) GRIVERS Ty

Review: Placental mitochondrial function and structure in
gestational disorders

Author

Holland, Olivia, Nitert, Marloes Dekker, Gallo, Linda A, Vejzovic, Meliha, Fisher, Joshua J,
Perkins, Anthony V

Published

2017

Journal Title

Placenta

Version

Accepted Manuscript (AM)

DOI

10.1016/j.placenta.2016.12.012

Downloaded from

http://hdl.handle.net/10072/100987

Griffith Research Online

https://research-repository.griffith.edu.au


http://dx.doi.org/10.1016/j.placenta.2016.12.012

Review: Placental mitochondrial function and structure in gestational disorders

Olivia Holland"", Marloes Dekker Nitert*®, Linda A Gallo*®, Meliha Vejzovic', Joshua J

Fisher', Anthony V Perkins

'School of Medical Science, Menzies Health Institute Queensland, Griffith University, Gold
Coast Campus Southport, Queensland, Australia.

University of Queensland Centre for Clinical Research, Royal Brisbane and Women’s
Hospital, Queensland, Australia.

$School of Chemistry and Molecular Biosciences, The University of Queensland,
Queensland, Australia.

*Mater Research Institute, The University of Queensland, Translational Research Institute,
Queensland, Australia.

*School of Biomedical Sciences, The University of Queensland, Queensland, Australia.

*Corresponding author:
Olivia Holland

School of Medical Science, Menzies Health Institute Queensland, Griffith University Gold

Coast Campus, Parklands Drive, Southport, Qld, 4222, Australia

Phone: + 61 (0) 7 55528970; Fax: + 61 (0) 7 56780795; e-mail: o.holland@griffith.edu.au



Abstract

The aetiology of many gestational disorders is still unknown. However, insufficient trans-
placental nutrient and oxygen transfer due to abnormal placentation is characteristic of
several pathologies, and may alter the function of placental mitochondria. Mitochondria are
multifunctional organelles that respond to a wide range of stimuli — such as physiological
changes in cellular energy demands or various pathologies — by reshaping via fusion or
fission, increasing/decreasing in number, altering oxidative phosphorylation, and signalling
cellular functions such as apoptosis. Mitochondrial function is integral to tissue functions
including energy production, metabolism, and regulation of various cellular responses
including response to oxidative stress. This review details the functions of placental
mitochondria and investigates mitochondrial function and structure in gestational disorders
including preeclampsia, intrauterine growth restriction, diabetes mellitus, and obesity.
Placental mitochondrial dysfunction may be critical in a range of gestational disorders which

have important implications for maternal and fetal/offspring health.
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1. Introduction

Mitochondria originated from the symbiosis of primordial eukaryotic cells and aerobic
bacteria. Mitochondria, which contain their own genome (mtDNA) and machinery to
synthesise RNA and proteins, work in concert with the nuclear genome and other organelles.
Almost all cellular energy is produced through oxidative phosphorylation in mitochondria;
partnered redox reactions transfer electrons through oxygen to water and pump protons into
the mitochondrial inner membrane through respiratory complexes (complexes I, 111, and V).
The electrochemical gradient created by the transfer of protons is termed mitochondrial
membrane potential (A¥m), and is harnessed by ATP synthase (complex V) to generate ATP.
Mitochondria are known as the powerhouses of the cell due to their central role in ATP
generation. However, mitochondria have several additional functions; they provide important
signalling on cellular homeostasis, and are key regulators of cell fate through
autophagy/apoptosis. Mitochondria form a dynamic reticulum, and the reshaping of this
reticulum in response to differences in mitochondrial membrane potential helps control
mitochondrial and cellular fate (Figure 1). In conjunction with the endoplasmic reticulum,
mitochondria can regulate mediators of cell death such as calcium levels and caspases.
Additionally, in the placenta and other tissues such as the adrenal glands, mitochondria are

crucial to the production of steroids [1, 2].

Mitochondrial dysfunction is thought to contribute to a wide range of disorders related to
oxidative stress, such as cardiovascular disease, type 2 diabetes, and neurodegenerative
disorders. Partial occlusion of blood flow leading to local hypoxia is a common feature in
several pathologies which show effects on the mitochondria. Mitochondria consume oxygen

to generate ATP via oxidative phosphorylation, producing reactive oxygen species (ROS) as



a by-product. Oxygen variability can lead to oxidative stress when there is a
disproportionately high production of ROS in comparison to antioxidants [3, 4].
Mitochondria are susceptible to damage by these free radicals, which may result in alterations

in their structure and function [5].

Pregnancy itself is characterised by increased oxidative stress, which is often heightened in
disorders. Of relevance to this review, increased placental oxidative stress is a feature of
several gestational pathologies including preeclampsia, intrauterine growth restriction
(IUGR), maternal diabetes, and maternal obesity [6]. Preeclampsia and IUGR are associated
with reduced placental perfusion, potentially leading to oxygen deprivation [7]. Placentae
afflicted by maternal diabetes and/or obesity are exposed to a range of insults, including high
glucose and fatty acid levels as well as inflammatory mediators. These insults may lead to
abnormal function of the uteroplacental unit, including impaired placentation [8]. As a
number of pregnancy pathologies share a mutual phenotype of restricted or heightened
variability in placental oxygen supply [9], which is likely to alter mitochondrial structure and
function [10, 11], placental mitochondria may be aetiologically important in several

pregnancy pathologies.

This review details important features of placental mitochondria and summarises evidence on
how placental mitochondria are affected in a range of pregnancy disorders. Gaining a greater
appreciation of mitochondrial content, structure, and function in the placenta provides an

opportunity to explore interventional avenues.



2. Mitochondria reactive oxygen species

Oxidative stress mediated by ROS is a common feature of several gestational disorders.
Mitochondria are the main sites of ROS generation, and are also susceptible to ROS-mediated
damage. The generation of ROS result from the transfer of a single electron from a redox
donor to molecular oxygen, yielding superoxide which can be converted to hydrogen
peroxide by superoxide dismutase. This often occurs when oxygen reacts with electrons
generated by complex | and 111 but can also occur at complex Il of the electron transport
chain [12]. Approximately 0.15-4% of oxygen in mitochondria produces ROS [13].
Hydrogen peroxide can alter protein structure and function through altering the redox state of
thiol moieties in sensitive proteins [14].The amount of ROS produced is dependent on
mitochondrial characteristics such as activity level and dynamics as well as the type and

amount of available fuel (carbohydrate, lipid, or amino acid) [15].

The production of ROS is physiological and ROS regulate many cellular functions including
autophagy, anti-microbial effects, and act as signalling molecules in many pathways
including cellular differentiation and inflammation [16]. ROS production also regulates
mitochondrial fission and fusion in healthy cells, providing a mechanism that regulates
mitochondrial morphology and function that is dependent on the redox state [17]. Excessive
ROS production can, however, be detrimental to cellular function, causing oxidative damage
to DNA, proteins and (membrane) lipids, which is associated with hypertension and insulin
resistance [5]. Chronic oxidative stress can also lead to changes characteristic of senescence,
and senescence of the syncytiotrophoblast may be a feature of the normal progression of
pregnancy which is exaggerated in pathologies [18]. In the endothelium, excessive ROS

production can affect vasodilation through the inhibition of the expression and function of



endothelial nitric oxide synthase [19]. This regulatory effect of ROS on vasodilation may be

involved in the pathogenesis of preeclampsia [20].

3. Mitochondrial regulation of apoptosis

Mitochondria are key signalling organelles due to their responsiveness to the metabolic
functioning of the cell. The interactions between mitochondria and the endoplasmic reticulum
are critical to cell homeostasis and signalling (reviewed by [18]). Mitochondria can initiate
apoptosis by the release of mitochondrial intermembrane space proteins such as cytochrome ¢
into the cytoplasm through mitochondrial membrane permeabilization or rupture [21]. An
early event in the initiation of apoptosis is the opening of the mitochondrial permeability

transition pore and subsequent swelling of the mitochondrial matrix leading to rupture [21].

Swelling of mitochondria characteristic of apoptosis has been reported in isolated
preeclamptic placental mitochondria [22] and similar morphological alterations of placental
mitochondria are found in instances of gestational diabetes mellitus (GDM) [23]. Further,
mitochondrial size appears to be reduced in preeclampsia [24], and the levels of many
apoptotic proteins are altered in preeclamptic placentae [25]. In vivo or in vitro treatments
with preeclampsia-associated factors have been shown to alter placental mitochondria and
potentially lead to some of the perturbations seen in preeclampsia. An increase in soluble
fms-like tyrosine kinase 1 (sFlt-1) is found in the maternal circulation in preeclampsia, and is
thought to be involved in the inhibition of angiogenesis by reducing the circulating levels of
proangiogenic factors such as vascular endothelial growth factor [26]. The administration of
sFIt-1 to pregnant mice led to features characteristic of preeclampsia (hypertension and

proteinuria), as well as increased oxidative stress, swollen mitochondria, and increased



apoptosis in the placentae [27]. The authors suggest that sFlt-1 is involved in increased
oxidative stress and the activation of the mitochondrial apoptotic pathway [27].
Antiphospholipid antibodies (aPLs) are an important maternal predisposing factor for the
development of preeclampsia, although their mechanism of action is not well understood [28-
30]. c [31]. In vitro studies have demonstrated that aPLs are internalised by the
syncytiotrophoblast and lead to multiple effects on syncytiotrophoblast mitochondria,
including increased release of cytochrome c, depressed respiration, and changes in the
expression of mitochondrial/apoptotic proteins [29]. Therefore, aPLs may primarily affect
placental mitochondria, leading to the aberrant placental cell death and subsequent maternal
immune activation that is characteristic of preeclampsia [32]. Further, rats exposed to a food-
restricted diet exhibited increased expression of pro-apoptotic proteins and cytochrome ¢
release, indicating that maternal undernutrition also enhances mitochondria-dependent
apoptosis in the placenta [33]. Therefore, multiple perturbations can lead to dysfunction of

placental mitochondria and the induction of apoptosis.

It should be noted that although the role of mitochondria in apoptosis is well characterised in
many tissues, the progression of apoptosis in the syncytiotrophoblast is not fully understood.
The syncytiotrophoblast lacks cell borders, and it has been suggested that apoptosis cannot
progress in a syncytium as in mononuclear cells because of the danger of continued
uncontrolled cell death [18].The pro-apoptotic proteins, p53, BCL2 associated X apoptosis
regulator, and cytochrome c, have been reported to be decreased in syncytiotrophoblast
mitochondria relative to the cytotrophoblast mitochondria from which they are derived [34].
Further, apoptosis is an active process requiring energy, and syncytiotrophoblast

mitochondria appear to have reduced metabolic efficacy and ATP production [34]. Therefore,



mitochondria in the syncytiotrophoblast may not regulate apoptosis in the same manner as

other cell lineages.

4. Mitochondrial content

Cells contain multiple mitochondria arranged in a dynamic interconnected reticulum. The
mitochondrial content or mass in cells is plastic and able to respond to a wide variety of
stimuli such as caloric restriction, increased energy demands, and various disease states [35-
38]. In the placenta, pregnancy pathologies related to placental insufficiency including IUGR
and preeclampsia, as well as maternal diabetes and obesity, are associated with changes in
mitochondrial content (Table 1). Further, levels of mtDNA in the maternal circulation can be
increased in preeclampsia and placental abruption, and this material is likely to be derived
from the placenta [39, 40]. A common feature of these conditions is increased oxidative
stress. Hypoxic conditions are thought to occur in IUGR due to placental insufficiency and
the subsequent reduction in placental blood flow [41]. Hypoxic stress can stimulate
mitochondrial biogenesis and lead to increased mitochondrial content [11, 42, 43].This
protective mechanism may help meet metabolic demands by increasing the bioenergetic
capacity of the tissue. Lower pO; levels have been found in both the umbilical vein and artery

in IUGR, indicative of a hypoxic fetal environment [44].

Mitochondrial content was found to be decreased or increased in the same pregnancy
pathology by different studies (Table 1). In cardiac tissue, decreased mitochondrial content
has been linked to ischemic insult and related tissue damage [45]. Conversely, increased
mitochondrial content has been associated with hypoxia and oxidative stress in cardiac,

pulmonary, hepatic, and neuronal cells [42, 46, 47]. In pathologies, proliferation of



mitochondria is thought to occur as a compensatory mechanism for the disruption of cellular
bioenergetics [42, 48]. However, increased placental mitochondrial ROS may directly
damage mtDNA, thus inhibiting the adaptive biogenesis of the self-replicating mitochondria
and reducing respiratory activity [49]. The apparent differences in response within the same
pathologies may be linked to the severity or timing of the insult and the subsequent ability of
the tissue to adapt through increased mitochondrial content. Either increased or decreased
mitochondrial biogenesis could occur in an attempt to maintain normal fetal growth, with the
effect depending on whether there is a compensatory response to increase energy output in
nutritionally perturbed environments [44, 50, 51]. Vishnyakova et al. (2016) found increased
placental mitochondrial content (mtDNA relative to nDNA) in early-onset but not late-onset
preeclampsia, suggesting that the different pathophysiology leads to differences in

mitochondrial response [52].

In the majority of placental investigations, tissue as a whole has been considered. However,
mitochondria within different cell lineages often have distinct functions and are likely to
respond differently to stimuli. In particular, mitochondria within two of the major placental
cell types, cytotrophoblasts and the syncytiotrophoblast, have very different structure and
roles [34, 53]. Further, the antioxidant capacity of different regions of the placenta is varied,
meaning that their ability to respond to hypoxia/reperfusion will be different [54]. In IUGR,
Mando et al. (2014) found increased mitochondrial content in whole tissue but decreased
content in cytotrophoblasts, indicating that the increased placental mitochondrial content is
due to other cell lineages. The syncytiotrophoblast is in direct contact with maternal blood
and has been suggested to be the cell type most affected in IUGR and preeclampsia [55]. The
syncytiotrophoblast possess low levels of antioxidant enzymes, and mitochondria with

reduced membrane potential and increased hydrogen peroxide production compared to the



cytotrophoblasts which fuse to form the syncytiotrophoblast [34, 54]. Therefore,
syncytiotrophoblast mitochondria may be more affected by hypoxia/reperfusion and could be
the source of the increased mitochondrial content; however, the mechanisms regulating

mitochondrial dynamics in the syncytiotrophoblast are not well characterised.

Mitochondrial biogenesis is controlled by multiple transcription factors which include nuclear
respiratory factor 1 (NRF1), mitochondrial transcription factor A (TFAM), B1 (TFB1M), and
B2 (TFB2M) (Figure 2). In addition, the co-activator peroxisome proliferator activated
receptor y coactivator-1 alpha (PGC-1a) is an important stimulator of mitochondrial
transcription. PGC-1a stimulates mitochondrial biogenesis through the induction of NRF1,
which in turn increases TFAM. Mitochondrial transcription factors TFB1M and TFB2M also
interact with TFAM and mitochondrial RNA polymerase to support transcription [56].
Several studies have linked mitochondrial biogenesis transcription factors to placental
mitochondrial content or pathology. In placentae with IUGR and/or preeclampsia where
mitochondrial content was reduced, mRNA expression of PGC-1a and NRF1 was also
decreased [51, 57]. Where IUGR was shown to increase mitochondrial content, NRF1
expression was also increased [51]. Further, maternal caloric restriction in a rodent IUGR
model leads to increased placental mitochondria content and the upregulation of biogenesis
markers [58], whereas PGC-1a appears to be decreased in the placentae of rats subjected to

reduced uterine perfusion pressure [59].

The regulation of mitochondrial dynamics occurs though mitochondrial biogenesis, and
continuous cycles of fission and fusion. These processes are thought to target
damaged/depolarized mitochondria for autophagy [60]. Vishnyakova et al. (2016) reported

increased mitochondrial content in preeclamptic placentae without increased NRF1, as well
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as lower TFAM protein expression. However, there was a significant increase in the
mitochondrial fusion regulator, optic atrophy 1 mitochondrial dynamin like GTPase (OPAL),
suggesting mitochondrial fusion as a mechanism for increased content, potentially by
stabilisation of mitochondrial structures [52]. Indeed, overexpression of OPA1 protects from
ischemia in the heart and brain, and ROS production, cytochrome c release, and apoptosis

[61].

5. Syncytiotrophoblast mitochondria

As well as generating cellular energy in the form of ATP from oxidative phosphorylation,
mitochondria are important in the synthesis of steroid hormones (reviewed in the placenta by
[2]). In the human placenta, the syncytiotrophoblast forms the interface between maternal and
fetal systems. Progesterone synthesised by the syncytiotrophoblast from maternally-derived
cholesterol is central to the establishment and maintenance of the pregnancy. Progesterone
functions in modulation of the endometrium and maternal immune response to fetal factors,
and decreased progesterone levels are associated with spontaneous abortion/miscarriage [62].
The multinucleate syncytiotrophoblast is formed by the fusion of underlying mononuclear
cytotrophoblasts. During differentiation into the syncytiotrophoblast, mitochondria appear to

become highly specialised for steroidogenesis.

The production of progesterone requires the transport of cholesterol to the mitochondria and
cleavage of the cholesterol side-chain. Unlike the mitochondria of cytotrophoblasts,
syncytiotrophoblast mitochondria contain high levels of cytochrome P450scc [53], which is
responsible for the conversion of cholesterol into pregnenolone in the inner mitochondrial

membrane. Therefore, mitochondria acquire steroidogenic ability during the formation of the
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syncytiotrophoblast. Steroidogenesis requires mitochondrial contact sites involving multi-
protein systems, where outer and inner membranes are in close proximity. In other
steroidogenic tissues (e.g. adrenal glands and gonads), intracellular transport of cholesterol to
the mitochondria is regulated via the mitochondrial sterol carrier protein steroidogenic acute
regulatory protein (StAR) [1, 2]. StAR is not expressed in the placenta and it has been
suggested that the regulation of steroidogenesis is through the structurally-related protein
StAR related lipid transfer domain containing 3 (STARD3; MLNG64) [1, 2, 53]. In addition,
the mitochondrial heat shock protein (HSP) HSP60 has been shown to associate with
STARDZ in the placenta and may participate in steroidogenesis [63]. HSP have known
functions in the cellular response to stress, often as chaperones; however, HSP can have
additional roles. Antibodies against HSP60 are associated with various autoimmune
conditions and increased serum cholesterol in atherosclerosis, indicating that HSP60 may
have a role in cholesterol transport [63-65]. Therefore, cholesterol transport in placental

mitochondria appears to utilise tissue-specific systems.

Syncytiotrophoblast mitochondria are smaller and more irregular in shape than those of the
cytotrophoblasts, and also have atypical cristae morphology (Figure 3), potentially through
reduced dimerization of ATP synthase which helps to form mitochondrial architecture [53,
66]. It has been suggested that these morphological changes are related to steroidogenesis, as
cholesterol could be more efficiently transported to P450scc in the inner mitochondrial

membrane in smaller mitochondria [66].

Syncytiotrophoblast mitochondria have been reported to have a reduced coupling control of
oxidative phosphorylation to ATP production in comparison to cytotrophoblast mitochondria,

as well as reduced cardiolipin content, which is important in efficient oxidative
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phosphorylation [34]. Syncytiotrophoblast mitochondria also have reduced membrane
potential and increased levels of hydrogen peroxide [34]. P450scc, which is present in high
levels in the syncytiotrophoblast, is involved in superoxide generation and may be source of

oxygen radicals in syncytiotrophoblast mitochondria [34, 67].

The fusion of cytotrophoblasts into a syncytium is linked to early stages of the apoptotic
cascade, with apoptosis-related proteins such as caspase 8 required for fusion [68].
Regulation of the progression of the apoptotic cascade appears to occur at the mitochondrial
level and involve members of the anti-apoptotic BCL2 family [69]. There is also evidence
that mitochondria are directly involved in the differentiation of cytotrophoblasts into the
syncytiotrophoblast. In primary villous cytotrophoblasts, inhibition of the mitochondrial
respiratory chain leads to a decrease in cell fusion and hormone production (human chorionic
gonadotropin and leptin). Lactate production also appears to be transiently increased during
cytotrophoblast differentiation, suggesting that anaerobic metabolism is important during

differentiation [70].

6. Mitochondria in preeclampsia and intrauterine growth restriction

Preeclampsia is a hypertensive disorder of pregnancy characterised by maternal endothelial
dysfunction. Both preeclampsia and IUGR are associated with reduced/intermittent placental
perfusion and increased oxidative stress [3, 71]. As detailed earlier in this review,
preeclampsia and IUGR can lead to changes in placental apoptosis, mitochondrial
fission/fusion, and mitochondrial content (Table 1). Additionally, proteomic analysis of
placental tissue from preeclamptic pregnancies shows the involvement of multiple

mitochondrial-related functions including the tricarboxylic acid cycle, electron transport
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chain, fatty acid oxidation, ATP binding, Ca** binding, apoptosis, HSP70, and the
mitochondrial antioxidant protein peroxiredoxin I11/SP-22 [22, 71-73]. The mitochondria of
preeclamptic placentae also exhibit swelling and damaged cristae, as well as reduced
expression/activity of mitochondrial complexes and ATP synthase [74-76]. A reduction in
electron flow through complex 111 and possible damage to other complexes may contribute to
the excess ROS production seen in preeclampsia [74]. Mitochondrial respiration is increased
in early-onset preeclampsia and these mitochondria are also less sensitive to Ca?*
depolarization, suggesting an adaptive response to oxidative stress [52]. Ca?* levels are
important in cellular homeostasis and Ca*" is a critical signalling molecule between
mitochondria and the endoplasmic reticulum [18]. Preeclampsia has been with associated
alterations in intracellular Ca** which may affect apoptosis in the placenta [76]. IUGR
independent of preeclampsia leads to changes in mitochondrial content (Table 1), and also
increased mitochondrial respiration in cytotrophoblasts [51]. Maternal food restriction
resulting in fetal growth retardation can lead to changes in placental mitochondrial proteins,
and mitochondria from these placentae have increased oxygen consumption but fail to

maintain ATP production [58].

7. Mitochondria in maternal diabetes

High circulating glucose concentrations in maternal diabetes, which includes both pre-
existing diabetes and GDM, may adversely impact on placental function. In individuals with
diabetes, there are ample studies reporting alterations in mitochondrial content, respiratory
function, and complex activity in non-gestational tissues. However, studies examining
specific mitochondrial changes in the placenta are limited. In whole placentae from women

with type 1 diabetes, activity of complexes I and 111 were reduced and, in type 2 diabetes,
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combined activity of complexes Il and I11 were reduced [49]. In the same study, the level of
mitochondrial hydrogen peroxide in placentae was elevated in type 1 diabetes only. This
aligns with the reductions seen in complex | activity, in being a major source of ROS
production. Placental mitochondrial content remained unaffected in both types of diabetes,
which differs from previous studies in other gestational pathologies, including reduced
mtDNA in preeclampsia and IUGR [51] (Table 1). Previously, Qiu et al. reported that
placental mtDNA copy number was positively associated with a marker of oxidative stress, 8-
hydroxy-2' -deoxyguanosine, in both uncomplicated and GDM pregnancies [77]. There was
no difference in this relationship between non-GDM and GDM placentae, but this study was
carried out in only 40 women and may have been underpowered. In villous tissue from GDM
pregnancies, the expression of mitochondrial complexes was also significantly reduced, but
varied depending on whether women had been treated with diet alone or either insulin or
glyburide [78]. Regardless of treatment, protein expression of PGC1la, the master regulator of
mitochondrial biogenesis, and PPARy, an important regulator of fatty acid oxidation, were
reduced in placentae from these women with GDM. In a study that examined placental
ultrastructure from 10 women with GDM, mitochondria were found to be swollen or
completely destroyed, and architecturally disrupted [23]. In rats rendered mildly diabetic,
using streptozotocin prior to mating, an increase in mitochondrial membrane fluidity was
observed in placental tissue, along with increases in the ratio of unsaturated to saturated fatty
acids [79]. This was associated with an increase in both placental and fetal weights; however,
a direct cause and effect relationship remains to be tested. Indeed, in humans, placental lipid
metabolism is known to be altered in maternal diabetes [80], but larger cohort studies are
required to clarify the association between placental mitochondrial content, structure, and

function, and adverse fetal outcomes.
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8. Mitochondria in obesity

Obesity is associated with excess circulating fatty acids, which can affect placental
mitochondrial function [81]. Mitochondrial content, as measured in mitochondrial DNA
amount, is decreased in placentas from obese women, although when measured by citrate
synthase activity, is unaltered [49]. This suggests that despite a lower mitochondrial number,

the oxidative capacity of the mitochondria to produce ATP remains the same.

The lower mitochondrial content is, however, associated with lower complex | (but not
complex I, 111, or V) activity but higher mitochondrial ROS production [49]. Placental
villous tissues from overweight and obese women have a 6 and 14-fold increase in ROS
production [82] and to a similar extent in male and female offspring. Placental cellular ATP
production, a marker of mitochondrial function, decreases with maternal obesity [82]. This
may be due to decreased placental mitochondrial content as well as reduced expression of
complex -1V, and this is associated with a decrease in mitochondrial function as measured
by respiration [82]. Similarly, in the placental cell line Swan 71, incubation with palmitate
stimulates overall cellular ROS production as well as mitochondrial ROS production
resulting in reduced secretion of IL-1p, IL-6, and IL-8 [81]. The increases in mitochondrial
ROS production in obesity may result in damaged mitochondrial DNA and thereby decreased
mitochondrial content. Placental mitochondrial content and function have high inter-
individual variability in both lean and obese women [49] whilst unclear, (epi)genetic make-

up, infant gender, and levels of insulin resistance could contribute to the variability.
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9. Conclusion

Mitochondria are critical to cellular viability, and mitochondrial function can be disturbed by
variability in oxygen supply. Reduced/interment blood flow to the placenta resulting in
oxidative stress is thought to be a common feature of several pregnancy complications, and
this oxidative stress is likely to affect placental mitochondria. Indeed, placental mitochondrial
function is altered in a number of pregnancy disorders. Whilst the majority of studies
observed an increase in oxidative stress, the subsequent mitochondrial damage, mitochondrial
bioenergetics, and adaptive responses varied even within the same pathology. Although the
pathophysiology underlying various gestational disorders may be different, alterations in
mitochondrial function and structure are a common terminal pathway and may offer avenues
for the development of therapeutics. However, the mechanisms controlling the mitochondrial

response to stress are complex and require further investigation.
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Table 1. Changes in placental mitochondrial content in pregnancy pathologies.

Pathology Results Publication

IUGR Increased Lattuada et al. (2008) [44]
IUGR + PE Increased

IUGR Decreased  Poidatz et al. (2015) [57]
IUGR + PE Decreased

IUGR (whole tissue) Increased” Mando et al. (2014) [51]
IUGR (cytotrophoblasts) Decreased’

PE No change

PE Increased Wang et al. (1998) [73]
PE Decreased He et al. (2004) [83]

PE (+IUGR)? Increased  Vishnyakova et al. (2016) [52]
GDM No Change Qiuetal. (2013) [84]
Type | DM No Change Hastie et al. (2014) [49]
Type Il DM No Change

Maternal obesity Decreased

Maternal obesity Decreased Mele et al. (2014) [82]

'Mando et al. (2014) found increased mitochondrial content in whole tissue but decreased

mitochondrial content in isolated cytotrophoblasts

2|UGR reported in 61% of early onset PE and 27% of late onset PE

IUGR=intrauterine growth restriction; PE=preeclampsia; DM=diabetes mellitus;

GDM=gestational diabetes mellitus
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Figure 1. Model of mitochondrial regulation. Mitochondria form an interconnected

network which is broken apart and reformed by the opposing forces of fission and fusion.

Mitochondria with low membrane potential are targeted for mitophagy (a specialised form of

autophagy targeting mitochondria), mitochondria with high membrane potential are more

likely to fuse with other mitochondria. This balance allows the maintenance of a healthy pool

of mitochondria with high membrane potential. If a large proportion of mitochondria are

depolarised, this may lead to opening of the mitochondrial transition pore, release of inner

membrane components such as cytochrome c, and apoptosis. A¥Ym=mitochondrial membrane

potential.
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Figure 2. Control of mitochondrial biogenesis. Mitochondrial biogenesis is regulated by
coordination of the nuclear and mitochondrial genomes. Upregulation of NRF1 leads to
production of TFAM, TFB1M and TFB2M which signal replication of the mitochondrial
genome. NRF1=nuclear respiratory factor 1; TFAM=mitochondrial transcription factor A,
TFB1M=mitochondrial transcription factor B1; TFB2M=mitochondrial transcription factor

B2; mtDNA=mitochondrial DNA; D-loop=displacement loop.

25



Syncytiotrophoblast Cytotrophoblasts

Figure 3. Syncytiotrophoblast and cytotrophoblast mitochondria. (A) Cartoon derived
from published electron microscopy images [53, 66] depicting general structural features of
mitochondria from the syncytiotrophoblast and cytotrophoblasts. (B) Mitochondria with the
syncytiotrophoblast are small, and have a non-classical vesicular cristae structure and dense
matrix. (C) Mitochondria with cytotrophoblasts are relatively larger than syncytiotrophoblast

mitochondria and have a more typical cristae structure.
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