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Abstract: The placenta is a highly vascularized and com-
plex foetal organ that performs various tasks, crucial to a
healthy pregnancy. Its dysfunction leads to complications
such as stillbirth, preeclampsia, and intrauterine growth
restriction. The specific cause of placental dysfunction
remains unknown. Recently, the role of mitochondrial
function and mitochondrial adaptations in the context of
angiogenesis and placental dysfunction is getting more
attention. The required energy for placental remodelling,
nutrient transport, hormone synthesis, and the reactive
oxygen species leads to oxidative stress, stemming from
mitochondria. Mitochondria adapt to environmental
changes and have been shown to adjust their oxygen and
nutrient use to best support placental angiogenesis and
foetal development. Angiogenesis is the process by which
blood vessels form and is essential for the delivery of nu-
trients to the body. This process is regulated by different
factors, pro-angiogenic factors and anti-angiogenic fac-
tors, such as sFlt-1. Increased circulating sFlt-1 levels have
been linked to different preeclamptic phenotypes. One of
many effects of increased sFlt-1 levels, is the dysregulation
of mitochondrial function. This review covers mitochon-
drial adaptations during placentation, the importance of
the anti-angiogenic factor sFlt-lin placental dysfunction
and its role in the dysregulation of mitochondrial function.
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Introduction: preeclampsia

Preeclampsia (PE) is a multisystemic disorder (Lambert
et al. 2014) that affects 1-8% of pregnancies (Duley 2009).
Annually, 76,000 maternal deaths and 500,000 perinatal
deaths worldwide can be attributed to PE (Khan et al. 2006)
and it is accompanied by severe long-term burdens. PE is
defined as de novo onset of hypertension (2160/110 mmHg)
(Brown et al. 2018) and proteinuria (spot urine protein/
creatinine > 30 mg/mmol or >300 mg/day) (Tranquilli et al.
2014; Trogstad et al. 2011), after 20 weeks of gestation. The
exact pathophysiology and phenotype subtypes of PE are
poorly understood.

Although the placenta is understood to be the main
actor in PE, which should thus be “cured” after delivery of
the placenta, recent studies showed that preeclamptic
women have an increased chance of developing various
long-term cardiovascular diseases. PE strongly correlates
with subsequent development of hypertension, ischaemic
heart disease, stroke and venous thromboembolism
(Bellamy et al. 2007). Correspondingly, several predispos-
ing factors, such as multifetal pregnancies, chronic
high blood pressure, personal or family history of PE, pre-
existing diabetes, thrombophilia and obesity, are associ-
ated with increased risks of developing PE (English et al.
2015).

PE is a multifactorial disorder and the exact aetiology
is still unknown. The disruption of endothelial homeosta-
sis, abnormal placentation, excessive inflammation, and
imbalance of angiogenic factors are key features of PE
(Apicella et al. 2019; Possomato-Vieira and Khalil 2016;
Sanchez-Aranguren et al. 2014).

To date, there are no effective treatments to prevent PE,
partly due to the lack of clear knowledge behind the
pathophysiology of PE. The current therapeutic strategies
for PE mainly focus on alleviating the symptoms in order to
delay the necessity for delivery. However, this strategy
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often leads to preterm delivery in most cases (Perry et al.
2018). Therefore, there is an urgent need for a better un-
derstanding and better management of PE. Various treat-
ments involving statins (predominantly pravastatin),
aspirin, calcium and metformin have been explored to
prevent the onset of PE and to treat its associated symp-
toms. However, despite the extensive research into
the potential causes and mechanisms of PE, there is no cure
for PE.

Pathogenesis of preeclampsia
Two-stage theory and preeclampsia

It is widely accepted that PE is a placental disease occur-
ring in two stages: during stage 1, synonymous of abnormal
placentation happens early in the first trimester leading to
decreased placental perfusion, and subsequent stage 2, a
“maternal syndrome in the later second and third tri-
mesters characterized by an excess of antiangiogenic fac-
tors” (Lain and Roberts 2002; Roberts and Escudero 2012;
Roberts and Gammill 2005; Roberts and Hubel 2009;
Roberts et al. 1989; Staff 2019).

The maternal uterus undergoes extreme structural
changes during pregnancy. The molecular processes of
placentation are meticulously coordinated. Any distur-
bance of the equilibrium within the fetomaternal interface,
such as increased inflammatory responses can have
detrimental effects (Mayrink et al. 2018).

Maternal spiral arteries undergo intensive remodelling
in pregnancy resulting in increased blood flow to inter-
villous space to ensure efficient supply to the foetus
(Sweeney and Foldes 2018). During the first nine weeks of
pregnancy, extravillous trophoblasts (EVT) invade spiral
arteries and form plugs, partially blocking the flow of
oxygenated blood to the placental surface during early
gestation. This creates a hypoxic environment, which is
essential for accurate trophoblast differentiation and
placentation, respectively. During the first trimester, these
trophoblast plugs progressively loosen, until their struc-
ture is disintegrated (Figure 1). The blood flow then
significantly increases around week 13 of gestation (Moser
et al. 2015). Inadequate spiral artery remodelling can lead
to dysregulated utero-placental circulation, increased
oxidative stress, as well as a release of placental factors
into the maternal circulation (Redman and Sargent 2010).
As inadequate spiral artery remodelling also occurs in
other diseases such as foetal growth restriction and foetal
death and does not cause PE on its own, it is considered one
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of many factors adding to the phenotype of PE, rather than
its main inducement (Burke et al. 2010).

Stem cell trophoblasts differentiate into cytotropho-
blasts (CT), which first invade the decidua compacta and
then the gland containing decidua spongiosa. The
remodelling and additional recruitment of natural killer
cells (NK), dendritic cells (DC) and macrophages (M) from
the myometrium lead to the thickening of the decidua.
Cytotrophoblasts differentiate into extravillous tropho-
blasts (EVT) and villous trophoblasts (VT). Decidual EC are
replaced by endovascular trophoblasts (a subgroup of
EVTs), which break through the walls of the uterine spiral
arteries, while smooth muscle cells are replaced by con-
nective tissue and fibroblasts. This process ensures the
widening of spiral arteries during pregnancy and a low
resistance to blood flow, hence sufficient supplementation
of villi (James et al. 2017; Vento-tormo et al. 2018).

Endothelial dysfunction in preeclampsia

The endothelium is crucial in controlling vascular tone and
permeability through autocrine, paracrine and endocrine
signalling (Sandoo et al. 2015). The proliferation of endo-
thelial cells (EC) depends on mitochondrial biogenesis and
dynamics, which are influenced by a variety of factors such
as oxygen, haemodynamic changes, and nutrients. EC can
become activated in response to different stimuli, most
commonly inflammatory cytokines such as TNFa and IL-6
(Bailey et al. 2017; Chen et al. 2009; Laresgoiti-Servitje
2013; Liao 2013; Roberts 1989; Szarka et al. 2010; Videm
and Albrigtsen 2008). Widespread endothelial dysfunction
(ED) is a hallmark of PE (Maynard et al. 2003; Roberts 1989;
Sanchez-Aranguren 2014; Wang and Walsh 1998) and
women at high risk of developing PE during pregnancy
demonstrate ED before the onset of clinical symptoms
(Muller et al. 1993). Increased levels of endothelial activa-
tion markers have been reported in women who develop
PE. Plasma levels of adhesion cell molecules are signifi-
cantly increased in women with PE compared to normo-
tensive pregnancy (Carty 2012). Soluble E-selectin was
significantly higher in women at 12-16 weeks’ gestation
who went on to develop PE compared to women who had a
healthy pregnancy (Carty 2012). Significant elevations in
E-selectin are also found to be higher in the postpartum
period in women with PE (Papakonstantinou et al. 2011).
Furthermore, endothelial activation and dysfunction, as
well as the appearance of cardiovascular diseases,
have been detected after a pregnancy complicated with PE
up to 20-25 years post-partum (Evans et al. 2011; Wong
et al. 2003).
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Figure 1: Spiral artery remodelling and biological processes in placenta development according to gestational age.

Placental development processes are meticulously coordinated. Any disturbance of the environment through oxidative stress or
mitochondrial deregulation can lead to subsequent deregulation of these processes and placental dysfunction. Trophoblast stem cells
differentiate into cytotrophoblasts and then extravillous trophoblasts, which invade the endometrium. Extravillous trophoblasts form plugs
creating a hypoxic environment ideal for spiral artery remodelling. After 13 weeks gestational age, the plug progressively loosens until the
blood flow is uninhibited and gas and nutrient exchange across the fetomaternal interface.

Vascular endothelial growth factor (VEGF) is critical in
the process of new blood vessel generation and in the
endothelial homeostasis. One of the mechanisms of ED
involves the release of the sFlt-1 soluble fms-like tyrosine
kinase (sFlt-1 or sVEGFR1), which is a circulating anti-
angiogenic protein and an endogenous inhibitor of VEGF
(Samie Omran and Mohammed Osman 2016). Circulating
levels of antiangiogenic factors released by the placenta
contribute to maternal ED and to the clinical onset of PE.
Overexpression of sFlt-1 induces ED in mice where PE
symptoms are present (Bergmann et al. 2010). Circulating
levels of sFlt-1and sEng are significantly increased in PE and
elevation of these factors correlates with disease severity
(Hertig et al. 2004; Levine et al. 2005). Furthermore, it’s
demonstrated that hypoxic placentas secrete increased
levels of VEGF. However, secretion of sFlt-1 increases to a
greater extent than VEGF secretion, generating an imbal-
ance of anti-angiogenic factors under the hypoxic condition
(Chaiworapongsa et al. 2004; Forsythe et al. 1996; Hertig
2004; Koga et al. 2003; Levine 2005; Maynard 2003).

Using the supplementation of VEGF or PIGF as the
buffering mechanisms for excess sFlt-1 has been tested in
different animal PE models (Bergmann 2010; Chen et al.
2008; Logue et al. 2017; Miquerol et al. 2000; Rees et al.
1990; Woods et al. 2011). For example, adenoviral delivery
of VEGF in pregnant BPH/5 mice inhibited the spontaneous
development of PE-like symptoms in BPH/5 Mice (Williams
et al. 2013; Woods 2011). Adenoviral delivery of VEGF
(Gilbert et al. 2007) in sFlt-1 overexpressing pregnant mice
led to reduced blood pressure and kidney injury (Berg-
mann 2010). Additionally, different forms of PIGF have also
been tested in different animal models (George et al. 2015;
Makris et al. 2007; Spradley et al. 2016; Suzuki et al. 2009;
Watanabe and Dvorak 1997). It has been demonstrated that
the administration of placental growth factor-2 (PIGF-2)
and VEGF in pregnant mice overexpressing sFlt-1,
decreased mean blood pressure (Suzuki 2009). Spradley
et al. looked at the five-day infusion of recombinant human
form of PIGF at gestational day 14 on pregnant rats that had
undergone Reduced Uterine Perfusion Pressure (RUPP)
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procedure and demonstrated an abolishment of the RUPP
after effects, such as an increase in glomerular filtration
rate, a decrease in the mean arterial blood pressure and a
decrease of plasma sFlt-1 (Spradley 2016). Furthermore,
removal of circulating plasma sFlt-1 by apheresis with a
plasma-specific dextran sulphate showed a significant
reduction in proteinuria, improved blood pressure and
prolonged the pregnancy (Thadhani et al. 2011, 2016).
These studies further highlight angiogenic imbalance is the
major ‘culprit’ of PE.

Genetic aspects of preeclampsia

In the same way that ED has been associated with PE,
vasoactive proteins, thrombophilia and hypofibrinolysis,
oxidative stress, lipid metabolism and immunogenetics
have also been linked to PE (“The Genetics of
Pre-Eclampsia and Other Hypertensive Disorders of Preg-
nancy” 2011). In a 2017 study (Vishnyakova et al. 2017) the
myometrium of women with a normotensive pregnancy
and women with a preeclamptic pregnancy were compared
and several significant differences were observed. These
significant differences presented in the form of an increase
in both the levels of antioxidant enzyme markers of mito-
chondrial biogenesis (VDAC1, TFAM, hexokinase 1, PGC-1a
and PGC-1B) and autophagy proteins (LC3A) in the pre-
eclamptic myometrium when compared to normotensive
myometrium (Vishnyakova 2017). This study, alongside
many others (Navarro-Yepes et al. 2014; “The Genetics of
Pre-Eclampsia and Other Hypertensive Disorders of Preg-
nancy” 2011; Wang 1998; Zorov et al. 2014) provides evi-
dence that molecular/genetic changes occur in the
maternal myometrium with the development of PE. As

Table 1: Top five PE related genes.
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shown here in the case of PE, complex diseases can have
various interacting causes. In the age of personalized
medicine, the genetic basis of diseases becomes more and
more important. Some genes may predispose someone to
develop a disease, whereas rare genetic variants may
contribute more directly to a disease (Carolina Sanchez-
Aranguren et al. 2020). Therefore, to date no specific gene
has been universally identified as a susceptibility gene for
PE. However, according to DisGeNet, a dedicated database
repository curated by experts for diseases and their asso-
ciated genes based on experiments, scientific literature,
166 genes and 14 gene variants have been associated with
PE (Supplementary Material 1). ZNF295-AS1, ASB4, FLT1PI,
KIR3DL3, GCMI are the genes with the highest disease
specificity index score for PE and are candidates for
transgenic PE animal models (Table 1).

Impaired vascularization and ED have been shown in
PE. Although these phenotypes often coincide, only a small
group of genes identified in their respective gene-disease
associations overlap. Cardiovascular complications are a
common long-term complication of preeclamptic preg-
nancies. Although pregnancy associated cardiovascular
complications and predisposed maternal conditions such
as hypertension are considered separate diseases, it is
useful to compare overlapping disease-gene associations
as they are risk factors for PE. Given the sensitive topic and
vulnerability of affected groups, the number of studies and
officially associated genes is small. When comparing all
five diseases and their associated genes there is no overlap
among any of them, there are however partial overlaps
(Figure 2) (Supplementary Materials 1-5).

ED, pathologic neovascularization, cardiovascular
pregnancy complications, and PE overlap in ANGPT2
which encodes Angiopoietin 2, a protein responsible for

Gene Full gene name DSlg Example animal model strain Application
ZNF295-AS1 ZNF295 antisense RNA 1 1.000 NA NA
ASB4 Ankyrin repeat and SOCS box containing 4 0.931 C57BL/6-Asb4em1Smoc Metabolism (Li et al. 2010; Yazdi et al. 2015)
C57BL/6J-Asb4emlcyagen PE (Townley-Tilson et al. 2014)
FLT1P1 FLT1 pseudogene 1 0.931 Prox1-GFP/Flt1-DsRed PE (Maynard, 2003)
Angiogenesis (Zhong et al. 2017)
KIR3DL3 Killer cell immunoglobulin like receptor, 0.861 NA NA
three lg domains and long cytoplasmic tail 3
GCM1 Glial cells missing transcription factor 1 0.839 STOCKTg(Gecm1-cre)1Chrn/)  Reproductive biology research

(Woods et al. 2018)

These genes are sorted by disease specificity index (DSIg), available animal models based on overexpression or KO of gene of interest, and their
field of application. ZNF295-AS1, ASB4, FLT1P1, KIR3DL3, and GCM1 show the highest disease specificity score. Animal models only exist for
ASB4, FLT1P1, and GCM1 overexpression or knockout. The ASB4 and FL1P1 models have been successfully established in PE research.
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Figure 2: Venn diagram of overlapping genes associated with ED,
PE, pathologic neovascularization, cardiovascular pregnancy
complications, or maternal hypertension.

The total number of gene-disease associations is shown below the
disease name.

vascular remodelling (Tabruyn et al. 2010). ED, maternal
hypertension, cardiovascular pregnancy complications
and PE are all associated with TNF (Tumour Necrosis
Factor), which is responsible for apoptosis modulation
(Polunovsky et al. 1994). PE, ED, and pathologic neo-
vascularization are associated with CLU and VEGFA,
encoding Clustering and Vascular Endothelial Growth
Factor A, respectively. Clustering is also implicated in
apoptosis (Cunin et al. 2016). For the sake of comparison,
the phenotypes were considered separate pathologies.
Considering the still obscure pathoetiology of PE, there
might be more overlap, which has yet to be discovered.
Notably, most of the overlap in gene-disease associations
occurs for genes associated with either vascularization or
apoptosis.

Mitochondrial function in
pregnancy and preeclampsia

Mitochondria are intracellular organelles that have a
plethora of functions in the cell and are nicknamed the
powerhouse of the cell. Their primary functions are the
production of ATP, the energy currency of the cell and to
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regulate cellular metabolism (Kiihlbrandt 2015). The
mammalian mitochondrial electron transport chain (ETC)
consists of the inner membrane-embedded complexes I-1V,
and the electron transporters cytochrome ¢ and ubiqui-
none (Zhao et al. 2019). The oxidative phosphorylation
system (OXPHOS) complex comprises the ETC and complex
V. Each complex consists of catalytic activity performing
core proteins and a large number of subunits supporting
assembly, regulation and stability. Complex assembly is
further supported by OXPHOS factors which are encoded
by both mitochondrial and nuclear DNA (Signes and
Fernandez-Vizarra 2018). The ETC generates a proton
gradient across the mitochondrial inner membrane, which
is used by complex V to produce ATP. Some electrons are
transferred to O,, causing the generation of reactive oxygen
species (ROS) (Zhao 2019). Complex I is also involved
in superoxide production via paraquat (Cochemé and
Murphy 2008).

Dysfunctional mitochondria have been shown to
contribute to a wide range of disorders, such as hyperten-
sion, diabetes, cancers, and neurodegenerative disorders
(DiMauro et al. 2010; JeZek et al. 2010; Stark and Roden
2007). Mitochondria have also come into focus regarding
their role in PE development. Given their wide range of
functions, deregulated mitochondria may affect placenta-
tion on several levels. Defective mitochondria, specifically,
B-cell mitochondrial alteration, are associated with insuf-
ficiency in the placenta (Rodriguez-Rodriguez et al. 2018).
Changes in structure and activity of mitochondria have an
impact on the electron transport chain in the inner mem-
brane and subsequently on ATP production. Cytochrome ¢
oxidase, a marker enzyme of the mitochondrial inner
membrane is reduced in preeclamptic placentas (He et al.
2004). Another hypothesis claims that defects in tropho-
blastic mitochondria may be partially responsible in the
pathophysiological chain reaction of PE (Torbergsen et al.
1989).

Oxidative stress is considered to occur as a conse-
quence of an overproduction of reactive oxygen and
nitrogen species (RONS), or as a result of insufficient sup-
ply of antioxidants needed to dispose of the free radicals
and the buffering capacity of the cellular defence mecha-
nisms is exceeded. This excess of free radicals combined
with a diminution of antioxidants is believed to play an
important role in the pathogenesis underlying PE. In a
longitudinal study, Toescu et al. investigated oxidative
stress levels at the end of each trimester and 8 weeks
postpartum of 17 normotensive pregnancies showing that
late gestation was associated with the formation of oxida-
tive stress (Toescu et al. 2002). This and other studies have
shown that oxidative stress is expected in healthy
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placental development. Nonetheless, increased oxidative
stress and reduced placental protective factors have been
observed in preeclamptic phenotypes (Rodgers et al. 1988;
Wang et al. 2014; Wickens et al. 1981), in both the maternal
circulation and the placenta (Cester et al. 1994; Hansson
et al. 2015).

Mitochondria are a main source of reactive oxygen
species (ROS) and are enriched in polyunsaturated fatty
acids, which could be an important source of oxidative
stress and lipid peroxidation (Wang 2014). It has been
shown that an abnormal increase in lipid peroxidation is
upheld by placental mitochondria present in PE. This is
due to both an increase in their amount and an increase in
their likelihood to oxidation and mitochondrial generation
of superoxide leading to the production of an important
source of oxidative stress (Wang 1998).

The number of mitochondria can affect the efficiency
of mitochondrial function, the interpretation of functional
assays. Additionally, the number of mitochondria was
shown to be altered in PE (Holland et al. 2018). Pro-fusion
mitochondrial dynamin like GTPase (OPAI) expression
was affected by gestational age and interaction of
PE-gestational age (Holland et al. 2017). OPA1 stimulates
inner membrane fusion and couples fusion to oxidative
phosphorylation.

The relationship between mitochondrial
function, endothelial function and
angiogenesis

Studies on murine models of preeclampsia have shown
that mitochondria in PE or PE-like phenotypes (models) are
dysfunctional. One study (Jiang et al. 2015) looking at a
sFlt-1 overexpression model, in which pregnant mice were
injected consecutively with sFlt-1 for 8 days, found that
placental mitochondria were dysfunctional. They showed
that mitochondria in the trophoblast cells in the placenta of
sFlt-1 injected mice were swollen and enlarged and that
these mitochondria also presented with extensive DNA
damage. These sFlt-1 treated mice also exhibited an
increase in apoptosis markers. Another study, looking at
mice overexpressing STOX1 (Doridot et al. 2014) demon-
strated an increase in mitochondrial mass and mutations in
genes that are involved in mitochondrial function (Doridot
2014; Smith et al. 2021). It has further been shown that the
damage of placental vessels caused by increased sFLT-1,
eventually leads to hypoxia and oxidative stress of tro-
phoblasts, leading to further secretion of sFlt-1 (Jiang 2015;
Y et al. 2020). Indeed, oxidative stress induced advanced
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oxidation protein products treatment of trophoblasts, also
leads to increased sFLT-1 expression and consequently
systemic and local ED, potentially creating a vicious cycle
of oxidative stress, sFLT-1 expression, and ED (Huanga
et al. 2013; Murphy et al. 2013; Wang et al. 2017).

The mechanism by which sFlt-1 leads to ED is still
poorly studied. As described, mitochondria play a central
role in apoptosis signalling. Previous studies have shown
that ED can be brought on by the cells undergoing
apoptosis through the mitochondria-dependent apoptosis
pathway, initiated by caspase-9. Zhai et al. have shown
that increased sFlt-1 can activate caspase-9 and caspase-3,
indicating sFlt-1 mediated apoptosis (Zhai et al. 2020).

Moreover, research has shown that ED, which in PE
leads to angiogenic imbalance and to an insufficient oxy-
gen supply and nitric oxide availability, is caused by
oxidative stress (Sena et al. 2018; Smith 2021). Given the
link between oxidative stress and mitochondria, some re-
searchers have hypothesized that antecedent mitochon-
drial factors could engender the development of
endothelial cell dysfunction. Several of these studies
(Mccarthy and Kenny 2016; Sena 2018; Tenbrio et al. 2018)
showed that in different tissues or organelles, be it plasma,
endothelial cells or antioxidants, that have been exposed
to PE all showed decreased mitochondrial function and
increased ROS production. Once again, the correlation of
increased ROS production with decreased mitochondrial
function illustrates the role oxidative stress plays in both
mitochondrial dysfunction and PE.

It has also been shown that oxidative stress contrib-
utes to sFlt-1 induced vascular dysfunction (Bridges et al.
2009) and that advanced oxidation protein products,
which are toxins created during oxidative stress, enhance
sFlt-1 expression in trophoblasts. The exact mechanism,
however, is poorly understood. The current hypothesis is
that oxidative stress induces the NADPH oxidase depen-
dent pathway, which leads to an increase in sFLT-1
expression (Huanga 2013). Additionally, it has been
shown that dysfunctional placentas, such as an ischaemic
placenta, release sFlt-1 as well as other receptors
(i.e. angiotensin 2) and cytokines which in turn cause
endothelial dysfunction (Lamarca 2012). Endothelial
dysfunction can manifest in the form of elevated circu-
lating endothelin (ET-1), RONS and increased vascular
sensitivity to angiotensin 2 (Lamarca 2012).

Oxidative is the major cause of ED. However, other
factors, such as microparticles have been associated with
ED. Microparticles are a subgroup of extracellular vesicles
and can be produced by various cell types and can have
both protective and pathologic effects. Of particular inter-
est in the context of PE are endothelial microparticles
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(EMPs) and trophoblast derived microparticles. The pro-
duction of EMPs occurs under healthy conditions, but is
increased under stress conditions, such as apoptosis
(Jimenez et al. 2003) and serve as a surrogate marker of ED
(Brodsky et al. 2004). Increased EMPs have been shown in
cardiovascular diseases and inflammatory disorders, and
PE. EMP were shown to lead to endothelial activation and
to stimulate the expression of pro-inflammatory cytokines,
such as IL-6 and of adhesion molecules, such as VCAM-1
and E-selectin (Morel et al. 2009). High levels of EMPs can
inhibit angiogenesis, by impairing endothelial function,
diminishing both nitric oxide production and increasing
mitochondrial ROS production (Hu et al. 2018; Mezentsev
et al. 2005). EMPs can further lead to thrombus formation,
reducing uteroplacental blood flow, and consequently
directly exacerbating placental hypoxia (Aharon and
Brenner 2011) and indirectly by causing proteinuria and
dilation failure in the kidney, generating additional hy-
pertension and vasoconstriction in other organs (Roume-
liotis et al. 2020).

As a result of an increase in trophoblast apoptosis,
syncytiotrophoblast derived microparticles have been
studied as possible biomarkers for PE. Syncytiotropho-
blasts have been shown to produce more microparticles in
PE, the exact pathway by which this leads to apoptosis is
poorly understood (Levine et al. 2020). It is still debated
which of soluble factors or microparticles play the more
important role in angiogenesis deregulation. There is
however some evidence supporting a focus on soluble
factors (O’Brien et al. 2017).

Given the extensive effects microparticles can have,
these have been investigated for therapeutic approaches.
Native, or engineered extracellular vesicles, microparti-
cles, and their membranes may be used to manipulate their
biological effect (Kao and Papoutsakis 2019).

PE is a risk factor for developing cardiovascular dis-
eases later in life (Thilaganathan and Kalafat 2019). The
vascular endothelium is critical for maintaining vascular
homeostasis and function. ED is the common feature for
cardiovascular disorders including hypertension and dia-
betes (Varga et al. 2020). The underlying mechanisms of
the dysfunctional EC are not fully explored. It has been
proposed that cellular senescence, a process which leads to
proliferation arrest, is the key driver for cardiovascular
diseases (Erusalimsky and Kurz 2006; Erusalimsky 2009;
Jia et al. 2019; Marcu et al. 2017; Reicharda and Asosingha
2019). Senescent EC express increased levels of adhesion
molecules, VCAM-1 and ICAM-1, and are more susceptible
to apoptosis leading them to be more prone to inflamma-
tion, atherosclerosis and thrombosis (Erusalimsky 2006;
Erusalimsky 2009). Senescence can be initiated by a variety

Y. Correia et al.: Mitochondrial function and placental dysfunction =—— 893

of factors, including oxidative stress, which is also asso-
ciated with PE (Childs et al. 2018; Zhu et al. 2017). Increased
cellular senescence, including endothelial progenitor cell
and placental cells, have been observed in PE (Cindrova-
Davies et al. 2018; Sugawara et al. 2005). These changes
may contribute to ED and later cardiovascular complica-
tions in PE.

Evidence suggests that mitochondrial dysfunction
plays an important role in activating cell senescence
(Vasileiou et al. 2019). It has been demonstrated that EC
senescence is mediated by mitochondrial fission and
endoplasmic reticulum (ER) stress (Miyao et al. 2020).
Interestingly (Sanchez-Aranguren 2014), demonstrated
that sFlt-1 induced metabolic perturbations lead to endo-
thelial and mitochondrial dysfunction in PE (Sanchez-
Aranguren et al. 2018). In addition, dysregulation of
hydrogen sulphide (H,S) pathway resulted in mitochon-
drial dysfunction and increased sFlt-1 production in ECs
(Carolina Sanchez-Aranguren 2020), suggesting a feed-
back loop between mitochondrial dysfunction and angio-
genic imbalance in PE. We propose that EC senescence
triggered by increased sFlt-1 and mitochondrial dysfunc-
tion contribute to ED and long-term cardiovascular
complications associated with PE. More studies are
required to provide comprehensive insight into the
relationships between mitochondrial dysfunction and the
long-term cardiovascular burden.

Experimental methods to assess
mitochondrial function

There are several experimental methods available to assess
mitochondrial function. Due to the wide range of mito-
chondrial functions, these should be used in conjunction
to gain maximal information about the system (Table 2).
Oxygen Consumption Rate (OCR) is one of the primary
methods used to analyse mitochondrial respiratory activity
and mitochondrial dysfunction (Brand and Nicholls 2011;
Connolly et al. 2018; Dranka et al. 2011). Using sequential
addition of mitochondrial respiratory inhibitors, specific
respiratory states can be isolated and modularly assessed.
OCR measurements can further be coupled with the
extracellular acidification rate (ECAR) to calculate lactate
release and anaerobic glycolysis (Mookerjee et al. 2017).
The mitochondrial membrane potential (Aym), estab-
lished as the difference in electrical potential between
mitochondrial matrix and cytosol can be used as an indi-
cator for the proton-motive force (Ap). The mitochondrial
membrane potential influences ionic transport and more
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Table 2: The most common in vivo and in vitro measuring methods for mitochondrial function.
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Method

Input

Output

Reference

Measurement of the oxygen
consumption rate (OCR)

Extracellular acidification rate
(ECAR)

Mitochondrial membrane
potential

Mitochondrial NAD(P)H

Respiratory complex activity

Mitochondrial ATP

Mitochondrial Ca*

Mitochondrial pH

ROS

Mitochondrial morphology

In vivo measurements of Ca®",
pH, redox state

MRS
NIRS

In vitro
Mitochondrial respiratory
inhibitors

In vitro

Coupled with OCR

In vitro

Coupled with OCR

—  Time-series TMRM fluores-
cence measurement

Coupled with mitochondrial mem-

brane potential

- Endogenous auto
fluorescence

- High-performance liquid
chromatography

- Enzymatic assays

— Labelled spectrometry

- Western Blot

— Histochemical staining

—  Fluorescent reporters

— Bioluminescence-based
probes

—  Fluorescent reporters

—  Two photon microscopy

—  Fluorescent reporters

—  Redox-sensitive fluorophores

—  Fluorescent reporters

- Electron paramagnetic reso-
nance spectroscopy

- HPLC

—  Cationic probes

- MitoTrackers

—  Fluorescent reporters

— Transmission electron
microscopy

—  Genetically encoded fluores-
cent reporters

—  Two photon microscopy

—  Nuclear magnetic resonance

Requires continuous monitoring

Requires continuous monitoring

- Basal respiration

- H'leak

- ATP turnover

- Maximal respiration

—  Spare respiratory capacity

- Non-mitochondrial O, consumption
- Anaerobic glycolysis

Indicator for

- Respiration

- lonic fluxes across the mitochondrial
membrane

- ATP synthesis

- Apoptosis

- ROS or Ca*" mediated cell injury

Information on

- TCA cycle activity

—  Respiratory chain activity

- NAD* consumption

—  Respiratory complex subunit expression

- More useful when variation is already
known

—  ATP quantity

- Ca* quantity

- pH

- In combination with mitochondrial
membrane potential and proton-motive
force

—  ROS quantity

- Number of mitochondria
- Mitochondrial size
— Indicator for fusion/fission events

- Ca’pH
—  Redox state

Intracellular oxygenation
Oxygen consumption

(Brand 2011; Dranka
2011)

(Mookerjee, 2017)

(Ward, 2007)

(Brand, 2011)

(Havlickova Karbanova
2012; Sipos et al. 2003)

(Imamura et al. 2009;
Morciano et al. 2017)

(Pozzan and Rudolf, 2009)

(Santo-Domingo and
Demaurex, 2012)

(Dickinson et al. 2010;
Woolley et al. 2013)

(Barsoum, 2006)

(Breckwoldt 2014; Tada

2014)

(Richardson, 2002)
(Hamaoka, 1996)

The name, necessary input, output, and example references are shown. As indicated most methods are used in conjunction with at least one
additional method to maximise interpretability.
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specifically Ca** transport across the mitochondrial mem-
brane. Fluctuations within it can indicate disrupted respi-
ration, ionic fluxes across the mitochondrial membrane, or
ATP synthesis (Connolly 2018; Ward et al. 2007). More
pronounced mitochondrial membrane polarization can
correlate with apoptosis, Ca*"-mediated, or ROS mediated
cell injury (Brand 2011).

The pyridine nucleotides NAD* and NADH and their
phosphorylated counterparts NADP" and NADPH are cen-
tral to maintenance of redox status and mitochondrial
energy metabolism. Electrons from NADH and NADPH
reactions can be transferred to further available oxygen
molecules and to generate superoxides (ROS subspecies)
(Blacker and Duchen 2016). When combined with mito-
chondrial membrane potential, decreased NAD(P)H
measurements can be indicative of reduced TCA cycles and
enhanced respiratory chain activity, or increased NAD*
consumption (Brand 2011; Connolly 2018). When a varia-
tion in mitochondrial respiratory complexes is detected, a
careful study of actual respiratory complex activity and
subunit expression is warranted, as compensatory mech-
anisms have been shown in other studies (Havlickova
Karbanova et al. 2012).

One of the most studied functions of mitochondria is its
ATP generation to sustain cellular energy requirements,
which is a classic indicator of mitochondrial function
(Murphy et al. 2016). Ca***, on the other hand, regulates
components of the respiratory chain, substrate import, and
ATP synthesis. Mitochondria are key players in Ca®* sig-
nalling and homeostasis, by up taking large amounts of it
along the mitochondrial membrane gradient and the Ca®*
uniporter complex, thus serving as buffers in excitotoxic
conditions (Qiu et al. 2013) that may otherwise lead to
RONS production and mitochondrial permeability (Piv-
ovarova and Andrews 2010). Measuring ATP/ADP and Ca*
requires the additional confirmation of mitochondrial tar-
geting or co-localization. Although the quantity of said
biomarkers can be indicative of mitochondrial function,
they do not carry causal information. Knowledge about
mitochondrial matrix pH and pH difference between the
mitochondrial matrix and cytosol is required to correct
experiments involving fluorescent reporters and to
correctly calculate the proton-motive force (Ap). Mito-
chondrial pH changes often indicate energy metabolism
fluctuations as it influences the flux of metabolites across
the mitochondrial membrane.

Mitochondria are the primary consumers of oxygen
within the cell and have a prominent role in ROS meta-
bolism. ROS can be generated within mitochondria via
electron leaks, TCA cycle enzymes, increased respiration
and hyperpolarization of the mitochondrial membrane,
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play a major role in redox-dependent signalling, are
important second messengers, but can also contribute to
oxidative stress and cell death (Abramov et al. 2007;
Bindokas et al. 1996; Lin and Beal 2006; Lopez-Fabuel et al.
2016; Murphy 2009). Mitochondria undergo constant
remodelling through fusion and fission, which can impact
mitochondrial parameters (Barsoum et al. 2006; Galloway
et al. 2012).

In vivo measurements are possible, but remain chal-
lenging. Genetically engineered imaging tools, such as
fluorescent reporters for Ca*", pH, and redox state, can be
integrated. The photon imaging and confocal micros-
copies of the living animal require surgery to access the
area of interest (Breckwoldt et al. 2014; Park et al. 2013;
Tada et al. 2014). Existing techniques have been devel-
oped for neurobiological studies and accordingly may be
difficult to adjust to other tissues. MRS and NIRS are
promising non-invasive techniques that could be used to
measure in vivo oxygen consumption. As the reduction of
oxygen is the required precursor event to ATP generation,
mitochondrial function can be indirectly assessed via the
rate of oxygen consumption. NIRS measures optical ab-
sorption changes between oxy- and deoxy-haem groups
and is thus an indicator for the balance between oxygen
supply and consumption (Hamaoka et al. 1996; Richard-
son et al. 2002).

To adequately make inferences on mitochondrial
function and causal relationships, the combination of
multiple methods is recommended (Connolly 2018).

Computational mitochondria
models

Mitochondria are responsible for a diversity of functional
roles, which result from the complexity of the interaction
between mitochondrial components, ranging from ATP
production and cellular metabolism regulation, to
apoptosis (Galluzzi et al. 2012; Murphy 2016). These often
cannot be measured directly using current experimental
techniques. Thus, computational modelling of mitochon-
dria became an important tool to study mitochondrial
function (Jafri and Kumar 2014). High-throughput methods
and large heterogeneous datasets have become common;
however, their integration, analysis, standardization, and
interpretation remain challenging. Computational models
are mathematical representations of the current state of
knowledge, that allow for a build-up on traditional
experimental approaches (Brodland 2015) and are used to
address the aforementioned challenges.
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Contrary to beliefs, computational models cannot
replace experiments, they can however test hypotheses,
lead to new insights, suggest and refine experimental
designs, interpret experiments, and support or refute
whether a certain mechanism could or could not lead to the
phenotype of interest (Brodland 2015). Computational
modelling should be considered a complementary method
to laboratory experiments. Not to mention, models are
based on laboratory experiments and empirical data, as
well as simulations based on computational models. These
models can therefore inform and pinpoint the need for new
experiments, creating new data to be integrated and ulti-
mately improve the model, making it an iterative process.

Models tend to be specific to a certain question. The
complexity of mitochondrial functions led to the creation
of various mitochondrial models that are representative of
specific mitochondrial functions (Aon and Cortassa 2012;
Beard 2005; Zhang et al. 2018; Zhu et al. 2020). The con-
struction of a detailed model encompassing all functions
mentioned above, is tempting, however computationally
expensive and therefore not useful.

Mitochondrial function has traditionally been studied
using thermodynamic models (Pietrobon et al. 1986; West-
erhoff et al. 1982). More recent kinetic and thermo-Kinetic
models improved our understanding of mitochondrial
energy metabolism and mitochondrial interaction with
cytoplasm and other compartments, i.e. identifying ROS as a
depolarization trigger and contributor to metabolic oscilla-
tion (Aon 2012). In the case of mitochondria, different models
such as mitochondrial swelling, proving that mitochondrial
deformation can alleviate osmotic pressure (Makarov et al.
2018); motility, identifying parameters that affect mitochon-
dria positioning to regions of high energy demand (Zhu
2020); apoptosis, stressing the importance of cytochrome cin
mitochondrial respiration (Huber et al. 2011); bioenergetics,
illuminating bioenergetics differences of mitochondria from
different tissues (Zhang 2018); and dynamics and dysfunc-
tion with respect to ageing (Hoffman et al. 2017) were created.

In general, focus was given to metabolic models,
including the tricarboxylic acid cycle (Smith and Robinson
2011) and the respiratory chain (Malik and Czajka 2013),
which also focuses on mitochondrial disease research
(Beard 2005; Maldonado et al. 2019). Table 3 presents a
more thorough overview of existing computational mito-
chondria models.

Inrecent years, tools to study mitochondrial function on
an integrative level have been developed (Brunk et al. 2018;
Rahman et al. 2017; Smith et al. 2017) and are publicly
available (Malik-Sheriff et al. 2020). Network-based
approaches are particularly promising considering their
application in complex molecular interactions and data
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integrations (Barabasi et al. 2011). Molecular interaction
maps (MIMs), a systems biology network approach, enables
multi-omics integration and the creation of entire disease
models. MIMs are representations of molecular processes
that can be translated into computational models. It pre-
sents a knowledge resource by providing and integrating
information about i.e. genes, proteins, and molecules. MIMs
can be used for advanced network analyses and drug target
identification (Mazein et al. 2018; Serhan et al. 2020).

Popular examples of established network mitochon-
drial models are Recon3D (Brunk 2018) and Leigh Map
(Rahman 2017). Recon3D is a genome scale network
including three-dimensional metabolite and protein
structure information and can be used to functionally
characterize disease — gene variant association and
metabolic signatures: It has been successfully used to
map mitochondrial trifunctional protein deficiency,
SUCLA2-related mtDNA depletion syndrome, and phos-
phate carrier deficiency data (Maldonado 2019; Sahoo et al.
2012). Leigh Map is a manually curated gene to phenotype
map used as a Leigh syndrome diagnostic tool and may be
adjusted in the future to study other mitochondrial dis-
eases (Rahman 2017). These examples are specific to
mitochondrial diseases. PE, as a complex disease, is not
considered a mitochondrial disease, nonetheless mito-
chondrial dysfunction is hypothesized to play a role. In the
case of PE a model that can combined with other models of
processes considered to be important.

Intracellular biological interactions can be repre-
sented by various types of mathematical graph structures.
In the common MIM biological entities are traditionally
visualized as nodes and reactions as edges. Modelling tools
like CellDesigner or NewtEditor allow heteropartite graph
creation including compartmentalization, both automatic
and manual annotation, in both the human and machine
readable SBML. Mitochondrial dysfunction can be
described using this method as seen in the model our
research group is currently developing (Figure 3). This
example is a combination of progress description and
activity flow. The two are traditionally not used in the same
map, do however increase human interpretability with
progress descriptions including detailed mechanisms of
biomolecular interactions and activity flow describes the
flow of information between elements within a map (Touré
etal. 2018). The map includes proteins, receptors, chemical
entities, phenotypes and functional complexes that have
been associated with mitochondrial dysfunction. As the
quantity of mitochondria allows inferences on their activ-
ity, the map also includes mitochondrial fission and fusion,
as well as mitophagy (Burton and Jauniaux 2018).
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Table 3: Selection of the most popular computation mitochondria models, sorted by year of publication.

Author

Model description

New insight

Limitations

(Aon, 2012)

(Beard, 2005)

(afri 2014)

(Huber, 2011)

(Hoffman, 2017)

(Connolly,

2018)

(Zhang, 2018)

(Makarov, 2018)

(Zhu, 2020)

Mitochondrial energetics

ROS scavenging system

ROS activated anion efflux
pathway across inner membrane

17 differential equations

16 adjustable parameters,

Estimated by simultaneously

fitted model-simulated steady states and
thermodynamics

Experimental data

Mitochondrial respiration
Cyt-c

UPR
Mitochondrial biogenesis
Autophagy dynamics

Mitochondrial membrane potential
Oxygen consumption rate

Based on data from isolated lung
mitochondria

Osmosis
IMM rigidity
Dynamics of ionic/neutral species

Axonal length

Mitochondria velocity

Length of presynaptic terminal
Time of mitochondrial immobility

ROS triggers synchronized depolarization
Sensitivity of the IMAC channel can allow for
the oscillations + oxidative phosphoryla-

tion + cardiac myocyte action potential and
calcium

Quantitative model

Feedback control is the principle metabolic
control mechanism in mitochondrial electron
transport

Predicts how pH and Mg influence metabolic
oscillations

Decreasing extra-mitochondrial pH decreases
oscillation frequency

Increase in Mg leads to increase in frequency
and amplitude of oscillations extremely high
Mg abolishes oscillations

Loss of Cyt-c decreased mitochondrial respi-
ration by 95% and depolarised mitochondrial
membrane potential

Quantitative and mechanistic explanation of
protective role of enhanced glucose utilisation

Physiological parameter changes in mitochondria
due to ageing

Declines NAD* and ATP

Increase in ROS

Decreased mitochondrial respiratory capacity
could be explained by impairment of mito-
chondrial NADH flux

This impairment would lead to lower NADH
levels in resting state and after manipulation of
the respiratory chain

Impaired glycolytic flux causes mitochondrial
dysfunction

Insight into bioenergetics and respiration of
lung mitochondria

Difference of lung mitochondria to mitochon-
dria from other tissues

Osmotic pressure can be compensated by the
rigidity of the IMM

High amounts of dysfunctional mitochondria
can activate mitophagy and apoptosis
Higher AP frequency leads to a larger number of
stationary mitochondria

Specific to cardiac
mitochondria

Not detailed enough to
create mechanistic
model, yet

Specific to cardiac
mitochondria

Cancer specific

Specific to ageing

Specific to neuronal
mitochondria

Specific to pulmonary
tissue

Only three ionic spe-
cies and a simplified
respiration
mechanism

Specific to neuronal
mitochondria

Each modelis described by the new input information included in the model, a simplified summary of new insights derived using the model, and
general limitations (AP = action potential, ATP = adenosine triphosphate, Cyt-c = cytochrome-c, IMAC = mitochondrial inner membrane anion
channel, IMM = inner mitochondrial membrane, NAD*/NADH = nicotinamide adenine dinucleotide, ROS = reactive oxygen species,

UPR = unfolded protein response).

Several mitochondria specific databases exist, offering
data ready to be integrated. MitoCore is a curated
constraint-based model for simulating human metabolism,
while InterMitoBase provides a network of 2813 proteins

and 5883 interactions (Gu et al. 2011;

Smith 2017). Smith

and Robison 2011 created another comprehensive and an-
notated model, specific to human heart mitochondria
(Smith and Robinson 2016). A full list of available
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Figure 3: Mitochondrial dysfunction progress description and activity flow diagram.

Progress description and activity flow of genes, proteins and molecules associated with mitochondrial dysfunction, and their connection to
apoptosis necrosis, mitochondrial fission and fusion, as well as mitophagy in their respective compartment (yellow lines = compartments,
green rectangles = proteins, yellow polygon = receptor, bright green ovals = simple molecules, violet hexagon = phenotype, black
rectangle = complex, black rectangle dashed line = hypothetical complex, yellow rectangle = gene, blue circle = ion, light blue rectangle =ion

channel, arrow = reaction).

databases and tools has been provided by Maldonado et al.
(2019). These databases and models have proven useful in
various studies and their content could be consolidated
into the above-shown network, into a comprehensive mo-
lecular interaction model of mitochondrial dysfunction for
further analysis and to gain insight into the importance of
mitochondrial function on placental dysfunction.

Mitochondrial interventions

Mitochondrial dysfunction has been associated with mul-
tiple diseases such as PE, cancer and neurologic diseases.
Thus, a plethora of therapeutic approaches have been

invented. Many mitochondrial intervention approaches
focus on altering the abundance of pathogenic mutations
in mitochondria via heteroplasmic shifting by injection of
functional mitochondria, cell therapy, and inhibiting
agents. As mitochondria contain multiple copies of
their genome they are responsive to this type of therapy
(Mercer 2014). Heteroplasmic shifting can be achieved by
injecting exogenous mitochondria into cells (King and
Attardi 1988; Li et al. 2019). Further, mutated or pathogenic
mtDNA replication can be inhibited using peptide nucleic
acids (Tanaka et al. 2002). Cell therapy overcomes the
challenge of targeting mitochondria in vivo. Instead, cells
can be extracted, depleted of mitochondria and fused
with other cells, containing healthy mitochondria. These
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transmitochondrial cell lines have great potential in dis-
ease specific models (Bacman and Moraes 2007).

Drugs bound to triphenylphosphonium (TPP), such as
the antioxidant MitoQ (Adlam et al. 2005), MitoB (Cochemé
et al. 2011), MitoPerox (Prime et al. 2012), and MitoSNO
(Prim 2012) can decrease oxidative damage and have been
proven beneficial in ischaemic-reperfusion injury (Adlam
2005) and cardiac hypertrophy (Graham et al. 2009) in
animal models. Failure of the ubiquitin-proteasome (UPS),
which is responsible for the accurate recycling of damaged
proteins, has been associated with cardiovascular diseases
(Calise and Powell 2013; Herrmann et al. 2010). Both pro-
teasome assembly regulators (Meul et al. 2020) as well as
proteasomal inhibitors are currently under investigation as
therapeutic interventions (Taylor and Dillin 2011).

Primary mitochondrial disorders in which oxidative
phosphorylation is disrupted can further be treated
with nutritional interventions. An example of such in-
terventions include micronutrients, signalling modifiers,
metabolic agents, and dietary patterns (Ronco and Debiec
2020). More specifically, nutritional supplements include
vitamins, antioxidants, minerals, metabolites, herbs,
membrane phospholipids, and enzyme inhibitors, as well
as cofactors (Kerr 2010) and support metabolic pathways,
OXPHOS, which promote mitochondrial biogenesis.

Vitamin B1 enters the cell via thiamine transporters 1
and 2. Supplementation is commonly used to enhance
OXPHOS and pyruvate dehydrogenase complex flux.
Vitamin B2 (or riboflavin), which is the precursor of flavin
adenine dinucleotide, supplementation has shown posi-
tive effects in patients with defects of riboflavin transport
and mutated flavoprotein dehydrogenase, flavoproteins
(Bosch et al. 2011), deficient ETC complex 1 and 2 (Bala-
subramaniam and Yaplito-Lee 2020; Penn et al. 1992)
melas syndrome; riboflavin metabolism. An increase of the
precursor of NAD" and NADP?, vitamin B3, can cause lactic
acidosis. This deregulation can be ameliorated by fasting
and exercise (Tischner and Wenz 2015). Keep the fire
burning: current avenues in the quest of treating mito-
chondrial disorders. The nervous system penetrating
vitamin B9 functions as a B vitamin cofactor required for
cellular one-carbon-transfer reactions and has shown
positive effects in patients with cerebral folate deficiency.

Antioxidant responses, OXPHOS, and mitochondrial
biogenesis can be manipulated and supported using
metabolic modifiers, such as a-lipoic acid, r-carnitine,
coenzyme Q10, and creatine. a-Lipoic acid (a-LA) is a well
studied fatty acid that acts as an enzymatic cofactor in
metabolism regulation, mitochondrial biogenesis, and
energy production. a-LA also acts as a potent antioxidant
further improving mitochondrial performance and
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contains epigenetic regulatory activity on IL-1B and IL-6
gene expression, which are associated with oxidative
stress and inflammation. It’s therapeutic benefit has yet to
be supported by clinical (Dinicola et al. 2017; Dos Santos
et al. 2019). L-carnitine is involved in long-chain fatty acid
transport from the cytosol to the mitochondrial matrix and
important for B-oxidation, modulation of acyl-CoA/CoA
ratio, excretion of toxic acly groups, muscle storage of
energy as acetyl-carnitine and additionally functions as a
free radical scavenger (Longo et al. 2016). The majority of
carnitine is obtained from dietary sources and a common
intervention for mitochondrial dysfunction (Oyanagi et al.
2008). The main function of coenzyme Q10 (CoQ10) is as a
diffusible electron carrier, transferring electrons from
complex I and II to complex III of the ETC, supporting
OXPHOS stability. CoQ10 further acts as an effective anti-
oxidant, inhibiting propagation of lipid peroxidation
initiation and removing free radicals. Although OXPHOS
dysfunction causes an increase of ROS and CoQ10 is a
powerful ROS scavenger, the beneficial effects of CoQ10 are
still undetermined (Luo et al. 2019). Creatine stores meta-
bolic energy and has been shown to prevent structural and
functional damage to mitochondria of oxidative stressed
cells (Kazak and Cohen 2020; Ostojic 2018).

Signalling-pathway modulators can be beneficial,
when the dysfunctional pathway has been identified. The
adaptation of a ketogenic diet is highly controversial. It has
been shown that transcripts of TCA cycle, OXPHOS, and
glycolysis genes can be increased by adapting a ketogenic
diet. During prolonged adoption of ketogenic diet, how-
ever, reduced cell respiration, induced cell apoptosis, and
decreased mitochondrial biogenesis have been reported
(Xu et al. 2021).The bioactive polyphenols resveratrol can
correct ETC complex I and IV defects and leads to OXPHOS
stabilization when supplemented with metformin. The
exact mechanism has yet to be understood (De Oliveira
et al. 2016). Nevertheless, a considerable amount of
research is still needed to accurately understand the exact
processes involved in the metabolism of these therapeutic
interventions.

Circumspections
Nomenclature

Although PE is a serious pregnancy complication with
wide-ranging health, social and economic burdens its
exact pathophysiology remains to be revealed. There are
several in vivo, in vitro, and in silico models available to
study mitochondrial function. However, specific models
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for PE subtypes do not yet exist. Notwithstanding, as
studies have shown, in term preeclamptic pregnancies
antioxidant activity was increased while in pre-term pre-
eclamptic pregnancies antioxidant activity remained
unchanged and H,0, production, SOD activity and gluta-
thione peroxidase and catalase activity were decreased
(Holland 2018).

One of the hindering factors to the progress of the
modelling with regards to PE subtypes is the lack of
nomenclature definition. For instance, term- and preterm
PE, defined as PE occurring after 37 weeks and before
37 weeks of gestation, as well as late onset (LOPE) and early
onset PE (EOPE), defined as PE occurring after 34 and
before 34 week of gestation (Raymond and Peterson 2011),
respectively, present differing phenotypes on a molecular
level (Phillips et al. 2010). Not to mention, the definition of
PE subtypes itself is controversial.

To facilitate the progress in PE subtype modelling, a
global standardization on the PE subtype definition may
increase reusability of data and the general interpretability
of results. Although, recent studies have shown that a clear
separation is necessary as phenotypes differ (Holland
2018), a discordance among the definitions of the current
nomenclature still exists, which is undoubtedly to the
disadvantage of both animal models and computational
models.

Further illustrating the necessity for a clear differen-
tiation in subtype nomenclature in PE, studies showed that
when compared to late-onset PE, an increase of oxidative
stress and of unfolded protein response (UPR) (protein that
is associated with the suppression of non-essential protein
synthesis) were found in early-onset PE which could be
causing morphological changes. This increase of oxidative
stress and UPR explains why growth restriction is often
associated with early-onset pre-eclampsia. Despite the
wide range of research on the placenta and the different
hypotheses on abnormal placentation and how it relates to
PE, a significant amount of incertitude remains. Extensive
research still needs to be conducted to elucidate this
incertitude.

Additionally, as a complex disease PE is often
accompanied by other comorbidities, such as hyperten-
sion, superimposed with PE, diabetes and asthma (Booker
et al. 2019; Czerwinski et al. 2012; Weissgerber and Mudd
2015). These possibly share mechanisms of pathogenesis.
Also, the required number of samples for appropriate and
robust statistical analysis and interpretation is relatively
high, thereby increasing the extent of the analysis needed
(Brookhart et al. 2010; Marx et al. 2017).

Computational models cannot replace experiments,
nor can they prove whether or not specific mechanisms
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produce a certain phenotype (Brodland 2015). Nonetheless,
network modelling is an established method to study
disease-disease associations and diseases in general
(Fotouhi et al. 2018). Disease maps are becoming increas-
ingly popular to study complex topics such as Parkinson’s
disease (Fujita et al. 2014) or inflammation and inflam-
mation resolution (Serhan 2020).

Forasmuch as most animal models of PE are induced
by genetic (Collinot et al. 2018), pharmacological (Tam
et al. 2011), environmental (Peyronnet et al. 2002), surgical
(Crews et al. 2000), or immunological manipulation,
resulting in the general preeclamptic phenotype in contrast
to PE developing during pregnancy (Gatford et al. 2020). As
computational modelling is inherently iterative, these dif-
ferences may inadvertently be reflected in the model.

Correlation does not equal causation

Overall, the currently available scientific evidence on PE
leads to the assumption that the preeclamptic phenotype is
caused by a combination of mitochondrial deregulation,
subsequent oxidative stress and consequent ED. The
conjunction of oxidative stress and tissue damage may
cause a breach of the placental barrier and thus create a
leak of foetal and placental-derived factors into the
maternal circulation. This leakage of foetal material into
the maternal blood stream leads to maternal endothelial
damage, elevated oxidative stress, and systemic inflam-
mation. This further suggests that the shedding of nano-
particles such as free Haemoglobin, which causes kidney
damage, and miRNA may further exacerbate the inflam-
mation, vascular damage of the placenta as well as sys-
temic oxidative stress.

On a molecular level, mitochondria and in particular
mitochondrial DNA (mtDNA) are sensitive to ROS damage
in proximity to the oxygen generation site of the ETC.
MtDNA damage and mtDNA mutation lead to impaired
energy production and risk of further electron leakage
which in turn causes an increase in oxidative stress.
Mitochondrial DNA levels in the maternal circulation play
an important role both in PE and as an indicator of
placental abruption. An increase in maternal mtDNA levels
has been linked to an increase in oxidative stress. This
increase is thought to be due to the hypoxic conditions
associated with placental insufficiency and thus a dimi-
nution of placental blood flow. Hypoxic stress has been
shown to increase the biogenesis of mitochondria, this
generating more circulating mtDNA. However, unchanged,
as well as both increased and decreased levels of mtDNA
have been found in the same pathogenesis of pregnancy
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through different studies (Lattuada et al. 2008; Lin 2006;
Pillai et al. 2016; Qiu et al. 2012).

The potential causative correlation of oxidative stress
and PE has long been debated (Agarwal et al. 2015). Some
studies suggested that PE arose as a consequence of an
excessive amount of oxidative stress, whereas other
studies supported that increased oxidative stress occurs as
a consequence of PE. It has also been demonstrated that
oxidative stress is a great contributor to endothelial
senescence, which could contribute to the phenotype.
However, the causative correlation is still debated.
Oxidative stress, however, also occurs in other pathol-
ogies, suggesting oxidative stress may be a side-effect
rather than cause of PE. This may explain the contradicting
mtDNA levels across studies (He 2004; Noback 1946; Poi-
datz et al. 2015).

Although we operate under the assumption that the
condition underlying PE can be found somewhere in the
placenta, there is a competitive hypothesis about the heart
being the cause for PE development. This idea is mainly
based on the observation of poor long term cardiovascular
outcome in preeclamptic women, and angiogenesis asso-
ciated biomarkers sFlt-1 and vascular endothelial growth
factor (PIGF) which may not only affect the placenta but the
heart (Thilaganathan 2019). Further experimental and
computational study of mitochondrial function in PE using
both cardiac and placenta samples with a focus on oxida-
tive stress, sFIt1, and its effects on EC is required to clarify
this discrepancy.

Conclusion

PE is a multifactorial, complex disease, with wide-ranging
health, social and economic burdens, nevertheless its
exact pathophysiology remains poorly known. The scien-
tific evidence currently available on PE suggests that the
preeclamptic phenotype is caused by a combination of
mitochondrial deregulation, subsequent oxidative stress
and consequent ED.

Many computational mitochondria models and mito-
chondria dysfunction models exist, 54 and 19, respectively,
can be found on bio models (Malik-Sheriff 2020). Placenta
specific models, however, are not available. An in-silico
model encompassing the highlighted processes of angio-
genesis, oxidative stress, ROS production, mitochondrial
function and dysfunction, and ED in combination with
data derived from cardiac and placenta tissue samples may
elucidate the pathogenesis of PE and the interplay between
these processes and identify new biomarkers and thera-
peutic target candidates for PE.
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