and

mitochondrial dysfunction [130, 131].

senescence, and promote cell death [11]. Telomeres with
other proteins like shelterin protect the end of nuclei from
being recognised as a double-strand damaged region (DDR)
[11]. It has been shown that telomeres shorten after every
replication cycle [12]. With the increase in proliferation
and decrease in telomere size, cells enter senescence or a
growth retardation phase (Hayflick limit) which ultimately
results in cellular death [12]. Telomere shortening has been
associated with various genetic diseases such as progeria or
premature ageing and Hutchinson-Gilford syndrome [13].
In some cases, such as cancer, cells can bypass senescence
and keep proliferating, becoming immortal. However, even
cancer cells do not divide indefinitely, and they enter a crisis
stage which results in either cellular death or telomere length
stabilization with a consequent upregulation of the telome-
rase enzyme to maintain telomere length [14]. Telomerase is
a RNA-protein complex that replenishes the lost nucleotides
to preserve the length of the telomere [15]. In somatic cells,
telomerases are turned off as a protective mechanism to pre-
vent neoplastic changes [16], but their activity is more pro-
nounced in germ cells, stem cells, and 90% of cancer cells [17].

2.2. Mitochondrial Dysfunction. Mitochondria are key regu-
lators of metabolism, redox balance, and apoptosis. During
the electron transport chain (ETC), electrons are pumped

across the inner mitochondrial membrane (from reduced
compounds to molecular oxygen) to create an efflux for
synthesis of energy [18]. According to the free radical or
oxidative stress hypothesis of ageing, there are a number
of timeline events occurring during oxidative phosphoryla-
tion resulting in leaching of electrons from mitochondrial
membranes which reacts with oxygen, forming free radi-
cals such as superoxide, ultimately impairing redox bal-
ance [19, 20]. The free radical theory has been succeeded
by the damage theory hypothesis which suggests that ageing
can be associated with the frequent and inevitable cumulative
damage at a molecular level caused by accumulated reactive
oxygen species (ROS) and its by-products and enzymes
[21]. Accumulated reactive oxygen species (ROS) leads to
reversible and irreversible changes within cells, resulting in
loss of molecular functioning and increased oxidative stress,
a phenomenon frequently associated with senescence, as
shown in Figure 1 [19, 20].

Mitochondrial functioning in ageing has been studied
extensively; it has been reported by a number of articles
that mitochondrial density, respiratory capacity, and ATP
production decline with cellular ageing [22-24]. Apart
from reduced functionality, ageing is accompanied with
damaged mitochondrial DNA (mtDNA), mutations, and
mitophagy [22, 25].
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Impaired redox signalling induces various modifications
within the macromolecules and mutations within mtDNA;
however, deleterious effects of these mtDNA mutations are
still not fully elucidated [26-28]. The bottleneck effect, which
explains genetic drifts and variations in small population
subsets, as is the case with mtDNA mutations, may transmit
small variations in germlines which are amplified in later
stages of oogenesis [29, 30]. A few studies have reported that
mutations in yeast mtDNA result in a shorter lifespan when
mitophagy is inhibited [31, 32]. Reduced mtDNA copy num-
bers have been associated with ageing and associated diseases
including cardiovascular disease (cardiomyopathy, athero-
sclerosis), neurodegenerative disease (Alzheimer’s disease,
Parkinson’s disease), cancer, and premature ageing of ovaries
in women (33, 34].

Mitophagy is a protective mechanism to maintain mito-
chondrial quality, remove mutated mtDNA, and ensure
mitochondrial homeostasis [35]. Furthermore, mitochon-
drial dynamics are maintained through frequent mitochon-
drial fission and fusion [36]. Oxidative damage to the
mitochondria can cause impaired fission with asymmetric
membrane potentials of daughter mitochondria which fail
to fuse effectively, resulting in accumulated malformed mito-
chondrial proteins with decreased autophagic capacity [37].
Palikaras et al. showed that mitophagy is required for longev-
ity in C. elegans as a result of reduced insulin/IGF-1 signal-
ling or impaired mitochondrial function [38].

Furthermore, loss of mitochondrial biogenesis through
an imbalance of mitophagy and mitochondrial fission/fusion
and accumulation of mitochondrial debris leads to cardiac
ageing in mice [39, 40].

Impaired mitochondrial functioning is reflective of the
mitochondrial unfolded protein response (UPR™) [41]
which is regulated by communication between mitochon-
drial and nuclear proteins, where nuclear remodelling is
required for the activation of UPR™ [42]. When stress is
induced within cells, UPR™ is upregulated to promote
repairs, but in cases of prolonged UPR™ action, mutations
may be induced within the mtDNA [42]. Experiments on
C. elegans have shown that UPR™ upregulation and imbal-
ance in mitonuclear response induce longevity [43, 44].

Cell senescence is a result of nuclear damage usually
associated with high oxidative stress and accumulation of
ROS, debris, or misfolded proteins. Innate immune medi-
ators with Senescence-Associated Secretory Phenotypes
(SASPs) including cytokines, chemokines, growth factors,
and proteases are responsible for clearing debris from dead
or dying cells which might activate proapoptotic p53 and
AKT signalling pathways [45-47]. In several studies,
removal of inflammatory mediators and consequent sig-
nalling caused a reversal in cellular ageing, indicating that
inflammation might be both cause and consequence in cel-
lular senescence [48-50].

3. Pathophysiology of Preeclampsia

The pathophysiology of preeclampsia, even after decades of
research, is not completely understood. Preeclampsia can be
characterised as early onset, comprising or less than 20% of

all cases, or late onset, comprising the remaining 80% [51].
Several hypotheses have been proposed to fully elucidate
the underlying pathological mechanisms [51-54]. The pla-
cental origin of preeclampsia hypothesis describes inefficient
trophoblast invasion and remodelling of maternal spiral
arteries, causing “placental syndrome,” subsequently result-
ing in preeclampsia and fetal growth restriction [51, 54].

A more recent theory proposed by Thilaganathan impli-
cated abnormal cardiovascular function driving the abnor-
mal placentation that occurs within preeclampsia, and the
placental origin of preeclampsia only holds true in the case
of early onset of the disease [52, 54]. Late-onset preeclampsia
can be attributed to underlying maternal cardiovascular dys-
function which fails to meet the haemodynamic and meta-
bolic needs of the pregnancy and also results in adverse
postpartum cardiovascular outcomes in over 50% of patients,
possibly due to the fact that both preeclampsia and cardio-
vascular diseases share similar genetic and environmental
risk factors [52].

Supporting the link between placental-mediated patho-
physiology of early-onset PE, Yung et al. examined placental
samples from preterm, term, and second trimester pregnan-
cies and demonstrated that in early-onset preeclampsia, pla-
cental pathology is associated with upregulation of the
unfolded protein response (UPR) pathway and ER stress acti-
vation along with depression of the AKT pathway, reducing
cellular proliferation [55]. These authors demonstrated
molecular differences between the two phenotypes of term
and preterm preeclampsia [55].

Roberts and Hubel, amongst others, proposed a two-
stage model of preeclampsia which was later modified to six
stages by Redman et al. [53, 56]. Redman explains that stages
1 and 2 could be an early phenomenon such as preconception
tolerance of the mother towards paternal semen or short
duration between coitus and conception, leading to poor pla-
centation and affecting the health and growth of the fetus
[53]. Stage 3 begins at around 8 weeks of pregnancy where
in uncomplicated cases, trophoblastic plugs sealing the
maternal spiral arteries recede and the establishment of
uteroplacental circulation begins [53, 57]. However, in pre-
eclampsia, there is premature opening of trophoblastic plugs
with the influx of arterial blood increasing stress within the
placenta and leading to defective placentation [53]. Stage 4
of Redman’s model is characterised by decrease in placental
growth factors in cases of preeclampsia, leading to impaired
vascular remodelling of maternal spiral arteries into larger
vessels with low resistance to blood flow by trophoblast
[53, 58, 59]. Furthermore, Redman also states that with
increased placental and endothelial damage, clinical symp-
toms of preeclampsia are evident in stages 5 and 6 [53].

The development of the placenta begins with a decidual
reaction evoked by the blastocyst in the maternal endome-
trium, eventually leading to the formation of the basal plate
[60, 61]. Trophoblasts differentiate into two types: the inva-
sive extravillous cytotrophoblast (EVT) or the villous cyto-
trophoblast which later fuse to form the multinucleated
syncytiotrophoblast [61, 62]. The extravillous cytotropho-
blasts are responsible for establishment of uteroplacental
circulation and regulation of the maternal innate immune



system [63, 64]. In uncomplicated pregnancy, extravillous
cytotrophoblasts (EVT) invade maternal spiral arteries,
veins, and lymphatic vessels of the endometrium during the
first trimester [65, 66]. EVT accumulations have also local-
ised in lymph nodes without any neoplastic changes suggest-
ing immune cell regulation by trophoblasts [65, 66].

Defective placentation results in a decrease in the angio-
genic vascular endothelial growth factor (VEGF) and placen-
tal growth factor (PLGF) and the release of deleterious
placental factors like soluble fms-like tyrosine kinase 1
(sFItl) into the maternal circulation causing generalized
endothelial dysfunction [56, 57]. Circulating sFlt1 is abun-
dant in preeclamptic women which is attributed to vascular
resistance and increase in arterial blood pressure [67]. Recent
studies in women with fetal growth restriction (FGR) with no
symptoms of preeclampsia have provided evidence of a high
sFIt1/PLGF ratio [68, 69]. Proteinuria in preeclampsia can
also be associated with high levels of placental factors like
sFlt1, precipitating glomerular endotheliosis [70]. Altered
haemodynamic and decreased vascular flow leads to persis-
tent hypoxic-oxygenated states, resulting in high oxidative
stress within the placental tissue [55, 71-74]. Even though
elevated oxidative stress is evident in trophoblasts during
uncomplicated pregnancy, prolonged oxidative stress sup-
presses trophoblast activity, worsening the situation in preg-
nancy complications [75].

The syncytiotrophoblast is the outermost layer of the
villous trophoblast, in direct contact with maternal blood,
and syncytial debris in the form of knots or nuclear aggre-
gates can be detected in maternal circulation with increasing
gestational age [76, 77]. Constant vascular flow to the syncy-
tiotrophoblast causes rapid ageing changes and requires acti-
vation of autophagy for their removal in uncomplicated
pregnancies [8, 78, 79]. During preeclampsia, the syncytio-
trophoblast experiences accelerated ageing with upregulation
of the apoptotic cascade, necrotic breakdown with release of
necrotic debris, and increase in syncytial aggregates [77, 80].
It has been observed that the syncytiotrophoblast secretes
Senescence-Associated Beta-Galactosidase (SA-Gal) along
with elevation of proapoptotic p53 and CDK inhibitors, indi-
cating cessation of cell cycle and senescence [81, 82].

A recent review by Cox and Redman outlines the bio-
chemical pathway and the mechanism of ageing of placental
cells following oxidative stress [8]. They outline that the early
onset of senescence in preeclampsia can be due to excessive
ROS accumulation and oxidative/endoplasmic reticulum
(ER) stress leading to mTORC pathway (cell cycle regulator)
activation and production of Senescence-Associated Secre-
tory Phenotype (SASP) proteins which then activates the
cyclooxygenase pathway and enhances generation of proin-
flammatory cytokines and chemokines [8].

4. Cellular Senescence in Adverse
Pregnancy Outcomes

Trophoblasts mimic cancer cells by displaying invasiveness
in order to support growth of the fetus. Like neoplastic cells,
trophoblasts maintain their telomere length and Human
Telomerase Reverse Transcriptase (hTERT) level in
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uncomplicated pregnancies [83, 84]. During the first trimes-
ter, the trophoblast experiences low oxygen tension or a
physiologic hypoxic state, associated with the upregulation
of HIF-1a. This low oxygen tension state is responsible for
the modelling of villous architecture and maintenance of cel-
lular integrity by preservation of telomere length and upreg-
ulation of telomerase enzymes [85, 86]. This physiologic state
is altered at the end of the first trimester when the placenta
becomes oxygenated [87]. The telomere length remains con-
stant throughout normal pregnancy, but in certain condi-
tions like fetal growth restriction and uncontrolled diabetes,
telomere length is significantly reduced [88, 89]. Telomere
changes could be associated with increased oxidative stress,
leading to DNA damage and activation of damage response
(DDR) through the p53 pathway and promoting senescence
of the trophoblast [9, 84]. In 2010, Biron-Shental et al. were
the first to report evidence of cellular senescence in pre-
eclampsia and fetal growth restriction. They demonstrated
that in preeclampsia and IUGR pregnancies, telomeres are
significantly shorter in the trophoblast with reduced expres-
sion of hTERT' with increased frequency of telomere aggre-
gates when compared to uncomplicated pregnancies [90].
These placental alterations were not present at 37-41 weeks’
gestation, indicating premature ageing of the placenta in
these pregnancy complications [90].

The placenta ages gradually, and the presence of senes-
cence markers such as p2l, pl6, p53, and Rb proteins
towards the term supports the ageing hypothesis of the
normal placenta [91]. Recently, a study by Nuzzo et al. shows
cell cycle changes with upregulated cyclin D1 (cell cycle
regulator) and PARP1 (expressed on DNA damage and
age-related changes) with downregulation of JunB (senes-
cence suppressor gene) in placental mesenchymal stromal
cells (PMSC) extracted from the preeclamptic placenta when
compared to the normal placenta [92]. Additionally, Sharp
et al. found an imbalance between p53 (senescence-inducing
and proapoptotic gene) and MDM2 (p53 suppressor) signal-
ling in placental proteins in the syncytiotrophoblast but not
in the cytotrophoblast in patients with early-onset pre-
eclampsia [93]. Finally, Gao et al. reported the upregulation
of p53 signalling and cell cycle arrest with activation of
proapoptotic BAX and caspase proteins in human umbilical
vein endothelial cells (HUVEC) taken from patients with
preeclampsia when compared to that from uncomplicated
pregnancy controls [94].

Activation of DDR pathways, mtDNA mutations, and
endogenous stress like ROS accumulation and redox signal-
ling can cause epigenetic modifications. Epigenetics can be
defined as physiologic changes which cannot be attributed
to the genetic code but rather modifications like phosphory-
lation, acetylation, or methylation of DNA or histone pro-
teins in the nucleus [95]. Either these changes could be an
adaptive response to persistent stimuli or they could be viru-
lent modifications leading to irreversible alterations in germ
cells [96]. The link between epigenetics, ageing, and age-
related disorders has been demonstrated in several studies.
Remodelling of chromatin may include methylation or
demethylation of histone residues at specific sites, which
can induce epigenetic changes within the cells [95, 96]. Lowe
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et al., through their research on endothelial cells collected
from the coronary artery of a 19-year-old male, discussed
that cellular ageing can be estimated precisely through
intrinsic properties of cells known as the epigenetic clock
indicated by specific DNA methylation or cytosine methyl-
ation of CpG islands, which may speed up ageing under
certain conditions [97]. Madrigano et al., through their
longitudinal study in an elderly population, showed that
gene-specific DNA methylation is strongly associated with
ageing and age-related disorders [98].

Epigenetic changes have been demonstrated within pla-
cental tissue including DNA methylation patterns, binding
ability of DNA-binding proteins or DBP (especially in the
cytochrome p450 gene), methylation patterns on imprinted
regions in HI19/IGF2 genes, and methylation of histone
proteins within the human growth hormone in placental
chromatin [99]. In a recent study by Eddy et al., histone mod-
ifications were evident in the BeWo placental trophoblast
when exposed to hypoxic conditions with marked hypome-
thylation of cytosine, an epigenetic change usually evident
in age-related pathologies [100].

5. Mitochondrial Dysfunction-Associated
Ageing Changes in the Placenta

The placenta is a highly metabolic organ, requiring robust
mitochondrial activity. Even with normal mitochondrial
function, continuous changes within the extravillous tropho-
blast (EVT) and vascular remodelling lead to increased ATP
production through oxidative phosphorylation [101, 102].

Accumulation of ROS such as superoxide, nitric oxides,
and peroxynitrite results in oxidative stress during early
pregnancy [101]. ROS are signalling molecules which have
predominance over apoptotic, redox, and inflammatory-
mediated signalling pathways, respectively [103, 104]. ROS
can be generated from a number of sources including mito-
chondria (mROS), NADPH oxidases, xanthine oxidase, or
p450 enzyme [105, 106]. Reactive oxygen species (ROS) alter
macromolecules through oxidative damage to proteins
affecting gene functioning, lipid peroxidation with increased
polyunsaturated fatty acid circulation, and loss of cellular
membrane integrity [107-109]. Upregulation of ROS and
its by-product generation, lack of clearance, and redox sig-
nalling have direct links to both mitochondrial and cellular
ageing. In addition to these changes, oxidative stress activates
the Mitogen-Activated Protein Kinase (MAPK) pathway via
the Stress-Activated Protein Kinase/Jun N-Terminal Kinase
(SAPK/JNK) or p38 pathway in response to DNA damage,
which further leads to cessation of cell proliferation, and cel-
lular senescence [110].

Within the placenta, protein nitration and lipid perox-
idation have been shown to be significantly higher in tis-
sue isolated from preeclampsia patients compared with
uncomplicated pregnancy [111-113]. Lipid peroxidation
can be either enzymatic, catalysed by lipoxygenase enzymes,
or nonenzymatic in the presence of free radicals [114]. Non-
enzymatic lipid peroxidation is upregulated with ageing, and
its products are highly expressed in age-related diseases such
as atherosclerosis [115]. In 1998, Wang and Walsh described

that placental lipid peroxidation was significantly higher in
preeclampsia [111]. They established that high lipid peroxi-
dation levels are a result of escalated mitochondrial mass in
poor vascular flow to meet energy requirements in pre-
eclampsia [111].

Various systematic reviews have indicated elevated lipid
oxidation levels in preeclamptic maternal serum and plasma,
usually associated with impaired antioxidant defence when
compared with uncomplicated pregnancies [116, 117].

Low vascularization of the placenta results in a reduction
in mitochondrial size, number, and activity [118, 119]. A
recent study by Venkata et al., using the reduced uterine per-
fusion pressure (RUPP) model of preeclampsia in rats,
showed significant reduction in mitochondrial respiration,
especially in stage 3, and increased hydrogen peroxide pro-
duction when compared to control rats [118].

Nitric oxide signalling regulates cell processes such as
apoptosis, differentiation, and division [120]. Extravillous
trophoblastic activity such as migration and invasion could
be affected by two subtypes of nitric oxides, eNOS (endothe-
lial nitric oxide synthase) and iNOS (inducible nitric oxide
synthase) [120]. Nitration of proteins may either have no
effect or exhibit loss/gain of functionality. In the placenta,
peroxynitrite may alter vascular reactivity and uteroplacental
circulation in pregnancy complications such as preeclampsia
[91, 121]. Upregulation of NOS activity and peroxynitrite
accumulation in preeclampsia may result in depression of
mitochondrial activity by inhibiting the electron transport
chain and nitration of mitochondrial proteins and antioxi-
dants such as mitochondrial superoxide dismutase (MnSOD)
along with activation of trophoblastic apoptosis [122].

As shown in Figure 1, ageing is usually associated with
mitochondrial dysfunction as a direct consequence of loss
of mitochondrial dynamics and increased mitochondrial
damage [122, 123]. Mitochondria undergo continuous fis-
sion and fusion to maintain mitochondrial dynamics, failure
of which may lead to accumulation of mitochondrial debris
and deteriorate mitochondrial functioning [122, 123]. It is
believed that mitochondrial dynamics are altered in pre-
eclampsia with altered expression of mitochondrial autoph-
agy regulator genes like OPA1, SIRT3, and MNF2/1, but
limited research has been conducted to fully understand the
signalling process [124, 125]. Recently, Ausman et al
reported that mitochondrial dynamics in preeclampsia is
inclined towards mitochondrial fission with increased phos-
phorylation of the DERP1 gene in mitochondria isolated
from preeclamptic placentas [126]. These changes were
accompanied by accumulation of ceramides which upregu-
lated BOK, a proapoptotic protein in preeclamptic placental
tissues when compared with normal placenta indicating
increased trophoblastic autophagy in preeclampsia and
IUGR [126].

Antioxidants are produced by cells to neutralise ROS
products by converting them to oxygen and hydrogen perox-
ide, which is further broken down to form water. Antioxi-
dants are also considered as antiageing agents and can be
classified into subtypes: enzymatic such as superoxide dismu-
tases (SODs), catalases, and peroxidases or nonenzymatic
such as vitamins (A, C, and E), bilirubin, and uric acid
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TaBLE 1: Senescence markers associated with placental ageing in adverse pregnancy outcomes.

Maternal plasma/serum (1) Mitochondrial dysfunction
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T sST2 level
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(2) miRNA/IncRNA 7 PARP1
Trophoblastic cell lines (3) DNA damage response T p53
(4) Senescence regulators | JunB
(5) Epigenetic changes | MDM2
THypomethylation of cytosine
Tp53
| hTERT
(1) DNA damage response ! TelomTeIE: :;g(gregates
Placenta (2) Cell cycle regulators TLipid peroxidation

(3) Mitochondrial dysfunction

T NOS activity
T Peroxynitrite synthesis
T Phosphorylated DERP1 gene

[127, 128]. Oxidative stress ensues when there is an imbal-
ance between the ROS by-products produced and those
scavenged by antioxidants [128, 129]. All major antioxi-
dants are localised in the placenta to reduce oxidative
stress, and their activity is dependent on the amount of
stress experienced by the cells [71]. In preeclampsia and
IUGR, antioxidant activity is attenuated when compared
to uncomplicated pregnancies, as shown in Figure 1 [127].

6. Senescence Markers in Adverse
Pregnancy Outcomes

A major obstetric challenge has been to establish biomarkers
for detection of pregnancy complications such as preeclamp-
sia and IUGR in maternal body fluids. Various markers of
mitochondrial dysfunction and oxidative stress have been
investigated as early biomarkers for pregnancy disorders, as
shown in Table 1. In 2012, Qiu et al. were the first to report
elevated mtDNA levels in the maternal peripheral blood in
preeclampsia indicating high oxidative stress and mitochon-
drial dysfunction [132]. A recent case-control study by Wil-
liamson and McCarthy and Kenny found elevated mtDNA
copy numbers in maternal plasma at 15-20 weeks’ gestation
in preeclamptic cases compared to those in uncomplicated
pregnancy controls [133, 134]. Furthermore, this study also
demonstrated significant reduction in the antioxidant mito-
chondrial superoxide dismutase (mSOD) level at 15 weeks’
gestation in women who later developed preeclampsia, thus
vindicating mitochondrial dysfunction as a pathophysiologi-
cal event in preeclampsia [134]. Another similar study by
Marschalek et al. indicated similar results with elevated
mtDNA copy numbers in maternal serum detectable in
early-onset preeclampsia [135].

Apart from mitochondrial dysfunction, inflammation
and inflammatory mediators are evident in premature ageing
of the placenta. Certain ageing-associated inflammatory
markers such as Senescence-Associated Secretory Pheno-
types (SASPs) are elevated in preeclampsia [136].

Kupferminc et al. showed that TNF-« is significantly ele-
vated in amniotic fluid and maternal plasma in severe pre-
eclampsia [137]. sST2 (soluble ST2) is a member of the
interleukin-1 family, expressed abundantly in endothelial
cells, and usually associated with age-related disorders such
as cardiac diseases [138]. In the case of elevated cell death
and necrotic signalling, the 1L33/STL2 pathway is triggered
by Toll-Like Receptor-1 (TLR1) activation which leads to
upregulation of the cytokine and chemokine influx [139]. A
recent longitudinal study by Romero et al. reported signifi-
cant elevation of sST2 levels in maternal plasma in risk
patients almost 6 weeks prior to development of pre-
eclampsia [140].

MicroRNAs (miRNA) and long noncoding RNAs
(IncRNA) are noncoding RNAs that have the potential for
gene regulation [141]. miRNAs are available in bodily fluids
and are now being regularly investigated as both biomarkers
and perspective therapeutics. In the uterus, miRNAs are con-
trolled by steroidal hormones and they are responsible for
efficient placentation. Recent work by Tan et al. stated that
in adverse placental conditions like preeclampsia, long non-
coding RNA, IncRNA DLX6-AS]1, is overexpressed in tro-
phoblastic cell lines, resulting in upregulation of mir-376¢
which is responsible for cell cycle arrest [142].

7. Potential Therapeutics and Future
Perspectives for Adverse
Pregnancy Outcomes

Ageing is a unidirectional process which cannot be reversed;
however, research focused on reducing oxidative stress by
restoring mitochondrial fitness could be a potential therapy
for adverse pregnancy outcomes [143]. Mitochondrial fitness
is acknowledged as the key regulator for cell cycle progres-
sion and metabolism with mitochondrial interactions with
other organelles including the nucleus and endoplasmic
reticulum (ER) ensuring homeostasis of cellular dynamics
and viability. In pregnancy complications, chronic oxidative
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stress leads to mitochondrial dysfunction resulting in loss of
mitochondrial signalling stability [102]. Antioxidant supple-
ments such as vitamins C and E given during pregnancy have
not demonstrated any significant effects in reducing oxida-
tive stress.

However, continued research for more effective antioxi-
dants have shed light on a few cytoprotective agents targeting
the mitochondria.

A recent study has demonstrated that a mitochondria
targeting antioxidant, MitoTEMPO, is cytoprotective against
ROS-induced cell death [134]. When HUVEC cells were pre-
treated with MitoTEMPO before exposure to 3% plasma
from preeclampsia pregnancies, it resulted in significant
reduction in cellular superoxide production, normalization
of mitochondrial functioning, and reduction in inflamma-
tory influx [134]. Recently, another study done by Nuzzo
et al. demonstrates that mitochondrial-targeting antioxidant
MitoQ-treated pregnant rats exhibit normalized placental
volumes and rescued fetal growth restriction in hypoxic con-
ditions [144]. Furthermore, they discussed that MitoQ has
the potential to regulate the cell cycle through the MAPK
proliferation signalling pathway [144].

Finally, ergothioneine is a water soluble amino acid that
has been shown to be cytoprotective. Ergothioneine primar-
ily targets the mitochondria and can scavenge ROS, induce
cellular proliferation, and repair through upregulated antiox-
idant pathways [145]. The multitude of benefits of antioxi-
dants targeting and normalizing mitochondrial functioning
and dynamics may become potential prenatal therapeutics
for adverse pregnancy outcomes [145].

8. Conclusion

Senescence is beneficial to multicellular organisms especially
for elimination of mutations and prevention of cancers.
However, in the presence of persistent undesirable stress, this
process can accelerate unnaturally and result in serious
health complications. In adverse pregnancy outcomes such
as preeclampsia and fetal growth restriction, placental insuf-
ficiency is accompanied with aberrant signalling for prema-
ture placental senescence and apoptosis. As summarized
through Figure 1, this review has highlighted the current
knowledge on the role of placental mitochondrial dysfunc-
tion, cellular senescence, and the placental ageing axis in
adverse pregnancy outcomes.

Future research should focus on furthering our under-
standing of premature placental ageing as a pathophysiol-
ogy in pregnancy disorders and investigating novel ways
to improve outcomes such as preeclampsia and fetal
growth restriction.
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Abstract: Oxidative stress is associated with a myriad of diseases including pregnancy pathologies
with long-term cardiovascular repercussions for both the mother and baby. Aberrant redox signalling
coupled with deficient antioxidant defence leads to chronic molecular impairment. Abnormal placen-
tation has been considered the primary source for reactive species; however, placental dysfunction
has been deemed secondary to maternal cardiovascular maladaptation in pregnancy. While various
therapeutic interventions, aimed at combating deregulated oxidative stress during pregnancy have
shown promise in experimental models, they often result as inconclusive or detrimental in clinical
trials, warranting the need for further research to identify candidates. The strengths and limitations of
current experimental methods in redox research are discussed. Assessment of redox status and oxida-
tive stress in experimental models and in clinical practice remains challenging; the state-of-the-art of
computational models in this field is presented in this review, comparing static and dynamic models
which provide functional information such as protein-protein interactions, as well as the impact of
changes in molecular species on the redox-status of the system, respectively. Enhanced knowledge of
redox biology in during pregnancy through computational modelling such as generation of Systems
Biology Markup Language model which integrates existing models to a larger network in the context
of placenta physiology.

Keywords: oxidative stress; preeclampsia; systems biology; antioxidant therapy; integrative mod-
elling; cardio-obstetrics

1. Introduction

Reactive oxygen and nitrogen species (RONS) are recognised as important signalling
molecules within cells. Redox signalling occurs when a biological system alters in response
to a change in the level of a particular reactive species (RS) or the shift in redox state of a
redox-sensitive group. RONS are physiological signalling molecules at low levels but cause
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oxidative stress (OS) at high levels, resulting in damage to cell organelles, especially mito-
chondria. The role of OS has been extensively proven in pathological outcomes, including
but not limited to aging, diabetes, cancer, and cardiovascular diseases (CVD) [1-4].

OS is considered a hallmark of pregnancy pathologies such as preeclampsia (PE), de-
fined by de novo hypertension and proteinuria after 20 weeks of gestation, and intrauterine
growth restriction (IUGR), a condition where foetal weight at birth falls below the 10th
percentile for comparable gestational age [5,6]. Evidence suggests that defective placental
implantation causes reduced remodelling of maternal spiral arteries, maintaining high
resistance and a contractile phenotype, resulting in reduced blood flow to the placenta
and the foetus. The placenta therefore remains abnormally susceptible to fluctuations in
blood flow and pressure, leading to ischemic reperfusion injury, with excessive production
of RONS and antioxidant imbalance. Toxic by-products are released into the maternal
circulation and are detectable biomarkers of OS, which have an impact on the maternal
vasculature, as seen in PE through endothelial dysfunction (ED) [7,8]. Predisposition to
PE has been linked to the same risk factors for CVD, suggesting an inter-play between the
placenta and the cardiovascular system. This is supported by evidence that cardiovascular
injury can occur before the development of PE. The inability of the cardiovascular system
to sustain the challenge of pregnancy may therefore be the cause of reduced blood flow to
the placenta, resulting in pregnancy pathologies [9].

In recent years, experimental data collected from redox studies in a wide variety of
model organisms such as bacteria, yeast, plants, and mice have been used to develop
computational models and to make inferences on redox signalling in the human system.
These models allow us to investigate how changes in stimuli such as growth factors,
oxygen tension, RONS and antioxidant levels can impact the fine balance between redox
homeostasis and damage, culminating in pathological outcomes [10].

The scope of this review is to summarise the processes involved in redox-signalling
and oxidative damage, in the context of pregnancy and cardiovascular regulation, while
presenting state-of-the-art redox-specific computational modelling, which could prove
fundamental in advancing our understanding of OS in pregnancy and cardio-obstetrics.

1.1. Redox Signalling

Redox signalling cascades are based on processes of electron-transfer and involve RS
and antioxidant cellular systems, as well as redox-sensitive effector proteins. Downstream
of stimuli such as OS, metabolic changes, or inflammation, the controlled and spatially
confined production of RS is an important cellular mechanism to generate key second
messengers (i.e., HyO,, NO) that reduce the risk of cellular damage [11,12]. These path-
ways regulate cell proliferation, autophagy, inflammation, apoptosis, cardiovascular tone
regulation and hormone production [13-17].

Effector proteins including kinases, phosphatases, transcription factors, chaperones,
and enzymes, partake in reversible redox reactions in the presence of key cysteine residues
and respective sulthydryl groups (-SH), as well as transition metal groups (i.e., selenium,
iron, manganese) [18-20]. Oxidation or reduction of these functional groups is considered
as a post-translational modification (PTM), usually resulting in a conformational change of
the effector protein, influencing dimerization and altering its biological activity, specificity
and/or stability.

1.2. Reactive Species

Mitochondria are the primary source of intracellular reactive oxygen species (ROS).
During ATP production by the mitochondria via the electron transport chain (ECT), electron
leakage can occur which react with oxygen, generating free radicals’ superoxide ¢O,~,
hydroxyl HOe, peroxyl radicals ROOs, and non-radical hydrogen peroxide H,O, [21,22].
Membrane-embedded NADPH oxidase enzymes (Nox) are the second main source of ROS,
generating superoxide from NADPH and oxygen [23]. Dual oxidases (DUOX), DUOX1
and DUOX2, are the sole members of the Nox family to contain an additional, extracellular,
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peroxidase-like domain that catalyses the extracellular synthesis of HyO; [24]. Apart from
the mitochondria, ROS production also occurs in peroxisomes, lysosomes, Golgi, and
endoplasmic reticulum membranes, by xanthine oxidases during purine degradation, cy-
tochrome P450 is involved in biosynthesis of fatty acids and clearance of xenobiotics [25-28].

The main reactive nitrogen species (RNS), nitric oxide (NO), is an important signalling
molecule involved in PTM, endothelium-mediated vasodilation, angiogenesis, neural
development, and immune responses [29,30]. In the presence of ROS, more destructive
RNS such as nitrogen dioxide (éNO,), dinitrogen trioxide (N;O3), dinitrogen tetroxide
(N20Oy), and peroxynitrite (ONOQO™) are generated. In the presence of CO; ONOO™
generates eNO, and eHCO3;, which are highly reactive carbonate radicals and have a
strong tendency to interact with proteins and lipids, resulting in damaging nitrosylation
and carbonylation [31]. The oxidative modification of cysteine residues by NO to form
S-nitrosothiols is called S-nitrosylation, which triggers a change in protein structure, alters
protein—protein interactions and enables further PTMs such as phosphorylation, acetylation,
ubiquitination, and disulphide bond formation. S-nitrosylation is a tightly regulated,
key mechanism through which NO signalling is propagated within the cell, tissue, and
microenvironment [31].

NOS are cytoplasmic enzymes that catalyse NO generation from L-arginine, NADPH,
and oxygen, when binding to specific cofactors calcium-calmodulin, NADPH, Flavin ade-
nine dinucleotide (FAD), flavin mononucleotide (FMN), heme and tetrahydrobiopterin
(BH4). Endothelial (eNOS), neuronal (nNOS) and inducible NOS (iNOS) have been iden-
tified as three isoforms of NOS expressed by immune cells [32,33]. When NOS becomes
uncoupled from its substrate or cofactors, it generates superoxide [34]. Reactive Sulfur
Species (RSS) go beyond the scope of the current review [35].

1.3. Antioxidant Cellular Systems

Antioxidant molecules maintain the cell in a reducing environment and are responsible
for detoxification of RONS, by partaking in redox reactions, undergoing reversible oxida-
tion, usually at the expense of NADPH [36]. Antioxidant enzymes are found abundantly in
the molecular environment. Superoxide dismutase (SOD) catalyses the conversion of su-
peroxide to HyO, through a metal group in the active site. Copper and zinc-SOD are found
both in the cytosol and extracellularly, whereas manganese-SOD is mitochondrial [37-39].
Catalase (CAT) converts H,O, into water and oxygen by reduction of the iron atom, at
the centre of the heme group in the active site [40,41]. Thioredoxins are small enzymes
characterised by two proximal cysteine residues in the active site (CXXC motif). The free
sulfhydryl groups (-SH) are oxidised to a disulphide bond (-SS-), and the electrons are trans-
ferred to acceptor molecules in the cells, RS, oxidised proteins and lipids, redox-signalling
effector proteins, in a process of reversible oxidation. Reduction of thioredoxin is mediated
by thioredoxin reductase (ThxRed), using NADPH as substrate [42,43]. Glutathione (GSH)
is the primary antioxidant involved in redox state homeostasis and drug detoxification,
serving as electron-donor in redox reactions. The two free sulthydryl groups of two re-
duced GSH molecules are oxidised to form a disulphide bond, in the dimeric glutathione
disulphide (GSSG). Through GSH oxidation to GSSG, Glutathione S-transferases mediate
detoxification of cytotoxic substances and xenobiotics, while Glutathione Peroxidase (GPx)
converts hydrogen superoxide to water and oxygen [44]. Glutathione reductase reconverts
GSSG to GSH, using NADPH [45]; the GSH/GSSG ratio is a key biomarker of the cellular
oxidative state.

2. Redox Signalling in Pregnancy

Pregnant women are exposed to increased levels of Reactive Oxygen and Nitrogen
species (RONS) throughout pregnancy. Elevated levels of free radicals are crucial for
the development of a successful foetal-maternal interface within the placenta making
them indispensable for signalling transduction, activating proangiogenic genes, promoting
vasodilation, and anti-inflammatory processes as well as activation of redox-sensitive



Antioxidants 2022, 11, 585

4 of 24

2.5% 0,

Plasma
Membrane

transcription factors and protein kinases [46—48]. Activation of redox-sensitive transcription
factors such as activator protein 1(AP-1), p53 and nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-kB) are essential for regulation of pro-inflammatory cytokines, cell
differentiation, and apoptosis. Activation of protein kinases regulates the cell cycle and
signalling pathways through regulation of mitogen activated protein kinase (MAPK).
RONS production occurs mainly in the placental mitochondria [48,49] During the
early stages of pregnancy, low oxygen tension (2.5% O,) is a key activator and regulator of
hypoxia-inducible factors (HIF-1« and HIF-2) within the placenta, increasing the level of
eNOS in extravillous trophoblasts and also modulation of the angiogenic mediator, vascular
endothelial growth factor (VEGF). Increased levels of eNOS and VEGF stimulate invasion,
angiogenesis, proliferation, and migration of trophoblasts into the maternal decidua [50-52].
Figure 1 recapitulates HIF-1o signalling in the trophoblast during the first trimester.

HIF-1a Signaling in the Trophoblast

NOX
l,ROS e Trophoblast
! L proliferation, migration
Y 2ll=ale] ARNT g VEGF and invasion
w HIF-1a eNOS i i
SR Angiogenesis
Nucleus Vascularisation

Hypoxia-mediated stabilisation of HIF-1q,
resulting in transcriptional activation

Figure 1. HIF-1x signalling in the trophoblast, during the first trimester. Dashed arrows indi-
cate activation, upright arrow indicates increase, blue arrow indicates transcription, black arrow
indicates generation.

At the end of the first trimester, trophoblasts have invaded the maternal spiral arteries
reaching the myometrium, which allows adequate blood flow from the mother to the
placenta. Blood availability increases oxygen tension to 8.5% which promotes trophoblast
differentiation and maturation. In syncytiotrophoblasts, increased oxygen levels coupled
with demanding nutritional requirements stimulate mitochondrial metabolic activity lead-
ing to a switch in steroidogenic state, generating elevated concentrations of ROS [49,52,53].
In order to inactivate these free radicals, the placenta produces numerous antioxidant en-
zymes including CAT, SOD and GPx [52]. In addition, low-molecular-weight compounds,
such as vitamin C, 3-carotene, ascorbic acid, and glutathione, are produced by the placenta
to combat rising OS [47,52].

Disruption of the delicate balance between antioxidants and oxidants increases free
radicals in the maternal circulation and causes lipid peroxidation, protein degradation
and ultimately cell death and ED [47]. Deficiency in the antioxidant defence, abnormal
phosphorylation of the aforementioned transcription factors and protein kinases, results in
an increase in soluble fms-like tyrosine kinase-1 (sFlt-1) levels and subsequent placental
malperfusion [47,48]. Within the placenta, inefficient invasion of trophoblasts into maternal
spiral arteries results in deficient blood flow, hypoxia, and ischemia, exacerbating free
radicals release in the maternal circulation. Trophoblast damage results in the secretion of
molecules implicated in ED, such as metalloproteases (MMPs), sFLT1 and soluble endoglin
(sEng), inflammatory cytokines (TNF-«, IL-6), intracellular adhesion molecules ICAM-1)
and vascular cell adhesion molecules (VCAM-1) responsible for vascular remodelling,
smooth muscle hypertrophy and cellular apoptosis [47,54].
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The placenta, being a highly metabolic organ, requires a substantial amount of en-
ergy to maintain physiological and morphological functions and to support the growth
and development of the foetus. Hence, the placenta has significant oxygen requirements
throughout pregnancy [53]. Dysregulation of ROS signalling during pregnancy is linked to
several pregnancy pathologies such as recurrent miscarriage, PE, IUGR, Gestational Dia-
betes Mellitus (GDM) and preterm birth [47,49,50,52]. The pathophysiological mechanisms
involved in redox regulation during pregnancy are summarised in Figure 2.
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Figure 2. Role of Oxidative Stress in Pregnancy Pathologies.

2.1. Role of Oxidative Stress in Adverese Pregnancy Outcomes

Despite extensive investigation, a defined pathological relationship between OS and
adverse pregnancy outcomes is yet to be fully elucidated. During GDM, the mother de-
velops glucose intolerance in the second part of pregnancy. ROS associated with GDM
is mainly produced by prolonged exposure to hyperglycemia. Glucose auto-oxidation
increases the concentration of free radicals overwhelming the antioxidant response and
resulting in increased protein carbonylation in the placental cell membranes [55]. Addition-
ally, oxidative and nitrosative stress can exert synergistic effects. S-nitrosylation-mediated
modifications result in structural alterations in term GDM placentas that show increased
villous immaturity, increased angiogenesis and altered trophoblast proliferation and differ-
entiation [56,57].

IUGR is characterized by the inability of the foetus to meet a standard growth curve.
It has been hypothesized that the development of this pathology is due to first-trimester in-
sufficient placentation and incomplete invasion of the maternal arteries leading to placental
ischaemia [58]. Lipid peroxidation, DNA damage and ROS biomarkers (malondialdehyde,
xanthine oxidase, glutathione peroxidase, superoxide dismutase and catalases) are elevated
in pregnancies affected by IUGR [55].

Although there are several hypotheses on the aetiology of PE, the most common
event is an injury to the vascular endothelium [58]. Increased vascular resistance reduces
trophoblastic invasion of the maternal spiral arteries, leading to intermittent placental
perfusion which increases ROS within the trophoblast and endothelial cells [55,58]. Other
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studies suggest the inability of the syncytiotrophoblasts to sense and generate ROS, pos-
sibly due to the abnormal regulation of NADPH in this cellular layer [55]. PE shows an
extensive disturbance level of the maternal vasculature, which is not observed in IUGR
pregnancies, but is present when PE and IUGR occur simultaneously. A recent theory for
the development of PE has been attributed to poor maternal cardiovascular health failing
to compensate for haemodynamic and metabolic requirement during pregnancy, a result of
genetic or environmental risk factors [9,59].

In all the mentioned pregnancy pathologies, the placenta is in an environment of
elevated concentrations of RONS, which may lead to the shortening of the telomeres and
cellular metabolic arrest and induce cell senescence or promote placental apoptosis [55].
Thus, premature placental ageing of the foetal-maternal interface is exacerbated in the high
oxidative environment and is commonly observed in adverse pregnancy outcomes.

2.2. Effects on Oxidative Damage to Foetal Health

Pathological pregnancies compromise the intrauterine environment, which may lead
to foetal cells reprogramming to overcome the stressors. Foetal programming implicates
alterations of physiologic systems of cardiovascular control, ultimately increasing the risk
of future susceptibility to cardiometabolic diseases. This phenomenon is denominated the
Developmental Origins of Health and Diseases (DOHaD), stated by Dr Barker after study-
ing the association of maternal undernutrition with the increased incidence of coronary
heart disease, hypertension, and obesity in adult life [60,61].

The most studied reprogramming association is the link between foetal undernu-
trition and the development of cardiovascular diseases and associated risk factors such
as hypertension, cardiac hypertrophy, and obesity. However, other less studied asso-
ciations have been observed. Increased levels of maternal cortisol are associated with
behavioural problems during childhood. Excessive concentrations of glucocorticoids in
GDM or obese mothers are associated with the reprogramming of the foetal hypothalamus-
pituitary-adrenal (HPA)-axis at both the basal and the stress-induced level. OS is associated
with the development of autism spectrum disorders, hypertension, heart diseases, a de-
creased number of nephrons and kidney dysfunction through the dysregulation of the
Renin-Angiotensin system. In animal studies, intrauterine hypoxia induces foetal growth
restriction, cardiovascular dysfunction, multiorgan morbidities associated with brain, heart,
liver, and kidney [62-65]. Animal models have observed that hypoxia during intrauter-
ine life induces left ventricular hypertrophy, susceptibility to develop arrhythmias and
ischemia-perfusion injury. Undernutrition during the foetal life in sheep is linked to cardiac
hypertrophy with the increased NADPH oxidase in the heart prior to the observation of
hypertension [60].

Interestingly, foetal outcomes after intrauterine ROS imbalance have a sexual-dimorphic
response. The female foetus seems to have a certain degree of protection, leading to re-
duced hypertension or a milder hypertensive form. Antioxidant deficiency equally seems
to show the same sexual-dimorphism pattern, where female offspring express much higher
amounts of renal antioxidants than male foetuses. This sexual dimorphic response can be ex-
plained by the prospective role of oestrogen’s ability to overcome and adapt to suboptimal
intrauterine conditions in female foetuses [60,66—68].

2.3. Effects on Oxidative Damage in Pregnancy on Future Maternal Health

In healthy pregnant women there is systemic maternal vasodilation with a decrease in
peripheral vascular resistance, increase in cardiac output, and thickness of the left ventric-
ular wall. In pathological pregnancies, oxidative dysregulation and high concentrations
of inflammatory cytokines increase ED, arterial stiffness, vascular resistance and impairs
myocardial contractility, leading to left ventricular hypertrophy in the mothers. Persistent
ED increases to a 14.5-fold risk of developing a poor cardiometabolic after delivery and
years after delivery. PE is associated with a 2- to 7-fold increase in the risk of CV diseases
later in life; 3% of PE women develop cardiopulmonary complications and 70% of these
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occur after delivery [69]. Women suffering from PE show subclinical atherosclerosis and
are more likely to be treated for primary hypertension within 10 years after delivery. These
associations are still significant after adjusting for confounding conditions before pregnancy,
making PE a risk factor for the development of CVD and not only a cause of previous
CVD [70,71]. It has been well studied that even 15 years after a pathological pregnancy,
women still show changes in the microvascular function (cerebral microvascular bed), at
the macrovascular level (increased arterial stiffness) and the structural vessel level (thicker
carotid intima-media) [70,72,73]. Women suffering from PE have an increased risk of devel-
oping ischemic heart disease, myocardial infarction, coronary angioplasty, and coronary
bypass graft [70].

Additionally, comorbidities such as insulin resistance, visceral obesity, increased
high-density lipoprotein (HDL) cholesterol concentrations, and increased triglyceride
concentrations accompanied by hypertension can lead to more deleterious effects on ED,
leading to severe clinical outcomes such as CVDs and type II diabetes [54].

2.4. Oxidative Stress and Endothelial Dysfunction

The endothelium is a highly active monolayer of endothelial cells that line the interior
surface of blood and lymphatic vessels and plays an important role in homeostasis and
modulating immune inflammatory reactions. Endothelial cells regulate vascular tone
by secreting vasoactive molecules responsible for relaxation or vessel constriction. This
directly affects tissue oxygen supply, long-term organ perfusion and vascular structure
remodelling [74,75].

Under physiological conditions, endothelial cells generate vasoprotective NO to main-
tain the balance between ROS and antioxidants. NO signalling depends on eNOS cellular
localisation. eNOS-mediated NO synthesis at the Golgi membrane causes S-nitrosylation
of newly synthesised proteins, affecting cellular trafficking, protein—protein interaction
and other PTMs processes (Figure 3a) [76,77]. At the plasma membrane, eNOS modulates
vasodilation through NO synthesis. In resting endothelial cells, eNOS activity is reversible
and is negatively regulated by NO itself through S-nitrosylation. Upon receptor-mediated
activation of eNOS, such as downstream of VEGF signalling, eNOS is phosphorylated
and S-nitrosylation levels decrease, resulting in strong activation of eNOS and dramatic
increase in NO levels (Figure 3b) [78].

S-nitrosylation in the Endothelium

S-nitrosylation Cellular trafficking
eNOS o
—» NO N'O :: hll Protein-protein interaction
7] w
Golgi 7& — ?& — 2& Phosphorylation
Ubiquitylation-dependent
PTM protein degradation
Resting Endothelium Activated Endothelium
eNOS : )
P ] |‘-—> NO H VEGF&// eNOS
Plasma : i =4 T
Membrane } @ ; : i NO Receptor-modulated
e N ' S [] reversible S-nitrosylation
Yo 4 : VEGFR WY T of signalling protein

S-nitrosylation

Downstream of VEGF signaling, eNOS is
phosphorylated and S-nitrosylation decreases:
Rapid activation of eNOS enzymatic activity

NO negatively regulates eNOS
activity by S-nitrosylation

Figure 3. S-nitrosylation mechanisms in the endothelium. (a) eNOS-mediated S-nitrosylation of
proteins as PTM. (b) S-nitrosylation negative, reversible, regulation of eNOS activity.
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ED is defined by a decrease in the production of protective NO driven by elevated
superoxide anion levels [79] and is one of the main risk factors for stroke and heart fail-
ure, while being a signature of PE. In general, ED is a state caused by an imbalance of
vasodilation and vasoconstriction molecules [80], causing a disruption in the NO signalling
pathway and leading to NO synthase uncoupling. eNOS and iNOS are constitutively
expressed in the heart. In addition to superoxide anions, uncoupled NOS activity leads
to peroxynitrite, which has been associated with aging in mice [81]. Likewise, several
oxidative enzymes are involved in this process, and it has been shown that the inhibition of
the NADPH oxidase normalizes ED in mice [82].

2.5. Oxidative Stress, NOX, and Cardiovascular Disease

The main sources of ROS in the context of CVD include NOX, xanthine oxidase, NO
synthases, cytochrome P450, and mitochondrial respiration [83-85]. In the cardiovascular
system, NOX1, 2, 4 and 5 are mainly expressed in certain cell types. For instance, NOX2
and 4 are expressed in cardiomyocytes, fibroblasts, endothelial cells, or smooth muscle
cells, while NOX1, 4 and 5 are predominantly expressed in smooth muscle cells. NOX are
generally regulated by Angiotensin II, which has both pro-hypertrophic and pro-fibrotic
mediated effects in cardiac cells, notably via the endothelin-1 release [86].

Serpillon et al. (2009) showed elevated levels of superoxide in a rat model of type
2 diabetes was associated with endothelial but not cardiac dysfunction [87]. Additional
studies have demonstrated that overexpression of NOX2 and 4 is associated with OS in CVD.
In NOX4 knockout mice, decreased levels of superoxide were observed, while opposingly
overexpression of NOX4 worsened cardiac function and induced apoptosis and fibrosis
in response to pressure overload [88]. Both studies suggest NOX to be a potent source of
superoxide in cardiac cells. Furthermore, patients with metabolic syndrome have increased
NOX activity as well as elevated plasma levels of oxidized low-density lipoprotein and
nitrotyrosine [89]. Another study in 2002 showed a correlation between NOX mRNA
expression and the severity of atherosclerotic lesions in human coronary arteries [90].
Through these studies, the importance of NOX in CVD has been well established.

2.6. Therapeutic Interventions Targeting Oxidative Stress during Pregnancy

In addition to the physiological mechanisms previously mentioned, to prevent and
repair damage from OS, other key regulatory molecules have been identified with clinical
potential: enzymes such as ceruloplasmin, heme proteins, paraoxonase (PON1) or nonenzy-
matic albumin, bilirubin, uric acid, creatinine, cysteine, carotenoids, flavonoids, coenzyme
Q (reduced), metal ion binding proteins (ferritin, transferrin, metallothioneins) [49].

Additionally, genetic, and environmental factors such as maternal obesity and poor
nutrition may lead to increased OS during pregnancy. In this section, we describe the range
of micronutrients, experimentally and/or clinically evaluated, as possible antioxidant
therapies due to their ability to inhibit ROS production, scavenge existing ROS, regulate
NO synthesis or release and modify antioxidant enzymes [91].

An overview is given in Figure 4.

2.6.1. Vitamins

Vitamin C and E are known exogenous antioxidants that regulate ROS through
down-regulation of NADPH and upregulation of eNOS. Vitamin E protects cells against
lipid peroxidation [92]. Additionally, Vitamin D supplements given in the early stage of
pregnancy have been shown effective against PE through mediating immune modulation
and vascular functioning [93]. However, most large-scale clinical trials with thousands of
study participants have been inconclusive, rendering vitamins an ineffective treatment to
reduce OS [92,94].
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2.6.2. Selenium

Selenium (Se), a trace element of amino acid selenocysteine, is mainly obtained from
dietary components and is a vital element for GPx and ThxRed enzymatic function. Se
deficiency during pregnancy can result in maternal and foetal morbidity and pregnancy
complications such as intrauterine growth restriction (IUGR), gestational hypertension,
and preterm birth. Various studies with Se dosage ranging from 60 to 200 ug/day intake
between 12-24 weeks of pregnancy have been documented. However, recommendations
for Se supplementation are currently not possible due to limited accuracy for Se homeostasis
measurements and the poor understanding of complex interactions between micronutrients
to different doses of Se [95,96].

2.6.3. Lifestyle Intervention

Lifestyle modifications including regular exercise, weight loss, dietary changes, re-
ducing toxic substances such as tobacco, alcohol and pollutants can help reduce OS and
increase physiological antioxidant defence. Systematic reviews analysing the impact of
physical exercise during pregnancy have concluded that exercise has a protective effect
against PE [97]. Whereas other studies have contradictory advice on aerobic exercise, espe-
cially during early pregnancy [94]. Due to the heterogeneity in study results, and the lack
of consensus on the optimal intensity of physical activity, its protective effects against OS in
pregnancy pathologies cannot be satisfactorily assessed. Larger studies with well-defined
methodological designs are required to strengthen the evidence that physical activity helps
scavenge ROS and reduce OS.

2.6.4. Sildenafil Citrate

NO has become a potential therapeutic approach for vasodilation of the fetoplacental
circulation, embryo development and foetus growth [98]. NO activates soluble guanylyl cy-
clase to convert guanosine triphosphate (GTP) to cyclic guanosine monophosphate (cGMP),
which is then degraded by phosphodiesterase 5 (PDE5) to guanosine monophosphate
(GMP). Sildenafil citrate is a selective inhibitor of PDE5 and enhances the relaxation and
cGMP accumulation. In a rat model, Sildenafil was shown to restore normal values of
blood pressure, reduce proteinuria and plasma levels of sFlt-1 and sEng in preeclamp-
tic rats. However, clinical trials showed no significant difference between control and
preeclamptic women, while the Dutch arm of the multicentre STRIDER trial for the treat-
ment of severe IUGR was halted due to detrimental effects of Sildenafil citrate on newborn
survival [98-100].
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2.6.5. Chronotherapy

Circadian rhythms have a profound effect on human physiology and healthy cellular
function. At a molecular level, the circadian clock is comprised of core transcription
factors: CLOCK, BMALL, Period (Per), and Cryptochrome (Cry), that act in a Transcription
Translation Oscillating (TTO) loop [101]. Recent studies have shown that these factors play
a role in the maintenance of blood pressure and metabolism. In an in vivo experimental
model, BMAL1 knockout mice exhibited elevated endothelial damage, disrupted NO
signalling and high ROS production, resulting in elevated oxidative damage [101,102]. In a
2013 randomised control trial in pregnant women, the group receiving chronotherapy in
addition to low-dose acetylsalicylic acid (ASA) (100 mg/d) at 16 weeks, resulted in lower
ROS-induced molecular damage, along with improved antioxidant enzymatic activity [103].

Melatonin, an antioxidant secreted by the pineal gland, is responsible for the main-
tenance of circadian rhythm and seasonal timing cues. In uncomplicated pregnancies,
melatonin levels remain elevated during pregnancy and are responsible for growth and
development of the foetal brain. However, in pregnancy complications such as PE, mater-
nal circulating melatonin levels remain significantly low [104]. An in vitro and open label
clinical trial study by Hobson et al. (2018), have shown that melatonin did not reduce OS
or the production of the anti-angiogenic factors sFltl, sEng, and activin A in preeclamptic
placental explants. They concluded that while melatonin can be used as an adjunct therapy,
it is not an efficient preventive therapy for ROS-induced pregnancy disorders [105].

2.6.6. Mitochondrial Antioxidant Therapy

Mitochondrial therapy in the form of naturally occurring antioxidants and commercial
drugs has been considered as a potential intervention for pregnancy disorders resulting
from elevated OS.

Mitochondrial-targeted antioxidants include MitoQ [106], MitoB [107,108], MitoPerox,
MitoSNO [109], and MitoTempo [110], which have been shown to decrease oxidative damage
and ameliorating effects in ischemia-reperfusion injury [106] and cardiac hypertrophy [111].

Primary mitochondprial disorders in which oxidative phosphorylation is disrupted
can further be treated with antioxidant nutritional interventions [112,113]. Vitamin B1 sup-
plementation is commonly used to enhance oxidative phosphorylation system (OXPHOS)
and pyruvate dehydrogenase complex flux. In patients with defects in riboflavin transport
and processing, as well as electron transport chain (ETC) complex deficiencies, vitamin
B2 supplementation has also shown similar positive effects [114-116]. Increased amounts
of vitamin B3, a precursor of NAD* and NADP", can cause lactic acidosis, which can be
mitigated by exercise and fasting [117].

Mitochondrial activity and biogenesis can be further modified by metabolic agents,
such as coenzyme Q10 (CoQ10), creatine, x-Lipoic Acid (x-LA), and L-carnitine. CoQ10
acts as a diffusible electron carrier, transferring electrons from complex I and II to complex
III of the ETC. CoQ10 further inhibits the propagation of lipid peroxidation and is a potent
ROS scavenger [118]. Creatine supplementation has been shown to prevent both structural
and functional damage to mitochondria of cells under OS [119,120]. The potent antioxidant
a-LA has been shown to improve mitochondrial performance and epigenetically affect
IL-1B and IL-6 gene expression, which are associated with OS and inflammation. However,
its therapeutic benefit has yet to be supported by clinical trials [121,122].

L-carnitine is involved in long-chain fatty acid transport from the cytosol to the
mitochondrial matrix and is important for 3-oxidation, modulation of acyl-CoA /CoA ratio,
excretion of toxic acyl groups, muscle storage of energy as acetyl-carnitine and additionally
functions as a free radical scavenger [123].

Finally, L-Ergothioneine (ET) is a histidine derived dietary amino acid and known for
its radical scavenging properties, demonstrating reduction in markers of OS in serologic
samples taken from healthy human subjects, who were administered ET (5 or 25 mg)
once a day for 7 days [124,125]. Using the reduced uterine placental perfusion (RUPP) rat
model, Williamson et al. (2020) [126] showed that ET treatment significantly ameliorated
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hypertension, increasing pup weight, decreasing circulating levels of antiangiogenic sFlt-1
and significantly reducing mitochondria-specific H,O, in vivo. ET has a favourable safety
profile, long half-life, cytoprotective properties, and has the ability to regulate mitochondrial
function; hence, ET could become a potential therapy for ROS-induced pregnancy disorders
such as PE and IUGR [126].

Nevertheless, a considerable amount of research is still needed to accurately under-
stand the exact processes involved in the metabolism of these therapeutic interventions.

The mechanisms by which hypoxia can lead to a higher incidence of cardiovascular
dysfunction in the offspring are not fully understood; however, evidence suggests that pre-
natal hypoxia is linked to abnormal development of the foetus including the cardiovascular
system. A study in a rat model of maternal malnourishment showed that early postnatal
supplementation with Coenzyme Q10 had beneficial effects on the developmental origins
of CVD, reducing signs of cardiac aging, telomere shortening and cellular senescence [127].
Another study in a mice model demonstrated that prenatal hypoxia leads to sex- and
age-dependent effects on offspring cardiac and vascular function later in life. MitoQ may
have potential benefits in offsetting the cardiovascular pathologies by increasing sensitivity
to vasorelaxation in aged male and female offspring, preventing pulmonary artery dys-
function in prenatally hypoxic young male offspring and improving systolic function in
aged prenatally hypoxic female offspring [128].

While limited to in vivo models, these potential therapeutic benefits are encouraging
and warrant further exploration of mitochondrial antioxidants as an intervention to prevent
long-term negative cardiovascular outcomes of a suboptimal in-utero environment.

2.7. Detection and Assessment of Oxidative Stress

Biomarkers for OS and oxidative damage are exploited as tools to assess both the
status of a human disease and health enhancing effects of antioxidants.

2.7.1. Measurement of RONS

ROS and RNS are the key molecules of OS [129]. Direct measurements of their
cellular distribution are a common approach to determine OS severity. Most common
methods consist of colorimetric and fluorometric assays. Cellular RONS levels can be
estimated using fluorogenic probes, such as Dichlordihydrofluorescein-diacetate, which is
reduced to dichlorofluorescein by ROS, changing its fluorescent properties [130]. Similarly,
4,5-diaminofluorescein (DAF-2) is subject to nitrosation in the presence of RNS, forming
the highly fluorescent triazole DAF-2 T [131]. Dihydroethidium is a viable cell permeable
probe, which produces fluorescence upon oxidation by RONS and thus a measure for RONS
activity [132]. These probes lack specificity and better approximations can be achieved
by combining these measurements with specific inhibitors of RONS synthases as well as
scavengers [133].

Colorimetric assays apply to a wide range of RONS. Most H,O, specific dyes, such
as Amplex® Red [134], homovanillic acid [135], and tetramethylbenzidine [136], function
in combination with Horseradish peroxidase (HRP). A general limitation is due to HRP
reacting with other thiols, possibly skewing the result; therefore, it is suggested for HyO,
detection in cultured cells, organ cultures, and isolated buffer perfused tissues [137]. To
distinguish cellular from mitochondrial ROS, additional mitochondria specific dyes, such as
MitoSOX™ and CellROX ® can be applied [138,139]. Another approach is the measurement
of ROS derivatives. Transition metal ions (Fe?*, Fe**) form radicals by reacting with
hydroperoxides; these radicals can be measured colorimetric and are proposed to be
proportional to the amount of peroxides present in the sample [140].

A historical colorimetric assay for RNS detection is the Griess reaction (1879) based
on the interaction of nitrite, under acidic conditions, with a series of organic compounds
(i.e., sulfanilic acid, 1-naphthylamine) to produce a red-violet dye. This is measured by
spectrophotometry with a limited sensitivity (500 nmol/L), improved by fluorometric
detection [133,140].
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NO concentrations can further be assessed based on their effects on vasodilation.
In this bioassay, endothelial cells are grown on carrier beads that fill a capillary column
linked to a fluidic system. In the downstream chambers, the tension of smooth muscle cells
from aortic vessels, stripped from the endothelium, is assessed by isometric transducers.
Muscle relaxation is proportional to NO levels synthesised by the endothelium [29,141].
This method has been extensively used to characterise NO-mediated regulation of vascular
function in response to hormones and bioactive molecules, and have been further developed
to allow for modulation of oxygen tension [142].

2.7.2. Assessment of Oxidative Damage

Despite the variety of fluorescent probes described above, ROS assessments remain
challenging. These species are by definition highly reactive and possess a short lifespan.
Examining the damage caused by OS to proteins, lipids, and nucleic acids is an alterna-
tive approach.

Protein Damage: ROS oxidizes amino acid residues and protein backbones, increasing
protein carbonylation and nitrosylation levels, serving as a marker of OS. The global extent
of these modifications on the proteome can be measured using 2,4-dinitrophenylhydrazine,
2D gel electrophoresis, Western blot, and OxyBlot [143,144].

Lipid Damage: Lipid peroxidation is widely used as an indicator of free radical
formation. Membrane unsaturated fatty acids are targeted by free radicals, creating peroxy
radicals. Traditionally, lipid peroxidation is measured by thiobarbituric reactive compound
detection, which is generated from the reduction of lipid peroxidation products. Although
this method is highly sensitive, it lacks specificity.

High specificity and direct quantitative measurement of lipid peroxidation products
can be achieved with chromatography techniques, including High-Performance Liquid
Chromatography (HPLC) and Gas Chromatography-Mass Spectrometry (GC-MS) [145,146].

Compared to other liquid chromatography techniques, in HPLC, the high-pressure
pump supplying the solvent and the small column calibre grant faster separation of lipid
species at a higher resolution [147]. HPLC alone is the gold standard for quantification of
known biomarkers such as Malondialdehyde (MDA) and 4-hydroxy-2-nonenal (4-HNE),
commonly used in clinical and functional studies [148,149].

In GC-MS, GC is used to separate small volatile or semi-volatile compounds that
can withstand high-temperatures without degradation, such as fatty acids [150]. Then,
MS allows the precise identification of peroxidation products, establishing the position of
hydroxyl groups along the lipid chain. Although it is expensive and time-consuming, MS
is the technique of choice for untargeted lipidomics [151,152].

DNA Damage: The most prominent oxidative modifications of nucleic acids are hydro-
gylation of deoxyguanosine residues, thymidine glycol, single and double-stranded breaks,
and levels of DNA repair enzymes. Specifically, 8-Hydroxy-2'-deoxyguanosine is extracted
by the DNA repair system and then circulates in both the blood and urine. Common meth-
ods for quantitative analysis are HPLC, GC-MS, tandem HPLC and Elisa [153,154]. HPLC
and immunohistochemistry (IHC) can also be used to assess DNA repair enzyme levels.

To assess DNA strand breaks, polymerase chain reaction and agarose gel electrophore-
sis exploit the fact that cleaved DNA fragments can migrate out of the nucleus and migrate
faster than undamaged DNA when exposed to an electric field. Single-cell gel electrophore-
sis, also known as a comet assay, is considered the gold standard [155].

In vivo measurements remain challenging. The analysis of oxidized lipids in vivo is limited
by their low abundance and the diversity of previously described physicochemical properties.

However, most experimentally identified therapeutic targets do not pass clinical trials.
This can be due to a negative outcome of a clinical trial, due to safety or efficacy issues
and clinical trial failure due to expertise-based, execution based, or knowledge-based
failure [156]. Hwang et al. reported that 54% of therapeutics failed during clinical develop-
ment, of which 57% failed due to inadequate efficacy, 17 due to safety concerns and 22% due
to commercial reasons [157]. The investigation of therapeutics for pregnancy complications
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is particularly challenged by the fact that pregnant women are often excluded from clinical
trials. Trials that are based on a different population can lead to approval of therapeutics
that behave unexpectedly, even negatively, in the actual target population [158].

A detailed collection of OS assessment methods can be found in Supplementary
Materials S1.

3. Current Computational Models—Enhanced Interpretation of Complexities of
Oxidative Stress

Complex interactions and high throughput data integration are often modelled com-
putationally to simulate and study mechanisms leading to a certain phenotype. This allows
the performance of thousands of in silico experiments that have to be validated by only
a limited amount of laboratory experiments. Both predictive and quantitative computa-
tional models of redox reactions have been created to enlighten the mechanistic features of
redox-sensitive proteins [159].

Computational models are usually based on experimental data and high-throughput
methods and represent the current state of knowledge. However, the modelling process and
in silico experiments can further be used to test hypotheses, interpret the results of in vitro
and in vivo experiments, refine experimental designs, and lead to new insights [160].

Static models are used to describe the relationships between model components,
while dynamic models are primarily used to describe changes over time. Protein—protein
interaction networks are a popular example of static models. However, components,
such as proteins, can also be described in dynamic models, using, i.e., ordinary differential
equations (ODE) describing how components interact with each other, and how interactions
are changed in response to stimuli. ODEs are used in deterministic models that, by
definition, give the same output every time.

Notwithstanding, biological systems contain a certain amount of uncertainty. Stochas-
tic simulations allow the modelling of systems containing rare, random, and uncertain
reactions. As these simulations vary between runs, they must be repeated until a conclusive
result is reached. Stochastic models include algorithms, such as Monte Carlo, Markov
chain, Random walk [161]. Random protein damage via ROS modelling benefits from
stochastic algorithm use [162]. The following paragraphs discuss the latest redox specific
models, grouped by model type (Figure 5).

WNT - rule based [55] IL-4 rule based [36]

TGF - network 69]

Insulin rule based [144] .
IL-1 network [69] NADPH oxidase network [49]

TIAILIIATIALE LLLLLL TLLLLLL L
)y ]

Glutathione boolean network [1486]
Thioredoxin Flux network [115]

Peroxiredoxins gj\ rule based [111]

/\/ Network [173] agent based [63] ROS

deterministic [83]

Dynamics and dysfunction .
Glycolysis kinetic [76]
rule based [97]

ETC

7\
I ”l |V /\/ oscillation \‘))\(irradlan oscillation

mitochondria
Mechanistic [47]
Figure 5. Interacting redox-sensitive pathways with existing computational models. The gener-

alized model type is named, including a model reference. Detailed information can be found in
Supplementary Material S2.
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Computational models are usually created based on a specific hypothesis. Although
the idea of a comprehensive model is appealing, the computational cost under current
conditions would be too high and thus difficult to realize. Models are usually used to
describe behaviour and mechanisms resulting in a specific behaviour. As mitochondria are
the main producers of ROS, most redox-specific models focus on mitochondrial function.
The model by Gauthier et al. (2013) revealed how ROS levels are controlled by the redox
balance in mitochondria, which was later extended to show mitochondrial complex 1 as the
main ROS producing site. This information is beneficial in drug development and treatment
decision making [163,164]. Other models revealed the specific interplay of redox-sensitive
proteins [165]. The inclusion of competing redox mechanisms revealed reversible protein
tyrosine phosphatase oxygenation via ROS as the primary regulator in IL-4 signalling.
This result has implications in therapeutic methods for ROS-related immune response
deregulations [166].

More complex approaches, such as multimethod multicell simulations, including
stochastic damage-dependent frequencies, illuminated mitochondrial dynamics and dys-
function specific to ageing [167]. Even models of the oscillatory relationship between ROS
and ROS scavengers [168], and the role of peroxiredoxins (Prxs) and silfiredoxin for cellular
circadian redox oscillation [169], have been created.

The diversity of redox regulated processes and tissues in which they occur indicates
that special effects may have to be considered. This increases the complexity of a model
and changes its construction. To support more integrative approaches, instead of ODE,
partial differential equations and agent-based models, in which different compartments
can be considered, are applied. System biology approaches focus on network modelling,
which is characterized by viewing cells and molecular processes within them on different
levels. This approach consists of two methodologies: static large-scale biological network
modelling focusing on omics data integration, visualization, and topological analysis; and
dynamic quantitative modelling.

Network-Based Redox Models

Mitochondrial function has also been described in network-based models, supporting
the function of oscillating mitochondria in cardiomyocyte cell death [170]. Boolean network
modelling of OS, set out to pinpoint dysfunctional components in OS responses using
temporal variations, described the role of GSH in the cellular redox state and its role in
ROS reduction and apoptosis inhibition [171]. Even the redox concentration dependency of
insulin signalling has been studied using ODEs, which has implications for insulin-related
disorders [172].

Computational models can not only describe existing mechanisms. An ideal example
of how experimental and computer science benefit from one another is the
Padayachee et al. (2020) thioredoxin model. The Thioredoxin system flux is an important
indicator of the function and efficiency of the thioredoxin system within a biological sample.
Flux has traditionally been measured in vitro by NADPH oxidation, while the thioredoxin
redox state has been used as a proxy for the activity of the system. In vivo measurement of
the flux, however, has remained challenging. This model suggested that in vivo thioredoxin
oxidation measures can be used as surrogate indicators for flux, thus opening up new meth-
ods to experimental approaches that can lead to more accurate results [173]. Thiol state
prediction models have yet to be adapted to animal systems [174]. Other computational
redox models related to ageing have been extensively reviewed elsewhere [162,175].

Large networks can be turned into molecular interaction maps (MIM) as part of
disease maps (DMs), allowing omics integration [176,177]. MIMs describe molecular
interactions in a machine and human readable fashion and are frequently used for advanced
network analyses [176,178]. DMs are a specialized approach for complex modelling, which
supports the inclusion of compartments. Systems Biology Markup Language (SBML) is a
machine-readable format that can be intuitively interpreted by users. SBML models consist
of species, such as genes, miRNA, proteins, and other molecules, and biochemical reactions.
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Most system biology tools, such as CellDesigner, Newt, Copasi, and Cytoscape, are freely
available and give introductions to biologists unfamiliar with computational modelling.
The research area includes the objective to increase the reproducibility and reusability of
models [179].

These techniques have not been fully exploited in the context of maternal and fetal
health and there is currently no comprehensive redox-signalling model resource, which is
not surprising considering the number of different processes and tissues redox signalling is
involved in. However, there are a number of models related to specific redox-signalling
pathways. Mitochondria-specific models have recently been reviewed [180]. Other re-
sources include the PantherDB “oxidative stress response” pathway. Reactome further
provides ROS specific pathways “oxidative stress induced senescence” (R-HSA-2559580),
“cell redox homeostasis” (R-HSA-1222541), “detoxification of reactive oxygen species” (R-
HSA-3299685), and “ROS and RNS production in phagocytes” (R-HSA-1222556), and the
CardioGlyco model [181].

Other models worth mentioning in this review are biophysics quantum and atom
level models of electron transfer. This enabled the accurate estimation of biological macro-
molecule redox potentials and stressed the importance of long-range electrostatic interac-
tions [159], with the outlook to study the role of redox potentials on DNA [182]. Of particu-
lar interest were the electronic properties of the transition metals iron and zinc in proteins,
as it has an effect on structure, function, and stability of the metalloproteins [183,184].
These models, however, cannot currently be integrated into more complex system models
due to technical limitations. A detailed table of redox-related models can be viewed in
Supplementary Materials S2.

4. Future Perspectives

Pregnancy-related research entails challenges. The inherent vulnerability of the patient
groups, as well as common comorbidities in pregnancy complications, increase the required
number of biological samples for statistical analysis significantly. The use of cell lines, explant
cultures, animal models, and computational modelling are useful circumventions [160].

Redox signalling plays a major role in both successful and complicated pregnancies.
We have shown the plethora of processes falling under the term “redox signalling” and
associated maternal and foetal outcomes. The complexity of redox signalling requires
consideration of more than one biomarker to obtain meaningful results. On the experimen-
tal side, this calls for more integrative approaches considering both pro- and antioxidant
reactions with a higher sensitivity to physiological variation.

Although computational modelling of redox-related processes is often utilized in
health sciences, these models have not been exploited in the context of feto-maternal health
research, notwithstanding that computational modelling reduces the need for experimental
replicates by identifying biomarker candidates [160].

The combination of existing models to a larger network, including other redox-
signalling pathways, may lead to deeper insights to provide the opportunity to explore
interventions and their effects on complex biological processes [185]. To this end, we created
a redox signalling SBML model (Figure 6) available in Supplementary Materials S3, which
will be integrated into the placenta-specific disease map currently under development.

This map includes proteins, chemical entities, receptors, and phenotypes involved in
ROS, RSS, and RNS pathways and previously described redox-sensitive protein signalling.
Notably, mitochondrial ROS production is not integrated here, as it has been previously
created [180] and can be extended using the presented map. Both activity flow and progress
description are included, increasing human interpretability. Activity flow describes the
general flow of information between elements, while process descriptions include detailed
mechanistic descriptions of molecular interactions [186]. The redox signalling map contains
224 unique proteins, 58 simple molecules, 238 interactions, and 5 compartments (general
cell, nucleus, mitochondrion, endoplasmic reticulum, and peroxisome) making spatial
considerations possible. The redox map was created in CellDesigner and is SBML compliant.
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NADPH Oxidase

Glycolysis

Each species is annotated to enable database linkage. Proteins are named according to gene
name conventions, simple molecules contain ChEBI naming conventions; all reactions are
annotated with the respective publication they were extracted from.

NADPH Oxidase
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IL-1

WNT

Glutathione
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Peroxiredoxins

IL-4 DUOX

Figure 6. Redox signalling map grouped according to signalling process. Interacting species are

s

indicated as nodes and their interactions as lines. Interactions can be “inhibition”, “positive influence”,

“modulation”, “state transition”, and “transport”. Unclear interactions are visualized as dashed lines.
(Green = proteins; bright green = simple molecules; purple = phenotypes; blue = ions).

5. Conclusions

In this review, we aimed to summarize the mechanism of redox signalling, briefly
discussing the different reactive species affecting pregnancies and maternal health at
molecular and physiological levels. We also discussed various therapeutic interventions
investigated through multiple models and their potential benefits.

Despite ample evidence of the importance of the redox status in pregnancy pathologies,
the exact molecular mechanism remains to be elucidated and determination of oxidative
damage remains challenging, even with advanced research methodologies. A closer collab-
oration between experimental and computational scientists yields opportunities to alleviate
both experimental challenges and the general challenge of recruiting samples from the
vulnerable patient groups. The computational models described in this review can be used
to unravel complex signalling pathways. With the combination of knowledge held within
these models, we created a molecular interaction map of redox signalling processes. This
model can be used in combination with pregnancy pathology specific data to elucidate the
molecular interplay involved in the pathology of interest (Supplementary Materials S4).
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Henceforth, as hypothesised by Hoch et al. (2021), this approach enables the identification
of signalling regulators and potential therapeutic targets [63].

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /antiox11030585/s1, Supplementary Materials S1: Table of experi-
mental methods to assess redox status, Supplementary Materials S2: Table of computational models
of redox sensitive pathways., Supplementary Materials S3: SBML compliant CellDesigner Model in
xml format of redox signalling map, Supplementary Materials S4: Brief outlook on redox signalling
map application using public data.
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Abstract: Premature ageing of the placenta in pregnancy outcomes is associated with the persistent
presence of oxidative stress and placental insufficiency reducing its functional capacity. In this study,
we investigated cellular senescence phenotypes of pre-eclampsia and IUGR pregnancies by simulta-
neously measuring several biomarkers of senescence. Maternal plasma and placental samples were
collected at term gestation from nulliparous women undergoing pre-labour elective caesarean section
with pre-eclampsia without intrauterine growth restriction (PE; n = 5), pre-eclampsia associated with
intrauterine growth restriction (n = 8), intrauterine growth restriction (IUGR < 10th centile; n = 6),
and age-matched controls (1 = 20). Placental absolute telomere length and senescence gene analysis
was performed by RTqPCR. The expression of cyclin-dependent kinase inhibitors (p21 and p16)
was determined by Western blot. Senescence-associated secretory phenotypes (SASPs) were evalu-
ated in maternal plasma by multiplex ELISA assay. Placental expression of senescence-associated
genes showed significant increases in CHEK1, PCNA, PTEN, CDKN2A, and CCNB-1 (p < 0.05) in
pre-eclampsia, while TBX-2, PCNA, ATM, and CCNB-1 expression were evident (p < 0.05) and were
significantly decreased in IUGR compared with controls. Placental p16 protein expression was signif-
icantly decreased in pre-eclampsia only compared with controls (p = 0.028). IL-6 was significantly
increased in pre-eclampsia (0.54 pg/mL £ 0.271 vs. 0.3 pg/mL =+ 0.102; p = 0.017) while IFN-y was
significantly increased in IUGR (4.6 pg/mL =+ 2.2 vs. 2.17 pg/mL =+ 0.8; p = 0.002) compared with
controls. These results provide evidence of premature senescence in IUGR pregnancies, and while
cell cycle checkpoint regulators are activated in pre-eclampsia, the cellular phenotype is one of cell
repair and subsequent proliferation rather than progression to senescence. The heterogeneity of these
cellular phenotypes highlights the complexity of characterising cellular senescence and may equally
be indicative of the differing pathophysiological insults unique to each obstetric complication.

Keywords: placental ageing; pre-eclampsia; intrauterine growth restriction; cellular senescence

1. Introduction

Pre-eclampsia (PE) is a gestational hypertensive disorder which affects 3-5% of preg-
nancies worldwide and clinically manifests as maternal de-novo hypertension and asso-
ciated maternal organ dysfunction including uteroplacental dysfunction [1]. Intrauterine
growth restriction (IUGR) can be defined as a rate of foetal growth which is below the
normal growth potential, i.e., between the 10th and 90th percentile as per the gestational
age [2,3]. IUGR affects 13.7 million babies born yearly with low birth weight [2]. Pre-
eclampsia is associated with impaired spiral artery modelling and poor placental perfusion
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resulting in aberrant redox signalling and an induction of oxidative stress [4]. Addi-
tionally, systemic inflammation and endothelial dysfunction are pathogenic mediators
of pre-eclampsia which account for a myriad of maternal multi-organ damage and poor
long-term maternal cardiovascular outcomes [4].

Senescence can be defined as a cellular defensive mechanism triggered in response
to multiple external or internal stressors resulting in irreversible cell cycle arrest [5]. In
conditions of exaggerated oxidative stress, persistent impairment of redox balance and
subsequent DNA damage result in the initiation of a premature senescence phenotype [6].
Additionally, telomere shortening can trigger cellular senescence, but senescence is equally
evident independent of telomere shortening [7,8]. Premature cellular senescence can be
classified by activation of a DNA damage response pathway and its associated signaling
kinases which culminate in the stimulation of cell cycle inhibitors, such as p16INK4a,
p21/p53, and p27, reduction in cellular proliferation, and loss of Lamin-B activity, which is
a marker of the altered enlarged and flattened morphology of senescent cells [9]. Moreover,
the accumulation of mitochondrial DNA (mtDNA), as a result of ROS inducing damage
and strand breaks, has been associated with premature onset of ageing in both in vivo and
in vitro models, with higher susceptibility to mtDNA mutagenesis [10,11]. Activation of a
senescence-associated secretory phenotype (SASP) incorporating a core set of cytokines,
such as IL-6, IL-8, IL-13, IGFBPs, and MMPs, results in accumulated senile cells creating a
pro-inflammatory microenvironment that indicates establishment of senescence [12]. The
phenotypes of premature cellular senescence are highly heterogeneous and often differ
depending on the initial stressor [13]. Senescence-specific gene expression has been exten-
sively studied. Genes such as PTEN and CDKN2A regulate cellular senescence by acting
through the p16/p194"f pathway, whereas CHEK-1, PCNA, and CCNB-1 are modulated by
DNA damage response and halt in cell cycle progression [14-16]. Additionally, there is no
single universal biomarker that specifically identifies senescence, hence a combination of
multiple markers when simultaneously present are used to confirm senescence [17].

The placenta along with maternal decidua normally exhibits progressive senescence
closer to term parturition [18]. A recent review by Cox and Redman, which explored
evidence of placental ageing through cellular senescence accompanied by morphological
changes including modulation of pro-inflammatory phenotypes, highlighted excessive
oxidative stress as a driver of premature placental ageing in adverse pregnancy conditions
including pre-eclampsia [19]. This stress-induced senescence is proposed to result from
poor placental perfusion, resulting in increased ROS generation that subsequently engages
biochemical pathways which disrupt cell cycle progression in addition to accelerating
the activation of pro-inflammatory cytokines and chemokines, which form part of the
senescence-associated secretory phenotype (SASP) [13,19].

In adverse pregnancy outcomes, such as pre-eclampsia and IUGR, impaired placenta-
tion and the subsequent burden of placental oxidative stress may trigger a premature senes-
cence phenotype leading to early parturition and pre-term delivery of the foetus [13]. Syn-
cytiotrophoblasts show features characteristic of senescent cells, including the biomarker
senescence-associated (-galactosidase (SA-f3-gal), together with increased expression of
the cyclin kinases inhibitors p16 and p21, and p53 [20]. To date, the association between
altered telomere length and placental pathogenesis of both pre-eclampsia and IUGR has
been somewhat contradictory, with some publications reporting no significant difference
in placental telomere length between pre-eclampsia and healthy uncomplicated pregnan-
cies [21,22]. Contrarily, IUGR has consistently been reported to have lower placental
telomerase activity and shorter telomere length when compared with healthy uncompli-
cated pregnancies [23-26]. In this study, we examined multiple biomarkers of senescence
in pre-eclampsia and IUGR and investigated if premature senescence phenotypes were
congruent across both placental pathologies.
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2. Results
2.1. Study Demographics

Thirty-nine participants all delivered by pre-labour caesarean section were recruited
in Cork University Maternity Hospital between 2019 and 2021. These were grouped as:
pre-eclampsia (n = 5), pre-eclampsia associated with intrauterine growth restriction (n = 8),
IUGR (<10th centile) (n = 6), and maternal age-matched controls (n = 20) as shown in
Table 1. There were no significant differences in maternal age, maternal BMI, or gestational
age for all groups when compared with controls. While there was no significant difference
in maternal mean arterial blood pressure (MAP) during the first trimester (~11 weeks)
across study groups, MAP at 20-24 weeks was significantly elevated in both pre-eclampsia
(96.4 &+ 6.8 vs. 83.2 £ 8.4; p = 0.04) and pre-eclampsia associated with IUGR (97.2 & 12.7 vs.
83.2 & 8.4; p = 0.027) compared with controls. Foetal birthweight in pre-eclampsia associated
with IUGR (1926 g + 527.7 g vs. 3218 g £ 359.6 g, p < 0.0001) and IUGR (2585 g £ 401.8 g
vs. 3218 g & 359.6 g, p = 0.035) were significantly reduced when compared with controls.
Similarly, foetal individualised customised centile (ICC) was significantly reduced in pre-
eclampsia associated with IUGR (2.1 £ 2.5, p = 0.0001) and IUGR (8.11 £ 1.9, p = 0.0034)
pregnancies compared with controls.

Table 1. Patient characteristics in study cohort. Data are represented as mean & SD. Mean arterial
pressure has been calculated as MAP = [Systolic BP + (2 x Diastolic BP)]/3.

Pre-Eclampsia

Pre-Eclampsia IUGR (>10th Centile) Term Controls

Associated with IUGR
(n=5) (n=28) (n=06) (n =20)
Maternal
Mean Age (years £ SD) 38.6 +52 33.35 +£3.1 33.67 £ 3.1 33.7 +4.40
Mean BMI (kg/m2 + SD) 299 £9.6 27.7 £ 3.7 25.31 + 3.5 244 +£54
Mean Arterial Blood Pressure
(mmHg) + SD 92 +£10.4 77.08 £ 32.4 84.61 £5.2 86.3 £ 8.9
(10-12 weeks)
Mean Arterial Blood Pressure
(mmHG) £+ SD 964 +6.8* 972+ 12.7* 83.1+£72 832 84
(20-24 weeks)
Foetal
Mean Gestational Age at delivery 36+ 1.9 34.6 £27 3243 +13.1 38 + 0.7
(weeks + SD)
Mean birth weight (grams + SD) 2878 + 788.5 1926 £ 572.7 * 2585 +401.8 % 3218 £ 359.6
Foetal Sex F=3 F=3 F=4 F=10
(M = Male; F = Female) M=2 M=5 M=2 M =10
Foetal Individualised Customised
Centile 46.8 +39.3 215+25*% 811 +£19* 404 £21.9
(+SD)

* Statistically significant compared with controls with p < 0.05.

2.2. Senescence Associated Gene Expression Showed Substantial Differences in the Placental Tissue
between Pre-Eclampsia and IUGR

Initially, using a Human Cellular Senescence Profiler Array with subsequent real-
time PCR validation, multiple senescence-associated genes including cell cycle regu-
latory and DNA damage response (DDR) genes CHEK-1, CCNB-1, CDKN2A, ATM,
GLB-1, ID-1, IGFBP-5, PCNA, PTEN, SOD-2, and TBX2 were examined in placental tis-
sue samples. Of the panel of senescent-associated genes examined, there was a signifi-
cant increase in placental expression of checkpoint kinase 1 (CHEK-1) (4.9-fold £ 0.94,
p =0.008; Figure 1A), Cyclin B (CCNB-1) (3-fold + 1.4, p = 0.036; Figure 1B), prolifer-
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ating cell nuclear antigen (PCNA) (6.9-fold + 1.3, p = 0.013; Figure 1C), cyclin kinase
CDKN2A (3.5-fold £ 0.9, p = 0.007; Figure 1D), and phosphatase-tensin homolog PTEN
(12.8-fold & 1, p = 0,003; Figure 1E) levels in pre-eclampsia. The expression of transcription
factor TBX2 (0.3-fold & 0.9, p = 0.016; Figure 1F), ataxia kinase ATM (0.7 £ 1.26, p = 0.02;
Figure 1G), cyclin B CCNB-1 (0.3-fold &+ 1.7, p = 0.028; Figure 1B), and DNA repair gene
PCNA (0.2-fold £ 0.9, p = 0.046; Figure 1C) were significantly decreased in this IUGR,
when compared with controls. There was no significant difference amongst the other
senescence-associated genes between study groups (Supplementary Figure S1).
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Figure 1. Senescence-associated gene expression in placental tissue in pre-eclampsia and IUGR.
(A) CHEK-1 expression in pre-eclampsia only was significantly elevated (p = 0.006); (B) ATM was
significantly decreased in IUGR (p = 0.02); (C) CCNB-1 was significantly elevated in pre-eclampsia
only (p = 0.028), whereas it was significantly reduced in IUGR (p = 0.036); (D) CDKN2A was
significantly elevated in pre-eclampsia only (p = 0.012); (E) PCNA was significantly elevated in
pre-eclampsia only (p = 0.014), whereas it was significantly decreased in IUGR (p = 0.04); (F) PTEN
was significantly elevated in pre-eclampsia only (p = 0.005); (G) TBX-2 was significantly reduced in
TUGR only (p = 0.005). All measurements were relative gene expression compared with controls. Data
are mean fold change compared with controls at level 1 + SD, p < 0.05; p-value < 0.05, it is flagged
with one star (*) and p-value < 0.01, it is flagged with two stars (**).

2.3. Absolute Telomere Length in Placental Tissue Revealed No Significant Changes across
All Subgroups

While placental absolute telomere length (aTL) was longer in pre-eclampsia (9.05 kbp £ 5.7
vs. 5.9 kbp £ 4.5) and pre-eclampsia associated with IUGR (6.84 kbp £ 3.2 vs. 5.9 kbp + 4.5)
compared with controls, this increase was not statistically significant (Figure 2). Adjusting
for the variables maternal age, maternal BMI, gestational age, foetal individualised cus-
tomised centile (ICC), and foetal sex, pre-eclampsia had a 4.88 kbp (95% CI: —0.391, 10.15)
longer telomere length; additionally, pre-eclampsia associated with IUGR had a 1.65 kbp
(95% CI: —3.53, 6.88) increase in telomere length compared with controls (Table 2).
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Figure 2. Absolute telomere length in pre-eclampsia. aTL in placental tissue was not significantly

altered in pre-eclampsia or pre-eclampsia associated with IUGR compared with controls. Data are
represented as mean aTL £ SD, p < 0.05.

Table 2. Crude and adjusted association between placental absolute telomere length (aTL) in kbp for
pre-eclampsia and pre-eclampsia associated with IUGR, compared with controls.  Adjusted for ma-
ternal age, BMI, gestational age, ICC, and foetal sex. Abbreviations: 95% CI = 95% confidence interval,
BMI = body mass index, ICC = individualised customised centile, aTL = absolute telomere length.

Exposure Groups Crude Estimate (95% CI)  Adjusted Estimate ? (95% CI)
Pre-eclampsia only (N = 5) 3.191 (—1.288, 7.671) 4.882 (—0.391, 10.155)
Pre-eclampsia with IUGR (N = 8) 0.986 (—2.761, 4.734) 1.675 (—3.527, 6.878)

When absolute telomere length was examined in IUGR (4.96 kbp =+ 3.5 vs. 5.9 kbp =+ 4.5),
there was no significant change compared with controls (Figure 3). Adjusting for the
variables maternal age, maternal BMI, gestational age, foetal individualised customised
centile (ICC), and foetal sex, placental aTL was shorter in IUGR compared with controls
but this reduction in aTL was not statistically significant (—1.5 kbp 95% CI: —6.852, 3.807)
(Table 3).
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Figure 3. Absolute telomere length in IUGR. ATL in placental tissue showed no significant changes
in IUGR compared with controls. Data are represented as mean aTL & SD, p < 0.05.

Table 3. The Crude and adjusted association between placental absolute telomere length (aTL) in
kbp for IUGR placentas compared with controls.  Adjusted for maternal age, BMI, gestational age,
ICC, and foetal sex. Abbreviations: 95% CI = 95% confidence interval, BMI = body mass index,
ICC = individualised customised centile, aTL = absolute telomere length.

Exposure Groups Crude Estimate (95% CI) Adjusted Estimate ? (95% CI)
IUGR < 10th centile (N = 6) —0.895 (—5.214, 3.423) —1.522 (—6.852, 3.807)
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2.4. Placental Expression of Cyclin-Dependent Kinase Inhibitor p16 Is Decreased in
Pre-Eclampsia Only

Cell cycle arrest resulting from upregulation of cyclin-dependent kinase inhibitors,
p21 and p16, is a classical feature of senescence. pl6é protein expression was signifi-
cantly decreased in pre-eclampsia placentas when compared with controls (p = 0.031)
(Figure 4A), while this reduction in p16 expression was not evident in placental tissue from
pre-eclampsia associated with IUGR compared with controls (Figure 4B). Additionally,
there was no significant difference in p16 protein expression in IUGR (Figure 4C) when
compared with controls.
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Figure 4. Western blot for placental p16 protein expression performed using the standard SDS-page
gel method for (A) pre-eclampsia only, n = 5, (B) pre-eclampsia associated with IUGR, n = 5, and
(C) IUGR, n = 5. Statistical analysis with Wilcoxon matched-pairs signed rank test with two-tailed
test, * p < 0.05 vs. control placenta. p-value < 0.05, it is flagged with one star (*). Protein expression of
p16 was normalised to the expression of the housekeeping reference protein 3-tubulin.

There was no significant difference in p21 protein expression in pre-eclampsia (Figure 5A)
and pre-eclampsia associated with IUGR (Figure 5B) when compared with controls. Sim-
ilarly, there was no significant difference in p21 protein expression in IUGR (Figure 5C)
when compared with controls.

A reduction in Lamin B1 protein expression has been detected in senescent cells and
is induced by various triggers including cell replication and oncogene activation. Lamin
B1 has roles in DNA replication and cell cycle progression in addition to maintaining
nuclear envelope integrity. Expression of Lamin Bl was not significantly different in
pre-eclampsia groups (Supplementary Figure S2a,b) or IUGR (Figure S2c), respectively,
when compared with controls. We compared absolute mtDNA copy numbers in placental
tissue for pre-eclampsia subgroups and IUGR, comparing them to controls (Supplementary
Figure S3). Even though all groups showed increases in placental mtDNA copy numbers,
both pre-eclampsia subgroups and IUGR failed to reach statistical significance compared
with controls.

2.5. Senescence Associated Secretory Phenotypes in Maternal Plasma Reveal Different Cytokine
Profiles in Pre-Eclampsia and IUGR

Senescence-associated secretory phenotypes (SASP) consist of a core panel of inflam-
matory cytokines and mediators including, interferon-y (INF-y), interleukins (IL-13, IL-6,
IL-8), monocyte chemoattractant protein-1 (MCP-1) and macrophage inflammatory protein
1 alpha (MIP-1«), and matrix metalloproteinase-3 (MMP-3) [27-29]. Of the original panel of
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seven SASP markers, IL-6 was significantly increased in pre-eclampsia only when compared
with controls (0.59 pg/mL £ 0.2 vs. 0.29 pg/mL % 0.1; p = 0.017) (Figure 6A). Expression
of the remaining six SASP markers did not differ significantly between pre-eclampsia
and controls (Figure 6B—G). There was no significant difference in the expression of any
SASP marker between PE/IUGR when compared with pre-eclampsia or when compared
with controls. Interferon-y expression was significantly increased (4.6 pg/mL & 2.2 vs.
2.17 pg/mL £ 0.8; p = 0.002) (Figure 7E) in IUGR when compared with controls. There
were no other significant changes observed in SASP markers compared with controls

(Figure 7B-G).
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Figure 5. p21 expression in placental tissue using the standard SDS-page gel method; (A) pre-
eclampsia, n = 5, (B) pre-eclampsia associated with IUGR, n = 5, and (C) IUGR >10th centile, n = 5.
Statistical analysis with Wilcoxon matched-pairs signed rank test with two-tailed test. Protein
expression of p21 was normalised to the expression of the housekeeping reference protein B-tubulin.
A) B) C)
IL-6 MCP-1 IL-8
15 150 4
*
=0.017 -
S 10 - 3 100 . . 4 f
2 z % % % £;
4 o A :
= g 50 [X] :. = % —%
L]

%%%

T T T
Conlrols PE_| IUGR F Controls  PE_IUGR PE

Controls PE_| IUGR

D) IL-13 E) Interferon-y F) MMP3 G) MIP-1a
30 6 5x104
L] A
" 5 _ o .
g 2a E 3xt0¢ =R
3 * 2 g
£ 10 £ £ 50t e
o o - s @ o g
5 o —daa 22 = 10 & d s
= 0 @R T S = am H
£ od S mm AR
T T T 0 1% T T T
Controls  PE_IUGR PE Controls  PE_IUGR PE Controls  PE_IUGR PE Controls  PE_IUGR PE

Figure 6. Senescence-associated secretory phenotypes (SASP) in pre-eclampsia with or without
intrauterine growth restriction. (A) IL-6 was significantly increased in maternal plasma of pre-
eclampsia only pregnancies (p = 0.017) when compared with controls. All other cytokines: (B) MCP-1,
(C) IL-8, (D) IL-13, (E) Interferon-y, (F) MMP-3, and (G) MIP-1« showed no significant differences
between pre-eclampsia subgroups compared with controls. Data are represented as mean + SD,
p < 0.05; p-value < 0.05, it is flagged with one star (*).
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Figure 7. Senescence-associated secretory phenotypes (SASP) evident in intrauterine growth restric-
tion IUGR: (E) Interferon-y (p = 0.002) of IUGR pregnancies were significantly increased in maternal
plasma when compared with controls. All other cytokines: (A) IL-6, (B) MCP-1, (C) IL-8, (D) IL-13,
(F) MMP-3, and (G) MIP-1« showed no significant difference when compared with controls. Data are
represented as mean + SD, p < 0.05; p = 0.002 flagged as two stars (**).

3. Discussion

Premature placental ageing has been associated with adverse pregnancy outcomes
such as pre-eclampsia, intrauterine growth restriction, and stillbirth. High oxidative
stress and an inadequate antioxidant defense lends to impaired redox signalling and
oxidative damage [30]. While the physiological triggers of senescence in vivo are not fully
understood, evidence of hypoperfusion coupled with high oxidative stress and placental
insufficiency may orchestrate a multistep cellular senescence response. This study sought
to assess the evidence of placental ageing resulting from cellular senescence in both pre-
eclampsia and IUGR by evaluating multiple biomarkers of senescence. Cellular senescence
is defined as a state of terminal proliferation, accompanied by characteristic metabolic
and pro-inflammatory changes. Our results showed a significant decrease in senescence-
associated genes ATM, CCNB-1, PCNA, and TBX2 in IUGR placentas, and a significant
increase in maternal circulating interferon-y levels when compared with controls. On the
other hand, in pre-eclampsia, we showed a significant increase in placental expression of
CHEK-1, CCNB-1, PCNA, CDKN2A, and PTEN accompanied with a significant reduction
in p16 placental protein levels, and a significant increase in maternal circulating IL-6 levels
when compared with controls. There was no significant difference in absolute placental
telomere length between any study groups, when compared with controls. The graphical
abstract portrays the molecular individualities observed in PE and IUGR cohorts.

Initially, the expression of senescent-associated genes was characterised in placental
tissue in pre-eclampsia, pre-eclampsia associated with IUGR, and IUGR. There was a
significant increase in key regulators of DNA repair and checkpoint surveillance, namely
CHEK-1 and PTEN in pre-eclampsia only, with an additional increase in expression of
markers promoting proliferation (PCNA and CCNB1). Proliferating cell nuclear antigen
(PCNA) is a proliferation marker, which regulates the replication complex formation
and has a role in DNA metabolism, affecting DNA damage repair (DDR) pathways [31].
CHEK-1 is a DDR signalling kinase which arrests cell cycle to allow DNA repair, while
the phosphatase and tensin homolog (PTEN), which had the largest increase in expression,
equally controls DNA repair and regulates G1/S and G2/M checkpoints in the cell cycle
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to ensure appropriate cell survival. Cells experiencing DNA damage due to external or
internal stressors act through the ATM/ATR pathway; CCNB-1 is downregulated leading
to DNA damage-induced cellular senescence via G2 cell cycle arrest [32]. Despite the
induction of the DDR, potentially facilitating DNA repair due to exaggerated oxidative
stress in pre-eclampsia, the significant increase in CCNB1, a marker of G2 phase in the cell
cycle, and PCNA suggest that placental cells respond to oxidative damage by promoting
necessary DNA repair and re-enter the cell cycle rather than inducing senescence.

Conversely, in IUGR, there was a significant reduction in ataxia telangiectasia mutated
(ATM), cell proliferation markers CCNB1, and PCNA gene expression in placental tissue
compared with controls. ATM is activated by double strand break (DSB) in an attempt to
repair the damage incurred [33]. TBX-2, a transcription repressor of senescence which plays
an important role in the regulation of cellular fate, maintaining cellular proliferation [34-37],
was also significantly reduced in IUGR only. The deficiency in the capacity to mount an
appropriate DNA damage response, aligned with a significant reduction in cell proliferation,
may be indicative of premature terminal differentiation of trophoblasts at a mean GA
of <33 weeks, signifying a premature cellular senescence phenotype in this subgroup.
While there was no significant difference in placental expression of senescence-associated
genes in the pre-eclampsia associated with IUGR group, there was an obvious heterogeneity
in expression of all genes, which was reflective of the individual signature profiles of pre-
eclampsia and IUGR.

Lysosomal-{3-galactosidase (GLB-1) has been associated as a source of senescence-
associated {3 galactosidase (SA- 3-gal) activity, a marker of cellular senescence [38]. ID-1
has been shown to act through the pl6ink4a/retinoblastoma (pRb) tumour-suppressor
pathway, affecting telomerase activity [39]. Insulin-like growth factor binding protein
(IGBP-5) has been shown to regulate apoptosis through DDR and upregulation of the p53
pathway [40]. Superoxide dismutase 2 (SOD-2) is an antioxidant enzyme providing defense
against oxidative stress [41]. There were no significant differences seen for genes GLB-1,
ID-1, IGFBP-5, and SOD-2 (Supplementary Material).

Increased oxidative stress and accumulation of double-stranded DNA damage foci
located at telomeres, irrespective of telomerase activity, may simulate premature senes-
cence [42]. In this study, we evaluated absolute telomere length (aTL) in our study groups
controlling for maternal age, BMI, gestational age, foetal sex, and foetal ICC. There was
no significant difference in absolute telomere length across the three groups compared
with controls. However, we showed notable variances in telomere length: pre-eclampsia
with/without IUGR had longer placental aTL, whereas IUGR had a much shorter aTL.
Multiple studies have failed to show any association between pre-eclampsia and placental
telomere length [19,20,37]; however, IUGR has been associated with decreased placental
telomerase activity and shorter telomere length when compared with healthy uncom-
plicated pregnancies [23-26]. Biron-Shental et al. reported shorter telomere length for
pre-eclampsia and IUGR placentas compared with controls [23]. Despite the lack of evi-
dence of significant telomere shortening in this study, it is worth noting that premature
senescence can be induced independently of telomere length.

Activation of cyclin-dependent kinase (CDK) inhibitors including p16 and p21 are
critical mediators of cell cycle progression and hence have important regulatory roles in
promoting premature senescence. Both p21 and p16 are negative modulators of cell prolif-
eration in part due to their control of cyclin-CDK activity in response to extracellular and
intracellular signals. In this study, placental expression of p21 was not significantly different
in any of the study groups compared with controls. However, placental expression of p16
was significantly reduced in pre-eclampsia only, with no change evident in pre-eclampsia
associated with IUGR or IUGR alone. Conversely, placental CDKN2A gene expression was
significantly increased in pre-eclampsia in our study. The CDKN2A gene locus is respon-
sible for production of p16INK4a and p19Arf, which act as cell cycle inhibitors and are
expressed at higher levels in senescent cells [15,43]; however, despite the increase in gene
expression, a subsequent increase in p16 activity was not evident in pre-eclampsia. Previ-
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ous studies have reported higher p16 expression in term placental syncytiotrophoblasts,
equally evident in pre-eclampsia and IUGR [20,44-46]. The reduction of p16 expression in
pre-eclampsia in this study suggests that although the evident DDR response mediated via
upregulation of CHEK-1 may trigger activation of G2 checkpoint with resultant arrest of
cell cycle, entry towards a senescent phenotype is not fully stabilised, which may allow
cells to re-enter the cell cycle and maintain cellular mitotic property, which is supported by
increase in PCNA and CCNB1 expression in pre-eclampsia [47]. As there was no change
in either p21 or p16 expression in pre-eclampsia associated with IUGR or IUGR, it would
suggest that growth restriction may induce the alternative senescent phenotype.

Nuclear lamins are structural proteins lining the lamina or inner nuclear envelope
surface [48], which provide structural integrity. Senescent cells display enlarged flattened
profiles with a distorted nuclear envelope resulting from a reduction in Lamin B1 expres-
sion. Loss of Lamin B1 has been reported as a robust marker of cellular senescence but the
exact pathway initiating Lamin B1 reduction remains unclear; furthermore, loss of Lamin
B1 precedes activation of the SA-3-Gal pathway and the accumulation of SASPs [49]. In
this study, there was no significant difference in the placental expression of Lamin Bl in
any of the study groups, which suggests that there is no overt disruption to the nuclear
structure in response to DDR. Exaggerated oxidative stress in senescent cells has been
associated with the accumulation of dysfunctional mitochondria. We subsequently looked
for evidence of mitochondrial dysfunction by measuring mtDNA in placental tissue and
reported no significant changes across the three study groups. Mitochondrial dysfunction
has been associated with disease severity and complexity. Mitochondrial DNA (mtDNA)
copy numbers is a measure of mtDNA levels per cell and is associated with mitochondrial
enzyme activity and adenosine triphosphate (ATP) production. Mitochondria, as the source
of ROS production, plays a pivotal role in the pathophysiology of placental hypoperfusion
diseases as well as cellular dysfunction and ageing. Multiple publications have shown
increased mtDNA in maternal circulation and cord blood in pregnancies affected by PE,
PE/IUGR, and TUGR [50,51]. Contrarily, the quality of mitochondrial quality and mtDNA
copy number is significantly reduced in ageing cells [52-54]. This study did not provide
evidence of increased mtDNA copy numbers in PE, PE associated with IUGR, and IUGR,
and based on this surrogate marker of mitochondrial dysfunction, we propose that mi-
tochondrial dysfunction is not a significant contributor to the heterogeneity evident in
our study.

One of the hallmarks of senescence is the ability of growth-arrested cells to remain
metabolically active and secrete SASPs, which affects events within the cell and causes senile
modulation of the extra-cellular environment as well as neighbouring cells [55]. Our results
showed significant increase in IL-6 levels in maternal plasma in women with pre-eclampsia
only. Multiple reports have shown that increased IL-6 levels are associated with both
severity and onset of pre-eclampsia [56,57]. Despite its well-defined role as an inflammatory
mediator, IL-6 also has a major role in cell cycle regulation through activation of the
janus kinase-signal transducer and activator of transcription (JAK/STAT) and mitogen-
activated protein kinase (MAPK) signal transduction pathways [34,58]. The classical
MAPK/ERK family is an intercellular checkpoint for cellular mitogenesis, controlling
cell cycle progression (34). In this study, the increase in IL-6 may be more indicative of
systemic maternal inflammation in pre-eclampsia rather than a consequence of a senescent
phenotype in pre-eclampsia. Interferon gamma (IFN-v), a pro-inflammatory cytokine, has
been reported to induce cellular senescence through the p53-dependent DNA damage
signaling pathway [48,59,60]. Our results show significant elevation of circulating IFN-y in
IUGR pregnancies, which may be indicative of premature cellular senescence. Similar to all
other senescent biomarkers, there was no significant difference in circulating cytokines in
the pre-eclampsia associated with IUGR study group.

The approach of measuring multiple senescence markers in pre-eclampsia, pre-eclampsia
associated with IUGR, and IUGR (<10th centile) is a significant strength of this study
as it facilitated a complete investigation of premature senescence phenotypes in these
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obstetric complications. To date, identifying the physiological stressors of senescence
in vivo are not fully elucidated. Despite the limitation of small sample numbers in this
study, it is evident that there are significant differences in cell proliferation/senescence
phenotypes in pre-eclampsia and IUGR. The heterogeneity of these phenotypes in pre-
eclampsia and IUGR alone are equally different in pre-eclampsia associated with IUGR,
where an altered molecular profile was evident with no obvious evidence of cellular
senescence or altered proliferation.

4. Materials and Methods
4.1. Study Design

Subjects were recruited as part of the COMRADES study, a non-interventional co-
hort study of nulliparous singleton pregnancies with the aim of characterising placental
premature senescence in pre-eclampsia (PE) and intrauterine growth restriction (IUGR).
Patients were recruited from Cork University Maternity Hospital, Ireland, between 2019
and 2021. The COMRADES study was conducted according to the guidelines laid down in
the Declaration of Helsinki, and all the procedures were approved by the Clinical Research
Ethics Committee of the Cork Teaching (ECM4 (ff) 04/12/18), and all women provided
written informed consent. After receiving consent from participants, samples were col-
lected from nulliparous, singleton pregnancies undergoing pre-labour caesarean section.
Pre-eclampsia was defined according to the ISSHP 2018 guidelines: BP > 140 mm Hg sys-
tolic or >90 mm Hg diastolic measured on at least 2 occasions at least 4 h, associated with
proteinuria (>300 mg protein on 24-h collection, urine protein creatinine > 30 mg/mmol
or +3 dipstick) [1]. Pre-eclampsia participants were subdivided into two groups: associ-
ated with growth restriction (n = 8) and no growth restriction (n = 5). IUGR was defined
according to RCOG as estimated foetal weight less than 10th centile for gestational age [61].
IUGR-recruited pregnancies were classified as <10th centile (n = 6). Matched selected
controls (n = 20) were collected from healthy pregnant women who had uncomplicated
pregnancies, which were defined as pregnancies not affected by pre-eclampsia or IUGR
and delivered at >37 weeks. Controls were matched with the pre-eclampsia and IUGR
cases for maternal age.

4.2. Sample Collection

Maternal term plasma was collected in EDTA vacutainers (BD, Ireland) and centrifuged
at 2400x g for 10 min at 4 °C. Placental tissue was sectioned within 20 min of delivery, with
5 tissue sections (2—-4 cm diameter each) taken from identified regions across the placenta.
All samples were snap frozen in liquid nitrogen and stored at —80 °C [62].

4.3. Placental DNA Extraction and Absolute Telomere Length Quantification

Genomic DNA was extracted from 10 mg of placental tissue using the DNeasy Blood
and Tissue kit (Qiagen, Dublin, Ireland) in accordance with the manufacturer’s instructions.
Absolute quantification of telomere was determined using the ScienCell qPCR Kit (#8918).
The telomere primer set recognizes and amplifies telomere sequences, while the single
copy reference (SCR) primer set recognizes and amplifies a 100 bp-long region on human
chromosome 17 and serves as a reference for data normalisation. All reactions with
genomic DNA sample (5 pg/pL) sample were performed in duplicate, and template
controls were included in each run. Reference genomic DNA was used as an internal control.
Comparative AACq (Quantification Cycle Value) method was used with manufacturer
made standard curve for quantification using Cq (Quantification Cycle) values of telomere
gPCR (TEL) and single copy reference qPCR (SCR) obtained for the genomic DNA samples
as per the manufacturer’s instructions.

4.4. Absolute Quantification of Placental mtDNA

Mitochondrial DNA (mtDNA) extraction was done following the methodology de-
scribed by Williamson et al. (2018) [50]. Real-time PCR was used for mtDNA assessment
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through StepOne Plus Detection system (Applied Biosciences, Waltham, MA, USA) using
Tagman probes for mtDNA hMitoF5, hMitoR5 [50,63]. A standard curve was used to
determine the absolute quantification of mtDNA and represented as copies/mL [63,64].

4.5. Isolation of RNA and Real-Time PCR Analysis

Placental tissue was mechanically homogenised in Trizol Reagent (Invitrogen™ Thermo
Fisher Scientific, Dublin, Ireland) using TissueLyser II (Qiagen, Manchester, UK) and
RNA was isolated which was subsequently purified using the Qiagen RNeasy® Plus Mini
(#74134) clean-up protocol according to the manufacturer’s instructions. cDNA synthesis
was performed using the Superscript IV Double-Stranded cDNA Synthesis Kit (Invitrogen™
Thermo Fisher Scientific, Ireland). Initial assessment for senescence-associated genes were
performed using the RT2 Profiler PCR Array Gene Expression for senescence-associated
genes in 96-well plates (Cat no. PAHS-050Z, Qiagen, Ireland). The samples from each group
were pooled into and loaded on each 96-well plate. In total, there were 4 groups: PE, PE as-
sociated with IUGR, IUGR, and controls, and 4 plates were subjected to Real Time qPCR on
the Applied Biosciences StepOne Plus Detection System. The qPCR Assays used in PCR Ar-
rays enables 96 genes in a 96-well plate to be simultaneously analysed using the RT?> SYBR
Green q PCR Array System protocol. Relative quantification was performed using data anal-
ysis web portal (GeneGlobe, Germantown, MD, USA, https://geneglobe.qiagen.com/us/
(accessed on 17 January 2023)) to calculate the fold change using 2~#4¢T formula, where
ACT is calculated between gene of interest (GOI) and an average of reference genes (HKG),
followed by AACT calculations. Five HKG genes, namely ACTB, B2M, GAPDH, RPLPO,
and HPRT1 were included in each PCR plate as internal controls. Eleven genes were
selected for validation based on the significant differences between groups when compared
with controls, obtained from the RT2 profiler PCR Array: CHEK1, CCNB1, PCNA, PTEN,
CDKN2A, ATM, TBX2, GLBI1, ID1, IGFBP5, and SOD2. Tagman probes were used for
genes of interest (Applied Biosciences, Westmeath, Ireland). The Tata box protein (TBP)
gene was used as an internal control with SYBR green primers (Supplementary Table S1).
Standard relative PCR quantification was performed to validate the fold change using
2785CT) formula. Tagman probes were used for genes of interest (Applied Biosciences,
Ireland). The Tata box protein (TBP) gene was used as an internal control (Eurofins, Dublin,
Ireland; Supplementary Table S1). TBP has been shown to be most stable in placental tissue,
ensuring sensitivity and specificity of gene expression profile [65]. Real-time PCR was
performed on the Applied Biosciences StepOne Plus Detection System. Standard relative
PCR quantification was performed using the manufacturer’s instruction, and fold change
was calculated based on relative change between GOI and the internal standard.

4.6. Protein Isolation and Western Blot

Placental tissue (50 mg) was homogenized using TissueLyser II (Qiagen, Hilden,
Germany) and protein was isolated using tetraethylammonium bicarbonate buffer (Sigma-
Aldrich, Co., Wicklow, Ireland) supplemented with a phosphatase inhibitor (PhosSTOP™,
Roche, Dublin, Ireland) and protease inhibitor (Roche, Ireland). PE, PE associated with
IUGR, and IUGR cases were age-matched with controls. We separated 35 ug of pro-
tein by SDS-PAGE on a 10% TRIS polyacrylamide-glycine gel (Bio-Rad Laboratories,
Kildare, Ireland) and transferred it to a methanol-activated PVDF membrane (Amersham™
Hybond® Sigma-Aldrich, Wicklow, Ireland). Membranes were blocked in 5% BSA for
1 h at room temperature and incubated overnight at 4 °C with primary antibodies; anti-
p21 (1:1000 Abcam; ab109520, Cambridge, UK), anti-Lamin B1 (1:1000 Cell Signaling;
E6M5T, Cork, Ireland), anti-p16 (1:500 Abcam; ab108349, Cambridge, UK), or anti-GAPDH
(1:3000 Cell Signaling #2118, Brennan and company, Dublin, Ireland), and anti- 3-Tubulin
(1:2000 Cell Signaling, #2146, Brenan and company, Dublin, Ireland), secondary anti-rabbit
IgG, HRP-linked antibody (1:2000 Cell Signaling Technology, #7074 Brenan and company,
Dublin, Ireland). GAPDH and 3-Tubulin were selected as internal reference control proteins
for western blots because of their stability and expression within placental cells [66—68].
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After overnight incubation membranes were washed and incubated at room temperature
for 1 h with anti-HRP secondary antibody, membranes were washed in TBS-T and devel-
oped using Pierce™ ECL Western Blotting Substrate, Thermo Fischer Scientific, Biosciences,
Dublin, Ireland) and LICOR Odyssey image analyzer. Densitometry was performed using
LICOR Image Studio Lite Version 5.2. After the protein of interest was developed, mem-
branes were stripped of residual primary and secondary antibodies using a Western Blot
Stripping Buffer (Thermo Fischer, Dublin, Ireland) for 30 min with gentle shaking and
re-probed with a suitable housekeeper protein.

4.7. Senescence Associated Secretory Phenotypes (SASP) Analysis

Maternal plasma samples were analysed for SASP using the Human U-Plex kit IL-6,
IL-8, IL-13, IL-1¢, IFN-y, MCP-1, and MIP-1& (MesoScale Discovery, Rockville, MD, USA;
K15067L) and the Human MMP3 Ultra-sensitive kit (MesoScale Discovery, Rockville, MD,
USA; K15034CL). All samples were prepared using the manufacturer’s instructions and
plates analysed on the Meso QuickPlex SQ 120 platform. Results were generated as calcu-
lated concentration means on the Mesoscale (MSD) Discovery Workbench 4.0 assay analysis
software. The MSD analysis software determines individual cytokine concentrations from
electro chemiluminescent signals via backfitting to the calibration curve.

4.8. Statistical Analysis

All data are expressed as mean =+ SD, or fold change relative to control. Analysis was
performed using GraphPad Prism 8.3. Comparisons of data between cases and controls
were performed using a one-way ANOVA. The two-tailed Wilcoxon matched-pairs signed
rank test was used for statistical analysis of Figures 4 and 5. p values < 0.05 were considered
as statistically significant. Linear regression analysis, comparing absolute telomere length
in cases and controls, was done using STATA 14.2.

5. Conclusions

In the study we showed that despite activation of DNA damage response, in part
as a result of oxidative damage, the cellular phenotype signified a re-entry into the cell
cycle and continued cell proliferation rather than progressing towards senescence in pre-
eclampsia. IUGR presented a completely different phenotype, which was representative of
significantly reduced cell proliferation and premature terminal differentiation which may
progress towards senescence. Despite the assessment of multiple biomarkers of senescence
in this study, it highlights the complexity in distinguishing between cellular subtypes at
a single cell level as well as between cell types, which may be reflective of the differing
orchestrators of placental pathogenesis of these pathologies.

Limitations

This study has a limited sample size which might influence the overall conclusions
drawn in this study. The limited sample number was due to a stringent study design
of recruiting nulliparous women with PE, PE associated with IUGR, and IUGR cohorts.
Only term pregnancies were included in the study to overcome the effect of premature
births. Women with IUGR pregnancies that were complicated by any foetal abnormalities
were excluded.
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Abstract

Background: The placenta remains one of the least studied organs within the human body. Yet, placental dysfunc-
tion has been associated with various pregnancy complications leading to both maternal and fetal death and long-
term health consequences. The aim of this study was to characterise the protein networks of healthy term placental
sub-anatomical regions using label free quantification mass spectrometry.

Methods: Three healthy placentae were sampled at five sample sites and each biopsy was dissected into maternal-,
middle-, and fetal- sub-anatomical regions. Quadrupole-orbitrap mass spectrometer was used in data dependant
analysis mode to identify 1859 unique proteins before detailed differential expression between regions.

Results: Protein profiling identified 1081, 1086, and 1101 proteins in maternal, middle, and fetal sub-anatomical
regions respectively. Differentially expressed proteins were identified considering the effect between sample site
location and sub-anatomical region on protein expression. Of these, 374 differentially expressed proteins (Two-way
ANOVA adjusted p-value <0.05, HSD Tukey adjusted p-value 0.05) were identified between sample site locations and
sub-anatomical regions. The placenta specific disease map NaviCenta (https://www.sbi.uni-rostock.de/minerva/index.
xhtml?id=NaviCenta) was used to focus functional analysis results to the placenta specific context. Subsequently,
functional analysis with a focus on senescence, and mitochondrial function were performed. Significant differences
were observed between sub-anatomical regions in protein intensity and composition. A decrease in anti-senescent
proteins within the maternal sub-anatomical region, and an increase in proteins associated with a switch from ATP to
fatty acid consumption as a source of energy between middle and fetal sub-anatomical regions were observed.

Conclusion: These results suggest that normal proteomic variations exist within the anatomical structure of the
placenta, thus recommending serial sectioning methodology for consistent placental research.
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Background

The placenta is a complex organ playing a critical role
in the development and preservation of a healthy preg-
nancy. It is appropriately defined by Harland Mossman
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as last authors physiological exchange” [1, 2]. The placenta is a dynamic
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Nevertheless, the placenta remains the least studied
organ in the human body, whose structural and func-
tional composition have possible implications for long
term maternal and child health outcomes [4, 5]. A healthy
placenta at term is a disc shaped organ around 22 cm in
diameter and weighing approximately 500 g [2]. Although
the placental is a fetal organ, its anatomical regions can
be loosely termed as: Maternal and Fetal, based on its
proximity to foetus [6, 7]. This multifaceted transient
organ is characterised by different anatomical struc-
tures; the chorionic plate with umbilical cord attached,
at the fetal side (fetal sub-anatomical region), the basal
plate which borders the maternal endometrium (mater-
nal sub-anatomical region) and the intermediate region
connecting the basal plate and chorionic plate (middle
sub-anatomical region) [8, 9]. Placental villi, the core
structural unit are classified as stem villi which connect
to the chorionic plate with limited exchange functional-
ity; intermediate villi classified as mature or immature
consisting of cytotrophoblast subtypes with differing
functional roles and the syncytiotrophoblasts layer which
acts as principal transfer site especially in first and sec-
ond trimester. As pregnancy progresses the terminal villi
which are completely formed at 20 weeks’ gestation, are
the dominant morphological feature with syncytiotroph-
oblasts being immersed in maternal blood facilitating its
functional role in nutrient and gaseous exchange [6, 10].
The placenta ages gradually as the pregnancy proceeds.
At 40 weeks of gestation, the placenta is at its verge of
decline, exhibiting morphological and physiological
senescence [11]. However, in presence of undesirable
oxidative stress, placental aging may be accelerated in
certain pregnancy conditions such as preeclampsia (PE),
intrauterine growth restriction (IUGR) and stillbirth,
characterized by both mitochondrial dysfunction and
premature cellular senescence [12, 13].

The placental proteome has been used to further our
understanding of the molecular mechanisms involved in
development of the placenta and in the pathophysiology
of placental disorders [3]. Furthermore, this technology
has been used in clinical research to aid in the discovery
of protein or metabolite biomarkers to incorporate as a
diagnostic tool for clinical utility [14]. Proteomics has
been widely used in pregnancy complication such as PE
and IUGR, by using novel methods in specific trimester
of pregnancies, for diagnosis, and understanding patho-
physiological mechanism to improve maternal and neo-
natal health outcomes [15].

Uniformity of placental sampling has been lacking in
research with some studies focusing on single placental
sampling sites which may not always be representative of
the global signature of this large heterogenous metabolic
organ. Standardization of placental tissue sampling can
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improve the quality of placental research, and facilitate
sharing of samples between groups, allowing larger data-
sets to be generated [16]. Burton et al., summarized the
factors such as methodological flaws including sampling
and processing samples that might be limiting placental
research [17]. The aim of this research was to determine
the proteomic signature of a healthy term placenta, while
investigating proteomic composition and molecular
pathways enriched across the placental sub-anatomical
regions.

Methods

Patient recruitment and sample collection

Subjects were recruited as part of the COMRADES
Study, a non-interventional cohort study of nulliparous
singleton pregnancies with the aim of characterizing
placental premature senescence in preeclampsia (PE)
and Intra-uterine growth restriction (IUGR). The COM-
RADES study was conducted according to the guidelines
laid down in the Declaration of Helsinki, and all the pro-
cedures were approved by the Clinical Research Ethics
Committee of the Cork Teaching (ECM4 (ff) 04/12/18).
All women provided written informed consent to take
part in the study. Three normotensive, healthy preg-
nant participants with no obstetric complications were
recruited as a part of the COMRADES Study between
February and July 2020. Placental samples were collected
from nulliparous, singleton pregnancies undergoing
Caesarean section for non- obstetric indications such as
breech presentation with consent from the participants.
Placental sampling was completed within 20 min of deliv-
ery, snap frozen in liquid nitrogen and stored at -80 °C for
long term storage. Placental sectioning was performed in
accordance with the standard protocol described by Bur-
ton et al. [16].

Tissue samples [2—-4 c¢m in diameter] were isolated
from 5 different sample sites across the placenta. We
defined the sub-anatomical regions of the placenta as:
maternal, middle, and fetal to evaluate the basal plate,
chorionic plate and the middle part connecting the two
surfaces of the placenta. Sectioning was performed by
keeping close to the fetal membrane from the chorionic
plate, the maternal part was sectioned closer to the basal
membrane and the middle region was selected from
between maternal and fetal sections (Additional file 1:
Figure S1). Fetal membranes were not included in the
sectioning [16].

Protein extraction and quantification

Processing of placental tissue for proteomics analysis
was based on previously established laboratory protocols
[18]. Placental tissue (50 mg) was homogenized using
TissueLyser II (Qiagen, Germany) and protein isolated)
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using Tetraethylammonium bicarbonate (TEAB) buffer
(Sigma-Aldrich, Ireland) in presence of Phosphatase
inhibitor (PhosSTOP™, Roche, Ireland) and Protease
Inhibitor (Roche, Ireland) Mechanical tissue homog-
enization. Protein quantification was assessed with BCA
Assay (Pierce” Thermo Fisher Scientific, USA) and pro-
tein volume adjusted to 50 pg/50 ul concentration with
MS grade dH,O (Additional file 2).

Protein solubilisation and desalination

Protein solubilisation and desalination process has been
previously described [18]. Protein enzymatic digestion
was performed using Trypsin (Promega, MyBio, Ireland)
with the aid of Rapigest (1%) solution (Waters, Ireland).
To aid with Trypsin (Promega — details) 50 mM Tris(2-
carboxyethyl) phosphine hydrochloride (TCEP) (Sigma-
Aldrich, Ireland) solution was added to the denatured
proteins and samples reduced for 60 min at 60 °C, fol-
lowed by addition of 200 mM Indole-3-acetic acid (IAA)
solution (Sigma-Aldrich, Ireland) to alkylate proteins,
which were incubated overnight at 37 °C with 1:100
sequential grade trypsin according to manufacturer’s
instruction followed by addition of 1% Formic acid was
used to stop digestion. Precipitation of Rapigest was
done by centrifuging samples at 13,000 rpm for 10 min
and supernatants collected and air dried on MiVac
Quattro sample concentrator (Fisher Scientific, Swe-
den) followed by resuspension in 0.5% Formic Acid (FA)
(Sigma-Aldrich, Ireland). Desalting and sample clean-
up was performed using Zip-Tip columns with 0.6 pl
binding volume C18 resin (Sigma-Aldrich, Ireland). For
maximum binding of protein to resin present on zip-tip
column, the tips are equilibrated using 0.1% Trifluoro-
acetic acid (TFA) in H20; followed by washing and bind-
ing of protein, and finally the protein are eluted into 10 pl
elution solution composed of 50% ACN in 0.1% TFA. The
process was repeated to achieve 1 pg/pl concentration.
The samples are then re-dried on MiVac Quattro sample
concentrator (Fisher Scientific, Sweden) and all samples
were resuspended in 0.1% FA to 1 ug/pl volume for LC—
MS/MS analysis. Equal aliquots of digested protein in
the experiment were pooled into one sample for internal
quality control (QC) standard which was injected three
times at the beginning of the MS study and throughout
the experiment every 10 to condition the column and
monitor the MS performance. LC-MS/MS analysis was
performed in the Proteomics Core in the Conway Insti-
tute of Biomolecular and Biomedical Research, UCD,
Dublin.

Mass spectrometry (MS) sample preparation
Proteomics samples were enzymatically digested with
Trypsin (Promega sequencing grade) according to
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manufacturer’s instruction and in the presence of Rapi-
gest SF (Waters). Briefly, samples were first reduced with
Tris(2-carboxyethyl) phosphine hydrochloride (TCEP)
at 60 °C for 60 min, and alkylated with Iodoacetamide
(IAA, final concentration y mM) for 30 min in the dark,
prior to the addition of trypsin in a ratio of enzyme to
protein of 1:100 (w/w). The samples were incubated over-
night at 37 °C followed by addition of 1% Formic acid the
next morning to stop digestion and precipitate the Rapi-
gest. Removal of Rapigest by-products was performed
by centrifugation of samples at 13000 rpm for 10 min
and supernatants collected and dried under vacuum
with a MiVac Quattro sample concentrator (Fisher Sci-
entific, Sweden). The dried digests were resuspended in
0.5% Formic Acid (FA) (Sigma-Aldrich, Ireland) prior to
de-salting with C18 ZipTips (Millipore). Finally, the de-
salted digests were resuspended in 0.1% FA for LC-MS/
MS analysis. Equal aliquots of digested protein from each
sample in the experiment were pooled into a single sam-
ple for an internal quality control (QC) standard which
was injected three times at the beginning of the MS study
and throughout the experiment every 10 samples, and to
condition the column and monitor the MS performance.
LC-MS/MS analysis was performed in the Proteomics
Core in the Conway Institute of Biomolecular and Bio-
medical Research, UCD, Dublin.

Mass spectrometry

All samples were injected in a randomized sequence
combining Internal standards and samples for discov-
ery of sub anatomical region proteomic profiles. 5 pl of
each sample was injected in duplicate onto the Thermo
Scientific Q-Exactive® connected to a Dionex Ultimate
3000 High-performance Liquid Chromatography (HPLC)
system. The digests were loaded onto a fused silica emit-
ter (75 pm ID), pulled using a laser puller (Sutter Instru-
ments P2000) and packed with UChrom C18 (1.8um)
reverse phase media (nanoLCMS Solutions LCC). Pep-
tides were separated using an increasing acetonitrile
gradient (250nL/min) for 60 min [18]. The mass spec-
trometer was operated in data dependent analysis (DDA)
mode on a TopN 12 mode with setting: mass range 300-
1600Th; resolution for MS1 scan 70,000; AGC target 3e6;
resolution for MS2 scan 17,500; AGC target 2e4; charge
exclusion unassigned, 1; dynamic exclusion 40 s.

Bioinformatics and data pre-processing

Raw data obtained from LC-MS/MS runs were searched
against the Uniprot Human reference proteome
UP000005640 (downloaded 24-05-2021) with Max-
Quant (version 1.6.17) using default settings and addi-
tionally including the ‘Match Between Runs’ and ‘Label
free quantification (LFQ)  options. The ProteinGroups.



Manna et al. Clinical Proteomics (2023) 20:1

txt output file obtained from the MaxQuant analysis was
processed in Perseus (version 1.6.15.0). Data was filtered
to remove possible contaminants. Samples were cat-
egorised by sub-anatomical region. LFQ intensity data
was log2 transformed, and proteins not identified in all
biological replicates were removed. After rigorous filter-
ing to assure reproducibility, including filtering for valid
values in at least 100% of biological replicates, 70% valid
values of samples per sample site, and 70% valid values
of samples per sub-anatomical region, these proteomic
differences did not persist. Furthermore, proteins absent
in 70% of samples in at least one sub-anatomical region/
sample site were removed. Missing values were replaced
by values from the normal distribution.

Statistical analysis

Statistical analysis was conducted using the built-in
statistical tests in Perseus. To analyse the effect of sub-
anatomical region and sample site on protein expression
a two-way ANOVA was performed. Two-way ANOVA
models allow accounting for more than one known
source of variation. In this study “sub-anatomical region”
and “sample site” were considered independent vari-
ables and LFQ protein intensity was the dependent vari-
able (https://www.ncbi.nlm.nih.gov/pmc/articles/PMC25
28956/pdf/nihms60473.pdf). Simple main effects were
analysed using simple ANOVA and Tukey’s HSD tests.
The results were corrected for false discovery (p<0.05)
within Perseus [19].

Pathway analysis

Functional analysis of differentially overrepresented gene
ontology (GO) terms and pathways associated with dif-
ferentially expressed proteins, was performed using
Cytoscape v 3.9.1 ClueGO plugin [20]. GO and path-
way term overrepresentation results were corrected for
false discovery using Bonferroni step down correction
(p<0.05) and considered significantly overrepresented
with an adjusted p value <0.5.

Placenta specific characteristics

The term disease map was defined as “a comprehensive,
knowledge-based representation of disease mechanisms”
[21, 22]. The NaviCenta consists of human and machine-
readable representations of processes involved in healthy
and dysfunctional placentae in SBGN process description
and activity flow (https://www.sbi.uni-rostock.de/miner
va/index.xhtml?id=NaviCenta). Phenotype predictions
based on user defined data uploaded onto the NaviCenta
were performed with plugins [23]. The uploaded infor-
mation consisted of HGNC identifiers for the genes of all
identified proteins, their difference score as calculated in
Perseus, and adjusted p values.
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Mitochondria and senescence specific function analysis
Identified proteins that map to mitochondrial function
were filtered using or the products of genes associated
with mitochondrial functions incorporating information
from the Human Protein Atlas mitochondrial sub-cel-
lular location (www.proteinatlas.org) [24], MitoXplorer
human interactome [25], and MitoCarta3.0 [26]. The
overlap between mitochondrial protein and gene data-
bases, proteins identified in maternal, middle, and fetal
regions were visualized using InteractiVenn [27]. Sepa-
rately, DEPs were filtered to exclusively contain proteins
that map to senescence associated molecular process.
Senescence associated proteins and genes were identi-
fied from the Human Ageing Genomic Resource College
Build 20 [28], Cell Senescence Gene Database CSGene
[29], and the NCBI gene database with search key “senes-
cence” (https://www.ncbi.nlm.nih.gov/gene/?term=senes
cence, accessed October 2021). GO biological process
terms were visualized using the R Version 4.0.5 and R
package GOPlot [30].

Results

Study demographics

Patient demographic and clinical information can be
found in Table 1. Each placenta had five sample sites
(A-E) taken across the placenta. These samples were then
separated into three sub-anatomical regions: fetal, mid-
dle, and maternal (Additional file 1: Figure S1; resulting
in a total number of 45 samples. Sub-anatomical regions
were confirmed histologically (Additional file 1: Figure
S1).

Proteome profile shows variation across placental regions
and sample sites

In total 1081, 1086, and 1101 proteins were identified
in maternal, middle, and fetal sub-anatomical regions,
respectively. We identified 14, 8, and 21 proteins as

Table 1 Patient demographics and clinical
recruited women

parameters of

Characteristics Mean +SD
Maternal age (years) 346+£25
BMI (kg/m?) 236+4.1
Parity 0
Gestational age (days) 270.7+55
Systolic BP (mm Hg) 1220+£75
Diastolic BP (mm Hg) 747+55
Fetal weight (kg) 33+02
Fetal individualized customised centile 529454
Maternal smoking/tobacco habit no
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exclusive to the maternal, middle, or fetal sub-anatomical
regions, respectively (Fig. 1).

We analyzed fifteen individual samples were available.
Contaminants were removed from further analysis.

EnrichR Cell Marker Database [31] cell type prediction
identified only minor differences between sub-anatom-
ical regions (Additional file 1: Figure S2). Although pla-
cental tissues were not specifically implicated based on
cell markers, most enriched cell types indicate fetal tis-
sues, such as monocytes from fetal kidney, natural killer
T (NKT) cells from fetal kidney, mitotic fetal germ cells
and other phenotypically similar cell types, which is in
line with the placenta being a fetal organ.

Proteomic differences were also found between sam-
ple sites, with 520 unique proteins identified in sample
site E (Additional file 1: Figure S3). ClueGO functional
analysis showed that in particular proteins aligning with
GO terms of membrane organization, protein-contain-
ing complex and subunit organization, vesicle-mediated
transport, organo-nitrogen compound biosynthetic pro-
cess, and translation initiation factor activity are over-
represented (Additional file 1: Figure S4). All unique
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proteins to sample site E but SNRPD2, SPP2, EPS8-11,
and ACAA2 were filtered out for the analysis of both sub-
anatomical region and sample site considering biological
replicates.

The placental proteome varies with sub-anatomical region
Two-way ANOVA considering both sub-anatomical
region and sample site revealed 374 out of 1038 DEPs
(adjusted  p-value<0.05) between sub-anatomical
regions. Strong interaction between the effect of sample
site and sub-anatomical region on LFQ protein inten-
sity was indicated (p-value interaction<0.05) for some
proteins. The intensity of biological replicates of four
proteins (CBR1, HBG2, ANXA4, and FHL1) which dem-
onstrates the highest interaction between sub-anatomical
region and sample site on protein intensity are shown in
Fig. 2. No pattern was apparent, allowing the separate
analysis of DEPs between sub-anatomical regions and
sample sites.

Simple ANOVAs revealed no significant DEPs
between sample sites. Sub-anatomical region com-
parison maintained the previously identified 374

ACOT13 ECI1
CAV1 FKBP1A
CNBP HTRA1
DNM1L IGFBP1

listed next their respective sub-anatomical region

MFAPS
NSF
STRAP

ABHD14B
ASNA1
ATP5D
CAPNS1
CAPS
CHMP4B
COPS5
CSE1L
EFTUD2
GPX1
HBQ1
HEXA
MAPK3
NEDD8
PSMD8
RPL10
SEC23B
TMEM33
TOM1
UFM1
VPS26A

METTL7A TIMP3

IGKV1-5

Fig. 1 Venn diagram of identified proteins in middle, fetal, and maternal regions. Proteins identified in exclusively one sub-anatomical region are
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DEPs. Maternal vs middle sub-anatomical region
comparison revealed 128 wupregulated, and 152
downregulated DEPs on the maternal side. Mater-
nal vs fetal comparison revealed 115 upregulated,
and 123 downregulated DEPs, respectively. Middle
vs fetal sub-anatomical region comparison revealed
64 upregulated, and 41 downregulated DEPs in the

middle sub-anatomical region (Table 2, Additional
file 1: Figure 3).

The top three up and downregulated DEP are detailed
in Table 2. These proteins are associated with an array of
molecular functions such as actin binding, protein bind-
ing, DNA binding, heparin binding, lipid binding and
collagen binding.
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Table 2 Summary of differentially expressed proteins (HGNC identifier) between maternal, middle, and fetal sub-anatomical regions

Up DEP

Top 3 DEP

FC

Down DEP

Top 3 DEP

FC

Maternal vs middle sub-
anatomical region

Maternal vs fetal sub-
anatomical region

Middle vs fetal

128

115

MYH1

NUTF2*

CFHR
MYH1

COL14AT***
NUTF2**

pzp**

SCIN®*
LTF**

[

148
1.01
0.80

1.24
1.16
1.00

2.29
0.80
0.70

152

xxe

1 *x%

*

PZP***
SCIN***

KDELC2***

KRT19***
SNRPD2*
CAPS*

SNRPD2**

ERAP***

- 141
—1.15
—-0.79

- 071
— 069
— 052

— 074
— 0.66
— 046

*

Top three DEPs MYH11, NUTF2, CFHr1, COL14A1, NUTF2, PZP, SCIN, LFT based on highest fold change (FC). Adjusted p val <0.05, up = upregulated,
down =downregulated. *** = adjusted p val <0.001, ** =adjusted p val <0.01, *=adjusted p val < 0.05. p values adjusted for FDR

Functional analysis of placenta regions and sample site

proteome

To further our understanding of functional differences
between sub-anatomical regions based on associated
DEP, functional analysis was conducted. DEP of mater-
nal vs fetal, maternal vs middle, middle vs fetal sub-ana-
tomical regions were directly compared within ClueGO
regarding biological process gene ontology (GO), molec-
ular function GO, and cellular component GO over-
representation. As there was overlap between up and

downregulated DEPs (Additional file 1: Figure S4), func-

tional comparisons were separated to consider upregu-

lated DEPs and downregulated DEPs [20].

GO overrepresentation analysis indicated a number
of biological processes and molecular functions to be
enriched (Fig. 3). Processes and functions important in
inflammation, humoral and stress responses were over-
represented in both up and down regulated proteins.
Processes associated with transcription and translation,
such as regulation of RNA, RNA catabolic processes, and
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Fig. 3 ClueGO functional analysis of differentially expressed proteins (DEP) between maternal, middle, and fetal sub-anatomical regions.
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regulation of DNA biosynthetic process were primarily
overrepresented in downregulated DEPs in the maternal
compared to the fetal sub-anatomical region. Processes
associated with intracellular transport were primarily
enriched in downregulated DEPs in the maternal com-
pared to the middle sub-anatomical region (Table 3).

Mitochondria and senescence associated processes and
functions such as, regulation of G2/M transition mitotic
cell cycle, nitric oxide metabolism, oxidoreductase activ-
ity, and telomerase activity were overrepresented in
downregulated DEPs between maternal and middle sub-
anatomical regions. Proteins associated with glyoxylate
metabolic processes were overrepresented in downregu-
lated DEPs between maternal and middle or fetal sub-
anatomical regions.

Terms that are overrepresented in general but not
significant to one specific comparison group are visual-
ized in grey. Upside arrows indicate upregulation, and

Page 8 of 16

downside arrows downregulation. Simplified results are
summarized, including adj. p value (significance) indica-
tor and associated proteins.

GO overrepresentation analysis revealed a myriad of
differentially regulated processes and functions. In order
to focus results further, and make them placenta specific,
we used the NaviCenta, a placenta specific disease map.
In contrast to traditional methods to characterize the
function of deregulated genes or proteins the NaviCenta
allows for consideration of DEPs including their respec-
tive fold change.

Placenta specific functional analysis

Placenta specific phenotype prediction showed the
proteins found in the maternal sub-anatomical region
indicate increased endothelial cell (EC) migration, EC
apoptosis, and EC proliferation in comparison to both
middle and fetal sub-anatomical regions. The phenotypes

Table 3 Summary table of GO terms overrepresented in DEPs between maternal and middle sub-anatomical region (blue), maternal
and fetal sub-anatomical region (red), middle and fetal sub-anatomical region (pink), compared to each other

GO term Proteins Significance [*]
regulation of DNA biosynthetic process ¥ DDX398,HNRNPA1, HNRNPD, HNRNPU, HSP90AAT,HSPOAB1,NIBAN2 *
regulalion of MRNA processing CIRBP, DDX17, DHX9, HNRNPA1, HNRNPU, HSPAS, PRDX6, PTBP1, SNRNP70 **

regulation of mMRNA splicing

positive regulation of mRNA splicing via spliceosome
negative regulation of cellular catabolic process
negative regulation of mMRNA metabolic process
(CRD-mediated) mRNA stabilization

CIRBP, HSPA8, PRDX6, SNRNP70
CIRBP. HSPA8, PRDX6. SNRNP70

DHX9, HNRNPU, SYNCRIP

transcription and translation

mRNA 3-UTR AU rich region binding
mRNA 5"-UTR binding
poly-pyrimidine tract binding

ELAVL1, HNRNPAO, HNRNPD
IGF2BP3, RPS3A, SYNCRIP
HNRNPH1, HNRNPU, PABPC1, PTBP1

*
*

CIRBP, DHX9, ELAVL1, HNRNPAO, HNRNPD, HNRNPU, HP, HSP90AB1, PABPC1, SCFD1, SEC22B, SNRNP70, SYNCRIP, USP14 ***
CIRBP, DHX9, ELAVL1, HNRNPAO, HNRNPD, HNRNPU, PABPC1, PTBP1, SYNCRIP wkk

*k

translation regulator activity ¥ CIRBP. EEF1B2, EEF2, EIF3B, EIF4A1, EIF4H, IGF2BP3. PABPC1, RPS9. TUFM ok

mRNA binding ¥ ACO1, CARHSP1, CIRBP, DHX9, EIF4A1, ELAVL1, HNRNPAQ, HNRNPD, HNRNPM, HNRNPU, IGF2BP3, PABPC1, PCBP1, PCBP2, ik
PTBP1, PURB, RPS3A, RPSS, SERBP1, SNRNP70, SYNCRIP, TPR

single-stranded RNA binding ANXA1, DHX9, EIF4H, HNRNPA1, HNRNPH1, HNRNPU, PABPC1, PTBP1 wexx

*
*
*k

translation elongation factor aclivity ¥ EEF1B2, EEF2, TUFM *
[
% cholesterol biosynthetic process *
@ ion of i ic process APOB, KPNB1, RAN, VDAC2 *
_g low-density lipoprotein particle receptor binding + AP2A1, AP2M1, APOB, CSRP1, LRPAP1, PICALM Fkk
®
2 glyoxylate metabolic process ¥ ALDH4A1, IDH1, IDH2 *
§ regulation of G2iM transilion of mitotic cell cycle ¥ DYNC1H1. DYNC1I2, FHL1, HSP90AA1, PPP2R1A, PSMC2, PSMC3, PSMD13. PSMD2, TUBA1A, TUBB, TUBB4B **
g nitric oxide metabolic process + ASS1, CYB5R3, DDAH2, DNM2, HSPS0AA1, HSPS0AB1, VDAC2 dkk
@ G2/M transition of mitotic cell cycle ¥ DNM2, DYNC1H1, DYNC112, FHL1, HSP90AA1, PPP1CB, PPP2R1A, PSMC2, PSMC3, PSMD13, PSMD2, TUBA1A, TUBB, TUBB4B s
B
© carbon-oxygen lyase activity ¥ ACO1. FASN, HADHA, HADHB. TPI1, XRCC6 *%x
© - !
.= oxidoreductase activity, acting on the CH-OH
-é group of donors, NAD or NADP s acceptor ¥ AKR1B1, AKR7A2, CBR1, FASN, HADHA, HADHB, HSD17B1, IDH1, IDH2, LDHB, MDH1, PGD, TSTA3 ok
_g telomerase activity * HNRNPD, HSP90AA1, HSPS0AB1 *
8 cysteine-type endopeptidase inhibitor activity + LTF, PRDXS5, SERPINBS *
=
€
transferrin transport 13 CIRBP, HSPA8, PRDXS, SNRNP70 *k
£ endocytic recydling ¥ ARHGAP1, EHD1, EHD2, RAB11B, RAB14, RAB7A, SNX3 ok
% receptor metabolic process * AP2A1, AP2M1, CAPN1, DNM2, EZR, LRPAP1, PICALM, RAB11B, TFRC, VAMP3 ¥k
< positive regulation of intracellular transport DHX9, DYNC1H1, EHD1, EHD2, EZR, FLNA, HSP90AB1, KIF5B, NUMAT, RAN, TPR, YWHAZ *%
& vesicle-mediated transport to the plasma membrane ¥ ARHGAP1, DNM2, EHD1, EHD2, KRT18, RAB11B, RAB14, RAB7A, SNX3, VAMP3 ek
protein localization to plasma membrane AKR1B1, AP2M1, EHD1, EHD2, EPB41L3, EZR, FLNA, KIF5B, KRT18, LRPAP1, PICALM, RAB7A, SLC9A3R1, VAMP3 *k
anligen processing and presentation
of eﬁdogenous pegpﬁde antigen ¥ AP2A1, AP2M1, DNM2. DYNC1H1, DYNC1I2, ERAP1, PDIA3, PSMC2, PSMC3, PSMD13, PSMD2. RAB7A. SEC22B, VAMP3 ok
antigen processing and presentation ¥ AP2A1, AP2M1, AP3B1, DNM2, DYNC1H1. DYNC112, PDIA3, PSMC2. PSMC3, PSMD13, PSMD2, RAB7A, SEC22B, VAMP3 ook
of exogenous antigen
antigen processing and presentation of ¥ ERAP1, PDIA3, PSMC2, PSMC3, PSMD13, PSMD2, SEG228, VAMP3 ok
peptide antigen via MHC class |
negative regulation of chemotaxis 4 C5, DDT. DPP4, ELANE, S100A8, S100A9 ok
neutrophi killing of 4 CTSG, ELANE, F2 ok

leukocyte mediated immunity

humoral imune response

acute inflammatory response

IL-23 mediated signaling pathway

response to IL-4 ¥

e e

LMNB1, PDCD4, RPLP0, SERPINB2, TALDO1
FASN, HSPS0AB1, HSPAS, RPLPO, STAT5B

stress and immune response

phenylpyruvate tautomerase activity + DDT, S100A8, S100A9

A1BG, ACLY, ALAD, B2M, C1QB, C3, C4A, C4BPA, C5, C8G, CD14, CORO1A, COTL1, CPNE1, CPNE3, CTSD, CTSG, ELANE [57] *%**
A2M, C1QB, C3, C4A, C4BPA, C5, C8G, CFB. CFH, CFHR1, CPNE1, CTSG, DEFA3, ELANE, F2, FGA, FGB, GPI, IGHA1(38] Kk
APOA2, ASS1, C3, ELANE, F2, ITIH4, ORM1, S100A8, SERPINA3, SERPINC1 *

adj. p value

" * <0.05

<0.01
™ *xx < 0.001

* *k
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contraction is higher in the maternal sub-anatomical
region compared to both fetal and middle sub-anatomical
regions, but lower in the middle sub-anatomical region
compared to the fetal sub-anatomical region. Comple-
ment cascade and chemotaxis are lower in maternal and
middle sub-anatomical regions compared to the fetal
sub-anatomical region. Ferritinophagy is lower in the
maternal than the middle sub-anatomical region, while
mRNA splicing is higher in the maternal than the middle
sub-anatomical region (Table 4).

Placental sub-anatomical regions present differing
mitochondrial status

The list of all identified proteins was filtered to only
include proteins (HGNC IDs) included in the mitochon-
drial gene and proteome databases Human Protein Atlas
mitochondrial sub-cellular location( www.proteinatlas.
org), MitoXplorer human interactome [25], and human
MitoCarta3.0 [26] (Fig. 4). HPA contains 1139 proteins
associated with mitochondrial function, MitoCarta 3.0
1136, and MitoXplorer 1229, respectively (Fig. 4A). These
databases showed overlapping content proteins both with
each other and with the DEPs identified between sub-
anatomical placenta regions. Ensuing functional analysis
was conducted using the intersection of any mitochon-
drial database with placental proteins. Of all identified
proteins 147 out of 1081 in the maternal sub-anatomical
region, 144 out of 1086 in the middle sub-anatomical
region, and 148 out of 1101 in the fetal sub-anatomical
region are associated with mitochondrial function and
processes. 53 DEPs out of the previous 374 DEPs are
associated with mitochondrial function and processes.
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The tricarboxylic acid cycle is indicated in all three con-
ditional comparisons. Downregulated proteins are more
evident on the maternal side compared with middle and
fetal regions, and exclusively upregulated proteins com-
paring middle with fetal sub-anatomical region. Protein
homotetramerization is indicated by upregulated pro-
teins in the maternal region compared to both the fetal
and the middle regions. Proteins associated with nega-
tive regulation of oxidative stress-induced cell death are
upregulated in the maternal region compared with both
middle and fetal regions. Summarizing the results, a gen-
eral switch from glucose to lipid consumption appears to
be initiated in the maternal and middle compared to the
fetal sub-anatomical region. Terms indicating glycoly-
sis, tricarboxylic acid cycle, and lipid consumption as an
energy source are gluconeogenesis, glucose 6-phosphate
metabolic process, fatty acid transmembrane transport,
acetyl-CoA biosynthetic process from pyruvate, NADH
regeneration, and fatty acid beta oxidation.

Comparing maternal and fetal sub-anatomical region,
mitochondria associated terms such as mitochondrion
organization and mitochondrial RNA 3’-end processing
are upregulated in the maternal sub-anatomical region,
while APEX1 associated with telomere organization is
downregulated in the middle sub-anatomical region
compared to the fetal sub-anatomical region.

Placental sub-anatomical regions offer divergent
senescence status

The difference in senescence state between the three sub-
anatomical regions was analysed using three senescence
specific databases. Human Ageing Genomic Resource
(HAGR) CellAge Build 20, consisting of 307 genes (Avelar

Table 4 NaviCenta differential phenotype prediction based on DEP (Benjamini — Hochberg FDR correction) p-value including adj.
Pval<0.01 between maternal, middle, and fetal sub-anatomical regions and the proteins leading to each phenotype prediction

Phenotype Mat-fet pval Gene Name Mat-mid log2FC pval Mid-fet log2FC pval Gene Names
log2FC

EC migration 028 594e % PLG 0.18 3767 PLG 0 1

Inflammatory —026 591e7?" IGHG4 0 1 —031 2300 % IGHG4

response

contraction 1 151e7"3 MYHT1 1 541e7% MYH11,TAGLN —033 3.13e7% TAGLN

EC apoptosis 02 1.84e~"" BLVRB 0.15 239> BLVRB 0 1

EC proliferation 02 512e~"" BLVRB 0.15 583e~'* BLVRB 0 1

Complement cascade —027 103e™% IGHG4 0 1 —031 39477 IGHG4

chemotaxis —027 391e7 % IGHG4 0 1 —031 53078 IGHG4

Antigen clearance 041 0003 IGHAT,IGLC3  —0.05 0.070 063 2227 IGHA1

Destruction of patho- 0.15 0.008 MPO 0.07 0.048 0 1

gens

Ferritinophagy 0.2 0453 —0.14 0.001 FTL, FTH1 0 1

mRNA splicing 0 1 0.12 0.003 ACINT 0 1
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et al. 2020), Cell Senescence Gene Database (CSGene)
consisting of 503 genes, and the National Centre for Bio-
technology Information Search database (NCBI) specifi-
cally genes associated with senescence in homo sapiens
consisting of 988 genes. Of all identified proteins 790 out
of 1081 in the maternal sub-anatomical region, 794 out of
1086 in the middle sub-anatomical region, and 804 out of
1101 in the fetal sub-anatomical region were associated
with senescence.

In total, 290 of the previously 374 DEPs were associated
with senescence (Fig. 5). Both transcription and transla-
tional processes (translation, nuclear-transcribed mRNA
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stability) were differentially regulated between maternal
and middle sub-anatomical region, with primarily down-
regulated proteins on the maternal side, most of which
were also downregulated in the middle compared to the
fetal sub-anatomical region. Interestingly, proteins asso-
ciated with negative regulation of, or regulation of cell
death and apoptotic processes were primarily downregu-
lated in the maternal compared to the middle sub-ana-
tomical region and upregulated in the middle compared
with the fetal sub-anatomical region.

Proteins associated with stress responses were down-
regulated in the maternal compared to the middle sub-
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middle compared to the fetal sub-anatomical region.
Other senescence associated proteins (regulation of
G2/M transition of mitotic cell cycle, telomere mainte-
nance) were primarily downregulated in the maternal
compared to the middle sub-anatomical region.

Discussion

The placenta is a highly complex organ and crucial for
embryo development, however molecular interactions
and their association with pregnancy complications
remain poorly understood [32, 33].

In this study, for the first time, the proteomics structure
of healthy placentae was investigated. Three placentae
from healthy uncomplicated pregnancies were sampled
at five sample sites, and further categorised into three
sub-anatomical regions. We ensured reproducibility
by ensuring that the 5 identical cross sections collected
from the placenta which were further divided into three
sub-anatomical regions, represented approximate sub-
anatomical regions, i.e., maternal, mid and fetal through
histopathological confirmation. Subsequent LFQ mass
spectrometry analysis revealed distinct protein signatures
of placental sub-anatomical regions. Resulting functional
differences were characterized using functional analysis.

Placental sub-anatomical regions differ in senescence
states switch from glucose to fatty acids as a source
for energy
Mitochondria and senescence associated processes and
functions such as, regulation of G2/M transition mitotic
cell cycle, nitric oxide metabolism, and telomere main-
tenance are overrepresented in downregulated DEPs
between maternal and middle sub-anatomical regions,
indicating increased cell-cycle arrest of cells in the mater-
nal sub-anatomical region compared with the middle
sub-anatomical region. Additionally, proteins associ-
ated with glyoxylate metabolic processes were overrep-
resented in upregulated DEPs between middle and fetal
sub-anatomical regions, suggesting an age induced switch
from glucose to fatty acids via the activation of glyoxylate
cycle, as a source of energy [34]. A high number of DEPs
were associated with senescence, some of which over-
lap with mitochondria associated proteins. Interestingly
both maternal versus fetal and maternal versus middle
sub-anatomical region comparison indicate a decrease
in senescence associated protein levels. When inspected
more closely these DEPs, such as DEAD-Box Helicase 17
(DDX17), and heterogeneous nuclear ribonucleoprotein
Al (HNRNPA1), between maternal and fetal sub-ana-
tomical regions do not possess pro-senescent qualities
but protective functions against senescence [35, 36].
Similarly, the DEPs trifunctional enzyme subunit alpha
and beta (HADHA) and (HADHB), 3-hydroxyacyl-CoA
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dehydrogenase type-2 (HSD17B10), and L-lactate dehy-
drogenase B chain (LHDB) are associated with senes-
cence, mitochondrial dysfunction, and the beta-oxidation
pathway [37, 38]. Downregulation of HADHA, HADHB,
and HSD17B10 have been shown to induce mitochon-
drial dysfunction and senescence [39]. LHDB is involved
in the conversion of pyruvate to (S)-lactate; its down-
regulation causes downregulation of mitochondrial func-
tion. Whereas the induction of LDHB expression causes
enhanced mitochondrial function- including positive
changes in mitochondrial respiratory subunits, mito-
chondrial membrane potential, ATP, NAD+ /NADH
ratio [40]. This indicates that the more senescent pheno-
type within the maternal sub-anatomical region is caused
by the downregulation of mitochondrial proteins with
anti-senescent properties.

The placentas collected are from term gestation
(>37 weeks of gestation), hence the ageing changes seen
in the maternal sub-anatomical region is more physi-
ologically rather than pathological. This hypothesis is
also supplemented by lower ferritinophagy in the mater-
nal sub-anatomical region. Ferritinophagy is a ferroptosis
regulator and associated with iron-dependent regulated
necrosis usually caused by massive lipid peroxidation-
mediated membrane damage [41]. Moreover, we also
report mitochondrial dysfunction in the form of glucose
to lipid oxidation shift for energy production within the
maternal sub-anatomical region compared to middle, or
fetal sub-anatomical regions. This change can be indica-
tive of change in trophoblastic microenvironment as a
consequence of higher oxidative stress within this region
[42].

Mitochondrial activity is higher in the middle
sub-anatomical region compared to maternal and fetal
sub-anatomical regions

Mitochondrial-related DEPs were predominantly down-
regulated on the maternal side compared with the middle
sub-anatomical regions, and predominantly upregulated
proteins comparing the middle with the fetal sub-ana-
tomical region.

The upregulated proteins in the middle versus fetal
sub-anatomical region, included IDH1, IDH2, ALDH4A1
and PDHAL. Isocitrate dehydrogenases (IDH) protein 1
found in the cytosol, while IDH2 is found in mitochon-
dria and converts isocitrate to alpha-ketoglutarate (a-KG)
in the TCA cycle and production of NADPH [43]. Upreg-
ulated protein expression of IDH1 and IDH2 levels in
the middle region compared to maternal or fetal regions,
suggests a higher production of NADPH and higher
mitochondrial activity in this sub-anatomical region.
In fact, studies have shown that IDH2 in pregnancy is
inversely related to pregnancy conditions such as IUGR
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and high maternal BMI [44, 45]. Superoxide dismutase 2
(SOD2), which is upregulated in the middle sub-anatomi-
cal region compared to the fetal sub-anatomical region, is
an enzymatic antioxidant that regulates oxidative stress,
lack of antioxidant defence can lead to increased oxida-
tive stress which in turn can damage cells, proteins, as
well as DNA and accelerate aging. In pregnancy, this may
lead to placental insufficiency linked to preeclampsia and
IUGR [46, 47]. The increased expression of SOD2 along
with IDH1, IDH2 indicate high energy homeostasis and
metabolism, along with antioxidant defence in the middle
sub-anatomical region [48, 49].

Apurinic/apyrimidinic endodeoxyribonuclease 1 or
APEX-1 are multifunctional protein usually associated to
DNA Damage Repair (DDR) functionality in cells expe-
riencing oxidative insults [50]. Our results indicate that
APEX-1 is downregulated in the middle sub-anatomical
region compared to the fetal region. This might be indic-
ative of higher oxidative stress experienced by this sub-
anatomical region, causing telomere damage. The lack
of indicators of oxidative stress within the fetal sub-ana-
tomical region may be due to the presence of anti-senes-
cent proteins, providing protection to the placental cells
of this region. Moreover, upregulation of mitochondrial
organization of genome and mitochondrial RNA 3’-end
processing might be also indicative of mitochondrial
stress response experience by the maternal sub-anatomi-
cal compared to fetal. However, the mechanism by which
mitochondrial organization works is not completely
understood [51].

The effect of sub-anatomical region on protein intensity

is not equal across sample sites

Independent analysis of unique proteins identified in
placental sample sites revealed a myriad of proteins
solely identified in one sample site E (Fig. 1) before
normalisation. These were filtered out when adjusted
for consideration of sub-anatomical regions. Addition-
ally, strong interaction between the effect of sample site
and sub-anatomical region on LFQ protein intensity
was shown. This suggests that the effect between sub-
anatomical region on LFQ proteins intensity is not the
same for all sample sites. This may have been caused by
individual variations and the placenta not being geo-
metrically oval and stresses the importance of sam-
pling several placenta sites from the same patient and
recruiting an increased study number to compensate
for the extremely high individual variability of placen-
tal shapes, size, and structure [16, 52]. Our sample col-
lection protocol has been based on recommendation
detailed by Burton et al.,, 2014 where we selected five
different sites across the placenta [16]. As our results
show, there is minute variations across the different
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sampling sites, with one site in particular showcasing
unique proteins. We, therefore, concur with published
recommendation for proteomic analysis by including at
least five sites while sampling for both qualitative and
quantitative validity [16]. We also identified proteomic
differences between sub-anatomical regions, which we
recommend considering in future studies. However, we
did not include fetal and maternal membranes for sub-
anatomical proteomic analysis. Through our results, we
demonstrate a variable protein composition between
sub-anatomical regions, with higher senescence associ-
ated protein and upregulated translation and transcrip-
tion proteins in maternal and middle compared to fetal
sub-anatomical region, hence we conclude separating
these regions for a robust placental analysis.

NaviCenta provides additional information to placental
data analysis

Traditional functional analysis techniques such as GO
terms are not tissue specific but consider all biologi-
cal processes and molecular functions present within
the human body. Even using the manually curated Cell-
Marker database, the different placental cells could not
be identified. Traditional functional analysis is unbiased.
Although this is an advantage, in the context of placenta
research, a more placenta focused approach is useful. The
NaviCenta exclusively contains placenta tissue specific
cells and phenotypes and enables network based in silico
perturbations and the integration of log2FC, and p-value
information. The NaviCenta indicated deregulated apop-
tosis, non-apoptotic cell death, and cell proliferation
associated phenotypes of endothelial cells in particular
[22]. These have been shown to be governed by mito-
chondrial function [53] and are associated with a more
senescent state [54].

Conclusion

This study provides a comprehensive proteomic assess-
ment of separate sub-anatomical regions of the placenta
reporting proteomic signature of healthy placentae, pro-
viding an insight into mitochondrial functioning and
placental ageing. The proteome differences between
placental sub-anatomical regions, referred to as mater-
nal, middle, and fetal side, indicating cell senescence,
mitochondrial dysfunction, and specifically activities
of endothelial cells. Our results indicate a pronounced
increase in senescence in both the maternal and middle
sub-anatomical regions by downregulation of proteins
protective against senescence. DEPs indicate additionally
a senescence associated switch from ATP to fatty acids as
a source of energy.
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Novelty and limitation

Availability of official annotation for sub-anatomical
regions

The sub-anatomical regions in this study are referred to
as maternal, middle, and fetal sub-anatomical regions. In
fact, the placenta is essentially a fetal organ and a selec-
tive barrier between maternal and fetal circulations [6].
The chosen nomenclature solely describes the location
in reference to the foetus as described in Fig. 1 and was
not intended to insinuate that there was transfer between
maternal and fetal sub-anatomical region instead of the
capillaries of the terminal villi.

Individual variability of placental shape and structure

We observed that although there were no DEPs between
the five placenta sample sites, some proteins showed
increased interaction between sample site and sub-ana-
tomical regions. This may have been caused by individual
variations in placental morphology not being a geometri-
cally perfect oval. This stresses the importance of extract-
ing several placenta samples from the same patient and
recruiting an increased number of participants to com-
pensate for the extremely high individual variability of
placental shapes, size, and structure [16, 52].

Label free quantification

LC-MS techniques largely fall into two categories (i)
relative quantification; and (ii) using a stable isotope-
labelled standard to determine peptide abundance.
Most research questions are addressed using relative
quantification. Relative quantification can be further
grouped into (i) labelled; and (ii) label-free. Samples can
be labelled in vitro in the form of stable isotope label-
ling with amino acids in cell culture (SILAC) or modi-
fied using i.e., tandem mass tag (TMT). These techniques
diminish variability caused by sample preparation and
make protein quantitation more exact [55, 56]. LFQ is
a cost- and labour-effective alternative to both SILAC
and TMT. The advantage here is that protein abundance
alterations can be measured across samples indepen-
dently of isotopic labelling. A disadvantage, however, is
the acquisition time, as each sample must be run con-
secutively [57]. In this study, samples were minimally
manipulated after extraction. No additional experimental
conditions, but the proteomic differences between sub-
anatomical regions were studied, making LFQ the pre-
ferred technique.

NaviCenta—the placenta specific disease map

When it comes to disease or even tissue specific func-
tional analysis and systemic data interpretation, com-
putational and mathematical tools are not widely
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available, yet. The NaviCenta is a human and machine
readable multiscale computational model. The Navi-
Centa consists of information regarding processes and
cell interactions within the placenta, and of relevance
to healthy placentation, including molecular interac-
tions between proteins, RNA, and DNA, enriched
with regulatory factors, such as transcription factors,
miRNA, and IncRNA, which can be used for network-
based analyses [21]. In this study, the NaviCenta was
used to perform placenta specific phenotype predic-
tion, also considering protein fold change, which the
general functional analysis was integrated into, ena-
bling a more meaningful interpretation of results.
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The raw mass spectrometry data is privately available on Fairdom hub upon
request.

Mitochondrial proteins and genes: Human protein atlas information spe-
cific to the mitochondrial subcellular location was downloaded from https://
www.proteinatlas.org/search/subcell_location:Mitochondria. The mitochon-
drial interactome from MitoXplorer was downloaded from http://mitoxplorer.
ibdm.univ-mrs.fr/interactome.php. Human MitoCarta 3.0 was downloaded
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from https://www.broadinstitute.org/mitocarta/mitocarta30-inventory-
mammalian-mitochondrial-proteins-and-pathways.

NaviCenta: The placenta specific disease map is available under https://
www.sbi.uni-rostock.de/minerva/index.xhtmli?id=NaviCenta. Plugins used for
phenotype prediction are available upon request.

Mitochondrial and Senescence Data:

Mat-fet: https://maayanlab.cloud/Enrichr/enrich?dataset=23a1f5d1e221476
2a57c6e9d41a4b006.

Mito mat-mid: https://maayanlab.cloud/Enrichr/enrich?dataset=a0339b7b96
Tcadf671ad33f94a050c5¢.

Mito mid-fet: https://maayanlab.cloud/Enrichr/enrich?dataset=b6eaac4d63
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Enrichr bp:
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